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

Nuclear	  Astrophysics	  is	  right	  in	  the	  middle	  of	  all	  this	  

	  	  	  	  Nuclear	  	  
Astrophysics	  

	  	  Neutrino	  	  
Experiment	  

Astronomy	  
-‐CMB	  
-‐opMcal	  AO/30m	  
-‐high	  energy	  



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

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

(2)	  10-‐meter	  class,	  adapMve	  opMcs,	  and	  orbiMng	  observatories	  
	  	  	  	  	  	  (e.g.,	  precision	  determinaMons	  of	  deuterium	  abundance,	  
	  	  	  	  	  	  	  	  dark	  energy/maWer	  content,	  structure	  history	  etc.)	  	  	  

(3)	  Laboratory	  neutrino	  mass/mixing	  measurements	  	  

is	  seYng	  up	  a	  nearly	  over-‐determined	  situaMon	  where	  new	  
	  	  	  	  	  	  	  	  	  	  	  	  	  Beyond	  Standard	  Model	  neutrino	  physics	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  likely	  must	  show	  itself!	  	  



The	  Weak	  InteracMon	  

-‐	  uniquely	  capable	  of	  changing	  neutrons	  to	  protons	  and	  vice	  versa	  

-‐ 	  it	  is	  weak,	  so	  neutrinos	  can	  transport	  energy/entropy	  
	  	  from/to	  dense	  environments	  over	  macroscopic	  distances	  (stars,	  SN)	  

-‐ 	  neutrinos	  “remember”	  the	  neutron-‐to-‐proton	  raMo	  of	  the	  
	  	  region	  where	  they	  decoupled,	  and	  can	  transmit	  this	  to	  overlying	  
	  	  environments	  (BBN,	  SN,	  compact	  object	  mergers)	  



Core	  collapse	  supernovae	  and	  compact	  object	  mergers	  
are	  fantasMc	  engines	  for	  generaMng	  neutrinos	  
(	  ~	  10%	  of	  the	  rest	  mass	  into	  neutrinos)	  

-‐	  neutrino	  fields	  are	  anisotropic;	  complex	  thermal	  structure	  	  

Early	  Universe	  vs.	  Supernovae/Mergers	  as	  labs	  for	  new	  physics	  

Early	  universe	  and	  BBN:	  likewise,	  significant	  fracMon	  
of	  energy	  in	  neutrinos,	  but	  .	  .	  .	  	  

-‐isotropic,	  simple	  geometry,	  high	  entropy,	  no	  heat	  flow	  



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	  interacMons	  

neutrino	  
SN	  burst	  
detecMon	  	  
at	  earth	  

neutrino	  
	  heaMng,	  
nucleo-‐	  
synthesis	  

neutrino	  flavor	  oscillaMons	  

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

neutrino-‐nucleus	  interacMons	  



CalculaMng	  neutrino	  flavor	  evoluMon	  
	  	  	  	  	  	  	  	  is	  not	  an	  opMonal	  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	  OscillaMons	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  in	  Medium	  



Quantum	  Kine=c	  Equa=ons	  

Schroedinger-‐like	  

@	  low	  density	  where	  	  
neutrinos	  propagate	  coherently	  

Boltzmann	  equaMon	  

@	  high	  density	  where	  
inelasMc	  scaWering	  dominates	  

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

separa=on	  of	  scales	  

	  	  	  	  	  is	  it	  jusBfied	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ?	  



The	  advent	  of	  supercomputers	  has	  allowed	  us	  in	  the	  last	  few	  years	  
to	  follow	  neutrino	  flavor	  transformaMon	  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,	  collec=ve	  neutrino	  	  
flavor	  transformaMon	  can	  take	  place	  deep	  in	  the	  supernova	  envelope	  

Pushing	  the	  fron=er	  of	  high	  performance	  compu=ng	  
	  	  	  	  	  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 



Cooling	  causes	  
the	  magneMc	  spins	  
to	  line	  up	  in	  domains	  
in	  space.	   “Cooling”	  (moving	  away	  

from	  the	  neutron	  star)	  
causes	  the	  neutrino	  spins	  
to	  line	  up	  in	  domains	  
in	  energy	  space.	  



	  	  	  	  	  	  	  	  	  	  	  	  	  Baha	  Balantekin	  &	  Shashank	  Shalgar	  

will	  talk	  more	  about	  collecMve	  neutrino	  oscillaMons	  .	  .	  .	  



Toward	  Quantum	  KineMcs	  

i.e.,	  What	  effect	  does	  direcMon-‐changing	  scaWering	  	  
have	  on	  the	  neutrino	  flavor	  transformaMon?	  







the	  Halo	  converts	  the	  	  
neutrino	  flavor	  evolu=on	  problem	  
from	  an	  iniBal	  value	  problem	  into	  
a	  boundary	  value	  problem	  	  
(quantum	  flavor	  informaMon	  coming	  down	  from	  above)	  

and	  moreover	  couples	  in	  nuclear	  composi=on	  
in	  a	  completely	  new	  way	  



wind	  epoch	  
(late	  Mme)	  

O-‐Ne-‐Mg	  
neutronizaMon	  burst	  

shock	  re-‐hea=ng	  

corresponding	  1%	  
“safety”	  criteria	  



Neutrino	  Rest	  Mass	  



photon	  decoupling	  T~	  0.	  2	  eV	  

vacuum+maTer	  dominated	  
at	  current	  epoch	  

neutrino	  decoupling	  T~	  1	  MeV	  

Relic	  neutrinos	  from	  the	  epoch	  when	  the	  universe	  
was	  at	  a	  temperature	  T	  ~	  1	  MeV	  (	  ~	  1010	  K)	  	  

~	  300	  per	  cubic	  cenMmeter	  

Relic	  photons.	  We	  measure	  	  
410	  per	  cubic	  cenMmeter	  



As       pairs annihilate, their entropy is transferred !
to the photons and plasma, not to the decoupled neutrinos. !
Product of scale factor and temperature is increased for photons, !
constant for decoupled neutrinos:!

current epoch 

? 

scale factor    ! Tν!



G. M. Fuller & C. T. Kishimoto, Phys. Rev. Lett. 102, 201303 (2009) [arXiv:astro-ph/0811.4370] 

Next	  genera=on	  CMB	  experiments	  	  
(e.g.,	  Planck;	  PolarBear)	  will	  be	  
sensi=ve	  to	  weak	  lensing	  and	  this	  	  
will	  provide	  the	  best	  sensi=vity	  to	  
neutrino	  mass.	  

See	  for	  example	  
Kaplinghat,	  Knox,	  Song	  PRL	  91,	  241301	  (2003)	  	  

But	  the	  neutrino	  mass	  hierarchy	  
will	  be	  one	  of	  the	  chief	  determinants	  
of	  whether	  we	  can	  infer	  the	  	  
absolute	  neutrino	  masses	  w
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	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Astrophysical	  Probes	  of	  Neutrino	  Rest	  Mass	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (Abazajian	  et	  al.,	  arXiv:1103.5083)	  



Dark	  Radia=on	  



RadiaMon	  energy	  density	  (relaMvisMc	  parMcle)	  at	  γ-‐decoupling	  
is	  parameterized	  by	  the	  
so	  called	  “effecMve	  number	  of	  neutrino	  degrees	  of	  freedom”.	  

This	  is	  a	  dangerous	  misnomer	  as	  it	  may	  refer	  to	  energy	  density	  
from	  any	  relaMvisMc	  parMcles	  (e.g.,	  super-‐WIMP	  decay	  products)	  

Planck	  satellite	  will	  measure	  Neff	  to	  beWer	  than	  10%	  precision	  



Sterile	  Neutrinos	  



Three	  “hints”	  for	  light	  sterile	  neutrinos?	  

mini-‐BooNE	  neutrino	  oscillaMon	  experiment	  at	  FNAL	  

neutrino	  reactor	  anomaly:	  	  

Extra	  radiaMon	  at	  photon-‐decoupling	  (Neff)	  ??	  	  
	  	  	  	  	  –	  Cosmic	  Microwave	  Background	  observaMons	  
	  	  	  	  	  	  	  	  	  (e.g.,	  PolarBear	  ;	  ACT;	  Planck;	  eventually	  CMBPol)	  



WMAP+ACBAR+CBI + SDSS + HST:  ν Dark Matter  

WMAPext+SDSS Pg(k) 

+ HST H0 

+ SDSS Ly-α	


K. Abazajian	


assumes that 
neutrinos have 
thermal, black body, 
zero chemical potential 
energy spectra 
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|Ue4|2 active-sterile vacuum mixing 
1 10-2 10-5 10-10 10-15 10-7 10-12 

1 eV 

10 eV 

100 eV 

1 keV 

10 keV 

1 MeV 

BBN -Deuterium/Helium/Neff 

r-Process 
   fission cycling 
       solution 

Dark Matter (CDM & WDM) 

accelerator/ 
reactor 

30 m telescope 
(abundances) 

core collapse physics, 
supernova explosion, 
pulsar kicks, etc. 

100 keV 

10 MeV 

100 MeV 

1 GeV 

electromagnetic 
decay channels 

( decay processes  
positioned at 
energy thresholds )  

30 m telescope/CMB 
(BBN abundances, Neff) 

accelerator early universe 
supernova explosion 
lepton/baryon-genesis 

νs interaction strength relative to normal weak interaction	


Phenomenally adiabatic!
MSW – compare gravitational !
time scale,~ horizon length,!
to the oscillation length!
at resonance!



Consider	  as	  an	  example:	  	  

parMcle	  decay-‐induced	  “diluMon”	  in	  the	  early	  universe	  

sterile	  neutrinos	  with	  rest	  masses	  ~	  1	  GeV	  
and	  lifeMmes	  ~	  seconds	  





Heavy sterile neutrinos with sufficiently large coupling will be in 
thermal equilibrium at temperatures T >> 1 GeV 

This	  means	  that	  their	  number	  densiMes	  will	  be	  comparable	  to	  those	  of	  photons	  
at	  the	  BBN	  epoch,	  albeit	  somewhat	  diluted	  by	  loss	  of	  degrees	  of	  freedom	  
at	  the	  QCD	  epoch.	  

Nevertheless,	  their	  energy	  spectra	  will	  be	  a	  “relaEvisEc	  Fermi	  Dirac	  black	  body”	  
just	  like	  the	  decoupled	  acMve	  neutrinos	  but	  with	  a	  lower	  “temperature”	  	  

number	  density	  
prior	  to	  decay	   photon	  number	  density	  

Fuller,	  Kishimoto,	  Kusenko	  2011	  



but	  the	  steriles	  have	  rest	  masses	  ~	  GeV	  	  	  OOPS!	  



sterile	  neutrino	  rest	  mass	  density	  
comes	  to	  dominate	  over	  
radiaMon	  energy	  density,	  
producing	  a	  maGer-‐dominated	  
epoch	  lasMng	  many	  Hubble-‐Mmes	  



Decay into 7 
possible channels 

No threshold: 

Non-zero threshold: 

Pions and Muons decay 
instantaneously: 



heavy	  “sterile”	  neutrino	  decay	  

Photons	  thermalize,	  	  
but	  neutrinos	  may	  or	  may	  not,	  depending	  on	  their	  energies	  and	  the	  decay	  epoch	  



entropy	  generaMon	  from	  heavy	  parMcle	  nonequilibrium	  decay	  

where	  the	  added	  heat	  comes	  from	  the	  rest	  mass	  of	  the	  decaying	  parMcle	  
converted	  into	  parMcles	  which	  (parMally)	  thermalize	  

ms	  is	  the	  rest	  mass	  of	  the	  decaying	  parMcle	  



prodigious	  entropy	  
	  	  	  	  	  	  producMon!	  

in	  this	  case:	  

	  	  	  	  	  	  	  	  	  	  where	  
entropy-‐per-‐baryon	  
is	  carried	  by	  radiaMon	  







This	  entropy	  generaMon	  results	  in	  “diluMon”	  	  
	  	  	  	  	  of	  the	  thermal	  background	  neutrinos	  

for	  the	  above	  example	  with	  F=20	  the	  regular	  thermal	  background	  neutrinos	  give	  Neff	  =	  0.055	  



heavy	  sterile	  neutrino	  decay	  causes	  diluMon	  of	  ordinary	  background	  neutrinos	  
and	  generaMon	  of	  radiaMon	  energy	  density	  (Neff)	  	  

G.M.F.,	  C.	  Kishimoto,	  A.	  Kusenko	  	  	  arXiv:1110.6479	  astro-‐ph.CO	  

	  	  	  	  diluMon/entropy-‐generaMon	   Neff	  



diluted	  ordinary	  thermal	  
neutrino	  background	  

heavy sterile decay-generated 
neutrino background 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  heavy	  sterile	  decay	  dilutes	  the	  “normal”	  thermal	  neutrino	  background,	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  and	  leaves	  a	  decay-‐generated	  neutrino	  background	  1000x	  as	  energeMc	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  which	  never	  becomes	  nonrelaMvisMc	  

Fuller,	  Kishimoto,	  Kusenko	  arXiv:1110.6479	  astro-‐ph.CO	  

will	  not	  detect	  neutrino	  rest	  mass	  cosmologically,	  	  
even	  when	  detecMon	  thresholds	  are	  below	  known	  masses!	  



Altered	  BBN	  

Must	  self-‐consistently	  couple	  all	  	  
strong,	  electromagneMc,	  and	  weak	  nuclear	  reacMons	  
with	  the	  decaying	  heavy	  sterile	  neutrinos	  and	  their	  
energeMc	  acMve	  neutrino	  decay	  products	  –	  GMF,	  E.	  Grohs,	  C.	  Kishimoto	  2012	  

High	  energy	  (~	  100	  MeV)	  decay	  acMve	  neutrinos	  	  

-‐these	  can	  capture	  on	  protons	  and	  make	  neutrons	  
(auer	  alpha	  parMcle	  formaMon	  =	  no	  free	  neutron	  targets!)	  



Nao Suzuki (Tytler group) 2006!

Standard	  
BBN	  



So,	  where	  do	  we	  stand	  in	  comparing	  the	  observa=onally-‐determined	  	  
light	  element	  abundances	  with	  BBN	  predic=ons	  ??	  

(1)	  only	  really	  complete	  success	  is	  deuterium	  	  
	  	  	  	  	  –	  and	  this	  is	  very	  good!	  	  	  	  	  	  	  (Tytler’s	  measurement	  confirmed	  by	  CMB)	  

(2)	  Helium	  is	  historically	  problemaMc,	  but	  promising	  with	  CMB	  
From	  compact	  blue	  galaxy	  linear	  regression,	  extrapolaMon	  to	  zero	  metallicity	  
Izotov	  &	  Thuan	  (2010)	  get	  helium	  mass	  fracMon	  

Using	  the	  CMB-‐determined	  baryon-‐to-‐photon	  raMo	  the	  standard	  BBN	  predicMon	  is	  

(3)	  Lithium	  is	  a	  mess:	  	  	  

Best bet may be future CMB determinations via the Silk damping tail, 
currently this isn’t great  

very	  tricky	  



13N! 14N!

11C! 12C! 13C!

8B! 10B! 11B! 12B!

7Be! 8Be 9Be! 10Be! 11Be!

6Li! 7Li! 8Li!

3He! 4He!

 p!  2H! 3H!

  n Cococubed.asu.edu/code-pages/net_bigbang.shtml 



Solid Lines: SBBN Dashed Lines: (ms,τs)=(300 MeV, 4.0 s) 



Sweet Spot? 

Abundance/Mass Fraction vs. Sterile Lifetime (ms=300 MeV) 



SBBN successfully predicts D abundance, but 
has problems with Li and maybe (possibly) Neff 

Sterile Neutrino mass/lifetime can be tuned to  
preserve primordial abundances 
with the exception of Li (Be) and can change Neff 

Boltzmann neutrino transport code needed to determine 
if sweet-spot solution for Li problem is consistent with 
forthcoming constraints on Neff 


