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Big Bang 

He, H, Li, D 
Supernova of Pop III stars and formation of Pop II stars  

C, N, O, Mg, Si, 
Ca, Fe, Sr, Ti, …  

Pop II stars going supernova 

U, Eu, Th, …  
(via r-process) 

AGB stars 

Ba, La, Y ,.. (via s-
process)	
  

Where chemical elements are made 

Neutrinos play a crucial role in many nucleosynthesis scenarios.	
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Possible sites for the r-process 

The origin of elements 

Neutrinos not only 
play a crucial role 
in the dynamics of 
these sites, but 
they also control 
the value of the 

electron fraction, 
the parameter 

determining the 
yields of the r-

process.  



r-process nucleosynthesis 

A > 100 abundance pattern fits 
the solar abundances well. 

Roederer	
  et	
  al.,	
  Ap.	
  J.	
  LeD.	
  747,	
  L8	
  (2012)	
  



observaJons	
   Model	
  calculaJons	
  for	
  
neutron-­‐star	
  mergers	
  

Average merger rate = 20/Myr Average merger rate = 2/Myr 

Coalescence 
timescale = 1 Myr 

Argast	
  et	
  al.,	
  A&A,	
  416,	
  997	
  (2003)	
  Star formation rate? 



Yield	
  of	
  neutron	
  
star	
  mergers	
  

SDSS	
  Data	
  from	
  	
  Aoki	
  et	
  al.,	
  arXiv:	
  1210.1946	
  [astro-­‐ph.SR]	
  



The core-collapse supernovae 



3D 

2D 
Princeton	
  

ORNL/UT	
  

Munich	
  

Development of 2D and 
3D models for core-
collapse supernovae: 
Complex interplay 

between turbulence, 
neutrino physics and 

thermonuclear 
reactions.  



Neutrinos from 
core-collapse 
supernovae 

• Mprog ≥  8 Msun ⇒ ΔE ≈ 1053 ergs ≈ 
1059 MeV 

• 99% of the energy is carried away 
by neutrinos and antineutrinos with          
10 ≤ Eν ≤ 30 MeV  ⇒ 1058 neutrinos 
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Neutrinos dominate the energetics of core-collapse SN  

Total optical and kinetic energy = 1051 ergs 
 

Total energy carried by neutrinos = 1053 ergs 

Explosion	
  only	
  1%	
  
of	
  total	
  energy	
  

10%	
  of	
  star’s	
  rest	
  
mass	
  

Egrav ≅
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Neutrino diffusion time, τν ~ 2-10 s 

Lν ≈
GMns
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≈ 4×1051ergs / s



Balantekin	
  and	
  Fuller,	
  Prog.	
  Part.	
  Nucl.	
  Phys.	
  71	
  162	
  (2013)	
  

For example understanding a core-collapse supernova requires 
answers to a variety of questions some of which need to be 

answered by nuclear physics, both theoretically and experimentally. 
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For example understanding a core-collapse supernova requires 
answers to a variety of questions some of which need to be 

answered by nuclear physics, both theoretically and experimentally. 

Ye =
Np

Np + Nn

=
1

1+λp λn

Arcones	
  and	
  Montes	
  



The second term makes the physics of a neutrino gas in a core-collapse supernova a 
very interesting many-body problem, driven by weak interactions. 

Neutrino-neutrino interactions lead to novel collective and emergent effects, 
such as conserved quantities and interesting features in the neutrino energy 

spectra (spectral “swaps” or “splits”).  

Energy released in a core-collapse 
SN: ΔE ≈ 1053 ergs ≈ 1059 MeV 

99% of this energy is carried away 
by neutrinos and antineutrinos! 

~ 1058 Neutrinos! 
This necessitates including the 

effects of νν interactions! 

Proto	
  neutron	
  
star	
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H = a†a∑
describes neutrino oscillations

interaction with matter (MSW effect)


+ 1− cosθ( )a†a†aa∑

describes neutrino-neutrino
interactions

  





θ13~π/10 

θ13~π/20 

θ13~π/20 
with α 
effect 

L51 = 0.001, 0.1, 50 

Equilibrium electron 
fraction with the 

inclusion of νν 
interactions  

Xα= 0, 0.3, 0.5 (thin, 
medium, thick lines) 

Balantekin and Yuksel 



No	
  
oscillaJons	
  

Duan,	
  Friedland,	
  McLaughlin,	
  Surman	
  



If alpha particles are present If alpha particles are absent 

If Ye
(0) < 1/2, non-zero Xα increases Ye. 

If Ye
(0) > 1/2, non-zero Xα decreases Ye.  

Non-zero Xα 
pushes Ye to 1/2 

Alpha effect 

Neutrino spallation on alphas produce too many seed nuclei and too few 
free neutrons (wrecks the r-process at especially high entropy) 
νe + n → p + e-  

                   + n → d + γ 
  (pushes Ye toward 0.5) 



McLaughlin, Fetter, Balantekin, 
Fuller, Astropart. Phys., 18, 433 
(2003) 

Active-sterile mixing 

Alpha effect 



Does the reactor-flux anomaly imply active-sterile neutrino mixing?  

Can we know the reactor neutrino flux 
ever as well as we need? 

Hayes,	
  et	
  al.,	
  arXiv:
1309.4146	
  [nucl-­‐th]	
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Sterile neutrino decay and Big Bang Nucleosynthesis  

	
  Kusakabe, A.B.B., Kajino, and Pehlivan, Phys. Rev.  D 87, 085045 (2013)   
	
  



See	
  also	
  :	
  arXiv:1204.5477	
  [hep-­‐ph],	
  
F.	
  Bezrukov,	
  A.	
  Kartavtsev,	
  M.	
  Lindner	
  



Sterile neutrino 
mass  

How it asserts 
itself 

What does it 
solve? 

~	
  1	
  eV	
   Mixing	
  with	
  acJve	
  
flavors	
  	
  

Reactor	
  anomaly,	
  
IceCube	
  data	
  

~	
  7	
  keV	
   ElectromagneJc	
  
decay	
  

Gammas	
  rays	
  from	
  
the	
  galacJc	
  centers	
  

~	
  4-­‐5	
  MeV	
   ElectromagneJc	
  
decay	
  

7Li	
  problem	
  in	
  BBN	
  

Are we cooking up a separate 
magic potion for each malady? 



Black hole or neutron star? 

Sasaqui, Kajino, Balantekin, Ap. J 634, 534 (2005) 



Cut-­‐off	
  Jme	
  

Black hole or neutron star? 



Truncated r-process 

Aoki	
  et	
  al.,	
  APL	
  766,	
  L13	
  (2013	
  	
  



E1 SFactor 

E2 SFactor 

3He(α,γ)7Be	
  

12C(α,γ)16O)	
  

14N(p,γ)15O	
  

Three important “stable-beam” reactions 
for astrophysics 



Which science drives physics with rare isotopes? 

Nuclear Astrophysics 

Fundamental symmetries Origin of new elements, rare isotopes 
powering stellar explosions, neutron star 

crust 

Nuclear Structure 
& Reactions 

Limits of existence: what makes nuclei stable?
New shapes, new collective behavior. 

Nuclear applications 

Use  of rare isotopes as laboratories 
where symmetry violations are amplified. 

Materials, medical physics, reactors,.. 



Part of the research program with 
exotic beams: to better understand 
the r-process. One needs to first 
learn beta-decays of nuclei both at 
and far-from stability:  

•  We need half-lifes at the r-
process ladders (N=50, 82, 126) 
where abundances peak (⇐ direct 
measurements). 

•  We need accurate values of initial 
and final state energies (⇐ direct 
measurements).  

•  Spin-isospin response: Matrix 
elements of the Gamow-Teller 
operator σ.τ between the initial 
and final states (measurements 
either with inverse kinematics or 
with beta-beams where RIB’s are 
used to produce the beam).   

Understanding the spin-isospin 
response of a broad range of 

nuclei to a variety of probes is 
crucial for astrophysics 

applications!   



Schiffer	
  	
  

Fujita	
  

Zegers	
  

Charge-exchange reaction 
experiments both with direct 

and inverse kinematics will help.  
Recently there have been 

significant developments in this 
area.   





In astrophysical 
settings additional 
final-state effects 
may come into 
play; for example, 
in a core-collapse 
supernova neutrino 
capture reactions 
may be influenced 
by the Pauli-
blocking by other 
electrons present.  

νe	
  +	
  56Fe	
  →	
  e-­‐	
  +	
  56Co	
  

ρe	
  =	
  1032	
  cm-­‐3	
  

ρe	
  =	
  1033	
  cm-­‐3	
  

ρe	
  =	
  1034	
  cm-­‐3	
  



νe + 208Pb → e- + 208Bi 
ρe	
  =	
  1032	
  cm-­‐3	
  

ρe	
  =	
  1033	
  cm-­‐3	
  

ρe	
  =	
  1034	
  cm-­‐3	
  

Minato,	
  et	
  al.	
  Phys.	
  Rev	
  C	
  75,	
  
045802	
  (2007).	
  	
  



..but	
  also	
  on	
  the	
  	
  
excited	
  states	
  

Electron	
  capture	
  is	
  
not	
  only	
  on	
  the	
  	
  
ground	
  state	
  

A pre-supernova star is a hot place where 
nuclei are excited! 

…making	
  theory	
  input	
  crucial!	
  



The beta-beam concept 

Neutrino 
Source  

Decay 
Ring 

Ion production 
ISOL target &   
Ion source 

Proton Driver 
SPL 

Decay ring 

Bρ = 1500 Tm 
B = 5 T          C 
= 7000 m     Lss 
= 2500 m  
6He:   γ = 150 
18Ne:  γ = 60 

SPS 

Acceleration to 
medium energy  
RCS 

PS 

Acceleration to final energy 

PS & SPS 

Experiment 

Ion acceleration 
Linac 

Beam preparation 
ECR pulsed 

?? ,

Zucchelli, PLB 2002 Use unstable nuclei as ν sources 



Beta-beam concept 

Advantages: 

• Can be done at a facility studying 
exotic nuclei with radioactive beams 

• Pure beams of a single neutrino flavor 

• Well-known spectra 

• Strong collimation at higher energies 
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 The “Beta-beam” project at CERN 

storage 
ring 

ν 

ν 

Serreau,	
  Volpe,	
  PRC	
  2004	
  

Original low-energy beta-beam idea (Volpe, JPG 30,2004): 
To use the beta-beam concept to produce single-flavor low-

energy neutrino beams (10 - 100 MeV with γ = 5 -14) 
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Supernova neutrino spectra Normalized beta-beam spectra 

Jachowicz,	
  McLaughlin	
  and	
  Volpe,	
  PRC	
  2008	
  	
  

Use beta-beams to mimic supernova neutrino spectra! 



Thank you very much! 


