
Neutrino and Weak Processes in
Astro-Nuclear Physics

Taka Kajino
National Astronomical Observatory

Department of Astronomy, Graduate School of Science,
University of Tokyo

The 2nd Symposium onThe 2nd Symposium on
Neutrinos and Dark Matter in Nuclear PhysicsNeutrinos and Dark Matter in Nuclear Physics

Paris, September 3-9, 2006 Paris, September 3-9, 2006 



● Neutrino Oscillations:

How to determine θ13 and mass hierarchy ASTROPHYSICALLY ?

● Ultra High-Energy Cosmic Rays (UHECRs) = most likely neutral:

If neutrinos, what is their COSMOLOGICAL ORIGIN ?

● Cosmological WMAP-1 & 3 data of CMB-Anisotropies:

What is CDM, ΩCDM = 0.26, and what is DARK ENERGY, ΩΛ = 0.7 ?

OUTLINE

   

Ων < 0.022   (95% C.L.)

CMB-WMAP1, 3  (2003, 2006)

Spergel, et al., ApJ (2006), astro-ph/0603449
Fukugita, et al., PR D74 (2006), 027302



How does ν assist R-PROCESS NUCLEOSYNTHESIS to produce cosmic
clocks 232Th (τ1/2=14.05Gy) and 238U (τ1/2=4.5Gy) ?

What is the EXPLOSION MECHANISM with ν-effect ?

How important is the ν–OSCILLATION (MSW) EFFECT
 in the outer layers of SN explosions ?

We detected ν’s, then NEUTRON STAR once
formed in SN1987A !

Why hasn’t PULSAR yet been observed for more than 19 years?

We propose a new method
to determine θ13 and mass hierarchy using the MSW-effect

on the ”SN ν-process nucleosynthesis” !

Yoshida, Kajino, Yokomakura, Kimura, Takamura, & Hartmann,
Phys. Rev. Lett. 96 (2006), 091101.

sin22θ12 = 0.816,   sin22θ23 = 1.0,   sin22θ13 < 0.1 ?
⊿m21

2 = 7.9x10-5 eV2,   |⊿m13
2| = 2.4x10-3 eV2 ?

SK, SNO, KamLand + Many Experiments
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Yoshida, Kajino & Hartman, 
Phys. Rev. Lett. 94 (2005), 231101



 Supernova ν-Process & Key Reactions

                  

  

Yoshida, Kajino & Hartman, 
Phys. Rev. Lett. 94 (2005), 231101

σν(E): shell-model cal.
   

Suzuki, Chiba, Yoshida,
Kajino & Otsuka,
PRC (2006), in press.
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   Eνe <  Eνe <  Eνµτ, νµτ
 

 

 12MeV     20MeV    24MeV  
  

KEY of our
“NUCLEOSYNTHESIS PROPOSAL”

is to use the ENERGY HIERARCHY of
SUPRENOVA ν’s.
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SN-Neutrino Oscillation (MSW) Effect on ν-Process
  

                   Conversion Probability                    SN-Density Profile & Resonance

                      

                                                                 
Parameters:  25Msolar SN model (Nomoto)

                                                   normal 

            Eνe=12MeV, Eνe=20MeV, Eνµτ, νµτ =24MeV

⊿m13
2=2.4x10-3eV2

H-Resonance

H-Resonance

        

138La, 180Ta                            7Li, 11B

                        15N, 19F



     

Yoshida, Kajino, Yokomakura, Kimura, 
Takamura, & Hartmann,  
PRL 96 (2006) 091101.

Present Observation:
        (7Li/11B)METEO = 7.5
        (7Li/11B)SN-ν    = ? (to come)
        (7Li/11B)GCR    = 0.5

      We propose a detection
  of 7Li/11B-abundance ratio in
    :- Supernova Remnants,
    :- Meteorites (presolar
        grains) of almost pure
        Supernova origin.

          

SN-MSW Effect smaller ! 
Inverted

Inverted

larger effect ! 

    Normal
Mass Hierarchy

    Normal
Mass Hierarchy

11B

7Li 



ν’s, neutral particles, are a candidate for
UHECRs, and GZK-ν’s or extra-Galactic ν’s
from GRBs have ever been studied.

Origin of UHECRs ? 

     p+γ  Δ+          n+π+   n+e++3ν
     p+N N’+Δ+ 　　　　　　　　   p+e-+ν

Central engine of the GRB is still unknown.
“Collapsar” is a viable candidate, which is a core-
collapse supernova associated with BH formation.

BH - Strong Magnetic
         Field ! 

PROPOSE:-
UHE-ν’s are produced by decays of

Heavy-Meson Synchrotron Emission.
   

UHECR  X  Strong Magnetic Field
in GRBs !

Tokuhisa, Kajino, Ichiki, Famiano & Mathews (2006)

High Energy Neutrinos from High Energy Neutrinos from GRBsGRBs
Cosmic Ray Spectrum



Theory of Meson Synchrotron Emission
Ginzburg & Syrovatskii (1965), Peskin & Schroeder (1995), Tokuhisa & Kajino (1999) ApJ 525, L117

Photon Synchrotron.
Emission           e2 := 1

Φπ = 2nd Quantized Meson (π ) Field       

J (x) = Proton Current in Strong Magnetic Field   

L

Meson Emission Intensity   

Lorentz factor      magnetic field

Meson Synchrotron
Emission     g2 := 1000



Emitted Meson Intensity 
   

     Ep = 1020 eV,   H = 1.5x1015 G   

           

 log E (eV)  

Υ(1S-4S) 

ρ 0 

π 0 

photon

Tokuhisa & Kajino (1999) 
ApJ 525, L117

Tokuhisa, Kajino, Ichiki,
Famiano & Mathews 
(2006)

Lorentz factor    magnetic
                          field

π 0 

ρ 0 

 log  χ     

photon
           

Υ(1S-4S) 

                         

 Photon & pion dominate. Rho & upsilon dominate.

Creation Mechanism
        of UHE ν’s !   



Three generations of  
quarks & leptons 

    u   c   t             e   µ   τ   
    d   s   b           νe  νµ  ντ 

Mass

Υ(1S-4S) = bb 

                                                                

Tokuhisa, Kajino, Ichiki, Famiano & 
                                                Mathews (2006) 

                      

Waxman & Bahcall (1997)                              

Upsilon, a neutral vector meson,
is a heavy quarkonium which can 
decay to lepton pairs:
   

   Υ(1S-4S)          e+−  µ+−  τ+−

               

    µ+−(2.2x10-6s) Large E.-Loss          νµ 

    τ+− (2.9x10-13s)                 ντ  & νµ  

MΥ << 1015-1020eV 
   



τ- Flux

lifetime～10-6 s lifetime～10-13 s

Proton injection Ep = 1020 eV 

                 
µ- Flux

νµ Flux ντ Flux

 

UHE-ν’s are produced in Heavy-Meson (like J/Ψ or Υ)  Synchrotron 
Emission in the UHECR interactions with Strong Magnetic Field.

      

UHECR  X  Strong Magnetic Field                  GRBs
   

Neutrino vacuum oscillation (fully mixes flavors)
Structure function of mesons

Realistic neutrino energy spectrum



“Collapsar”, a first generation star, should have
affected metal-poor Pop. II stars.

[
F
e
/
H
]Christlieb et al.(2002)

Frebel et al.(2005)  

～ ～
～ ～

56

Ba

●

□

38                 56

Fe

[Fe/H]=-5.3
            -5.4

Standard SN-prediction

Sr

10 ～10000 !                       remarkably  
                                            enhanced ! 

       
              Supernova model fails !

              SUBARU TELESCOPE discovered
an oldest Pop. II star in the Milky
Way: [Fe/H] = -5.4  (Nature, 2005)!

Explosive outer layer 
Nucleosynthesis with
Mixing-Fallback for BH
       Umeda & Nomoto (2003)

Disk-Wind nucleosynthesis
of r-process ! 
      Sasaqui, Kajino et al. (2006)

No ν’s from central BH ! 

     Disk  Wind
   

  Disk        BH



Calculated Result
Sasaqui, Kajino, Yoshida, Otsuki & Aoki (2006)

Sr

● Ba

0.1M　/s○･
1M　/s○･

0.01M   /s　○･
(f=0.01)  (f=0.001)  

(f=0.001)  

Standard Supernova
        prediction

M
ixing-Fallback Layer

Disk-wind nucleosynthesis !



● Neutrino Oscillations:

How to determine θ13 and Mass Hierarchy astrophysically ?

● Ultra High-Energy Cosmic Rays (UHECRs) = most likely neutral:

If neutrinos, what is their cosmological origin ?

● Cosmological WMAP-1 & 3 data of CMB-Anisotropies:

     Fit to scalar + tensor fluctuations needs eleven parameters !
     Neutrino of Ων < 0.02, a hot dark matter, is not a major part of dark matter
     ΩDM = 0.26.   It should be cold.

What is CDM, ΩCDM = 0.26, and what is DARK ENERGY, ΩΛ = 0.7 ?

Universe is likely flat and accelerating!
   

ΩB + ΩCDM + Ων + ΩΛ = 1
   

Σmν < 2.0 eV (95% C.L.)
   

Ων < 0.022   (95% C.L.)

     WMAP1, 3  (2003, 2006)

OUTLINE

Spergel, et al., ApJ (2006), astro-ph/0603449
Fukugita, et al., PR D74 (2006), 027302



                                                          

   

          

q = adjustable parameter 

Dark Radiation term:

                                                    

                                     
  
  

CDM particles can flow in and
out between brane and bulk !

 

Brane World Cosmology

       

        

=

（LSP)     CDM particles 
  = Lightest SUSY Particles
  

 Ichiki, Garnavich, Kajino, Mathews
& Yahiro, PRD 68 (2003) 083518

We propose Exchanging-CDM Model in Brane World Cosmology. 
           Is accelerating uiverse model with ΩΛ = 0 possible ?



Thermal History of the Universe

 INFLATION: (GW)  

    Type Ia SNe

    10-43 sec                   3 min             105 y         1～10 Gy    

                                 

                                    

                                    CMB Anisotropies 

ν-dec, e+e--annihilation

Rad-Dom. Era

                                                  
    Observational Tests
           at different
        cosmic epochs !

                     

 

　　　　　　　　

Matter-Dom. Era

QCD phase transition    

  

Cosmological
      Models

     

Big-Bang Nucleosynthesis

                               

Cosmological const.,
too small, fine tuned!
                        ΩΛ = 0 is POSSIBLE ? 
   

            



                         Dark Radiation / Photon - Energy

Big-Bang Nucleosynthesis in Brane Cosmology
Ichiki, Garnavich, Kajino, Mathews & Yahiro, PRD 68 (2003) 083518

t = 3 min
      CMB-WMAP

Standard BBN Model
  

Dark Radiation
relaxes the tension between the CMB and 4He. 

η



Supernova m-M vs. z Relation 

Our best-fit model in
Brane Cosmology
         ΩΛ  = 0

Standard ΛCDM model
           ΩΛ  = 0.71

t = 1～10 Gy

Umezu, Ichiki, Kajino, Mathews, 
Nakamura & Yahiro, PRD 73 (2006), 063527



Matter
Power Spectrum

CMB Anisotropies
t = 3x105 y

Only OUR MODEL
can explain this quenching !

Umezu, Ichiki, Kajino, Mathews, 
Nakamura & Yahiro, PRD 73 (2006), 063527

 Our best-fit model 
In Brane Cosmology   
           ΩΛ  = 0

Cosmic Variance ?

Standard ΛCDM model   ΩΛ  = 0.71



Summary

MSW (matter) 
ν - oscillation effect ! 

The ν-process in core-collapse supernovae provides unique tool to
determine the unknown oscillation parameter θ13 and mass hierarchy
of active neutrinos. 

●

Normal Mass
   Hierarchy

                         Inverted

Vacuum ν-oscillation effect ! 

UHE-ν’s are produced from heavy-meson (upsilon)
synchrotron  emission by UHECR hadronic inte-
ractions with strong magnetic field in the GRBs.

●

Upsilon      
      e+- µ +- τ +- 

             νµ  ντ
 

● ν’s take a tiny fraction of cosmic mass.
Brane world cosmology with  ΩΛ  = 0 can explain
accelerating cosmic expansion if dark matter
particles can be exchanged between the brane
and the bulk.

 Our best-fit model 
In Brane Cosmology   
           ΩΛ  = 0 

Cosmic
Variance ?
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Super-K, SNO, KamLand (reactor ν)
determined ⊿m12

2  and θ12 uniquely.
Super Kamiokande (atmospheric ν) 
determined ⊿m23

2  and θ23 uniquely.

LMS

“KNOWN” Neutrino Oscillation Parameters



Neutrino Oscillation (MSW Effect) through propagation

Center

                           
                            outside

Eν      

Eν      

    



＜衝撃波無し＞

Neutrino Oscillation (MSW Effect) through propagation
                       Kawagoe, Kajino, Suzuki, Sumiyoshi, Yamada (2006)
  

                                       Normal Hierarchy                                  Eν = 5.6 MeV

νe

νeνµ ντ

νµ ντ

νµ ντ

νµ ντ
νe

νe

Center                                      Outside         Center                                       Outside

             H-Resonance                                                  H-Resonance          

              Adiabatic                                               Non-Adiabatic



GCE constraints on 11B                   Prediction of 7Li
Meteoritic 11B/10B

Yoshida, T., Kajino, T., & Hartmann, D. H.
2005, PRL 94, 231101

Lower neutrino temperature, consistent with recent theoretical
calculation of neutrino transfer (Thomas-Janka et al. 2004)

Supernova ν-Process
Grav. Potential

OVERPRODUCTION



Lepton Decay Mode to Neutrinos

Meson Decay Mode to Three Flavor Lepton Pairs



        Two Modes of         Two Modes of NucleosynthesisNucleosynthesis in  in CollapsarCollapsar
                                                                                                                          NucleosynthesisNucleosynthesis in outer layer in outer layer

Yoshida, Sasaqui & Kajio (2006)

Umeda & Nomoto (2003) 

O-Ne-Mg C-O

25M○･
(He 8M○)･

mass coordinate  M/Msolar
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Outer Layer

  Mixing Fallback        All ejected 
 Fractionally ejected

BH

Pre-Collapsar + Explosive Disk-Wind + Explosive Disk-Wind nucleosynthesisnucleosynthesis

原始星
metal 0
25M　(8HeM )○・○・

Fe-CORE

  Accretion 
Disk + Wind

BH
            Disk

Nucleosynthesis in Disk-Wind ! 



We proposed Disappearing SUSY-CDM Model !   (2003) 

Brane World Cosmology

SUSY !?

5–th dimension, compactified.



  

Disappearing LSP (Lightest SUSY Particle) CDM Model
Is a likely possibility !

  

● LSPs (CDM) disappear 
   at cosmological time ! 
   

● BARYONS do not !

   vs.   mB ~ 1 GeV



Modified Friedmann Equation

Ichiki, Garnavich, Kajino, Mathews & Yahiro
PRD 68 (2003), 083518



LATE Integrated Sachs-Wolf effect 

Umezu, Ichiki, Kajino, Mathews, 
Nakamura & Yahiro, PRD 73 (2006), 063527



Meson synchrotron emission is an important process in UHECR-
hadrons interactions in strong magnetic field of the GRBs., 
which serves for :-

H (G)

Ep (eV)

Rho dominance 

Photon & Pion

dominance 

Upsilon dominance 
2. Creation Mechanism
      of UHE neutrinos !   

1.  Energy Loss 
      Mchanism ! 



CollapsarCollapsar is a viable candidate for is a viable candidate for
the Central Engine of the Central Engine of GRBsGRBs

                                                                         Collapsar　Model
GRB (image)                                                 McFadyen & Woosley (1999) 

     Disk  Wind

   

  
Disk           BH

                    GRB is a cosmological activityGRB is a cosmological activity
     at high      at high redshiftredshift in the early galaxy. in the early galaxy.

 ν’s are not emitted
from the central BH !

CollapsarCollapsar is a core-collapse supernova is a core-collapse supernova
of the first-generation massive starof the first-generation massive star
formed from primeval zero metal gas.formed from primeval zero metal gas.

                              NucleosyntheticNucleosynthetic Signature Signature


