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Abstract
• After Inflation, the early matter dominated  (MD) epoch 

follows

• In supergravity, we may expect MeV-scale reheating  
temperature, inducing flavor-dependent imperfect 
thermalizations of neutrinos

• Then, three flavor neutrino-oscillation in the early Universe is 
so important

• From BBN and CMB, we  obtain the lower bound on reheating 
temperature to be TRH >〜 5 MeV

• This work of three active-flavors  oscillations  with hadronic
decay scenario is the world’s first!



Strong motivations for MeV-scale reheating 
in supergravity or superstring

• Gravitational decay rate for moduli, dilatons,  
gravitino, ... with  O(1) – O(10) TeV masses

• Reheating temperature
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Moduli/gravitino Decay and BBN
1. Moduli/gravitinos are unstable in Gravity Mediation  SUSY

Radiative decay

Hadronic decay
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JETSET 7.4 (PYTHIA 5.7)

Kohri （2001)

Kawasaki, Kohri, Moroi, arXiv:astro-ph/0408426  



Charged particle multiplicity
Kawasaki, Kohri, Moroi, arXiv:astro-ph/0408426  



Number of hadrons in e+ e-
scattering

Number of hadrons in pp 
scattering

Kawasaki, Kohri, Moroi, arXiv:astro-ph/0408426  



Stopping of energetic hadrons
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( )stop(II) If , , 1,iR E T Yp >>

Hadrons scatter off the background nuclei with the energy  
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In the electromagnetic plasma of e and ,  high energy hadrons are 
stopped until they scatter off the ambient nuclei?

g±

Hadrons are stopped electromagnetically
Coulomb Compton

where
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Coulomb Energy-Loss rate
1. Non-relativistic charged nucleon
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Maxwell-Boltzmann dist. func. of el( ): ectronse ef b

(Bethe’s formula,  ionization loss rate,  or plasma excitation, …)

Small!



Contours of final energy of 
energetic proton

Contours of final energy of 
energetic neutron

Kawasaki, Kohri, Moroi, arXiv:astro-ph/0408426  



( )stop(I) If , , 1,iR E T Yp <<

( )stop(II) If , , 1,iR E T Yp >>

Only inter-conversion reactions between neutrons 
and protons by mainly mesons occur

Reno and Seckel (1988)

Kohri (2001)

Both inter-consersions between p and n, and 
destruction of Helium4 by energetic nucleons 
occur

Dimopoulos, Esmailzdeh, Hall, Starkman (1989)

K. Kohri, arXiv:astro-ph/0103411



（I) Early stage of BBN (before/during BBN)

Reno and Seckel (1988)

Kohri (2001)

Here, conservatively we 
did not include anti-
nucleon processes

Interaction between hadrons 
and nucleons

Inter-conversion between 
neutron and protons by 
mesons

K. Kohri, arXiv:astro-ph/0103411



Cross section of K0 + p scattering
K. Kohri, arXiv:astro-ph/0103411



Time scales
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Sub-dominant case

ρφ << ρradiation



Bounds on hadronic injection
Kawasaki, Kohri, Moroi, arXiv: astro-ph/0408426 
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Neutrino injection

• ν*+νBG à e*+e*: electromagnetic injection
• ν*+eBGàν*+e*:   electromagnetic injection

• ν*+νBG à q*+q* : hadronic injection

• ν*+νBG à ν*+ ν*:  Self-interaction (so slow)

Kanzaki, Kawasaki, Kohri, Moroi, hep-ph/0609246
Kanzaki, Kawasaki, Kohri, Moroi, arXiv:0705.1200 [hep-ph]



Bounds on neutrino injections
Kanzaki, Kawasaki, Kohri, Moroi, arXiv:0705.1200 [hep-ph]



Dominant case
(MeV-scale reheating)

ρφ >> ρradiation



Thermal History
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Time evolution of fνi(p)
• Production and Annihilation

• Scattering νe has a 
stronger
interation with 
plasma through 
W±



Feezeout of weak interaction 
•Weak interaction rate

•Expansion rate
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Helium 4 mass fraction Y
• Analytically we obtain the primordial value 
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  N ν
:  effective number of neutrino species
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  τ n
:  neutron life time



Imperfect thermalization of neutrinos by 
MeV-scale reheating

Kawasaki, Kohri, and Sugiyama, 1998; 2000
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Neutrino IMPERFECT thermalisation and 
Big Bang Nucleosynthesis

• Modifications on interaction rates due to MeV 
reheating and oscillations amog

• Modifications on energy density
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Neutrino oscillation in the early Universe 



MSW-like effective mass difference 
in the early Universe



MSW-type resonance (oscillation) 
in the early Universe



Thermalization of three active 
neutrinos

T.Hasegawa, Kohri, Hiroshima, Hansen, Tram, Hannestad, arXiv:1908.10189 [hep-ph]



Helium 4 abundance Y
Radiative decay Hadronic decay

→γ, e±→ν’s →qq, gluon→π’s

  

n + π + → p + π 0

p + π − → n + π 0 n/p 

T.Hasegawa, Kohri, Hiroshima, Hansen, Tram, Hannestad, arXiv:1908.10189 [hep-ph]



Lower bound on TRH for radiative decay
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T.Hasegawa, Kohri, Hiroshima, Hansen, Tram, Hannestad, arXiv:1908.10189 [hep-ph]



Lower bounds on TRH for hadronic decay
T.Hasegawa, Kohri, Hiroshima, Hansen, Tram, Hannestad, arXiv:1908.10189 [hep-ph]



What about thermalization of sterile 
neutrinos with a MeV-scale reheating?

Outstanding Problem!
T.Hasegawa, Kohri, Hiroshima, Hansen, Tram, Hannestad, arXiv:2003.13302 [hep-

ph]



A solution of reactor anomaly
TR ~ 5MeV

T.Hasegawa, Kohri, Hiroshima, Hansen, Tram, Hannestad, arXiv:2003.13302 [hep-
ph]

TR ~ 5MeVTR >> 5 MeV



Conclusion
• In supergravity, we may naturally expect a O(1) MeV 

scale reheating  temperature. then Neutrino 
oscillations in the early Universe are so effective

• From BBN (and CMB), we can constrain the lower 
bound on TR to be TRH >〜 5 MeV even for hadronic-
decay scenarios 

• From observations, we will obtain information of 
sterile neutrinos which couple to active neutrinos

• This work of three active-flavors  oscillations  with 
hadronic decay scenario is the world’s first!


