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Outline 

Extra radiation & 
Lepton/neutrino asymmetries ( ) 

 

 

 
 

 

 

 

 
 

 
 

 

 

 

 
 

 

 

 

 
 

 
 

 

Effect of flavor  
neutrino oscillations ( 13) 

BBN bounds on  

 and Neff(  ) 



Relativistic particles in the Universe 

At T<me, the radiation content of the Universe is 

Effective number of relativistic neutrino species 
Traditional parametrization of  stored in relativistic particles 

Neff is a way to measure the ratio  

  standard neutrinos only: Neff        3  (3.04) 
  with additional rel. particles: Neff > 3 

Neff > 3 only with active neutrinos ? Primordial neutrino asymmetries 

ρν + ρx

ργ
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allowed range  
for Neff 

WMAP [7-year], arXiv:1001.4538 

2.7 < Neff < 6.2 (WMAP+BAO+H0, 95%CL) 
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Relativistic particles in the Universe 

At T<me, the radiation content of the Universe is 

Effective number of relativistic neutrino species 
Traditional parametrization of  stored in relativistic particles 

Neff is a way to measure the ratio  

  standard neutrinos only: Neff        3  (3.04) 
  with additional rel. particles: Neff > 3 

Neff > 3 only with active neutrinos ? Primordial neutrino asymmetries 

ρν + ρx

ργ

�

    Baryon asymmetry                             (value 6x10-10) 

    Lepton asymmetry                only if ηl � ηb ηl = ην

ηb =
nb − nb̄

nγ
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Extra radiation  
from neutrino 
asymmetries 

fνα =
1

exp(p/T − ξνα) + 1

dρν+ν̄(ξ = 0)

dρν+ν̄(ξ = 1)



Extra radiation from 
Neutrino asymmetries 

ηνα
=

nνα
− nν̄α

nγ

ην =
∑

α

ηνα

fνα =
1

exp(p/T − ξνα) + 1
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Relic neutrino asymmetries  
and flavour oscillations 



BBN 

Expansion of the universe 



BBN 

equilibration  νμ, ντ



 interactions and decoupling at MeV temp. 

Expansion of the universe 

Weak 
Processes 
Effective: 

 in eq 
(thermal 

spectrum) 

Collisions 
less and 

less 
important: 
 decouple  

0.1

f =
1

ep/T-
+1

If oscillations effective here,  
neutrinos in equilibrium 



 interactions and decoupling at MeV temp. 

Expansion of the universe 

Weak 
Processes 
Effective: 

 in eq 
(thermal 

spectrum) 

Collisions 
less and 

less 
important: 
 decouple  

0.1

f =
1

ep/T-
+1

If effective here,  
departures from eq. 

expected  
SP, Pinto & Raffelt PRL 102 (2009) 241302 



Flavor oscillations REDUCE the final Neff from neutrino 
asymmetries (unless all initial  very similar) 



BBN bounds on  

 and Neff(  ) 



3.2

3.5

4.5

�1.0 �0.5 0.0 0.5 1.0

�1.5

�1.0

�0.5

0.0

0.5

1.0

1.5

ΗΝ

ΗΝe

Neff 

BBN (4He) 

 OSC 



BBN Bounds on the cosmological lepton asymmetry 

G. Mangano et al, PLB 708 (2012) 1 [arXiv:1110.4335] 
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Value of sin2
13 

Flavour  oscillations  
effective before BBN 



Bounds on  ( 13) 
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Max contribution to radiation from  ( 13) 

G. Mangano et al, PLB 708 (2012) 1 [arXiv:1110.4335] 

�0.04 �0.02 0.00 0.02 0.04
3.0

3.1

3.2

3.3

3.4

3.5

sgn��m31
2 � sin2Θ13

Neff

NH 3  allowed  
regions for 

13 

Forero,Tórtola  
& Valle 

arXiv:1205.4018 

IH 



E. Castorina et al, PRD (2012), to appear [arXiv:1204.2510] 

Beyond BBN: bounds on the lepton asymmetry 
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A nonzero  does not modify the cosmological bounds on neutrino masses 



E. Castorina et al, PRD (2012), to appear [arXiv:1204.2510] 

Beyond BBN: bounds on Neff( ) 

A nonzero  can not explain a significant excess of radiation 
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Summary 
 

 

 
 

 

 

 

 
 

 
 

 

 

 

 
 

 

 

 

 
 

 
 

 


