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Outline 

Relic density of neutrinos  
with primordial asymmetries 

Introduction: the radiation  
component of the Universe 

Relic neutrino asymmetries  
and flavour oscillations 



 Evolution of the Universe 
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inflation RD (radiation domination) MD (matter domination) dark energy domination 

aeq: Equality    r= m  



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

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

Relativistic energy density 

r = + =
2

15
T 4 + 3

7

8

2

15
T 4 = 1+

7

8
3

 

  
 

  

T4

T4



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

Effective number of relativistic neutrino species 
Traditional parametrization of the energy density 
stored in relativistic particles 

Relativistic energy density 

# of flavour neutrinos: 



allowed ranges for Neff 

Bounds from non-BBN data 
Mangano et al,  JCAP 0703 (2007) 006 

(95% CL) 

Neff = 3.0 ± 0.3stat ± 0.3syst

Bounds from BBN 
F. Iocco et al, Phys. Rep. 472 (2009) 1 

3.0 <  Neff < 7.9  (CMB+ LSS data)

3.1<   Neff < 6.2   (+BAO and Ly - )



Evolution of /  before and after  decoupling 

Expansion of the universe 

Weak 
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Effective: 
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Evolution of /  with asymmetries (L tot=0) 

Expansion of the universe 

Weak 
Processes 
Effective: 

 in eq 
(thermal 

spectrum) 

  
f =

1

ep/T-
+1

Collisions 
less and 

less 
important: 
 decouple  

(spectrum 
keeps th. 

form) 

f =
1

ep/T -
+1

Neff=4 

0 0

N0
eff=4 



Evolution of /  with asymmetries (L tot=0) 

Expansion of the universe 

0 0

N0
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Flavor 
oscillations 

not 
included! 

Neff=4 







Evolution of /  with asymmetries (L tot=0) 

Expansion of the universe 

Neff~3 

0 0

N0
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Best-fit 
mixing 

parameters 
(sin2

13=0.04) 

 e+e-

Oscillations driven  
by m2

31 are  
effective at  
T~8 MeV,  

reducing flavor  
asymmetries  

when collisions  
still important! 



Evolution of /  with asymmetries (L tot=0) 

Expansion of the universe 

0 0

N0
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Best-fit 
mixing 

parameters 
( 13=0) 

Oscillations driven  
by m2

21 are effective  
at T~3 MeV, reducing  

flavor asymmetries, BUT 
too late to achieve full eq!! 

Neff~3.24 

 e+e-



PLANCK sensitivity: Neff~0.4 

Best CMB sensitivity: Neff~0.1 



Summary 


