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Outline 

Relic density of neutrinos  
with primordial asymmetries 

The radiation component  
of the Universe 

Relic neutrino asymmetries  
and flavour oscillations 

Introduction: the Cosmic  
Neutrino Background 



Introduction: the Cosmic  
Neutrino Background 



This is a  
neutrino! 



T~MeV 
t~sec 

Neutrinos coupled  
by weak interactions 

(in equilibrium) 



T  = Te = T
 

1 MeV  T  mμ 

Neutrinos in Equilibrium 



Neutrino decoupling 

As the Universe expands, particle densities are diluted and 

temperatures fall. Weak interactions become ineffective to 

keep neutrinos in good thermal contact with the e.m. plasma 

Rate of weak processes ~ Hubble expansion rate 

Rough, but quite accurate estimate of the decoupling temperature 



T~MeV 
t~sec 

Free-streaming 
neutrinos (decoupled) 

Cosmic Neutrino 
Background 

Neutrinos coupled  
by weak interactions 

(in equilibrium) 

Neutrinos keep the energy  
spectrum of a relativistic  

fermion with eq form 



At T~me, 
electron-
positron pairs 
annihilate 

heating photons 
but not the 
decoupled 
neutrinos 

Neutrino and Photon (CMB) temperatures 



Low Energy  
Neutrinos 

VERY LOW  
Energy Neutrinos 

Non-relativistic? 

m31
2m21

2



Evolution of the background densities: 1 MeV  now 

photons 

neutrinos 

cdm 

baryons 

 

m
3
=0.05 eV 

m
2
=0.009 eV 

m
1

 0 eV 

i= i/ crit 

m =1 eV 

aeq: r= m  

RD 



 Evolution of the Universe 

accélération 

accélération 

décélération lente 

décélération rqpide 

accélération 

accélération 

décélération lente 

décélération rqpide 

inflation radiation matière énergie noire 

acceleration 

acceleration 

slow deceleration 

fast deceleration 

inflation RD (radiation domination) MD (matter domination) dark energy domination 

aeq: Equality    r= m  



The radiation content  
of the Universe (Neff) 



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

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

Relativistic energy density 
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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: 



Evolution of /  before and after  decoupling 

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=3 

Neff 3.04 
Mangano et al, NPB 729 (2005) 221 



allowed ranges for Neff 

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

(95% CL) 

Neff = 3.0 ± 0.3stat ± 0.3syst

from BBN data 
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 - )



allowed ranges for Neff 

from non-BBN data 
WMAP [7-year], arXiv:1001.4538 

(95% CL) 

N
eff
= 3.80

-0.70

+0.80

Recent 4He data 
Izotov & Thuan, ApJ 710 (2010) L67 

[arXiv:1001.4440] 

2.7 < Neff < 6.2 (WMAP+BAO+H0) 



• Extra radiation can be:  

scalars, pseudoscalars, sterile neutrinos (totally or partially  
thermalized, bulk), neutrinos in very low-energy reheating  
scenarios, relativistic decay products of heavy particles… 

• Particular case: relic neutrino asymmetries 

Constraints from BBN and from CMB+LSS 

Extra relativistic particles 



Relic neutrino asymmetries  
and flavour oscillations 
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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 

0( e)=-1.17
0( μ, )=0.64



Evolution of /  with asymmetries (L tot=0) 

Expansion of the universe 

Flavor 
oscillations 

not 
included! 

Neff=4 

0 0

N0
eff=4 

0( e)=-1.17
0( μ, )=0.64



Neutrino oscillations  
in the Early Universe 



 Equations of motion in terms of the matrices of density for (anti)neutrinos 

and similar for          with   

Matrix of vacuum  

oscillation frequencies 
MSW Matter effect, 

DIAGONAL in the weak-
interaction basis  

Neutrino-neutrino refraction 

term, NON-DIAGONAL in the 
weak-interaction basis 

Mirizzi Pantaleone, PLB 287 (1992) 128 

Cross section  

interaction 

Neutrino evolution equations 



 Equations of motion in terms of the matrices of density for (anti)neutrinos 

and similar for          with   

Matrix of vacuum  

oscillation frequencies 
MSW Matter effect, 

DIAGONAL in the weak-
interaction basis  

Neutrino-neutrino refraction 

term, NON-DIAGONAL in the 
weak-interaction basis 

Neutrino evolution equations 

Early Universe: add collision terms 



Neutrino oscillations in the Early Universe 

 Neutrino oscillations are effective when 
medium effects get small enough

 

Compare oscillation term 
with effective potentials 

Strumia & Vissani, 
hep-ph/0606054 

Oscillation term prop.  
to m2/2E 

Second order matter  
effects prop. to 

GF(E/MZ
2 )[ (e-)+ (e+)] 

First order matter  
effects prop. to 
GF[n(e-)-n(e+)] 

Coupled neutrinos  refraction 
prop. to 

GF[n( )-n( )] 

=0.01 







Evolution of /  with asymmetries (L tot=0) 

Expansion of the universe 

Neff~3 

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! 

0 0

N0
eff=4 

0( e)=-1.17
0( μ, )=0.64



Evolution of /  with asymmetries (L tot=0) 

Expansion of the universe 

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-0 0

N0
eff=4 

0( e)=-1.17
0( μ, )=0.64



PLANCK sensitivity: Neff~0.4 

Best CMB sensitivity: Neff~0.1 



Summary 



Please visit http://pascos2010.astroparticles.es/ 

Next PASCOS conference in Valencia ! 



The End 


