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direct constrains on neutrino 
masses	
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•  ν oscillations :  
	

 	

 Δm12

2=7.58 10-5 eV2   (solar)  

  Δm23
2=2.43 10-3 eV2  (atmospheric) 

•  tritium β decay  m(νe) < 2 eV (95% CL) 
•  0.056 eV < Σ mi < 6 eV (normal hierarchy) 
•  0.095 eV < Σ mi < 6 eV  (inverted hierarchy) 
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ν phenomenology in cosmology 
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cosmic neutrino background 
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•  high T : ν in equilibrium 
•  T < 1 MeV :  ν decouple   ->   ρνcomobile  = cst  
•  T < me  e+e- annihilation heat up the γ	


•    Tγ /Tν = (11/4)1/3=1.40   nν = (3/11) nγ = 113 /cm3 

•    
•  some e+e- -> ν ν   so  Neff = 3.046 
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Effect on CMB 

5	
  

•  existence of CνB significantly changes CMB 
•  if fν < 0.1 (Σmi<1.3 eV) :  ν NR after decoupling 
    only indirect effect:  changes teq ~  1/(1-fν)  
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mν and density fluctuations 
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•  high z :  δb δγ oscillate, δcdm grows logarithmically,   
 relativistic ν “free stream” over all scales: δν ≈ 0 
•  z< zeq :   δcdm grows linearly 
•  z=1090 :   δb starts to grow          
•  when z < znr = 1890 (mν /1eV)  : ν non relativistic  
   free streaming length 
      large scales   

      small scales    
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Effect on different scales 
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€ 

δCDM ∝ a1−0.6 fν

large scale modes (k < knr) 
  δν ≈ δcdm   
P(k) not reduced by mν	



small scale modes 
     δν ≈ 0	



  z=1090 to z=0  
  -> ΔP(k) = -8fν P(k,mν=0)    

(Shoji & Komatsu 2011) 
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Resulting P(k,z=0) 
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1.4 eV 

0.14 eV 

k € 

P(k,Σmi)
P(k,Σmi = 0)

8fν 

When mν increases : 

knr increases 
|ΔP/P| = 8 fν increases 
more effect but  limited to smaller scales 

mν = 1 eV 

mν = 0.13 eV 

z=0 



z dependence 
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•  due to ν shape of P(k) is z dependent 

€ 

P(k,z)
D2n (z) × P(k,0)
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degeneracies 

10	
  

CMB  
•  ok with minimal 7 parameter cosmological model 
•  Ωk or Neff create degeneracy -> requires LSS   
LSS 
•  depends on k and z range 
if only access to transition region, degenerate with ns 

Note: difference between 3 identical masses, normal and 
inverted hierarchies is only 0.1% on P(k) 



Observational constraints 
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CMB + distances  
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•  WMAP7 alone: Σ mi < 1.3 eV for w=-1  ( < 1.4  for w≠-1) 
•  WMAP7 + BAO + SN : Σ mi < 0.71 eV  ( 0.91) 
•  WMAP7 + BAO + H0 : Σ mi < 0.58 eV ( 1.3) 
   BAO+SN needed to remove anticorrelation  Σ mi and w   

(Komatsu et al. 2011) 

•  independent measurement of σ8 would help a lot  



CMB + LSS 
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  cluster data N(z) -> σ8 and Ωm 
•  WMAP7 + H0 + SPTclusters : Σ mi < 0.28 eV for w ≠-1 
but spread in σ8 measurement 

  PLSS(k): marginalize over bias parameter   
•  WMAP7 + SDSSII+ H0 : Σ mi < 0.44 eV ( 0.71) 
•  WMAP7 + H0 + SN + (SDSSII+ CFHTLS) :  
  Σ mi < 0.33 eV for w =-1  (Xia et al. 2012) 
•  WMAP7 + SDSS DR8 + H0 : Σ mi < 0.26 eV 
        Σ mi < 0.36 eV (scale dependent bias) (de Putter 2012)    
issues: bias,  ν and NL growth 



Lyman α	
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•  0.1 < k < 2 h/Mpc,   2 < z < 4 
•  Lyman α + WMAP3 + SN + BAO + LSS : 
    Σ mi < 0.17 eV  (Seljak et al., 2006) 

       but tension on σ8   

•  Lyman α alone:  Σ mi < 0.9 eV 
 (Viel et al. 2010) 

•  issues : <F>, T- ρ relation, hydro simulations    
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number of species Neff 
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•  BBN : Neff = 2.5+1.1
-0.9 (95% CL) 

•  WMAP7: zeq = 3145 ±140  

   WMAP7+BAO+H0 : Neff = 4.34+0.86
-0.88 (1σ) 

•  WMAP7+BAO+H0+SPT : Neff = 3.91 ± 0.42   !!! 
  and then Σ mi = 0.34 ± 0.17 < 0.63 eV (95%)  !!! 
  instead of Σ mi < 0.28      
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Perspectives 
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CMB 
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Planck 

6 + mν  + YHe idem + α, w, Neff 



CMB lensing P(k) 
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observed !!! 



CMB and galaxy lensing 
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•  CMB lensing: access to LSS at z ≤ 3  
  without issues of bias and NL effects 

•  galaxy weak lensing 
   + Planck  + CMBpol 
SNAP  0.10   0.05 
LSST  0.052   0.031 
PanStarr 0.045   0.027  



other probes 
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•  Lyman α : 0.1  eV 
•  Planck + BAO (BigBoss) : 0.1 eV  
•  galaxy survey, Euclid : 0.10 eV 
•  radio survey, SKA : 0.05 eV 



CONCLUSIONS 
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   current constrains 
•  CMB + distances (conservative) : Σ mi < 0.58 
      but adding parameters: w, Neff,  Ωk ? 
•  CMB + LSS : Σ mi < 0.26 – 0.36 
  scale dependent bias, NL 
   Perspectives 
•  CMB lensing Planck 0.13-0.15 
•  Galaxy weak lensing (LSST + Planck) 0.05   


