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Before Planck! 



Weak interactions in the primordial plasma: 

                                     where                                                               

When                 we have the neutrino decoupling                             

 

If the decoupling was istantaneous, we get:  

So  nowaday 

Cosmological standard value                                 

                                                     (non-istantaneous decoupling) 
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Cosmological constraints 
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Probing the Neutrino mass with cosmological 
data 
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WMAP-9                               

Assuming 3 degenerate neutrinos 
Hinshaw et al (2013) 
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WMAP-7+SDSS+H0 

                                    

Hannestad et al (2010) 

Free-streaming: 
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Pre-Planck state of art for Neutrino mass 

  eVm )11.032.0(

SPT+WMAP7+H0+BAO+SPTcl:                                                   
 
 
  Hou et al. 2012 
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ACT+WMAP7+H0+BAO: 
 
 

Sievers et al. 2013 



The number of effective relativistic 
degrees of freedom 

The total amount of relativistic degrees of freedom in the Universe  is therefore 
parametrized in the following way: 
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A value of Neff > 3.046 is equivalent to the presence of a new «dark radiation»  
component : 
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Changing the Neutrino effective number 
essentially changes the expansion rate 
H at recombination. 
So it changes the size of the sound horizon  
at recombination: 
 
 
 

and the damping at recombination: 

 
 
 
 
 
 
 
 
Moreover a larger neutrino number increases the early ISW as  the neutrino mass . 
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Hou et al (2011) 

Probing the Neutrino number with CMB data 
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Pre-Planck state of art for Dark Radiation 

WMAP-7+SPT                                      

WMAP-7+SPT+BAO+H0                                    
Hou et al. (2013) 

48.062.3 effN

55.078.2 effNWMAP-7+ACT                                  

WMAP-7+ACT+BAO+H0                                 
Sievers et al. (2013) 

35.071.3 effN

39.051.3 effN



Pre-Planck state of art for Dark Radiation 

WMAP-9+SPT+ACT                                                                         

Calabrese et al. (2013) 

42.037.3 effN



Data sets and models 

• WMAP9 + SPT/ACT 

• WMAP9 + SPT/ACT + HST 

• WMAP9 + SPT/ACT + BAO 

• WMAP9 + SPT/ACT + HST + BAO 

• WMAP9 + SPT/ACT + SNLS3 

• WMAP9 + SPT/ACT + SNLS3 + BAO 

• CDM + m (Neff = 3) 

• CDM + m + Neff 

• CDM + m + w 

• CDM + m + dns/dlnk 

• CDM + Neff 

• CDM + DNeff 

• CDM + DNeff + c2
eff + c2

vis  

• CDM + m  + DNeff  + c2
eff + c2

vis  



CDM + m 
W9+SPT W9+SPT 

+HST 
W9+SPT 
+BAO 

W9+SPT 
+BAO 
+HST 

W9+SPT 
+SNLS 

W9+SPT 
+SNLS 
+BAO 
 

m  (eV) 1.14±0.41 <0.50 0.46±0.18 0.33±0.17 <0.80 0.40±0.18 

W9+ACT W9+ACT 
+HST 

W9+ACT 
+BAO 

W9+ACT 
+BAO 
+HST 

W9+ACT 
+SNLS 

W9+ACT 
+SNLS 
+BAO 
 

m  (eV) <0.89 <0.34 <0.53 <0.44 <0.49 <0.54 

•CMB 
•CMB+HST 
•CMB+BAO 
•CMB+BAO+HST 
•CMB+SNLS 
•CMB+SNLS+BAO 



CDM + m + Neff 
W9+SPT W9+SPT 

+HST 
W9+SPT 
+BAO 

W9+SPT 
+BAO 
+HST 

W9+SPT 
+SNLS 

W9+SPT 
+SNLS 
+BAO 
 

m  (eV) 1.35±0.55 0.48±0.33 0.56±0.22 0.56±0.23 <0.91 0.50±0.21 

Neff 3.66±0.61 4.08±0.54 3.76±0.67 4.21±0.46 4.04±0.68 3.87±0.68 

W9+ACT W9+ACT 
+HST 

W9+ACT 
+BAO 

W9+ACT 
+BAO 
+HST 

W9+ACT 
+SNLS 

W9+ACT 
+SNLS 
+BAO 
 

m  (eV) <0.89 <0.34 <0.53 <0.44 <0.49 <0.54 

Neff 2.64±0.51 3.20±0.38 2.63±0.48 3.44±0.37 2.75±0.44 2.78±0.46 



CDM + m + w 

Sullivan et al. (2011) 

SPT ACT 



CDM + m + dns/dlnk 
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CDM + Neff 
W9+SPT W9+SPT 

+HST 
W9+SPT 
+BAO 

W9+SPT 
+BAO 
+HST 

W9+SPT 
+SNLS 

W9+SPT 
+SNLS 
+BAO 
 

Neff 3.93±0.68 3.59±0.39 3.50±0.59 3.83±0.41 4.93±0.69 3.55±0.63 

W9+ACT W9+ACT 
+HST 

W9+ACT 
+BAO 

W9+ACT 
+BAO 
+HST 

W9+ACT 
+SNLS 

W9+ACT 
+SNLS 
+BAO 
 

Neff 2.74±0.47 3.12±0.38 2.77±0.49 3.43±0.36 2.77±0.49 2.83±0.47 

The situation 
is similar in 
CDM + DNeff 



What Dark Radiation is made of? 
Sterile Neutrinos? 

Exotic models: 

• gravitational waves 

• axions 
• decay of non-relativistic matter 
• Early  Dark Energy 

Massless neutrinos equations of perturbations: 

 
 

 

  .3,1
12

,
5

3

15

8

5

2
3

,
3

2
3

,
3

2
331

1,1,,

3,

2

2

2











































 lFllFF
k

l

kFqc

kq
a

a

k

q

a

a
kcq

h
k

qk
k

q

a

a
c

a

a

lll

vis

eff

eff






























The effective sound speed 

The viscosity parameter 2
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Effective sound speed and viscosity speed 

3/122  viseff cc

0,3/1 22  viseff cc

1,3/1 22  viseff cc

3/122  viseff cc

If Dark Radiation is 
made of free-streaming 

particles, 

 

WMAP-7 ACT 

3/1,2.0 22  viseff cc

3/1,7.0 22  viseff cc

Hu (1998), Smith et al. (2012) 



CDM + DNeff + c2
eff + c2

vis  
+ 3 massive (0.3 eV) neutrinos with standard perturbations’ parameters 

60.031.1 D effNW9+SPT 

W9+SPT+HST 

W9+ACT 

W9+ACT+HST 

32.038.0 D effN

39.092.0 D effN

41.062.0 D effN

W9+SPT+BAO+HST 

 

W9+ACT+BAO+HST 

07.015.02 visc

13.025.02 visc

W9+SPT/ACT+BAO+HST W9+SPT/ACT+BAO+HST 



CDM + m + DNeff + c2
eff + c2

vis  

W9+SPT+BAO+HST 

 

W9+ACT+BAO+HST 

07.013.02 visc

11.025.02 visc

W9+SPT+BAO+HST 

 

W9+ACT+BAO+HST 

50.035.1 D effN

40.074.0 D effN

The evidence for neutrino mass still 
remains if SPT is combined with BAO 



Planck 

.).%68(//)2.13.67(0 lcMpcsKmH 

Credit: ESA and the Planck Collaboration 

“A simple but challenging Universe” 

MpcskmH //4.28.730  HST, Riess et al (2011) 



Planck and neutrinos 

CDM + m + Alens 
.).%95(66.0 lceVm 

CDM + m  (Alens = 1) 
.).%95(08.1 lceVm 
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Planck+WMAP9polarization 
+highl(SPT+ACT) 

Planck+WMAP9polarization 
+highl(SPT+ACT) 

Planck+WMAP9polarization 
+highl(SPT+ACT)+HST 
 

.).%95(62.3 50.0
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Credit: ESA and the Planck Collaboration 



Conclusions 

W9+SPT W9+SPT+ 
external 
data 

W9+ACT W9+ACT+
external 
data 

Standard 
Model 
Neutrino 
Mass 

Detection Detection 
(BAO, 
BAO+HST, 
BAO+SN) 

No 
detection 

No 
detection 

Extended 
Model 
Neutrino 
Mass 

No 
detection 

No 
detection
w:detect. 
with SN 

No 
detection 

No 
detection 

Standard 
Model 
Dark 
Radiation 

Evidence Evidence No 
evidence 

Evidence 
only with 
BAO+HST 

Extended 
Model 
Dark 
Radiation 

Evidence 
Non-
standard 
c2

vis 

Evidence 
Non-
standard 
c2

vis 

No 
evidence 

Evidence 
only with 
BAO+HST 


