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Best Full Sky Map of the CMB before Planck:  WMAP satellite (2002-2010) 

 (linear combination of 30,60 and 90 GHz channels)





Planck 2013 CMB Map



Comparison with COBE and WMAP



Planck 2013 CMB Map





The Planck sky























Planck 2013 TT angular spectrum





The CMB Angular Power Spectrum

R.m.s. of             has                           

power per decade in l:
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We can extract 4 independent angular 
spectra from the CMB: 


- Temperature 
- Cross Temperature Polarization 
- Polarization type E (density fluctuations) 
- Polarization type B (gravity waves) 



Planck 2013 release is only temperature ps.



Red line: best fit model from the temperature angular spectrum !!!

Cross Temperature-Polarization spectrum 

(not present in this release)



Red line: best fit model from the temperature angular spectrum !!!

Polarization spectrum 

(not present in this release)



The gravitational effects of intervening matter bend the path of CMB light 

on its way from the early universe to the Planck telescope. This 

“gravitational lensing” distorts our image of the CMB

Gravitational Lensing



A simulated patch of CMB sky – before lensing

10º

Gravitational Lensing



A simulated patch of CMB sky –  after lensing

10º

Gravitational Lensing



Planck dark matter distribution throught CMB lensing



2º 0.2º

prediction based on the primary 

CMB fluctuations and the 

standard model

PLANCK LENSING POTENTIAL POWER SPECTRUM 

Measured from the Trispectrum (4-point correlation)

It is a 25 sigma effect!! 
This spectrum helps in constraining parameters 









Planck 2013 TT angular spectrum



Constraints

WMAP9



The basic content of the Universe

...has changed!





Constraints on LCDM
Planck improves the 
constraints by a factor 
2-3 respect to WMAP9

Lower  
Baryon  
Density

Higher 
CDM  
Density

Lower 
Spectral 
index

Smaller 
Cosmological 
Constant



Why we see this shift ? 


- Planck at WMAP resolution gives similar answer to WMAP. 
- Shift is compatible in between two standard deviation. 
- Not clear if connected with systematic at high-l or to anomalies at 
low-l. Planck high-l data makes these anomalies more significant.





The 217 GHz channel plays a role in  
the shift. But it also helps in fixing  
foregrounds ...



The value of the 
Hubble constant 
from Planck is in 
tension with the 
Riess et al. 2011 
result.
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Comparison with other datasets: Hubble Constant 



Comparison with SN-Ia data

The value for the matter density 
inferred from SNLS survey is smaller 
than what observed with Planck assuming 
a flat universe. 
Better agreement with the Union2 catalog.



Comparison with BBN and primordial He and D

Very good agreement. Lower baryon density. But the recent Pettini and Cooke D 
measurement is a bit too low for Planck (1 sigma tension).



Should we care about a 2-3 σ signal ?

Discovery of the CMB was 
made at 3.5 σ  !

Discovery of the accelerating 
universe was made at 2.8 σ !  



Comparison with BAO surveys

Green: 6df 
Purple: SDSS DR7 (Percival) 
Black: DR7 (Padmanabhan) 
Dark Blue: BOSS 
Light Blue: Wiggle-z

Acoustic scale – Distance  
ratio from BAO and Planck. 
Planck uncertainties are 
in grey. 


Very good agreement 
with BAO surveys 
and Planck data 
in the LCDM 
framework.



Cosmological  (Massless) Neutrinos
Neutrinos are in equilibrium with the primeval plasma through weak  
interaction reactions. They decouple from the plasma at a temperature
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Changing the Neutrino effective number 
essentially changes the expansion rate 
H at recombination. 
So it changes the sound horizon at  
recombination: 








and the damping scale at recombination: 








Once the sound horizon scale is fixed, increasing  
Neff decreases the damping scale and  
the result is an increase in the small angular scale anisotropy. 
We expect degeneracies with the Hubble constant and the Helium abundance.  
(see e.g. Hou, Keisler, Knox et al. 2013, Lesgourgues and Pastor 2006).

Probing the Neutrino Number with CMB data



Constraints from Planck and other CMB 
datasets (95% c.l.)
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Conclusions: 


- Neff=0 is excluded at high significance (about 10 standard deviations). We need a 

neutrino background to explain Planck observations ! 


- No evidence (i.e. > 3 σ) for extra radiation from CMB only measurements. 



- Neff=4 is also consistent in between 95% c.l.  



-    Neff=2 and Neff=5 excluded at more than 3 σ (massless).



Constraints from Planck + astrophysical 
datasets (95% c.l.)
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Conclusions: 


- When the BAO dataset is included there is a better agreement with Neff=3.046. 


- When luminosity distance data are included (supernovae, HST) the data prefers 
extra «dark radiation». Systematics in luminosity distances or new physics ? 


- With HST we have extra dark radiation at about 2.7 σ. This is clearly driven by the tension  
between Planck and HST on the value of the Hubble constant in the standard LCDM framework. 
 



Can we combine Planck and HST ?

Planck and HST give very different values for the Hubble constant (68% c.l.): 












But the Planck result is obtained under the assumption of Neff=3.046. 
If leave Neff as a free parameter we get: 






That is now compatible with HST (but we now need dark radiation). 
The CMB determination of the Hubble constant is model dependent.
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Anomalous Lensing Amplitude

Lensing also modifies the CMB angular spectrum. 
It is possible to quantify the amount of lensing in the angular spectrum by introducing 
an effective amplitude. 
Planck sees a larger value of the lensing in the TT spectrum at 95% c.l. respect to 
the expectations of LCDM. 
This is in disagreement with the lensing trispectrum (TTTT) measurement that is  
consistent with LCDM. The origin of the anomalous TT lensing amplitude is yet unknown.





Calabrese, Slosar, Melchiorri, Smoot, Zahn, 2008

Effect of AL on the  
CMB spectrum



Constraints on Neutrino Mass (standard 3 
neutrino framework)

- Planck strongly improves previous constraints on neutrino masses. 
- Planck TT spectrum prefers a lensing amplitude higher than expected (ALENS=1.2). 
- Inclusion of lensing from TTTT weakens the Planck constraint by 20% 
- Including BAO results in the best current constraint on neutrino masses of 0.23 eV



Clusters of galaxies



Evidence for a Neutrino mass from SZ Clusters counts ?

- Cosmological parameters as σ8 and Ωm derived from Planck SZ clusters number counts are in  
strong tension with the parameters derived from CMB TT measurements. 
- Massive neutrinos could solve the tension. 
- Cluster counts results are however affected by a bias b between the X-ray determined mass  
and the true mass. Assuming a flat prior of [0.7,1] on (1-b) we have from Planck+BAO+SZ  
(68% c.l): 


- Agreement could also be obtained by assuming (1-b)=0.55, a bias that is difficult to reconcile 
with numerical simulations and X-ray/weak lensing comparisons (see discussion in Paper XX). 

Dashed:  
Planck CMB 


Red:  
Planck CMB+SZ 
(1-b)=[0.7,1] 


Green:  
Planck CMB+SZ 
(1-b)=0.8 


Blue:  
Planck CMB+SZ+BAO 
(1-b)=[0.7,1]



Red: 
Planck+WP TT analysis 
with massless neutrinos. 


Purple: 
Planck+WP TT analysis 
with 3 0.02 eV neutrinos. 


Blue: 
Planck Clusters



Constraints on Curvature

Lensing breaks geometrical degeneracies and allows a precise measurement of 
curvature at 1% level. 
Universe is flat, no evidence for curvature. 
When BAO data is included constraints are at the level of 0.3% on curvature !



Constraints on Variations of Fine Structure Constant



A different value of the fine structure constant in the past would change the  
process of recombination. Higher alpha, quicker is the recombination...



Constraints on Variations of Fine Structure Constant



... and if you change the recombination you change the horizon size at recombination 
quicker recombination, smaller horizon size, peaks are shifted to smaller scales...



Constraints on Variations of Fine Structure Constant



Constraints on Variations of Fine Structure Constant



Cosmological parameters

! Expected reduction in error bars by factors of 2 or more 

Parameter 2013 uncertainty 
(Planck+WP)

Expected 2014 
(Planck T+P)

Baryon density today Ωbh2 0.00028 0.00013

Cold dark matter density today Ωch
2 0.0027 0.0010

Thomson scattering optical depth τ 0.013 0.0042

Hubble constant [km/s/Mpc] H0 1.2 0.53

Scalar spectrum power-law index nS  0.007 0.0031

6-parameters model

Parameter 2013 uncertainty 
(Planck+WP)

Expected 2014 
(Planck T+P)

Effective number of neutrino species Neff
 0.42 0.18

Fraction of baryonic mass in helium Yp 0.035 0.010

Dark energy equation of state w 0.32 0.20

Varying fine-structure constant α/α0 0.0043 0.0018

Constraints on other parameters



Conclusions

• Planck data alone provides no evidence for extra relativistic particles at recombination. Neff 
is consistent with 3.046, i.e. the expected value in the standard 3 active neutrino framework. 
However also a fourth neutrino is not significantly ruled out from Planck data alone. 



•  When highL and BAO data are included we obtain Neff=3.28 ± 0.3 at 68% c.l.., excluding a 

fourth, massless, neutrino at about 95% c.l.. 



• The Planck-HST tension on the Hubble constant is alleviated when variations in Neff are 

considered. An agreement between Planck and HST on the Hubble parameter can be 
achieved at the expenses of a dark radiation component with Neff=3.52 ± 0.48 at 95% c.l. 



• Planck significantly improves current bounds on neutrino masses. Tension with SZ clusters 

number counts can be removed with a neutrino mass. 



• Bounds on a fourth, massive, sterile neutrino are only marginally compatible with hints from 

oscillation experiments. 



• All the results presented here are for light neutrinos at recombination. If the sterile neutrino 

has a mass larger than 10 eV then Planck can’t exclude it (bounds from BBN). 


