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The Cosmic Microwave Background

Discovered By Penzias and Wilson in
1965.
It is an image of the universe at the
time of recombination (near 
baryon-photons decoupling), when the
universe was just a few thousand years
old (z~1000).

The CMB frequency spectrum
is a perfect blackbody at T=2.73 K:
this is an outstanding confirmation
of the hot big bang model.



Uniform…

First Anisotropy we see is a Dipole 
anisotropy: 
Implies solar-system barycenter has 
velocity v/c~0.00123 relative to ‘rest-
frame’ of CMB.

The Microwave Sky
COBE (circa 1995)  @90GHz 

If we remove the Dipole anisotropy
and the Galactic emission, we see 
anisotropies at the level
of (ΔT/T) rms~ 20 µK (smoothed on
~7° scale).
These anisotropies are the
imprint left by primordial tiny 
density inhomogeneities
(z~1000)..



Planck 2013 CMB Map























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)









Planck 2013 TT angular spectrum

The LCDM model provides an excellent fit to the CMB data !



Constraints

CMB needs Dark Matter at more than 40 standard deviations !
Caveat: CDM must be non relativistic at recombination.  

Masses  m>10eV would be OK.



The basic content of the Universe

Cosmology needs new physics !!!!



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 



Lesson from Planck: the LCDM provides an 
almost perfect description of the CMB 

anisotropies. 
Dark matter and dark energy are badly needed 

to explain the observations.



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 



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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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



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]



Lesson number 2 from Planck: we still have 
room for additional relativistic species. 

Detection of the neutrino absolute mass scale is 
possibly around the corner. 













Problems of LCDM on small scales 
Cusp vs Core in galaxies 





Problems of LCDM on small scales 
Cusp vs Core in galaxies 





Problems of LCDM on small scales 
Cusp vs Core in galaxies 





Problems of LCDM on small scales 
Cusp vs Core in galaxies 





Problems of LCDM on small scales 
Cusp vs Core in galaxies 
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Problems of LCDM on small scales 
Missing Satellite Galaxies 





Problems of LCDM on small scales 
Missing Satellite Galaxies 





Problems of LCDM on small scales 
Why only small mass in the MW ? 





Two possible candidates to solve 
these problems (if real) 







Conclusions
• CMB and large scale galaxy clustering provide an astonishing confirmation of the LCDM 

model. The agreement is excellent. There is a clear evidence for new physics beyond the 
standard model of particle physics (dark matter and dark energy) ! there is no alternative 
model that can explain those observations. 

• CMB also hints to further new physics: an extra relativistic component at recombination is 
compatible with the data and is suggested when the data is combined with HST 
measurement of the Hubble constant. In a couple of years this issue will be clarified. 

• A "measurement" of the absolute neutrino mass scale is around the corner. Hints for a 
0.3-0.2 eV total mass scale from some observables (SZ clusters counts). 

• On galactic scales the agreement is less good and actually there are significant 
discrepancies (cores, number of satellite galaxies, too big to fail etc) 

• The situation is controversial: comparison requires N body simulations and accurate 
treatment of astrophysics. Observations are few and difficult. 

• If the problem at small scales persists then we need an alternative to CDM as WDM or 
SIDM or more... but there is a long way to go....


