
Cosmology with Planck 
Nazzareno Mandolesi 
ASI, INAF, Università di Ferrara 
Santander, 24 June 2013 



F.R. Bouchet - The fundamental characteristics of 
our Universe - Planck 2013 results - ESA HQ, 
Paris 



Planck History in Brief 
•  First conceived in 1992, proposed to ESA in 1993 
•  Payload approved in 1996 
•  Launched in May 2009, started to survey the sky in August of 

the same year 
•  Nominal mission completed at the end of 2010 

–  but continued to gather data with the full payload until 
January 2012 

–  … and it continues to gather data with LFI only until  the 
fall (August end of 8 full sky survey) 

•  Planck is an ESA mission: ESA, European industries, and the 
international technological and scientific community have 
contributed to its realisation and success 

•  The Planck payload has been founded by the European 
members state Space Agencies and by NASA: ASI and CNES are 
the leading Agencies.  

–  Thousands of engineers and scientists were involved from 
~100 scientific institutes in Europe, the USA, and Canada 

–  Two scientific Consorzia (LFI led by N. Mandolesi and HFI 
by Jean Loup Puget) were responsible for the delivery of 
the Instruments to ESA, the mission data analysis and the 
delivery of the data and results to the open scientific 
community 
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21 March 2013:  
29 papers delivered 

About 1000 pages all together 
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Planck newspaper coverage, March 21–22, 2013
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The visible night sky 
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The Planck sky 



Emission from the Milky 
Way 

0 500µK 0.0 2.5MJy sr�1

0 5µK km s�1

Non-thermal radio emission  Thermal dust emission  

Carbon monoxide 



Compact galactic and 
extragalactic sources 



Clusters of galaxies 

Planck SZ catalog
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Planck versus WMAP 
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WMAP


Planck




Comparison w/ forerunners 



The anisotropies of the 
CMB 



Tension under investigation 
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6 parameters of ΛCDM 

22


"   Peak scale

"   Primordial spectral index

"   Primordial amplitude


"   Baryon density

"   Cold dark matter density

" Reionisation optical depth






Tension with Hubble Constant 
astrophysical measurements 

Planck value for the Hubble constant 
is in a tension with several other 
measurements (most notably the 
HST determination ). 
 
Systematics in luminosity distance 
measurements can be clearly there, 
however this tension could be also 
hinting towards new physics. 
 
The determination of H0 from Planck 
is indeed model dependent. 

Tension under investigation 





Example: extra degrees of freedom from 
Planck+HST ? 

While the Planck+WP+highL dataset 
is consistent with the standard 
3 neutrino families framework, 
when we include the HST value 
for the Hubble constant we 
see a preference for extra 
degrees of freedom at about 95% c.l. 
with Neff=3.6. 
 
A sterile neutrino with non standard 
decoupling could explain this effect. 
 
Other new physics mechanisms could explain this tension. 
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Dark matter

22.7%


Ordinary matter

4.5%


Dark energy

72.8%


A new cosmic recipe 

  
Baryonic matter :  ± 0.05%

Dark matter        :  ± 0.4  %

Dark energy       :  ± 1.0  %


Age of the Universe :  13.798 ± 0.037 Gyr

Hubble constant       :  67.80 ± 0.77 km s–1 Mpc–1


Parameters based on Planck + WMAP polarisation + highL + BAO


Before March 21, 2013


Dark matter

25.8%


Ordinary matter

4.82%
Dark energy


69.2%


Today






Planck 
CMB 

Planck  
cluster counts 

Tension under investigation 



Main constraint on Inflation 
physics 



GRAVITATIONAL LENSING DISTORTS IMAGES 

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 OF THE CMB 

A simulated patch of CMB sky – before lensing 

10º 



A simulated patch of CMB sky –  after lensing 

10º 

GRAVITATIONAL LENSING OF THE CMB 



Planck foregrounds| S.White| Paris | 21.3.2013 | Planck press conf.| Pag. 36 

Planck images of the mass distribution throughout  (almost) the entire 
visible Universe. This is 85% Dark Matter, 15% ordinary matter.... 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Planck dark matter distribution 



2º 0.2º 

prediction based on the 
primary CMB fluctuations and 
the standard model 

PLANCK LENSING POTENTIAL POWER SPECTRUM 

It is a 25 sigma effect!! 



Non Gaussianity in the CMB 
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Nearly perfectly Gaussian fluctuation are a prediction of the inflation. 
 



How test for Gaussianity? And 
how? 

  The power spectrum compares two points separated by one angle: 

γ	



To check for non Gaussianity you can compare three points at two 
angles: the “power” bispectrum.  

α	

 β 



Primordial non Gaussianity 

•  Bispectrum measured by Planck 
•  Can be used to constrain models of 

non Gaussianity 
•  One number for all: 

. 

•  The fluctuations are consistent with the 
Gaussian assumption. This is yet 
another confirmation of the inflation 
theory. 

f NL = 2.7± 5.8
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Isocurvature modes ? 

A mixed adiabatic-isocurvature 
model can provide a better 
Fit to the low-l region. 
 
In the Figure we see 
3 models: 
 
CDI: Cold Dark Matter Density 
Isocurvature Mode 
NDI: Neutrino Density 
Isocurvature  Mode 
NVI: Neutrino Velocity 
Isocurvature  Mode 
 
 
The isocurvature mode is favoured at the level of 2 sigmas.  
This kind of model is compatible with multi-field inflation. 
 
But as we can see from the data, isocurvature modes are not enough to compensate the 
low-low-l signal !  
 



The low-l anomaly 
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The low-l anomaly 
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The low-l anomaly 
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The low-l anomaly 



A simple amplitude test 

•  Rescale the power spectrum in 
amplitude: 

•  Find the best-fit A as a function of 
maximum multipole l.  

•  There is a 99% “anomaly” for lmax=30. 

•  The anomaly fades away at higher 
multipoles  where theory and data 
agree remarkably well. 

   

C(A) = A CΛCDM


< 1 at more then two σ  



•  Theory (the ΛCDM model) fits the Planck data 
remarkably well at small and intermediate angular 
scale 

•  Planck shows that, at very large scales, the fit is 
not good  there is an “anomaly”?  

•  This may suggest that the standard accepted 
model is incomplete. 

The low-l anomaly 



A known celestial source 



Does the other side of the Moon look 
alike? 



Is the Universe statistically isotropic? 

Isotropy is a fundamental assumption of the LCDM model 
It must be tested. 





Is the Universe isotropic? 

Two sides of the same (celestial) sphere 



Take the high resolution stuff out 



Are the two hemispheres compatible? 



So, what are we seeing? 

–  Are these anomalies a manifestation of some yet unknown physics? 
Perhaps. Are there interpretations? 

–  Phenomenological, e.g. dipole modulation. Is the dipole influencing 
the higher multipoles for some reason? 

–  Physical, e.g. Bianchi models (cosmologies of a non isotropic universe, 
Bianchi VII looks appealing.) 

–  But no really convincing explanation exists yet. 
–  The large scale modes in the CMB are very primordial. They can be 

traced back directly to the inflation. If there is really physics behind 
the anomalies, rest assured it is exiting. 

–  How do we move further? 
–  New theories  new models to test 
–  Better observations by Planck  polarization 



Bianchi model VII 



Does Mr Bianchi get along with Mr 
Planck? 



Large scale isotropy is challenged by 
Planck data.   

Several effects at 99% statistical significance or more: 
–  ΛCDM in tension with large scale anisotropy 
–  Hemispherical asymmetry in power spectrum 
–  And there are other, possibly related anomalies. Read Planck Collaboration 

XIII today. 
–  Multipole alignment 

–  A very “cold” spot 
–  Phase correlations 
–  Even-odd parity power asymmetry 

–   And others further. 

–  Thanks to Planck, we are certain that they are genuine features of the CMB. 
–  Are they related? Is there a fundamental reason? 
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Testing polarisation via stacking 
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Testing polarisation via stacking 
WMAP 9 yr




Polarisation around hot spots 
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Summary of Planck results 
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" 6-parameter “vanilla” ΛCDM model fits data very well 
" No need for additional physics 

" Estimated parameters are different from previous best results 
" More matter, less dark energy 
" Hubble constant smaller than commonly-held 
" Curvature very tightly constrained 

" No evidence for >3 types of neutrinos 
" No evidence for non-gaussianity 
" New constraints on inflationary models 
" Single field slow-roll inflation is preferred (ns clearly just less than 

1) 
" Confirmation of WMAP anomalies 
" Deficit of power at large angular scales 

" High significance of CMB lensing and CMB-CIB cross-correlation 
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The future for Planck 

" Planck has already been a huge success 
" Has worked near-flawlessly since launch and well beyond baseline 

" Has met all performance requirements  
" With March 2013 release, has met most of its science goals already 

" But Planck is not done: much more to come, including polarisation 

" August 2013: 

" End of second LFI-only extension (total 8 sky surveys) 
" October 2013:  

" Decommissioning / injection into “museum orbit” 
" February 2014:  

" Delivery of full cryo- and first LFI-only extension data to ESA; release 
March 2014 

" August 2014: 

" Delivery of new generation of products, including second LFI-only extension 
data to ESA; release September 2014 
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Conclusions 
•  The 2013 Planck T map anisotropy 

leaves behind it a legacy which will stay 
for many years (…before next Planck 
release) and will not be replaced easily. 

•  Excellent agreement between the Planck 
temperature spectrum at high l and the 
predictions of the ΛCDM model.  

•  But…anomalies are also seen and will be 
investigated  



-  2014: Twice as much data (LFI is still in 
operation and in August 2013 it will reach 8 
sky observed surveys)  

-  Expected results: 
-  By measuring polarisation B modes Planck may 

detect primordial gravitational waves   
-  From B modes we can measure the energy 

scale of inflation and constrain the nature of 
the “inflaton” 

-  Next release wil be the input to understand if 
the “deviations” are fundamental and if we 
need a “new physics” 

 

NEXT RELEASE Next release2014 
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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 Ωch2 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 



A. Zacchei 
"Frequency maps 
generation" 


