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The Planck concept 
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 to perform the “ultimate” measurement of the Cosmic 
Microwave Background (CMB)  temperature anisotropies: 
– full sky coverage & angular resolution / to survey all scales at which 

the CMB primary anisotropies contain information (~5’) 
– sensitivity / essentially limited by ability to remove the astrophysical 

foregrounds 
⇒enough sensitivity within large frequency range  [30 GHz, 1 THz] 
 (~CMB photon noise limited for ~1yr in CMB primary window) 

 
 get the best performances possible on the polarization with 

the technology available 
 

⇒ESA selection in 1996   (after ~ 3 year study) 
  
NB: with the Ariane 501 failure delaying us by several years (03  07)  and 

WMAP then flying well before us, polarization measurements became 
more and more a major goal 
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Log Book (abridged) 
 Instruments very stable, continuously mapping the sky, with essentially no 

hiccups from the beginning of survey, on August 13th 2009, till the end of HFI, 
on Jan 14th 2012;   

 Expectations on sensitivities confirmed in flight: HFI reaches or exceeds its goals 
 
 First  complete coverage of the sky by all detectors was obtained in June 2010 

with the first nearly 10 months of survey data. ERCSC release & batch of 25 
papers on “Planck early results” submitted in Jan 2011;  

 
 Nominal mission was completed on November 27th 2010, having collected 

about 15.5 months of survey data insuring that  all the sky at been seen at least 
twice by each detector: 

– 12 “Planck Intermediate results” papers on CMB foregrounds results submitted in 2012.  
– public data delivery on March 21st 2013, together with 28 “Planck 2013 results” papers   

 
 All HFI survey data acquired! 885 days of survey, 900 billion samples, 5 surveys, 

twice the nominal duration. With some additional LFI data (~6months) will be 
the basis of our next data delivery (DD2) in mid 2014. (including polarisation) 
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Cleaning the background 
from its 7 veils 

3% of the CMB sky replaced by a Gaussian Random realisation  
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Cleaning the background 
with an l-dependent linear combination 

3% of the CMB sky replaced by a Gaussian Random realisation  

217 GHz 

353 GHz 

143 GHz 

545 GHz 857GHz 

100 GHz 
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One of 5 methods which we developed as respective cross-checks 
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The cosmic microwave background 
Temperature anisotropies 
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The cosmic microwave background 
Temperature anisotropies 
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Our window 
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Difference map (scales  θ < 1 deg) :  
Acoustic oscillations at small scales  

< ct when t=380 000 years (~150 Mpc today).  
Which allows to take a census of the Universe content 

Smoothed map (suppressing scales θ < 1 deg) : 
Quantum Fluctuations imprinted   

When the age of the Universe was in the   
interval [10-39, 10-12] seconds 
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The Planck spectrum of Temperature 
anisotropies 
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Over 89% of the sky, explain the map spectrum with: 
 best fit Planck + Point Source + Half-Ring noise 

Halfring noise 

Point Sources 

Map “Model” 

LCDM 

Checking consistency of the CMB PS/map 
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Likelihood Methodology 

Need to provide P(Ctheory(l) | Planck) 
Hybrid multi-frequency likelihood approach 

– Large scales (LL): Gaussian likelihood on maps 
– Small scales (HL): Gaussian likelihood approx. on spectra 

 Foregrounds: 
– LL: Parametrised at the map level, Gibbs marginalisation 
– HL: Parametrised at the spectral level 

 Validation: 
– Data selection & technical choices 
– Null tests 
– Simulations 
– Foreground cleaned CMB maps, LFI 70 GHz (HL) 

 
ESLAB, 02/04/2013 
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Cleaning the background power spectrum  
from its 7 veils 

3% of the CMB sky replaced by a Gaussian Random realisation  
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Origin of the CMB spectrum 
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HL posterior correlations 

ESLAB, 02/04/2013 
 

S. Prunet    
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HL posterior correlations 

ESLAB, 02/04/2013 
 

S. Prunet    
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NB: H0 
derived 
parameter 
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The Planck spectrum of Temperature 
anisotropies 

François R. Bouchet "Planck main cosmological results" 



Page 44 

Theory confronts data 
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Base ΛCDM model with 6 parameters 
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Base ΛCDM model 6 parameters 
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Base ΛCDM model 6 parameters 
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Base ΛCDM model 6 parameters 
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Derived parameters (base model) 
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Sorry, you just 
grew older by 
≳ 50 million 
years ! 
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The basic content of the Universe 
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The rate of expansion 
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Planck H0 is 67.95 ± 1.5 km/s/Mpc 
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Predicted halo power spectrum 
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 Planck prediction 
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BAO  acoustic-scale distance ratio 
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6dF 
WiggleZ 

SDSS 
-DR7  
2010 

BOSS 
-DR9 

SDSS 
-DR7 
2012 
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Polarisation spectra – check passed! 
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The lensing potential power spectrum 
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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 

François R. Bouchet "Planck constraints on fundamental physics" 



GRAVITATIONAL LENSING OF THE CMB 

A simulated patch of CMB sky – before lensing 

10º 
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GRAVITATIONAL LENSING OF THE CMB 
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A simulated patch of CMB sky –  after lensing 

10º 



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 

(smoothing on the power spectrum, and correlations between scales) 
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Projected mass map 
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THE CLUMPINESS OF THE PLANCK MASS 
MAP 

Planck foregrounds| S.White| Paris | 21.3.2013 | Planck press conf | Pag. 77 

Fluctuations in the Planck mass map as a function of angular scale. This 
is clumpiness in the modern universe, measured though gravitational 
lensing. 2º 0.2º 

prediction based on the 
primary CMB fluctuations and 
the standard model 
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Lensing potential versus distribution of 
external tracers 

No particular effort here to optimize the model for the external survey 
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CIB PEAKS CORRESPOND TO MASS PEAKS 

Stacking the Planck mass maps at the positions of peaks and troughs of 
Cosmic Infrared Background leads to a strong detection of the mass 
associated with these distant star forming galaxies.  

1º 

CIB X Lensing 

François R. Bouchet "Planck main cosmological results" IAP, April 12th, 2013 81 



Page 82 

Beyond the standard model 

–
–
–
–  
–
–
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Full grid of results available on line 
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Planck 
+WP 

Planck 
+WP 
+BAO 
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Geometry 
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Dynamical dark energy? 
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(has changed) 
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Neutrinos  
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Neutrinos  
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Primordial nucleosynthesis 
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SZ / CMB tension 
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CMB 

CMB+SZ 
1-b free 

Planck SZ  
+BAO+ BBN 

Tinker mass function (ref) 
Watson mass function 

1-b in [0.7-1.0] 

𝛽=0.6±0.5 in scaling evol. with z 

 



Physics rather than gastrophysics? 
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Planck CMB  

Planck CMB + SZ 
1-b in [0.7, 1]  

Planck CMB+SZ+BAO 
1-b in [0.7, 1]  

Planck CMB + SZ 
1-b=0.8  



Cosmology with clusters 

 To carry out a prediction of the counts expected in a survey, 
given cosmological assumptions, one needs: 
– a mass function giving the number distribution of clusters with mass 

and redshift;  
  Trinker et al 2008 
– scaling relations that can predict observable quantities from the mass 

and redshift; 
 

– the completeness of the survey in terms of those observables, which 
tells the probability that a model cluster would make it into the survey 
catalogue. 
 

 NB: The calibration of the Y/M scaling relation requires to 
know M in some case, e.g. from X-ray analysis using 
hydrostatic equilibrium, or from Gravitational lensing, which 
both have dispersion and bias…(as simulations tell us).  
– Planck-XX established and used it’s own version of the M500-YX relation 

for our mass proxy 
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Fine structure constant variation? 

François R. Bouchet "Planck main cosmological results" 

 

This would shift the energy levels and binding energy of hydrogen and helium, 
inducing a modification of the ionization history of the Universe… 



Constraint on representative Inflation models 
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Exponential potential models(power-law inf.), simplest hybrid inflationary models (SB SUSY),  
monomial potential models of degree n >2 do not provide a good fit to the data.  

(Higgs 𝜉 ≫1) 

Chaotic 

68% & 95%  
CL contours 

V*=(1.9 x 1016 GeV)4 𝑟∗
0.12
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A theorist dream, or nightmare? 
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Zooming on the very largest scales, 
l<50... 
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The low-multipole surprise/tension 
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How significant is the anomaly? 
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Only in less than 1% of 
the observable 

universes… 
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Bianchi model VII 
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Does Mr Bianchi get along with Mr 
Planck? 
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Hemispherical Power asymmetry 
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But there is a simple reference model 

Ωk =0, single inflaton field, obeying slow-roll 
conditions (small derivatives of the potential, ε,η,ξ), 
deriving from a standard Lagrangian,  with 
fluctuations behaving as in flat space at 
asymptotically early times and short distances 
(Bunch-Davies Initial conditions) 

Adiabatic fluctuations, PR(k)=As (k/k*)ns-1, ns < 1, no 
running, N*∈[50,60], with negligible non-Gaussianity. 

We shall probe Ωk, ns, running (dns/dlnk), non-slow-
roll, features in P(k) (parametric and non-
parametric), isocurvature fluctuations, existence of 
defects, non-gaussianity – LEO & a few more types… 
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Conclusions 1/2 
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 ΩK=-0.006±0.018 at 95%CL from Planck-T+Planck-L (PT+PL). 
 fNL

LEO (and others) is consistent with zero; most stringent test of Gaussianity performed to date. 
 No evidence for cosmic defects. Nambu-Goto strings have Gμ/c2 < 1.3 x 10-7 (η < 4.7 x 1015 GeV).  

 
 ns=0.963 ±0.006 from PT+WP+BAO; HZ robustly excluded (even Neff or Yp  worse by Δχ2

eff = 4.6 or 8) 
 No evidence for running (nor running of running) 
 r0.002 < 0.12 (PT+WP)  inflation energy scale < 1.9 x 1016 GeV (or H* < 3.7 x 10-5Mp)  at 95%CL 
 Concave potentials preferred.  

– Exponential potential, monomial with p>2, hybrid driven by quadratic term are all disfavored at more than 95% confidence. Simple 
Quadratic large field at the edge…  

 Strong constraints on parameters values of specific inflationary scenario (e.g. limit on scale parameter of natural 
inflation),  

 Planck limits possibilities for unknown physics between end of inflation and the beginning of the radiation era (wint).  
 Potential reconstructed  in observable window  shows that allowing a fourth order leads to deviation to slow-roll, 

and allows a better fit the low-l (improvement of Δχ2
eff ~4) 

 Penalized Likelihood reconstruction of primordial spectrum hints at features;  
– parameterized models (as motivated by NBD, axion monodromy or step in the potential)  improve Δχ2

eff by ~10, but no strong 
Bayesian evidence. Polarization will help . 

 No strong evidence for non-decaying isocurvature modes  
– (one at a time, but arbitrarily  correlated to adiabatic mode). Axion and curvaton scenario (either uncorrelated or fully correlated) 

are not favored. But arbitrary correlation help lowering the low-l part of the spectrum (Δχ2
eff >4) 

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

using the simplest slow-roll inflationary models;  
 But with tantalizing hints both at low-l (<30)  and high-l... (is there a model tying all Large Scale anomalies?) 



Conclusions 2/2 

 Planck data allows much additional exciting science  (often in conjunction):  
– Lensing science (cross-correlations with LSS probes)  

– SZ clusters science (the rarest ones, with X-ray, LSS, low-z lensing ) 

– CIB science (high-redshift galaxies) 

– Galactic Interstellar Medium (CO, dark gaz, polarisation…)  

 Next Planck data release will be mid - 2014  
– Twice as much data 

• HFI, ~900 billions samples, complete since Jan 12th 2012, after 885 days of survey, 5 sky surveys 

• LFI is still in operation; in August 2013 it will reach 8 observed sky surveys. 

– Polarisation! 
– Expected results: 

• Better Temperature science (more redundancy & checks, improved analyses...) 
• By measuring B modes polarisation, Planck may detect primordial gravitational waves   

– From B modes we can measure the energy scale of inflation and constrain the nature of 
the “inflaton” 

• Polarisation will help foray deeper into Non-Gaussianity analysis 
• Further handles to understand if the “deviations” are fundamental and if we need a “new 

physics” 
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