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The European mission  

to map the Cosmic
 Microwave Background 

 To image the temperature
 and polarisation anisotropies
 of the Cosmic Microwave
 Background (CMB), over the
 whole sky, with an
 uncertainty on the
 temperature limited by
 “natural
 causes” (foreground
 fluctuations, cosmic
 variance) rather than
 intrinsic or  

    systematic  
    detector  
    noises, and  
    an angular  
    resolution ~5 arcminutes. 
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CMB space mission experiments overview – Planck: 3rd Generation  

The oldest light or the 
first light of the 

Universe 

2009 Planck 

Discovered the remnant 
afterglow from the Big Bang. 
  2.7 K  

Blackbody radiation, 
Discovered the patterns 
(anisotropy) in the afterglow. 
  angular scale ~ 7° at a 
level  ΔT/T  of 10-5 

(Wilkinson Microwave 
Anisotropy Probe): 
 angular scale ~ 15’ 

 angular scale ~ 5’,           
ΔT/T ~ 2x10-6, 30~867 Hz    
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Planck Scientific Objectives 
The unrivalled accuracy of Planck on the whole sky will allow us to: 
–  Pin down the basic characteristics of the Universe: age, contents,

 dynamics, geometry, … 
–  Examine the origins of the Universe and test inflation 
–  Probe physics at extremely high energies, e.g. superstrings, neutrinos 
–  Probe the birth of the first stars and galaxies 
& also 
–  Understand the evolution of structures, galaxies and clusters of

 galaxies; Observe our own Galaxy as never seen before … 
  Key non-CMB science with Planck includes: 

 The Cosmic Infrared Background 
 Sunyaev-Zeldovich selected sources 
 Extragalactic sources and backgrounds 
 Maps of Milky Way at frequencies 30-1000 GHz 
… and all related science  
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Planck is composed by two instruments:  

 The Low Frequency Instrument (LFI)  

    based on EMT receivers and  

 The High Frequency Instrument (HFI)  

    based on bolometers  

@ focal plane of a1.5 m Gregorian telescope 

LFI 

HFI 
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PLANCK HAS BEEN SUCCESSFULLY 
LAUNCHED ON THE 14 OF MAY 2009, 

TOGETHER WITH HERSCHEL, ON ARIANE 5 
VECTOR 

Is acquiring data since the 15 August 2009, 

In January 2012 HFI was switched off and since 
then Planck is in LFI only mode 
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Survey ≥ 5:  
cycloid phase shifted by 90 deg. 

During LFI only phase (surveys 6-8): 
scanning strategy combines 
standard mode with deep annuli  
on calibration sources to improve 
the quality of calibration and  
systematic effect control. 

Planck  
Scanning  
Strategy 
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All the results are presented in 28 papers by the Planck Collaboration 
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Planck 2013 papers 
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PLANCK IN SUMMARY: 9 FREQUENCIES BETWEEN 30 GHz AND 1 THz 

FOR TEMPERATURE ANALYSES  

PLANCK SENSITIVITY AND ANGULAR RESOLUTION ARE ENOUGH TO BE 
ESSENTIALLY COSMIC VARIANCE LIMITED … BUT ALSO LIMITED (ONLY) BY 

THE CAPABILITY TO REMOVE THE CONTAMINATION                                           
BY ASTROPHYSICAL SIGNAL 

WIDE FREQUENCY RANGE CLEARLY HELPS 
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HOW TO EXTRACT INFORMATION FROM THE MEASUREMENTS 
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Classical ZLE: 

Separated in “time domain”, 
for now simply exploiting 
differences in surveys 
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PLANCK MICROWAVE SKY 
http://spaceinvideos.esa.int/Missions/Planck 
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Brief Overview of  
Planck Products 

http://www.sciops.esa.int/index.php?project=planck&page=Planck_Legacy_Archive 
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PCCS: Characteristics 
30 GHz 
143 GHz 
857 GHz 

Many of the Planck PCCS sources can be associated with stars with dust shells,  
stellar cores, radio galaxies, blazars, infrared luminous galaxies and  
Galactic interstellar medium features.  
As expected, the high frequency channels (545 and 857 GHz) are dominated (> 90 %) 
by dusty galaxies and the low frequency ones are dominated (> 95 %) by synchrotron 
sources.  
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PCCS: Statistical properties 
  High level of matching sources

 between neighbouring channels 
  Some of the previous results

 (Planck Collaboration XIII,
 2011; Planck Collaboration Int.
 VII, 2013) are easily confirmed  

  Special effort to use simple 
selection procedures. 

  With a common detection method 
and three additional photometries, 
spectral analysis can also be done 
safely. 
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…but the PCCS has not been analyzed, yet!  (future papers  2014-15) 
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PCCS (2013) vs ERCSC (2011) 
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Planck 2013 results. XXIX. Planck catalogue
 of Sunyaev–Zeldovich sources 

•  The catalogue contains 1227 entries, making it over six times the size of the Planck
 Early SZ (ESZ) sample and the largest SZ-selected deepest all-sky cluster
 ccatalogue to date. 

•  It contains 861 confirmed clusters: 178 have been confirmed as clusters, mostly
 through follow-ups, and a further 683 are previously-known.  

•  366 are cluster candidates: three classes according to the quality of evidence that
 they are likely to be true clusters.  

•  z to ≅ 1, broadest range from (0.1 to 1.6) × 1015 M⊙.  
•  Confirmation of cluster candidates through comparison with existing surveys or

 cluster catalogues, catalogue statistical characterization in terms of completeness
 and statistical reliability. Validation process through additional information.  

•  This gives an ensemble of 813 cluster redshifts, and for all these Planck clusters
 we also include a mass estimated from a newly-proposed SZ-mass proxy.  

•  Refined measure of the SZ Compton parameter for the clusters with X-ray counter
-parts, X-ray flux for all the Planck clusters not previously detected in X-ray surveys. 

26 
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 Mollweide projection with the Galactic plane horizontal and the Milky Way centre
 in the middle, of the  
 1227 Planck clusters and candidates across the sky (red thick dots).  
 Masked point-sources (black thin dots), Magellanic clouds (large black areas),
 Galactic mask, covering a total of 16.3% of the sky and used by the SZ-finder
 algorithms to detect SZ sources. 

27 
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Component Separation of 
diffuse emissions in Planck – I  
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Component Separation of 
diffuse emissions in Planck – II  
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Galactic dust emission 
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The CMB seen by Planck & its cosmological implications  

(see also Anthony Lasenby’s review) 
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CMB ANISOTROPIES ARE ANALYZED IN A STATISTICAL WAY 

THE ANGULAR POWER SPECTRUM 

Waine Hu http://background.uchicago.edu/~whu/metaanim.html 
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CMB photons are almost unperturbed in their journey from the last scattering surface … 
but not completely … LENSING EFFECT  

MATTER DISTRIBUTION DEFLECTS THE LIGHT PATH LENSING THE CMB PHOTONS 

The effect is similar to a de-focusing of the maps 

PLANCK HAS A 25 SIGMA DETECTION OF CMB LENSING! 
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APS DEPENDENCE ON  

COSMOLOGICAL PARAMETERS 
Baryon Density  height difference 

between even and odd peaks 

DM Density  
amplitude of the 

peaks 

Theta  first peak 
position 

Optical depth  smooths peaks 

Spectral index tilts                
the spectrum                            

(strong @ small  scales) 

Planck: a single experiment 
spanning a wide multipole range! 

Large scales: outside horizon  
@ recombination – only gravity Intermediate scales: photon-baryon fluid acoustic 

oscillations - DM potential well vs radiation pressure 

Small scales: 
suppression by  
Silk damping -  

Secondary anisotropies 

1° Peak gives 
horizon scale @ 
recombination 
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PLANCK COSMOLOGICAL PARAMETERS 

The CMB anisotropy angular power spectrum shape and amplitude is strongly 
dependent on the underlying cosmological model. 

Cosmological models are characterized by cosmological parameters 

STANDARD VANILLA MODEL PARAMETERS 

• Baryon Density  today 

• Dark Matter Density today 

• Horizon @REC Angular Diameter Distance 

• Optical depth for reionization 

• Cosmological perturbation tilt P(k) = As kn 

• Cosmological perturbation amplitude   
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STANDARD EXTENSIONS TO VANILLA MODEL AND PRIORS 
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DERIVED PARAMETERS 
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From 12*20482 ≈ 5×107 pixels to ≈ 2500 Cl to 6 basic cosmological parameters + fNL 
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Data: 

 Planck  

maps & APS  

+  Additional  

datasets  

Cosmological  

parameters 

LIKELIHOOD 

M= covariance matrix,  m= data vector 

The Planck CMB likelihood is based on a hybrid approach:  

a.  Gaussian likelihood approximation based on temperature pseudo cross-
spectra  

b.  Map based temperature and polarization likelihood at low multipoles. 
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Small-scale Planck temperature likelihood: pseudo cross-spectra between detector 
pairs from maps at  

Foreground model includes: contributions to the auto and cross-frequency power 
spectra from unresolved radio point sources, CIB, tSZ and kSZ effects, for a total of  
11 adjustable nuisance parameters.  
2 calibration parameters (for the 100 GHz and 217 GHz relative to the 143 GHz) and  
1 amplitude for the dominant beam uncertainty are also left free to vary  
(other beam uncertainties are marginalized analytically).  
The total sums to 14 parameters for the high-l likelihood. 

Low-l likelihood: Planck temperature data with the large angular scale 9-year  
WMAP polarization data.  
Page et al. 2006: temperature and polarization likelihood can be separated  
assuming negligible noise in the temperature map.  
Temperature likelihood: Gibbs approach, mapping out the distribution of the  
l < 50 CMB multipoles from a foreground-cleaned combination of 30-353 GHz maps.  
Polarization likelihood: pixel-based approach using the WMAP 9-year polarization  
maps at 33, 41, and 61GHz , and including TE.  
Angular range l <23 for TE, EE, and BB. 
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PLANCK COSMOLOGICAL PARAMETERS: ΛCDM model 
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Before Planck 

Types of energy 
densities  

&  
Universe age 
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Robustness ns - r 



C. Burigana, Paris, 24-26/7/2013 51 

RUNNING OF THE SPECTRAL INDEX 

COMPATIBLE WITH  

ZERO RUNNING  

(WITH A PREFERENCE  

FOR NEGATIVE VALUES) 
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Lack of power at low multipoles 

+ running 

(ΩK + r + dns/dlnk) 

+ tensors 

ΩK=-0.0006±0.0069    
 r < 0.13 (95%;  
Planck+WP+BAO)                  

Flatness 
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DARK ENERGY 

Compatible with a cosmological 
constant equation of state 

w = −1.13± 0.24 

No need for dynamical DE 

REL. NEUTRINOS 

Neff = 3.3± 0.5  

compatible with  

? standard 3.046 

Constraints on 

neutrino masses: 

Σmν<0.23eV 
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Non-Gaussianity … mainly through 

(1)  Multiple fields (local models,  
      non-linearities develop outside horizon) 
(2)  Non-canonical kinetic term of quantum 

fields (higher derivative interactions; 
Dirac-Born-Infeld, K-inflation) 

(3)  Non-vacuum initial conditions 
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Plus other two methods for fNL 

  Binned bispectrum (Bucher, Van Tent & Carvalho2009) 
  Modal expansion (Fergusson, Liguori & Shellard 2009) 

“Contaminants”: 
  Coupling between weak lensing and Integrated Sachs-Wolfe (ISW) effects:  
    leading contamination to local NG.  
  We have detected the ISW lensing bispectrum with a significance of 2.6 σ 
  Point-source  (Poisson)  bispectrum from SMICA,  NILC,  SEVEM,  & C-R   
foreground-cleaned maps, for KSW, binned and modal (polynomial) estimators 
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Non-Gaussianity summary 
  We have detected the ISW-lensing bispectrum, as expected in ΛCDM

 scenario.     
  We have derived constraints on early-Universe scenarios that generate

 primordial   NG,   including   general   single-field   models   of   inflation,  
 excited   initial states (non-Bunch-Davies vacua), and directionally-dependent
 vector  models. 

   Initial survey of  scale-dependent  feature and resonance models.  
      These   results   bound   both   general   single-field   and   multi-field   model   parameter  

 ranges,   such   as   the   speed   of   sound, 
       cs ≥  0.02 (95% CL), in an effective field theory parametrization (cs ≥  0.07 for DBI inflation),    
       and the curvaton decay fraction rD ≥ 0.15 (95% CL).   

  The  simplest  inflation  models  (single-field  slow-roll, standard  kinetic 
 term,  BD initial  vacuum  state)  are   favoured  by  Planck  data. 

  Multi-field  models  are  not  ruled  out  but  also  not  detected. 
  Ekpyrotic/cyclic  models  either  ruled  our  or  under  severe  pressure. 
  Taken  together,  these  constraints  represent  the  highest  precision tests 
      to  date  of  physical  mechanisms  for  the  origin  of  cosmic  structure. 



C. Burigana, Paris, 24-26/7/2013 

What next? Planck final performance & polarization 
Average sensitivity, δT/T, per FWHM2 resolution element (FWHM in arcmin) and white noise (per 
frequency channel for LFI and per detector for HFI) in 1 sec of  integration (NET, in µK ·√s) in CMB 
temperature units. Acronyms: DT = detector technology, N of R (or B) = number of radiometers (or 
bolometers), EB = effective bandwidth (in GHz). At 100 GHz all bolometers are polarized, thus the 
temperature measure is derived combining data from polarized bolometers. 
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Extension to all modes  
B-modes & reionization beyond simple tau-approximation 

•  Future of CMB polarization anisotropies: 
–  towards B-modes & full exploitation of all modes 

•  Implementation of reionization models in CAMB code considering all
 modes & in particular B-modes (T. Trombetti & C. Burigana, 2012, JMP, 3, 1918) 

•  Inclusion of  
–  Phenomenological  
    models (high/low z) 
–  Astrophysical models  
–  Mix of models 

                      Typical cases     
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EE & BB predictions 

From T. Trombetti & C. Burigana, 2012 
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Reionization BB:  
comparing models  

& experiments  

From T. Trombetti & C. Burigana, 2012 
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Conclusions 
  Planck worked & is working as expected 
  DPCs, instruments, CTs, WGs worked & are working well & intensively to  
       produce accurate TOD, frequency maps, component maps, source catalogs     
  Production of the most accurate CMB all-sky temperature anisotropy maps in the

 range 30-857 GHz  … working on polarization for next year release in 2014   
  Implications for cosmology 

  ΛCDM model OK, few parameters fit data 
  Almost flat Universe but with more baryons & DM and less DE 

  H0 lower  Universe older, slower expansion 

  Detection of ISW lensing bispectrum, strongest limits on primordial non-
 Gaussianity fNL 

  Inflation OK, ns-r space constrained, simplest inflation models (single-field   

      slow-roll, standard  kinetic  term,  Bunch-Davies initial  vacuum  state) favoured 

  No evidence for dynamical DE (w close to -1) 

  Neutrinos species/thermodynamics: Neff compatible with “standard 3.046”, but 

      between 3 and 4 ??? 

  Anomalies at large scales ??? 
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(So far?) future: PRISM ! 
http://www.prism-mission.org/ 

Please, 
sign to support ! 

Brief 
communication 


