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Outline 

An introduction to CMB physics   

Highlights of the Planck mission:  

– Mission and collaboration overview  

– All sky mapping of the Cosmic Microwave Background 
(CMB) to extreme resolution and sensitivities 

– Main impacts in cosmology:  
• The CMB tells us about the (Dark) Composition of the Universe  

• The CMB reveals details of the Big Bang  

• Dark lenses: the Dark Matter is Bending Light  

• People talking about CMB “anomalies”, what are those?  

• CMB polarization and the 2014 release 

 Conclusions  
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An introduction to  
CMB Physics 



CMB: where, when and how 

 Opacity: λ = (neσT)-1 « H-1 

 Decoupling: λ ≈ H-1 

 Free streaming: λ » H-1 

 Cosmological expansion, 
constants and baryon 
abundance conspire to 
activate decoupling about 
300000 years after the Big 
Bang, at about 3000 K 
photon temperature  

 Expansion and the metric 
perturbations affect all 
cosmological species 

 The CMB is a snapshot of 
cosmological perturbations 
in the photon component 
only 

movies/pebbles.mov


Cosmic History and Decoupling 
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Boltzmann equation 

 d photons   

                          = gravity + Compton scattering 

         dt 

d baryons+leptons  

                               = gravity+Compton scattering 

         dt 



Boltzmann equation 

 d neutrinos   

                          = gravity + weak interaction 

         dt 

 d dark matter   

                          = gravity + weak interaction (?) 

         dt 

gravity = photons + neutrinos + baryons + leptons + dark matter 



Gravity  



Compton scattering 

 Compton scattering is 
anisotropic 

 An anisotropic incident 
intensity determines a 
linear polarization in the 
outgoing radiation 

 At decoupling that happens 
due to the finite width of 
last scattering and the 
cosmological local 
quadrupole 

e-
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CMB anisotropy: total intensity 
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CMB anisotropy: polarization 
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Gradient (E): 

Curl (B): 

Kamionkowski et al. 1997, Seljak & Zaldarriaga 1997 



CMB anisotropy: reionization 
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CMB anisotropy: lensing 



Last scattering 

Forming structures - lenses 

E 
B 

CMB anisotropy: lensing 

Seljak & Zaldarriaga 1998 



Forming structures - lenses 

E 
B acceleration 

Last scattering 

CMB anisotropy: lensing 



CMB anisotropies 
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CMB angular power spectrum 

Angle ≈ 200/l degrees 



CMB angular power spectrum 

Angle ≈ 200/l degrees 

Primordial power 

Gravity waves 

Acoustic oscillations 

Reionization  

Lensing  



Planck mission 
highlights  



Planck 

 Hardware: ~600 ME, third generation 
CMB probe, ESA medium size 
mission, NASA (JPL, Pasadena) 
contribution on cooling systems 

 Low Frequency Instrument (LFI, 
Nazareno Mandolesi PI, instrument 
design and construction supervised 
by Marco Bersanelli) based on 
radiometer technology operating at 
three frequency channels, 30, 44, 70 
GHz 

 High Frequency Instrument (HFI, 
Jean-Loup Puget PI) based on 
bolometer technology, operating at 
100, 143, 217, 353, 545 GHz 

 About 16 years (1993-2009) of design 
and construction 

movies/Herschel_Planck_Launch_EN_20090514.mp4
movies/606_Planck_cooling_and_build-up.mov


The Planck focal plane 



Planck detectors 



Planck frequency coverage 



The Planck launch, May 14th, 2009 

movies/PLANCK_LAGRANGE_PC_03.mov
movies/Herschel_Planck_Launch_EN_20090514.mp4


Planck cooling 

movies/606_Planck_cooling_and_build-up.mov


Planck milestones 

 May 14th, 2009, launch, the High Frequency 
Instrument (HFI, bolometers) is on  

 June 1st, 2009, active cryogenic systems are 
turned on 

 June 8th, 2009, the Low Frequency Instrument 
(LFI, radiometers), is turned on 

 Summer 2009, Planck gets to L2, survey begins, 
14 months 

 2 years of proprietary period and data analysis 

 Mission extended!  High frequency observations 
ended in early 2013, Low frequency 
observations ended this summer  

 Early papers on extra-Galactic astrophysics,  
2011 

 Intermediate papers on extra-Galactic and 
Galactic astrophysics, 2012 

 More astrophysics and first Cosmological 
Results based on total intensity, 2013 

 Astrophysics and Cosmology results based on 
total intensity and polarization expected in 2014 



Data flow and analysis levels 

 Level 1, telemetry, 
timeline processing, 
calibration 

 Level 2, map-making 

 Level 3, multi-
frequency analysis, 
production of 
Galactic, extra-
Galactic and CMB 
science products 

Mission Operation 

Center, Darmstadt 

Trieste 

LFI timeline 

processing 

and map-

making 

Paris 

HFI timeline 

processing 

and map-

making 

Map exchange, separation of 

astrophysical foreground and 

backgrounds, Galactic, extra-Galactic 

astrophysics, CMB science 



Planck contributors 
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Planck simulations 

Berkeley 

Trieste 
Paris Munich 

Cambridge 

Bologna 

Helsinki 



Planck data processing sites 

Trieste Paris 



The Planck view of the sky 
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The Planck view of the baby Universe 
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movies/Planck_CMB_with_foreground_emission_layers.mov


Cosmic harmonics 
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The Dark Universe  

Carlo Baccigalupi « Cosmology from Planck 2013" 35 



The birth of Cosmic Structures I  

 The Planck is the first single 
experiment mapping the Earliest 
cosmological structures from a 
few million to tens of billions light 
years 

 The Statistical Distribution Spots 
on the CMB map tells us about 
the process which imprinted 
them, likely a short period of 
accelerated expansion, the 
Inflation,  immediately after the 
Big Bang  

 According to Planck, spots with 
smaller sizes are fainter than the 
ones which larger size, indicating 
a dynamics and an actual «end» 
of the Inflation 
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ns < 1 



The birth of Cosmic Structures II  

 The Planck capability of imaging 
the early Universe is 
unprecedented 

 The Statistical Distribution Spots 
on the CMB map tells us about 
the process which imprinted 
them, likely a short period of 
accelerated expansion, the 
Inflation,  immediately after the 
Big Bang  

 According to Planck, spots follow 
the Gauss distribution, which 
means no «order» is detected in 
the generation of Cosmological 
Perturbations  

 Ripercussions of this discovery 
are ongoing 
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Dark Lenses bending Light 

Carlo Baccigalupi « Cosmology from Planck 2013" 38 



The Dark Lenses as seen by Planck 
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Planck reveals Cosmic Light Bending 
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A few questions… 
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 Can we know more about the Inflation?  

 Can we know more about the Dark Cosmological 
Components?  

Are there challenges to the basic cosmological 
principles?  

What Planck and Cosmology can tell us in the near 
future?  



Learning more on the Dark Components:  
Euclid and Planck 
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Next ESA selected Cosmology Satellite Mission 

Designed to study Dark Energy and Matter in Cosmological Structures 

See the Euclid groups at ICTP, INAF-OATs, SISSA, UniTs. sci.esa.int/euclid 



Learning more on the Early Universe: CMB polarization 
and Cosmological Gravitational Waves 
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Challenges to basic principles or...? 
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Planck 2013:  
Conclusions for Cosmology 
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 Planck confirms the existence of Dark Energy and Matter  

 Bending of Light as seen by Planck reveals Dark Lenses acting in the same epoch of 
the accelerated cosmic expansion  

 Gravitational waves, if existing, are less than 10% of the density perturbations 

 Sum of mass of neutrino is less than 0.2 eV 

 The Dark Energy is a Cosmological Constant, within errors 

 Planck reveals that the «transient» energy driving inflation was actually dynamic, 
and «decreasing» in time  

 Planck sees no «order» in the process which generated cosmological 
perturbations  

 Data Analysis still ongoing, published data concern less than half of the mission  

 2014: Planck increases accuracy on the above results  

 2014: Planck publishes polarization data, along with constraints on Cosmological 
Gravitational Waves 

 2014 and beyond: studies of cross-correlation of Planck CMB and Large Scale 
Structure make progresses, heading to the next Cosmology ESA Satellite  
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The scientific results that we present today are a product of 
the Planck Collaboration, including individuals from more 
than 100 scientific institutes in Europe, the USA and Canada   

Planck is a project of the European Space Agency, with instruments provided by two scientific Consortia funded by ESA 
member states (in particular the lead countries: France and Italy) with contributions from NASA (USA), and telescope 

reflectors provided in a collaboration between ESA and a scientific Consortium led and funded by Denmark. 

CITA – ICAT

UNIVERSITÀ DEGLI STUDI

DI MILANO 

ABabcdfghiejkl
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Trieste, time ordered data processing,  

Component separation, cosmological parameters 

Rome, GLS map-making, power spectra,  

cosmological parameters 

Bologna, beam reconstruction,  

power spectra,  

cosmological parameters 

The LFI DPC 

Helsinki, destriper map-making 

Milano, calibration,  

component separation 

Berkeley, simulations 

Padova, component separation 



The Planck Data Processing Centre 
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