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CMB and Galaxy Clusters at Planck 
frequencies 

Fig. credits: ESA and the Planck collaboration 
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Syllabus: 

Outline: This course provides a short introduction to the Cosmic 
Microwave Background (CMB) radiation and Galaxy clusters as probes of 
Cosmology and Large Scale Structure (LSS). After briefly reviewing the 
current standard model of cosmology, we will describe the main properties 
of the CMB and Sunyaev-Zeld’ovich (SZ) clusters and finalize with an 
overview of the latest findings obtained with the Planck satellite (ESA).  

Contents: 
Part 1: Review of the Standard Model of Cosmology (SMC): 
Part 2: CMB and Sunyaev-Zel’dovich (SZ) Galaxy Clusters 
Part 3: Latest results from the Planck Satellite 

Bibliography:  
-  Primordial cosmology, P. Peter, J.-P. Uzan, Oxford University Press, 2009 
- An Introduction to Modern Cosmology, A. Liddle, J. Wiley & Sons, 2003 
- Course notes by the module’s responsible   
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Part II: CMB and Sunyaev-
Zel’dovich (SZ) effect in 

Galaxy Clusters 
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Slide from: Prof. Francis Halzen’s lecture 

Tcmb: 2.725 K 
νmax: 160 Ghz 
Imax: 3.7e-18 W/(m^2 Hz sr) 
Ωrad: 2.7e-5/h^2 ~ 5.5e-5 
nrad: 412 photons/cm^3 

CMB dominates Ωrad 

93% of all energy in photons 
99% of all photons 
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1965: Penzias & Wilson serendipitously 
discovered a uniform radiation (“excess”) 
across the sky. 

This was the cosmic microwave background 
radiation predicted by  Gamow and Alpher 
in 1948 

blackbody 
T=2.725 K 

CMB 
T=2.725 K 

Penzias & Wilson 

Cosmic Microwave Background 
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1991:  High precision measurement of 
CMB temperature by COBE and 1st 
detection of temperature fluctuations 
(Mather & Smoot) 

2001: State of the art measurements of 
dT/T~1e-5 temperature fluctuations by 
WMAP 

blackbody 
T=2.725 K 

John Matter & 
Geroge Smooth 

Cosmic Microwave Background 

Fig. credits: NASA / WMAP Science Team 
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CMB: a snapshot at the time of decoupling 
(z ~1100) 

Reprinted from: http://physicsworld.com/cws/article/indepth/2014/jan/09/planck-perspectives 
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CMB analogy with a cloudy sky  
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CMB: a snapshot at the time of decoupling 

Fig. credits: NASA / WMAP Science Team 
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Decoupling 
It can be defined as when the number of photon-baryon interactions 
falls below 1  

where the interaction rate (v=c) is 

The photons mean free path tend to infinity 

with 
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Recombination  
As the Universe expands the ionization fraction   

decreases, according to the Saha equation 

where,  

•  B electron biding energy 

•  η baryon - photon ratio (~1e-10)
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Assuming recombination as when ionization faction fall below 10% we 
have:  

Recombination versus Decoupling  

Time of recombination                                                  Time of CMB decoupling 



The intensity spectrum and 
polarization of the CMB  
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CMB intensity spectrum 

blackbody 
T=2.725 K 

Why the CMB has black body spectrum? 
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CMB intensity spectrum 
Why the CMB has black body spectrum? 

•  the shape of CMB spectrum depends on interactions between 
matter and radiation. After z~1.000.000.000 (particle – anti-particle 
annihilation) the main physical processes are: 

•  Compton scattering:  
able to guarantee kinetic equilibrium (Bose-Einstein spectrum) 
down to: zc ~ 300.000 (1e9 < zc <3e5) 

•  double Compton scattering 
able to generate thermal equilibrium (black body spectrum) down 
to: zth ~ 2.000.000 (1e9< zth <2e6) 

•  free-free (Bremsstrahlung) emission  
also contributes to generate thermal equilibrium 



CMB intensity spectrum 
Why the CMB has black body spectrum? 

the CMB acquires a blackbody 
spectrum due to matter-radiation 
interactions by zth ~ 2e6 

•  if physical processes release 
energy between zth < z < zc  
( 2.000.000 < z < 300.000) the  
CMB acquires a Bose-Einstein 
spectrum 

•  energy releases after zc ~ 300.000 
will distort the CMB spectrum (as 
in the case of the SZ effect, Line 
emission, non-standard physics…)  COBE-FIRAS: spectral 

deviations from a blackbody 
are very small: |μ|< 9 e-5  

Refs: Peebles, Physical Cosmology, Cambridge U.P., 
1991; Burigana et al. A&A, 1991, 246, 49 
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CMB polarization 

•  Polarization in electromagnetic waves 

•  Polarization is described by the stokes parameters: 

   with 
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CMB polarization 
•  The CMB is linearly polarized (quadropole Compton scattering) 

•  Reference frame independent polarization modes: 

•  E-mode polarization:  
- has a vanishing curl (like the Electric field) 
- arises from Thomson scattering in non-homogeneous media 
- it has been measured by WMAP and other CMB experiments 

•  B-model polarization: 
-  has vanishing divergence (like the Magnetic B field) 
-  arises by tensor perturbations (primordial gravitational waves) 
-  it has not been measured. It depends on the scalar to tensor 
ratio. If observed gives most important information about the 
primordial universe  

•  CMB E and B mode polarizations can be generated before 
(primary CMB polarization) and after decoupling (secondary 
CMB polarization by sources) 
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CMB polarization 
•  Conversion between polarization modes:  (Q, U) to  (E, B) 



Sources of CMB anisotropies 
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CMB temperature map by Planck 
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Sources of temperature fluctuations 

Primary: intrinsic CMB signal 
resulting from the properties of 
the CMB at the Last Scattering 
Surface (LSS) 

•  Secondary: CMB signal arising 
to physical effects acting on the 
CMB photons during their 
propagation from the LSS to the 
observer 

•  “Terciary”: astrophysical 
foregrounds, solar system, 
instrumental noise, … 

Reprinted from: Tegmark, Varena lectures,
1995, astro-ph/9511148 
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Sources of temperature fluctuations 

reprinted from: ESA Planck Surveyor red book 
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Primary anisotropies 

•  Perturbations in the gravitational potential (Sachs-Wolfe effect):  
photons that last scattered within high-density regions have to climb out 
of potential wells and are thus redshifted. 

•  Intrinsic adiabatic perturbations: in high-density regions, the coupling 
of matter and radiation will also compress the radiation, giving a higher 
temperature. 

•  Velocity (Doppler) perturbations: photons last-scattered by matter with 
a non-zero velocity along the line-of-sight will receive a Doppler shift. 
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Main sources of Secondary anisitropies 

•  Integrated Sachs-Wolfe ISW: arises due to changes of the linear 
gravitational potential with time, during the propagation of the CMB 
radiation after decoupling 

•  Early ISW: Relacionado com variações de Φ pouco apos o decoupling 
(devido a contribuições não desprezaveis da componente de radiação). 

•  Late ISW: Relacionado com variações de Φ devidas à transição de dominio 
da Energy Escura
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Main sources of Secondary anisitropies 

•  Rees-Sciama effect: arises due to changes of non-linear gravitational 
potential with time, during the propagation of the CMB radiation after 
decoupling 

•  gravitational lensing of the CMB: the CMB photons are deflected by 
gravitational lenses, causing redistribution of power  on the angular  
power spectrum. It is stronger at smaller scales, particularly for 
polarization. I can cause B-mode polarization (from lensed E-mode) 
primary signal) 
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Main sources of Secondary anisitropies 

•  Thermal Sunyaev-Zeldovich effect: arises due to local re-ionization, 
usualy in galaxy-clusters and super galaxy clusters. The CMB photons 
suffer inverse Compton scattering  (gaining energy) from a thermal 
population of ionised gas in the clusters. The scattered intensity 
spectrum in the direction of clusters is no-longer pure Planckian. 

•  Kinetic Sunyaev-Zeldovich effect: if the clusters have a peculiar velocity 
along the line of sight, there’s an additional Doppler shift proportional to 
the electron gas cloud. 

•  Ostriker-Vishniac effect: Associated with global reionization of the 
Universe. Is the linear version of the kinetic Sunyaev-Zeldovich effect. It 
can strongly suppress CMB anisotropies and generate new ones 



Sky statistics: The angular 
power spectrum  
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Temperature fluctuation field 
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Why a ellipse-like map? 
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Why a ellipse-like map? 
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Temperature fluctuation field 

•  Decomposition of the temperature field on the sky: 

•  the alm, the decomposition coeficients, are called multi-pole 
moments: 

 these can be computed directly from the sky map. Are generaly 
complex quantities. 
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Spherical harmonics 
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Why a ellipse-like map? 
Form a vector basis on the sphere 
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Map with all multipoles 
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Angular correlation function 

•  the temperature fluctuation field is assumed as Gaussian Random 
variable. It’s angular correlation function 

fully characterizes the temperature fluctuation field (brackets denote 
averages over an ensemble of Universes). It is conventional to write 
(the alm are not correlted): 

Cl is the angular power spectrum.  Then we have 
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CMB angular power spectra 

•  temperature fluctuation spectrum: 

•  Polarization and cross correlation power spectra: 

these quantities are highly sensitive to the cosmological parameters. 
They can be computed theoretically and measured from sky maps. 
Powerful tool to constrain cosmological parameters 
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CMB angular power spectra 
Planck 
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CMB angular power spectra 

Sachs-Wolfe 
plateau 

Acoustic  
Oscilation 

Dumping  
tail 
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CMB angular power spectra 



59 

CMB angular power spectra 



60 

CMB angular power spectra 
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CMB angular power spectra 
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CMB angular power spectra 
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CMB angular power spectra 
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CMB angular power spectra 
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CMB angular power spectra 
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CMB angular power spectra 
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CMB angular power spectra 
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temperature power spectrum: parameter dependence 

Examples: effect of changing Ho, Ωm, Ωλ 

 There are model degeneracies among parameters.  
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CMB angular power spectra 


