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�  CMB anisotropies 
�  Power Spectrum 
�  CMB polarization 
�  CMB maps 
�  Observations 
�  Analysis of Qu dark energy models 



�  Cosmology is the study of the whole of the Universe as a 
physical system. 

�  Cosmological Principle: There is no preferred place in 
space, the Universe should look the same from anywhere. 

�  The Universe is HOMOGENEOUS and ISOTROPIC. 
�  Galaxies are constituent elements of this system. 
�   On the cosmic scale the only relevant interaction among 

galaxies is gravitation 
�   The study of cosmology depends crucially on our 

understanding of the gravitational interaction. 



�  The framework required to study the Universe as a 
physical system is general relativity (GR) 
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•  Special significance for the generation of large-scale structure and CMB anisotropies 
•  As the amount of matter in the universe today goes up, the redshift of equality also 

goes up. 
•  We expect photons to decouple when the universe is already well into the matter-

dominated era. 



According to Einstein, mass bends space.  This means that the 
universe has a shape.  This shape is related to the amount of matter in 
the universe. 
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Galaxy distribution out to 858 Mpc. Based on SDSS and 2dF surveys 













�  1948 George Gamow calculates a temperature of 50 K 
(assuming a 3-billion year old Universe). 

�  1948 Ralph Alpher and Robert Herman estimate "the 
temperature in the Universe" at 5 K. Although they do not 
specifically mention microwave background radiation, it may 
be inferred. 

�  1956 George Gamow estimates 6 K. 
�  1957 Tigran Shmaonov reports that "the absolute effective 

temperature of the radioemission background ... is 4+/- 3K“ 
�  1965 Arno Penzias and Robert Woodrow Wilson measure the 

temperature to be approximately 3 K. Robert Dicke, P. J. E. 
Peebles, P. G. Roll and D. T. Wilkinson interpret this radiation 
as a signature of the big bang. 



�  1983 RELIKT-1 Soviet CMB anisotropy experiment was 
launched. 

�  1990 FIRAS measures the black body form of the CMB spectrum 
with exquisite precision. 

�  January, 1992 Scientists who analyzed data from RELIKT-1 
spacecraft report the discovery of anisotropy at the Moscow 
astrophysical seminar. 

�  April, 1992  Scientists who analyzed data from COBE DMR 
announce the discovery of the primary temperature anisotropy. 

�  1999 First measurements of acoustic oscillations in the CMB 
anisotropy angular power spectrum from the TOCO, 
BOOMERANG, and Maxima Experiments. 

�  2001 WMAP satellite launched. 
�  2002 Polarization discovered by DASI. 
�  2009 Planck satellite began its mission. 









   CMB 
Z ~ 1089 
T ~3000 K or 0.25 eV 

Galaxy surveys 
     z ≤ 1 

Supernovae Ia Gravitational Lensing Ly-a forest 





�  Primary anisotropies    
�  Sachs-Wolfe effect 
�   Doppler effect 
�   Intrinsic temperature variations 

�   Secondary anisotropies 
�   Integrated Sachs-Wolfe (ISW) effect 
�   Sunyaev- Zel’dovich (SZ) effect 
�   Lensing 
�   … 



   

o   Ordinary Sachs-Wolfe effect 
 
 
 

o   Integrated Sachs-Wolfe effect 
o Early ISW effect 
o   Late ISW effect 
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�   ISW effect 
 
�  Sunyaev-Zel’dovich (SZ) effect 

�   Lensing 
�  … 
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Observed   T as a random field on the sphere	
  

30	
  Source:	
  NASA/WMAP	
  Science	
  Team	
  	
  



Source:	
  NASA/WMAP	
  Science	
  Team	
  	
  

O(10-­‐5)	
  perturba?ons	
  (structures)	
  

Dipole	
  (local	
  mo?on)	
  

(almost)	
  uniform	
  2.726K	
  blackbody	
  

Observa?ons:	
  
the	
  microwave	
  	
  
sky	
  today	
  

31	
  







Metric 

Neutrinos 

Dark 
Matter 

Protons Electrons 

Photons 
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Coulomb 
Scattering 

Compton  
Scattering 



Boltzmann 
 equation Photons (2 equations) 

CDM (2 equations) 

Baryons (2 equations) 

Neutrinos (1 equation) 

Einstein-perturbed equation (2 equation) 



�  Slow-roll Inflation 











Thomson scattering at the recombination produces polarization of CMB 
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First set: Related to the background evolution.  About 10  
parameters: 
 
 
 
 
Second set: Describe deviation from perfect homogeneity and 
isotropy. About 6 parameters:  
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�   Space based experiments: COBE(1992), WMAP(2001), 
PLANCK(14 May 2009) 

�   Ground based experiments: DASI, QUaD, South Pole, ATCA, 
BICEP,… 

�   Balloon based experiments: ARCADE, Archepos, 
BOOMERanG, EBEX, MAXIMA, PIQUE, TopHat, SPIDER,… 



COBE resolution for anisotropies 
7 degrees resolution 



WMAP resolution for anisotropies 
13 arc minute resolution 



PLANCK resolution for anisotropies 
5 arc minute resolution 
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Parameter CMB CMB+SN 
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Parameter CMB+BAO CMB+MPK 
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Produced by HEALPix 






