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Cosmological tests

 Cosmic microwave background
   а)  Angular power spectrum
   б)  Statistical properties (gaussianity)

cosmological
tests



To solve problems, cosmic missions had launched
and probably they are not the last



Wilkinson Microwave Anisotropy Probe 
(WMAP, NASA) 

5 frequencies:
23, 33, 41, 61, 94 GHz

Best determination of 
cosmological parameters till 2011 !

2001-2011



Planck mission, ESA

Low Frequency Instrument:  30,44,70
HFI: 100, 143, 217, 353, 545, 857 GHz 

Zeldovich-Sunyaev effect

3) Gravitational waves in the  B-mode of  polarization ? 

2010-2013
1)

2)



What do we analyze ?



Maps



WMAP 9, Lmax=100
(Hinshaw et al., 2012)

Planck, Lmax=100

Planck collaboration, 2013

SMICA, 
Lmax = 2500

And more maps



And polarization WMAP maps too

Q U

K-band (23 GHz)

V-band (61 GHz):



Angular power spectrum of CMB

1st year 7 years



And more spectra

WMAP 9,
2012

Planck
2013







How to investigate ?

1) Theory
2) Observations
3) Simulation



How to observe ?





      Data analysis of CMB  

 Registration: time odered data: T(t)=T(l,b)
 Pixelization: map-making and restoration data in pixels
 Component separation
 Multipole analysis
 Pixel statistics of the CMB map
 Angular power spectrum analysis and determination of 
cosmological parameters



Map-making procedure

d is the TOD, m is the map of pixels
P is the pointinx matrix of (Nd, Np) elements

To estimate m, the GLS method is used

V minimizes variance of estimation of m, 
taking noise inverse covariance matrix: 



 Pixelization

Some pxelization schemes:
1) Icosahedron (Tegmark, 1996)
2) Igloo (Crittenden, Turok, 1998)
3) HEALPix (Gorski et al., 1999)

(1) (2) (3)

Intergration on a sphere: S.L.Sobolev (1974) 



Packages for 2 schemes 

HEALPix GLESP

Hierarchical scheme
pixel calculations
Based on 12*2^n equal pixels

Non-hierarchiacl scheme
harmonic calculations
Based on gaussian quadrature

(Doroshkevich et al., 2005)(Gorski et al., 1993, 2005)



Component separation



Emission components (WMAP)



Radio sources



Component separation:
Signal = (CMB +Synchrotron+dust+FreeFree+CO+radiosouces)*Beam + 
Noise

WMAP



WMAP beams

Degrees:
0.88 (K),
0.66 (Ka),
0.51 (Q),
0.35 (V),
0.22 (W)



Two basic properties of CMB:
1) Black body emission — same temperature at 
all wavelengthes;
2) Correlation of CMB and foregrounds should 
be close to zero: because CMB is a random 
gaussian process

CMB restoration



What is the CMB (ILC) map ?



NASA maps



And Planck maps



Masks



Multipole expansion



Multipole expansion

L = 2 (quadrupole) L =3 (octupole)

L = 4  L = 5
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Low multipoles

L=2 L=3 L=4

L=5 L=6 L=7

L=8 L=9



Formation of anisotropy:

Density perturbations arised in form of sound waves
(A. Sakharov, 1965)



Angular power spectrum of CMB anisotropy

CMBfast: Seljak & Zaltariaga, 1997
CAMB: Lewis, Challinor, Lasenby, 2000





Angular power spectrum of CMB anisotropy



Angular power spectrum

WMAP 9,
2012

Planck
2013



  Binning



Estimation of parameters



      Data analysis of CMB  

 Registration: time odered data: T(t)=T(l,b)
 Pixelization: map-making and restoration data in pixels
 Component separation
 Multipole analysis
 Pixel statistics of the CMB map
 Angular power spectrum analysis and determination of 
cosmological parameters



Angular power spectrum of CMB

CAMB: Lewis, Challinor, Lasenby, 2000



CAMB On-line: http://lambda.gsfc.nasa.gov



CAMB On-line: http://lambda.gsfc.nasa.gov



COSMOMC:  COSMOlogical Monte Carlo



Basic input data:
1. CMB C(l) data (CAMB)
2. SDSS Ly-alpha
3. SN Ia
4. Lensing
5. ...

Calculated parameters:
1. Om_b h^2 – density of barionic matter
2. Om_c h^2 – density of DM
3. theta  (Om_L, H0) – sound horizon/angular distance
4. tau – optical depth of reionization
5. Om_k - curvatire
6. f_nu –  amount of DM in heavy neutrino 
7. w – equation of state
8. n_s – scalar spectral index
9. n_t – tenzor spectral index
10, 11, 12, 13, ....
 



Diagrams of 
parameters



Семейство LCDM-моделей



We were waiting for 
Planck results



Cosmological results: 
WMAP9 and Planck data

http://lambda.gsfc.nasa.gov

No revolution...



Cosmological results: 
WMAP9 and Planck data

http://lambda.gsfc.nasa.gov

No revolution... But there are some strangeness...



Cosmological results:
 WMAP9 and Planck data

http://lambda.gsfc.nasa.gov

No revolution... But there are some strangeness,
which we can see in the next lecture
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