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Content of the Universe





• 1940s – Gamow, Alpher, Herman – Big Bang, CMB

• 1965 – Penzias and Wilson (McKellar; Shmaonov…)

• 1992 – COBE, Temperature anisotropy discovered

• 1998, 2003  – BOOMERanG

• 2001 – WMAP

• 2009 - Planck

CMB Chronology



Cosmic Background Explorer (COBE): 1989 launch

Wilkinson Microwave Anisotropy Probe(WMAP): 
2001 launch

Planck: 2009 launch

COBE discovered temperature differences at large angular 
scales (10°)

WMAP had 45 times the sensitivity and 33 
times (0.3°) the angular resolution of COBE.

More than 10 times the sensitivity and 3 times the 
angular resolution of WMAP

Boomerang (1998,2003)

2% of full sky , 0.11° angular resolution



BOOMERANG

1998,2003 - two flights ( Antarctica)

It used the polar vortex winds to circle around
the south pole, returning after two weeks.

Resolution ~ 7 arc-min ( 35 times 
higher than COBE) at 90, 150 , 
240, 410 GHz





Anisotropy structure

Multipole decomposition of temperature in terms of spherical harmonics
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In the theory of the CMB temperature fluctuations each coefficient 𝒂𝒍𝒎should have 
an average that depends only on l, not m. In addition, the distribution of the values 
should be Gaussian. 
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Monopole (l=0)

CMB has a mean temperature  T = 2.7255 ± 0.0006 K.



Dipole (l=1)

The dipole is interpreted as a result of 
Doppler shift caused by Solar system’s 
motion.

Amplitude: 3.355 ± 0.008 mK
V = 369 ± 0.9 kms−1 towards 
(ℓ, b) = (276◦ ± 3◦,30◦ ± 3◦), 

Velocity of the Local Group
V = 627 ± 22 kms−1  
Higher-order multipoles

The variations in the CMB temperature at higher multipoles (ℓ ≥ 2) are 
mostly a result of perturbations in the density of the early Universe, 
originating at the epoch of the last scattering of the CMB photons.



Planck CMB map

70 GHz (Galactic disk extracted).



Cosmic microwave background spectrum measured by the FIRAS -
COBE, the most precisely measured black body spectrum in 
nature, error bars are too small to be seen even in enlarged image, 
impossible to distinguish the observed data from the theoretical 
curve.



CMB temperature power spectrum as a function of 
angular scale.



Sachs-Wolfe effect is caused by the change in potential and photons trapped in 
structures prior to recombination, suddenly leave those structures.

Integrated Sachs-Wolfe effect is caused by the switch-over to an accelerating 
expansion of Universe. This causes the depth of potential wells to decrease.

Acoustic peaks correspond to density variations in the early universe due to 
acoustical oscillations of plasma. The coupling between electrons and photons is 
not perfect, especially as one approaches the epoch of recombination, this leads 
to damping in the anisotropy spectrum: smaller scale inhomogeneities are 
smoothed out.







Kompaneets equation

Comptonization parameter

SZ effect is used for distance estimations. 



Concordance cosmological model

For Friedmann–Lemaitre–Robertson–Walker (FLRW) metric

ds^2= −𝒅𝒕𝟐 + 𝒂𝟐(𝒕)
𝒅𝒓𝟐

𝟏−𝑲𝒓𝟐
+ 𝒓𝟐(𝒅𝜽𝟐 + 𝒔𝒊𝒏𝟐𝜽𝒅𝝋𝟐) , K – Spatial curvature

K=0, Flat Universe

K=1, Positive curvature

K=-1, Negative curvature

the solution of Einstein`s equations describe a homogeneous, isotopic expanding or 
contracting universe.

Friedmann equation in terms of density parameters

𝑯𝟐

𝑯𝟎
𝟐 = 𝜴𝒓𝒂

−𝟒 + 𝜴𝒎𝒂
−𝟑 + 𝜴𝒌𝒂

−𝟐 + 𝜴𝜦,    a- scale factor, Hubble parameter  𝑯 ≡
 𝒂(𝒕)

𝒂(𝒕)

𝛀𝐫- radiation density , 𝛀𝐦-matter density , 𝛀𝐤-spatial curvature density, 𝛀𝚲-
cosmological constant. 

Temperature as the function of redshift       𝑻 = 𝑻𝟎 𝟏 + 𝒛 , 𝑻𝟎 = 2.732

Density perturbation evolution in expanding dark Universe is a challenge; Baryon

acoustic oscillations, voids, lensing, etc. 



The minimalist model with 6  free parameters   - Ho, Ωo, Ωb, ΩΛ, n, tau - describing 
the angular power spectrum of the CMB. 



Slide by P. de Bernardis (2010)



Data Analysys: HEALPix

• HEALPix - Hierarchical Equal Area isoLatitude Pixelization

• Subdivision of a sphere at progressively higher resolutions. Green 
sphere represents the lowest resolution possible with HEALPix base 
partitioning of the sphere into 12 equal sized pixels. 

• The yellow sphere - 48 pixels, the red sphere - 192 pixels, the blue sphere 
- 768 pixels (~7.3 degree resolution).

HEALPix grid of pixel centers occurs on a discrete number of rings of 
constant latitude, their number depending on the resolution of the 
HEALPix grid. For the green, yellow, red, and blue spheres shown, there 
are 3, 7, 15, and 31 constant-latitude rings, respectively.



Two high-resolution HEALPix applications.

Earth’s topography map is composed of 3,145,728 pixels (~7 
arcmin resolution).  
Cosmic Microwave Background temperature anisotropy map, 
is composed of 12,582,912 pixels (~3.4 arcmin resolution).



Cut-off WMAP CMB map created  by 

our Software c

Algorithms and maps 



CMB 3D map with Galactic disk.



Excursion sets



WMAP CMB map, 94 GHz

From Gurzadyan et al 2009



Detection of previously unknown point sources 
(active galaxies, quasars).



PLANCK, 70 GHz

WMAP, 94 GHz

COLD SPOT



PLANCK’S LESSONS

Concordance model survives, however values 
of some cosmological parameters (dark sector 
ratios, Hubble constant) are modified.

Challenges - alignments, non-Gaussianities -
remain.

Dark energy & dark matter nature remains 
unknown.


