
▪ Early signs and speculations in the 1940s

▪ Arno Penzias & Robert Wilson

• 1964 discovery using a 6 m horn antenna 
at Bell Labs, New Jersey

• published in 1965 with interpretation by 
Robert H. Dicke, Jim Peebles, and David 
Wilkinson at Princeton University

• Nobel Prize in 1978

▪ Developments in theory in the 1970s

▪ 1989-1993 operation of the NASA Cosmic 
Background Explorer (COBE) satellite

Discovery of the Cosmic Microwave Background (CMB)



Cosmic Background Explorer (COBE)

▪ Far-Infrared Absolute 
Spectrophotometer (FIRAS) 
[PI: John Mather]

▪ Differential Microwave 
Radiometer (DMR) 

     [PI: George Smoot]

▪ Diffuse Infrared Background 
Experiment (DIRBE)

▪ Dewar with 1.4 K liquid helium

▪ Nobel Prize in 2006







Redshift preserves blackbody spectrum with T = T0/a

Wien’s displacement law: 
𝜆max=b/T [b = 3 mm⋅K]





CMB anisotropies

▪ 1997-1998, 2003 BOOMERanG experiment (Caltech + Sapienza Univ. of Rome)

 Balloon Observations Of Millimetric Extragalactic Radiation and Geophysics

Flew 42 km high above Antartica



Wilkinson Microwave Anisotropy Probe (WMAP), 2001-2010





Planck Satellite (ESA, 2009-2013)





Spherical harmonic decomposition



Planck 2018 power spectrum of temperature anisotropies





Sources of anisotropies

1. Inhomogeneities in matter density

• In baryonic matter: <(𝛿𝜌/𝜌)2>1/2 ∼ 10-5

• In dark matter: <(𝛿𝜌/𝜌)2>1/2 ∼ ? (10-3 at a*=1/(z*+1) ∼ 10-3)

2. Non-integrated Sachs-Wolfe effect

3. Acoustic oscillations

• Highest (= first) peak at l = 180∘/𝜃*

4. Silk damping

5. Other secondary and tertiary effects

• Secondary: integrated Sachs-Wolfe effect, Sunyaev-Zeldovich effect, etc.

• Tertiary: scattering on galactic dust, point radio sources, etc. 

See extra note
“First acoustic peak 

in CMB”

http://elysium.elte.hu/~praffai/acoustic_peak_praffai.pdf
http://elysium.elte.hu/~praffai/acoustic_peak_praffai.pdf


Acoustic oscillations



Sources of anisotropies

1. Inhomogeneities in matter density

• In baryonic matter: <(𝛿𝜌/𝜌)2>1/2 ∼ 10-5

• In dark matter: <(𝛿𝜌/𝜌)2>1/2 ∼ ? (10-3 at a*=1/(z*+1) ∼ 10-3)

2. Non-integrated Sachs-Wolfe effect

3. Acoustic oscillations

• Highest (= first) peak at l = 180∘/𝜃*

4. Silk damping

5. Other secondary and tertiary effects

• Secondary: integrated Sachs-Wolfe effect, Sunyaev-Zeldovich effect, etc.

• Tertiary: scattering on galactic dust, point radio sources, etc. 

See extra note
“First acoustic peak 

in CMB”

http://elysium.elte.hu/~praffai/acoustic_peak_praffai.pdf
http://elysium.elte.hu/~praffai/acoustic_peak_praffai.pdf


Large-scale structure (LSS) and Baryon Acoustic Oscillations (BAOs)
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