
CMB@60

From the CMB discovery to the launch of the COBE spacecraft

Rashid Sunyaev

Max-Planck Institute for Astrophysics

One of the first theoretical predictions made after the discovery of the CMB was
 Silk Damping (J.Silk, ApJ, 1968). It was discovered by the South Pole Telescope 
and several other instruments, more than 40 years later of the theoretical prediction.
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Preface

March 1965, I (a 5th year student who before had 
studied physics and elementary particle theory)
became a diploma student of Yakov Zeldovich

I got to study a copy of my mentor's review of the 
comparison between the predictions of the hot model of the 
Universe proposed by George Gamov and the cold model 
proposed by Zeldovich himself.

June 1965: Great news about the discovery of the 3 K radiation by Penzias and 
Wilson reached Moscow.

A week later, Zeldovich made a long report at the All-Moscow Astrophysical Seminar 
and spoke about the significance of this discovery and the most important stages 
of the evolution of the Universe and mentioned the primary density perturbations, 
leading to the formation of inhomogeneities of matter in the Universe.

He talked about the dipole anisotropy of the CMB, the possibility of an initial 
anisotropy of the Universe that should have left traces on the CMB angular distribution.



I knew from his 1965 review of the importance of helium abundance and the results 
of calculations of light element fusion by Hayashi (1950), Fermi and Turkevich in the 
USA, and Smirnov (1964) in Zeldovich's group at the secret (at that time) nuclear 
center in Sarov. The practically final result was found by Wagoner et al (1967)

I also knew about the work done under Zeldovich's supervision in Moscow by 
Doroshkevich and Novikov (1964), where the importance of the
of the background radiation measurements in radio waves was demonstrated.

I also read about the stage of dominance of electron-positron pairs before the period 
of nuclear reactions and even about the recombination of the primary plasma in 
equilibrium with the black body radiation. 

The written version of this talk was then published by Zeldovich in Russian in the 
Soviet Physics Uspekhi (1966), and six months later, an English translation appeared.

Zeldovich told me at that time that since I knew quite a lot about elementary physical 
processes, the search for traces of intergalactic gas and physical processes in the 
early Universe would be my main occupation in the preparation of my diploma thesis.



Recombination of the primordial plasma

1. Strong deviations from simple Saha ionization equilibrium

2. Reason: slow escape of the Ly-alpha photons due to the Hubble expansion

3. The role of the 2s level decay (lifetime 1/8 sec)

4. Transitions between high levels of hydrogen atoms (idea of Dubrovich)

5. Visibility function and CMB angular fluctuations 
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In equilibrium with 
free electrons

Out of equilibrium 
with free electrons

Recombination goes 
much more slow, чем 
Saha formula predicts; 
the rate is defined by
the two photon decay 
of the 2S level and the 
slow loss of photons in 
the wing of Ly-α line
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Saha-Equation for ionization degree

Zeldovich, Kurt, Sunyaev,1968; Peebles, 1968from Chluba, Sunyaev, 2009



Rubino-Martin, Chluba,
Sunyaev, 2005

V. Dubrovich (idea)



Visibility function

The redshift and the width of this function were very well confirmed by WMAP
and then PLANCK spacecraft. 

Last scattering surface



Visibility function

The redshift and the width of this function were very well confirmed by WMAP
and recently PLANCK 

Last scattering surface



PLANCK spacecraft
scans the sky

From paper
Sunyaev,
Zeldovich
1970

standing sound 
waves (Lifshits,
1946)

Prediction of acoustic peaks
and barionic acoustic oscillations



CMB spectral distortions

In the spring of 1966 Yakov Zeldovich asked me to review on the group 
seminar the preprints of Layzer and Burbidges stating that CMB 
spectrum is just the stellar light thermalized by the dust. 

I decided to check in addition the usual mechanism responsible for 
black body spectrum production inside hot stars: the Rosseland free-
free optical depth of the Universe for CMB – it was negligibly small up 
to the time of positron-electron annihilation. 

but Thomson optical depth was huge.

~ 2 10^7 (z/10^8)

Optical depth – probability for the photon to be absorbed or scattered



Line is broadened and effectively shifted toward higher frequencies due to second 
order effects in v/c

SCATTERING OF RADIATION BY HOT MAXWELLIAN ELECTRONS
                        y-type spectral distortions (Zeldovich, Sunyaev, 1969)

spectral changes due to doppler-effect on moving electrons
with kTe~ 5 KeV and average velocity of the order of 1/7 c

laser line

black body



Line is broadened and effectively shifted toward higher frequencies due to second order effects in v/c

SCATTERING OF RADIATION BY HOT MAXWELLIAN ELECTRONS
      y-type spectral distortions (Zeldovich, Sunyaev, 1969, Sunyaev, Zeldovich, 1980))

spectral changes due to doppler-effect on moving electrons 
      with kTe~ 5 KeV and average velocity of the order of 1/7 c

laser linelaser line

black body



myu-type CMB distortions
due to energy release in the 
early Universe  10^5 < z < 210^6

Sunyaev, Zeldovich, 1970





Analitical solution(Sunyaev, Zeldovich, 1970

Where a and k are scattering (Comptonisation)  and real 
absorption coefficients correspondently

In the case of Double Compton (emission of second photon
during scattering) spectral deviations decrease with time

Danese, de Zotti, 1984



Two milestones in the life of the Universe:
       Last Scattering Surface and 
        Black Body Photosphere 
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In centimeter and mm spectral bands
cluster should be observed 
as a shadow in the sky average 
brightness defined by CMB intensity

the depth of this hole does not depend on the redshift of the cluster of galaxies

It depends only on temperature of the electrons and optical depth of the cluster

Pe = Ne kTe – electron thermal pressure



Thermal SZ effect (change of the CMB spectrum 
       in the direction to the cloud with hot gas)

689





Cloud is invisible

At small y << 1, tau << 1

in CMB radiation field








