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Soon after the discovery of the cosmic back-
ground radiation, Zeldovich and Sunyaev pro-
posed that hot gas in galaxy clusters should cast
a faint shadow because of the interaction be-
tween energetic electrons and the radiation pho-
tons. Sunayev—Zeldovich effect is now routinely
observed, and it has become an important tool
for studying the history of the universe.

1. Introduction

There is a background radiation that fills our universe,
and it is thought to be a relic of the early, hot phase of
the universe. We know that the universe is expanding,
and therefore matter in it must have been denser in the
past. It also follows from simple thermodynamics that
the matter must have been hotter as well, since we know
that matter cools upon adiabatic expansion. In addition
to matter, there is likely to be some amount of radiation,
because matter radiates photons. And the same princi-
ple applies to radiation too, which means that radiation
must have been hotter in the past.

We also know that when matter and radiation are in
thermal equilibrium, then the radiation acquires some
special characteristics, that of a ‘blackbody’ radiation.
The spectrum is then specified by a function that was
first derived by Max Planck! and is known as the Planck
spectrum. This radiation peaks at a certain wavelength
that depends on the temperature (of matter and radi-
ation) and nothing else. In fact, the properties of this
radiation depend only on the temperature.

Because of the high density of matter in the universe in
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the past, it is inevitable that matter and radiation inter-
acted very strongly then, and came to a thermal equilib-
rium. One therefore expects the radiation in the early
universe to have a Planck spectrum depending on the
ambient temperature. And as the universe expanded,
this radiation would have cooled too, which means that
the peak wavelength would have shifted towards red, to-
ward the long wavelength portion. It so happens that
the universe has expanded to a degree where the radia-
tion has now cooled to a temperature of ~ 2.7 Kelvin,
and its peak wavelength corresponds to the microwave
region (mm-cm in wavelength). The universe is there-
fore a giant microwave oven. This radiation, called the
Cosmic Microwave Background radiation (CMBR), was
discovered in 1965 by Arno Penzias and Robert Wilson.

The matter in the universe kept interacting strongly
with photons until atoms formed. Before this era, pho-
tons mainly interacted with free electrons (through what
is known as Thomson scattering). But when atoms
formed, bound electrons inside atoms could interact with
photons of only a specific set of frequencies, and there-
fore the rate of interaction dramatically dropped at this
point of time. This happened when the matter (and
radiation) temperature of the universe dropped below
~ 3000 K, when the universe was roughly 300, 000 years
old. After this era, the photons travelled freely (while
decreasing in energy content because of the expansion of
the universe), and this era is called the ‘decoupling era’.
These are the photons we now observe as the CMBR
photons, the background radiation that pervades the
universe.

As the CMBR photons travel through the universe, they
may encounter matter which might affect their energy
and path in ways that will have observable effects. One
such case is that of CMBR photons streaming through
a region of galaxy clusters. These clusters of galaxies
contain, in addition to member galaxies, a large amount
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Figure 1. Geometry of scat-
tering of a photon of en-
ergy hv by an electron ini-
tially at rest.

of hot gas. This gas often has temperatures above ten
million degrees Kelvin. The energetic electrons in such
a gas may encounter a background radiation photon and
change its energy in a dramatic fashion. This is called
the ‘inverse Compton scattering’, but to understand it
we need to understand the basics of Compton scattering.

2. Compton Scattering

When an energetic photon interacts with a charged par-
ticle such as an electron, it gives it an impulse trans-
fering momentum, losing energy in the process. This is
known as the Compton scattering. One also encounters
an opposite effect, of energetic particles transfering mo-
mentum to low energy photons, which is known as the
wnverse Compton scattering. These two processes can be
thought of as manifestations of the same process viewed
in two different frames of reference. If the observer is at
rest with respect to the energetic electron, the inverse
Compton scattering would appear as the normal Comp-
ton scattering, since to the observer the photon would
appear to be highly energetic and being scattered by a
stationary particle.

If v and v’ are the frequencies of the photon before and
after the scattering, myg is the rest mass and E is the
energy of the charged particle (Figure 1), then conser-
vation of energy would imply,

moc® +hv =E + h/' | (1)
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where £ = myc?, and v = 1/4/(1 — v2/c?) is the Lorentz

factor.

Conservation of momentum along the direction of the
incident photon gives
hv  h

= —cosf + mgyvcos ¢, (2)
c c

whereas momentum conservation in the transverse di-
rection gives
hv'
0=—sinf — myyvsing. (3)
c
These equations can be solved to give, in terms of the
wavelengths (A = ¢/v),

N — X = 2),sin? g : (4)

where A, = h/mqc is called the Compton wavelength of

the particle. The scattering cross-section is essentially
the Thomson scattering cross-section (or = %”me;z ~

6.65 x 10725 cm? for electrons) for low energy photons,
for which hv/mgc? < 1.

3. Inverse Compton Scattering

Next consider the case when the electron is not sta-
tionary and the photon (of energy hv) collides with it
at an angle a to the trajectory of the electron (which
has energy ym.c?). If we view the process from the
frame of reference of the electron, then we would find the
photon frequency to be blue shifted to h' = vhr(1 —
veos(a)/c), which gives ht/ ~ hv/2vy for a = 0 and
hv' ~ 2~vhv for a = 7. That is, photons with a = 0
appear to be of very low energy as compared to the
electron and do not cause much of Compton recoil. For
an average angle of a = m/2, the photon appears to
be blue shifted to ht/ ~ ~vhv. If we consider the low
energy limit (Thomson scattering) limit of Compton in-
teraction, then in the frame of reference of the electron,
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Figure 2.
Schematic diagram for
Sunyaev-Zeldovich effect.
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there is no appreciable frequency shift. So, in the frame
of reference of the electron, the scattered photon has
energy, hv" ~ hv' ~ ~vhv. When we transform to the
stationary frame of reference again, we again find the
photon blue shifted to hvs ~ yhv" ~ y2hv.

This result has important implications in astrophysics.
One often encounters electrons with large v, which can
scatter a low energy photon to very high energy, increas-
ing its energy by a factor ¥2. For example, if v = 100,
the electron can scatter radio photons with v = 10° Hz
to ultraviolet range with v/ = 10'5 Hz.

3.1 Sunyaev—Zeldovich Effect

In the general case when high energy photons interact
with electrons, the exchange of energy between them
can lead to distinct changes in the photon spectrum and
the energy content of the electrons. If this interaction
happens mainly through Compton scattering, then the
process in general is called Comptonization. Consider
non-relativistic electrons with a high temperature inter-
acting with photons with a Planckian spectrum. On one
hand, the electron-recoil as a result of Compton scatter-
ing will tend to transfer energy from photons to elec-
trons. This will be pronounced for high energy photons.
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On the other hand, the high velocities of electrons will
tend to transfer energy from electrons to photons. This
will be important for high electron energy. If the elec-
tron temperature and the temperature of the Planckian
spectrum is equal, then these two effects will balance.

In some astrophysical situations, when the electron tem-
perature is much higher than the blackbody radiation
temperature, then the spectrum of photons can be sig-
nificantly changed from Planckian. Zeldovich and his
student Rashid Sunyaev worked out this effect in de-
tail in 1969, barely four years after the discovery of the
CMBR, and it has now become a cornerstone of modern
observational cosmology.

One can express the degree of interaction between pho-
tons and electrons by a parameter y, where

y = kgTomec*neorL, (5)

where T, is the temperature of the electrons, n, is their
number density and L is the size of the gaseous system.
An example of the distortion of the CMBR spectrum
from the Planckian is shown in Figure 3 for the case
when y = 0.2.

1 T

Log,, {Intensity)

Figure 3. The effect of hot
electrons on blackbody ra-
diationis shown fory =0.2,
where x = hv/kT. The solid
line shows the intensity for
the original blackbody ra-
diation in arbitrary units
and the dashed line shows
the effect of Comptoniza-
tion.
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Figure 4. Detection of SZ
effect toward Coma Clus-
ter of Galaxies, shown in
colour-coded image on the
left, superimposed on the
optical picture of the re-
gion. The image on the
right-hand side is taken
using X-rays.

In the Rayleigh—Jeans part of the spectrum, the inten-
sity of radiation decreases, and the fractional decrement
is roughly —2y. The number of photons in this part of
the spectrum decreases essentially because some photons
are boosted from this part to higher energies. Equiva-
lently, one can say that the equivalent temperature of
the radiation decreases in this part of the spectrum, and
that 8L ~ —2y.

We can apply this to the case in which photons of the
microwave background radiation of the universe interact
with energetic electrons in a cluster on their way to radio
telescopes on earth. In clusters of galaxies, the electron
density is n. ~ 1072 cm ™ with temperature of ~ 5 x 107
K. The clusters have sizes of order ~ 6 x 10 cm. The
distortion in the Rayleigh—Jeans part of the spectrum of
the microwave background then amounts to,

% ~ 1077, (6)

This effect was first predicted by Sunyaev and Zeldovich
in 1969, and is known as the Sunyaev—-Zeldovich effect.
This is a very small effect, because given the fact that
T ~ 2.7 K, one has to measure a difference of a few
micro Kelvin in the temperature in a portion of the sky,
and it is a difficult experiment.

Astronomers have been able to detect this effect recently.
Figure 4 shows the X-ray image of the Coma Cluster of
Galaxies on the right, superimposed on the optical pic-
ture which shows the member galaxies. One can clearly
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see the diffuse hot gas lurking between the galaxies and
shining bright in X-rays (observed with ROSAT satel-
lite). On the left, the same region is shown in microwave
wavelengths, which shows a hole or a shadow in the
background radiation, as observed recently by PLANCK
satellite.

The exact shape of the distorted CMBR spectrum has
also been detected and the observations bear out the de-
tailed prediction made by Sunyaev and Zeldovich, that
there is a decrement in the longer-wavelength side of
CMBR radiation, whereas there is an increment in the
shorter-wavelength side. Essentially, the photons from
the low energy (longer-wavelength) side are boosted to
the shorter-wavelength side, so that there is a shadow
on the longer-wavelength side and an extra emission on
the shorter-wavelength side.

Since this is a shadowing effect, the ability to detect
these regions remains the same no matter how far or
how near the regions are to the earth. This is in contrast
to any emission from galaxy clusters, which is bound to
be dimmed when viewed from far. This implies that
whereas the X-ray emission from very distant galaxy
clusters may not be visible, the shadowing of CMBR
radiation due to Sunayev—Zeldovich effect can still be
seen from very far. This makes it a very important tool

Figure 5. The proposed
ALMA telescope with 6612-
meter and 7-meter diam-
eter radio telescopes
which will observe the sky
in millimeter (and submilli-
meter) wavelengths.
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to probe the distant (or, equivalently, the early) uni-
verse, and study the history of the universe and its con-
stituents. Several big surveys are underway at this time
to look for Sunyaev-Zeldovich effect from thousands of
clusters. Recently a new telescope, called the Atacama
Large Millimeter Array (ALMA), is being built in the
Atacama desert of South America which will study this
unique effect.
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