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(1) Introduction 3/30

Distortion of the Cosmic Microwave Background (CMB)
photon spectrum due to electrons in the CG.
(Inverse Compton scattering)

CMB photons
<

<
<
<

Sunyaev & Zeldovich, Comments
Astrophys. Space Phys. 4, 173 (1972)

AT, 1s determined

v =218GHz 1%



Determination of the Hubble constant with CG

(AT,,<N 1T - Thermal SZ effect
<

Sy €N, I T2 ---X-ray intensity

E IOC (ATCMB )2 SX—ray ]—;_3/2

[ - diameter of CG along the line of sight

D, :é (angular diameter distance)

With the redshift observation, the Hubble constant is

determined (H,=v/D,).

4/30



5/30

Recent observations:
High temperature CG T_,=10~20keV.

Relativisitic corrections become significant!

Typical order of magnitude

0.=T /m = 10/511~0.02



(2) Covariant Formalism for SZ

Effects
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(D Boltzman equation (CMB frame)
- Thermal SZ

@ Lorenz boosting CG
peculiar motion of CG
- Kinematical SZ (CG)

@ Lorenz boosting the observer
motion of observer
- Kinematical SZ (observer)

@ polarization cross sections &
Stokes parameters for CMB
- Polarization SZ

(® Iteration of Boltzman equation
-> Double scattering SZ
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(a) Thermal SZ Effect

ltoh, Kohyama & Nozawa, ApJ 502, 7 (1998)

Boltzman equation for the photon distribution function.

0
0.

(gﬂ];fp'd%rmn(@n+n(w'>]f<E>—n<w'>[1+n<w)]f(E’>},

(&*/ar)’ = ., -
W = RS (p+k-p -k,
2wa'EE' (p P )

R : Inverse Compton scattering amplitude
f(E), f(E"): Fermi distribution functions

p, p': electron momenta, k, k': photon momenta
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Fokker-Planck (Ax << 1)
expansion
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Distortion of the CMB spectrum

ksT,

Expansion in terms of €, = o

e

X
A”(X) _ THeXe [YO +96Y1 +982Y'2 +683Y3 +964Y4] ,

n(X) e -1
Relativistic corrections
ho .
X =T T =0, j dINe , o, :Thomson crosssection
B~0

1, : CMB temperature

Yo = —4 +)ﬂ{', --- Non-relativistic term

- X
X = X coth (5)
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Relativistic corrections
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Distortion of the spectral intensity N X An(X)
e =1 ny(X)
ik, T.=15keV
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Summary for thermal SZ effect

- Relativistic corrections are very important for
high-temperature CG T_> 10keV.

- Relativistic corrections are significant for large
X region (sub-millimeter region)
For X>10, factor 4 effect!

- Fokker-Planck expansion approximation is OK
for T, < 15keV.
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(b) Kinematical SZ Effect

Peculiar Motion of Clusters of Galaxies
Nozawa, ltoh & Kohyama ApJ, 508, 17 (1998)

Lorentz boosting of the original Boltzman equation

f(E) fCG(ECG) f(E) fCG(E G)
E. - E-B-p El - -B-p B:E
C

- w/1—ﬁ2 ’

—

v Peculiar velocity of CG
./' relative to CMB.

/\

\
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Distortion of the CMB spectrum

X
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Relativistic corrections
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Summary for kinematical SZ effect (CG)

- Relativistic corrections are very important for
high-temperature CG T_> 10keV.

For k,7T, =10keV, v =1,000km/s
O(f6,) =—-8.2%
O(,BHZ) =+1.3%
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Motion of the observer (Solar System)
Nozawa, ltoh & Kohyama submitted to A&A (2005)

B . :velocity of the solar system respect to CMB
l_és : photon vector in the solar system
n(w) = n(wy),

a):7s(ws+/gs'gs)a

1
\/I_IBS2 |

Vs




Planck distribution: dipolar distortion
1
eXp{7/SXS (1+,Bsﬂs)}_1

nSO(XSa,US):

b

X = s ,

kT,
Hs = P ks =cosby ,
X =y Xs(I+ Sy )

velocity of CG in CMB frame is also
transformed

B"/BS+

1+ 8 By ys(1+ B By)

B{ ﬁs]ﬁs+ﬂ—(ﬂ-ﬂszﬁs
=Pk
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Thermal SZ (Effect of observer's motion)
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Kinematical SZ (Effect of observer's motion)
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Summary for kinematical SZ effect (Motion of the observer)

ve =372km/s
B =1.24x107

For thermal SZ
/3 5 corrections are small
0.5% to 1% of the thermal SZ at kgT,=10keV

For kinematical SZ
/3 5 corrections are small
0.5% to 1% of the thermal SZ at kgT,=10keV
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(c) Polarization SZ Effect
ltoh, Nozawa & Kohyama ApJ, 533, 588
(2000)

Polarized photons with Lorentz boosted Boltzman equation

3
onl@) _ —2j (‘; ‘l;3d3p'd3k' w 1+7-]
T

or
n(o)[1+n(0")]f(E)—n(o)[1+n(w)] f(E£)},

W . unpolarized crosssection

—

vV,

17 =(n,,n,,1,): Stokes parameter

¢ =(5,,6,,6;) : polarization crossection

E- .}s
(.



Magnitude of the polarization of CMB
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Distortion of the spectral intensity 26/30
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Summary for Polarization SZ effect

- Relativistic corrections are very important for
high-temperature CG T_> 10keV.

- Distortion of the spectral intensity is extremely
small.

For k,T, =10keV, v =1,000km/s
AL, /y=1x107



(d) Double Scattering Effect

Assumption:initial photon distribution is isotropic

n(X) = m(X) = ny(X) +An(X)

=nO(X){1 +

An(X) 0 Xe*
n(X) e -

Inserting equation (1) into Boltzman equation:

AT = Al + Al
1 2 2X4 X

Mz:_rege( 62
2 (e” -1

An(X)
n,(X)

|

[Y +0Y, +0°Y, +0°Y, +0'Y,]

(Z,+60.2,+60°Z,+)

(1)
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X

AL,/ Al, = -0.2 per cent for T, = 15keV

Double scattering effect is safely neglected.
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(3) Summary

-We have presented a relativistically covariant
formalism for the SZ effects.

-With the formalism one can treat
thermal SZ effect,
kinematical SZ effect (CG and observer),
polarization SZ effect, and
multiple scattering effect
In an unified manner.

- Relativistic corrections are very important for high-
temperature CG T_> 10keV for all SZ effects.



