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Nobeyama Radio Observatory




Martin A. Pomerantz Observatory at the South Pole
Fully equipped modern lab at South Pole station

DASI w/ deployable ground shields
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Ryle Telescope MRAO




OVRO / BIMA SZE
Imaging




100 meter offset NRAO
Green Bank Telescope




ALMA: 64 -12m telescopes, Atacama, Chile






http://www.apex-telescope.org/index.html

Caltech Submillimeter Observatory




The Atacama Cosmology Telescope (ACT)

ACT Telescope
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The Arcminute Microkelvin Imager




Sunyaev-Zeldovich Array




SOUTH POLE TELESCOPE
at Amundsen-Scott South
Pole Station

Observation Frequencies

90 GHz
150 GHz
220 GHz
270 GHz
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Galaxy Cluster RX J 1347.5-1145 z =0.451

Subaru Telescope Optical Image Chandra X-ray Observatory Image
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Figare 5 lmages of the Sunyaev-Zel'dovich effect toward twelve distant clusters with redshifis spanning
(1.8% (top left) to 0.14 (bottom right). The evenly spaced contours are multiples starting at +1 of 1.50 to
aer depending on the eluster, where o i the rma noiae level in the imoges, The noise levels range from 15
to 4 k. The data were taken with the OVERO and BIMA mm-arrays outfitted with low-noise cm-wave

receivers,  Tlie lilled ellipse shown in the bottom left corner of each panel represents the FWHM of the
effertive resolution used to make these images.
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GENERALIZED KOMPANEETS
EQUATION

We extend the Kompaneets equation to the
relativistic regime.

We formulate the kinetic equation for the photon
distribution function using a covariant formalism
(Berestetskii, Lifshitz, and Pitaevskii 1982).

As a reference system we choose the system
that Is fixed to the center of mass of the cluster
of galaxies (which is fixed to the cosmic
microwave background radiation frame).



BOLTZMANN EQUATION FOR THE
PHOTON DISTRIBUTION FUNCTION

Time evolution of the photon distribution function is given by
on(w) - d%p
o~ 2 (27)
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W :transition probability for the Compton scattering
p=(E, p) p=(E, p’) :electron four-momenta
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RELATIVISTIC MAXWELLIAN
DISTRIBUTION FOR ELECTRONS

f(B) = [e{[E_m)_(‘“’_”")}/ﬁfﬂﬂ + 1]_1

~ e {K—(n=m)}/kpTe (2)

Substituting eq.(2) into eqg.(1), we obtain as follows.
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FOKKER-PLANCK EXPANSION
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EVALUATION OF I, = d*p' d°k' Wf (E)(Ax)*

We evaluate the integral by power series expansions of p/m.

Strictly speaking ,the expansions are asymptotic expansions.

Challinor & Lasenby (1998) carried out a calculation up to O(6)) terms.

kT 1
~—  for kT, = 10[keV]

Oc mc: 50

We carry out a calculation up to O(6?) terms by using the symbolic
manipulation computer algebra package Mathematica.

We also carry out a direct numerical integration of the Boltzmann equation.



RESULTS BY MATHEMATICA
CALCULATIONS

I, = %JTN& x {4—3: + 0, (l()— 42—7:8+2€1$2)
N 92(1_0_@$+567 , 1472:)
15 9505 “osol 1[}9501 1616
" 93(_5_ 5%t 0% "5 $3+¥$1)
L g (135 _ 30875 ITT849 , 472349 ;63456 , 040 )}
(32 7 128 40 30 35 7 ’

1 f 47 63 7 .
I, = QJTNeaemz {1 + 0, (— — —x+ix3)

2 5 10
. ,2(1023 ld[]2x+161$2 22:1*3)
€\ 8 5 2 5"
5 (2505 10647 38057 5 2829 W 682
+ 6 ( T + x 35 % )
L8 5 20
gl (30370_ 187173$+1?’01803$ 447693; +61 512 A 51%5)}
°\ 128 20 80 4 35 7 ’



1t:r;rf\.ﬁgt‘iiexg {Qe (g — Zm)

5 5 5
368 658 88 . 11
92( _ _2__3)
O R T
93(7098 __142531:+_808439___35031ﬁ_+_§§3ﬁ)
-\ "5 5 7 2% 21

62301 614727 193083 . 14404 , 344
4 B 9210372 — 3 4__5)}
‘93( 10 50 r + 281932 T x° + o1 T 212: ,
| 7
§JTN696$4 { Eﬂe
399 1
2 Hee - 2
98(5 22:1:4—10&:)
14953 9297 781 . 320 . 16
93( o o e _4)
{710 T e T T o st

x + T T+ T — =

4(614727 124389 239393 , 7010 5 12676 , 11 5)}
7, _— T
“\ 40 4 16 3 105 7 ’



I5=

I6=

I, =

Ig=

1

2

1

2

1
2
1

2

44

or N 0, xSI:H;}(—

11
——X

5 10

(J‘

10

6
orN,0,x

30

i 94(124389 1067109

80

11
[—9§+8

8284

()

80

7
orN,0,x

6:N,0,x8

94(355703

_ﬁé(

[ 16

105

3
128

3

e

x +

(12059 64

36177

140 3
6688

— x2 —22x3 +— x*

15

67 + (-Jff(

=

64
o 4
21 105x)‘+99(

1
2

18594
63
)+ ( 35

. 032
x + 3696x% — il x3

1

140

5

X +2x2)
35

16568

11
42

30064 176

192

66 , 11 .
+'7x'_ﬂ0x)}’

)}

7516 99
105 7

10
or N ,0,x (

21

11

210

105 7 21

e

X+ =Xt
22 11

;N 6, qu:9:’,‘(7 -5

9%)

)]



SUNYAEV-ZELDOVICH EFFECT

We assume the initial photon distribution of the cosmic microwave
background radiation to be Planckian with temperature
1 )

X =
eX—l kBTo

To: noX) =

Then, the fractional distortion of the photon spectrum is
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DISTORTION OF THE SPECTRAL
INTENSITY

X° An(X)
e — 1 ny(X)°
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KINEMATICAL S-Z EFFECT

A cluster of galaxies (CG) is
moving with a peculiar
velocity B = v/c with respect
to the cosmic microwave Z
background radiation

(CMBR).

As a reference system, we
choose the system which is
fixed to CMBR. We assume
that the observer is fixed to
the CMBR frame. The Z-axis
Is fixed to a line connecting
the observer and the center
of mass of CG.




LORENTZ-BOOSTED KOMPANEETS EQUATION

The electron distribution functions are Fermi-like in the CG frame. They are
related to the electron distribution functions in the CMBR frame by

J(E) =fc(Ec) Ec=yE—p-p) - 1
f(E)=fdE) Eec=wE —B-p) P
fC(EC) — (el(Ec—m)—(uC—m)]/kBTe + 1)—1 ~ e_[(EC_m)_(#C—m)]kaTe
_w o —w
T kT, A= kg T,

Boltzmann equation in the CMBR frame

on(w) d’p S K
= 2 (md KW

n(@)[1 + n(@)]f(E) — n(@)[1 + n(w)]f(E);




KINEMATICAL SZ EFFECT
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" cluster P and the initial photon momentum k& which is

chosen as the positive Z-axis
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SUZIE EXPERIMENT

Benson et al. 2003 ApJ 592, 674 Te=10 keV, v=500 km/s
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FiG. 1.—Microwave background measurements in the center of the Coma..
cluster. (position C), binned by parallactic angle. The values shown are
brightness tures on the sky, corrected for the frequency dependence of
the SZE. (a) Double-switched data on the main field (M) and the leading (L)

and trailing (7) reference fields separately, showing data contaminated by
sround pickup. The reference ficlds lie consistently above the main field, which



15 350GHZ (Opyn=15")

— PSF+SZ+DC(2.7mdy)

E ...... PSF(4.5mly)+DC(2.7mly) -
‘E‘ 10 3 A RXJ1347-1145 (with 7 sources) |
._?? - A ® RXJ1347-1145 (without 7 sources) -
I )
_— 5 [ T
> ! -
- Lockman hole (Barger et al. 1998) -
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FiG. 3.—Radial intensity profile toward RX J1347 at 350 GHz observed at
JCMT/SCUBA. The open triangles (filled circles) indicate our data with (with-
out) the seven spurious sources described in the text. The 1 ¢ error bars are
shown only for the latter. The solid curves plot the SZ profiles from the best-
fit parameters in the X-ray observation and the point-source contribution with
F, = 4.5 mly (a conservative 2 o upper limit from eq. [3]), 3.5 mJy (extrap-
olated from eq. [3]), 1.5 mJy (best fit in Table 1), and O mly (from top to
bottori). We applied the identical reduction procedure to the Lockman Hole
data (Barger et al. 1998), and the results are plotted in small squares for
reference (the 1 o error is smaller than the size of the symbol itself). The
dotted curve shows the PSF of a 4.5 mJ]y source with a 2.7 mly DC offset.
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Table 1. Measurements of SZE in Abell 2163

A Instrument Measured Al, Dust-corrected Al
(mm) (MJy sr~1) (MJy sr—1)
10.0 OVRO & BIMA —0.048 £ 0.006
21 Diabolo —0.545 + 0.22 P
2 SuZIE —0.381 £+ 0.037 —0.380 + 0.037
1.4 SuZIE —0.106 = 0.077 —0.103 £+ 0.077

141 SuZIE 0.287 £ 0.105 0.295 + 0.105
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Fic. 2.5-Z spectrum of the Coma cluster. The solid line
shows the best fit spectrum (taking isothermal gas with kT =

8.2 keV) to the combined MITO and OVRO (Herbig et al. 1995)
measurements, corresponding to 7 ~ (4.2 4+ 0.7) x 107°.



SUZIE Il Results (Benson et al. 2003)
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VARIOUS ORDERS OF RELATIVISTIC CORRECTIONS
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MULTIPLE SCATTERING
CONTRIBUTIONS

ltoh,Kawana, Nozawa, Kohyama (2001)
have calculated the double scattering
contributions using the relativistic
expansion up to (T./mc?)® .

Dolgov, Hansen, Pastor, and Semikoz
(2001) have carried out a Monte Carlo

calculation. Their result shows an
excellent agreement with Itoh et al (2001)

for the case of small optical depth.
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CONCLUSIONS

Relativistic corrections to the thermal,kinematical, and
polarization SZ effects have been carried out to a
precision better than 1%.

Validity of the Kompaneets equation has been rigorously
assessed.

Accurate analytic fitting formulae for the numerical
results of the thermal SZ effect have been provided.

Multiple scattering effects have been found to be much
less than 1% for ordinary clusters.

TIME IS RIPE FOR THE PRECISION SZ
OBSERVATIONS, ESPECIALLY DETECTION OF THE
KINEMATICAL SZ EFFECT.
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