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The Sunyaev-
Zeldovich Effect



Behind clusters of galaxies is ...

%o

A2597 Chandra, courtesy NASA/CXC/Ohio U/B.McNamara et al.
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The Cosmic Microwave Background

* Discovered 1965 (Penzias & Wilson) = oMo buomomn Smawmmon cone,
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recombination

reionization

Nucleo- Last Galaxy
Synthesis Scattering Formation

Courtesy Wayne Hu — http://background.uchicago.edu
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The SZE I

* The Sunyaev-Zeldovich Effect
— Compton upscattering of CMB photons by keV electrons
— decrement in | below CMB thermal peak (increment above)
— negative extended sources (absorption against 3K CMB)
— massive clusters mK, but shallow profile 6-1 — -exp(-v)
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CL 0016+16, z = 0.55 (Carlstrom et al.)
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Sample from 60 OVRO/BIMA imaged clusters,
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The Cosmic
Background Imager



The Instrument

13 90-cm Cassegrain antennas
— 78 baselines
6-meter platform
— Baselines 1m - 5.51m
10 1 GHz channels 26-36 GHz
— HEMT amplifiers (NRAO)
— Cryogenic 6K, Tsys 20 K
Single polarization (R or L)
— Polarizers from U. Chicago
Analog correlators
— 780 complex correlators
Field-of-view 44 arcmin
— Image noise 4 mJy/bm 900s
Resolution 4.5 — 10 arcmin
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CBI Operations ﬁ




CBIl Beam and uv coverage
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CBI Calibration from WMAP Jupiter

Old uncertainty: 5%
2.7% high vs. WMAP Jupiter
New uncertainty: 1.3% i
Ultimate goal: 0.5%
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Decontamination
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The CBI SZE Program



Cluster z Lo ooV ROSAT ASCA XMM-Newton  Chondm
{h 1" erg /s)"

A%29 0.775 3.84 P y G g
Adrs 0.0881 3.24 P ¥ G 5
N Ad01 0.0737 247 P ¥ G 1
led by Patriciat) (e 2.412 g y G I
AgS 0555 2.15 P ¥ B I
2003) A3827" 0.0984 1.95 H B
A3571 0.0391 1.94 P ¥ B
drawn from BE&5 05549 i8¢ p y (3 I
. A1651 .0844 i.85 P ¥ 1
Grandi et al. & (1124 1.2 P y G 1
Aj112% 0.0750 1.79 P ¥ G 5
f > S 0.0724 161 P ¥ G 1
0.1-2.4keV Al6a) 0.0845 191 P y B
A2597 0.0852 1.48 P ¥ G 5
z<0.1 A3558 0.0480 1.46 P y a 5
A3605 0.0894 144 i
L 3 Fil51680-14) (G.0OR! I
0.1-2.4keV A3158% 0.0597 T P ¥ I
. . SR 0.0935 1.32 P G
declination =& 0.0750 1.52 ‘
AT80 0.0539 1.23 P ¥ G 15
24 clusters ace: (086H 3.1 P

) (.0846 .
primary sanfEsd iEin L e e

. . 2 XBACs and REFLFX sssrme & = (.5, Here we corvert their luiminosities to units of & = 1
detailed Iin

41 Santkera Boares net aceassitls with WLA ¢ 04 RO 4047

ROSAT : P = Public PSPC, H = Public HRI only
Pearson (20044 prentinsm
AMM-Newtdon : (3 = (Guaranteed Time Tarpet, B = (Genaral Observer Targat
Chandra : 1 = ACI5-1, 5 = ACI5-5
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Subsample 7 clusters

Cluster R.A. Ducl. L& T offsets Hours Observed IS Noise Beam
{12000) {(12000) {min} (L+M~+T) (mly /beam) FWHM

A 0041487 —08:19:04.8 +16.5 16.6 1.8 5.3
A380  02:0749.7  +13:03:10.8 +12.5 1h.6 2.0 b.4*
Adgl 02:88:56.9 +15:54:22.8 +12.5 16.7 2.0 5.4’
AdTE 04:13:26.2  +10:27:57.6 411 12.2 2.4 n.2
A7hd  09:08:01.4  -08:39:180 +9 16.0 1.4 b4’

Al6h1  12:58:24.0 -04:11:20.4 +11 16.3 2.0 4.9

A2BG7  23:25:16.6 -12:07:26.4 +15.5 11.8 2.3 h.h’

Cluster Ga
{arcm)

ARD 2.044).52
A389 4.334H0.45
Adll 2264041
Ad7R 1.0040.15
A4 550110

Alg51  2.16H).38

AT (0.4940.03

« covers a range of luminosities and cluster types
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« Xray: 63 (B ~ 2/3)
« SZE: 67 — -exp(-v)

* dominated by shortest
baselines




Forman et al. astro ph/0301476
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(left) Raw CBI Ima

Fignre 1. ROSAT and XMM-Newton observations of AS5 (a)
ROSAT PSPC iso-intensity contours (0.4-2.0 keV) are shown super-
posed on an aptical image (adapted from Durret et al. 1998). A fil-
- A85-cl AVALTE Gl COCGEG EHOVY, - SCHTIE SIGITS O TR TGEr -0
activity NS i agze =hoves the inner portion of the filament extending sontheast
’ from the South Blob (Southern Chunp) (Durret et al. 2003 ).
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A399
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(left) Raw CBI Image (center) CLEAN source-sub CBI Image

e A399 - pair with A401
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(left) Raw CBIl Image (center) CLEAN source-sub CBIl Image (right) CBI w/ROSAT

* A401 — pair with A399, likely interacting now or in past, cooling
flow disrupted?
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South Cavity

10 27368
n4at{a™42® 3g® ap® 24° 180 12°  D@E” palia™egfn 2585 2550 2485 2480

a (ROOO) _ o o (2000) _
Chandra: Sun et al. astro-ph/0210054 (inner region + 1.4 GHz radio)
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(left) Raw CBI Image (center) CLEAN so

« A754 — “prototypical” violent E

: e : : .
Chandra: Govoni et al. astro-ph/0401421
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(left) Raw CBIl Image (center) CLEAN source-sub CBIl Image (right) CBI w/ROSAT

 A1651 — dynamically relaxed cD cluster, unremarkable
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(left) Raw CBI Image (center) CLEAN sourc:

« A2597 — regular cD cluster with ¢
raw image) with X-ray shadows i

A2597 Chandra, courtesy NASA/CXC/Ohio U/B.McNamara et al.
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gas density profiles:

X-ray surface brightness:

SZE surface brightness:

AISZE X Te/'n,ed

dependence on parameters:

02 ) —36+1/2

bx o ngUQODA (1 + 9—2
0

e Da~h' ng~h'2 Algyg ~ h12
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Results

« unweighted Hy= 67 *30_;5 *13 _5 km/s/Mpc

« weighted Ho= 75 *23_,5 *15 _; km/s/Mpc
 uncertainties dominated by CMB confusion

* based on older X-ray data...

Corrected A2

Cluster
w/ total random error

ABSH 1.230.40

AJG (.244H).42
Ad(1 1.03+0.29
A478 1.76+0.34
ATH4 1.0940.31
Al651 1.4240.47

AXBGT 1.74+1.10

mean + sd = 1.2240.52
{probability=21%) X — 1.47 for § dof
unweaighted samples average: h=%Y2 = 1.224).20
— h={.67H0X

weighted sample average: 12 = 1.164).14
N h=0.75+02

.ﬂ'Tu
71,4

-b80 180
-80+130
-§20+170
-1800+350
-560 1160
-520+17)
=
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Compton-yg

(x107)

1L13+0.37
.15 .26
1.20 .34
3.4910.68
1.06+0.31
1.00+0.33
1.43+1.28
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Gastrophysics?

* "mergers” A85, A399/401, A754

— A401 & A754 somewhat low, A399 very low (but uncertain)

« “cooling cores” A85, A478, A2597
— A478 high, A2597 very high (but uncertain)

Cluster

ABB

A399
Ad(1
A4TE

AT54

Alsh1

AXBGT

mesn + sd =
{probability =21%)
unweaighted samples average: h=%Y2 =
—
weighted sample average: 12 =

—

Corrected A2
w/ total random error

1.230.40
(.24+0.42
1.0340.29
1.76H).34
1.0410.31
1.4240.47
1.74+1.10

1.22H).52

T 1.47 for 6 dof

1.224).20

h=1(.6715%

1.1640.14

B — 075402

.ﬂ'Tu
71,4

-b80 180
-80+130
-§20+170
-1800+350
-560 1160
-520+17)
=
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(x107)

1L13+0.37
.15 .26
1.20 .34
3.4910.68
1.06+0.31
1.00+0.33
1.43+1.28
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Error Budget

« CMB anisotropies —

» density model — f models, some bias correction needed

» temperature profiles — assume isothermal, investigate deviations
» radio point sources — residuals small after using counts
 cluster asphericity — < 4%, could be worse in individual clusters
» clumpy gas distribution — <n,? > / <n_>?bias, substructure?

» peculiar velocities — no bias, 0.04% for even 1000 km/s!

* non-thermal Comptonization — unknown, model dependent

X-ray mod pt src T, Voec CMB+Ther+ptso

Cluster CMB error .
bias hias eITCr SITOT

AR H).36 1.01 -+{.00 (.05 +{.38
AJGY +.42 1.01 -+{).02 (.05 +0(.42

Ad01 H).27 1.01 =+0.03 0.04 +0.27
AT H1.25 1.00 -+{.00 .04 +{.25
AT754 .26 1.04 +(.02 0.04 +0.26
Al651 .43 1.00 =+(.00 (.06 +0.44
A2BG7 +1.06 1.00 +{.01 (.08 £1.07
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And the upshot is...

« Sample average H, consistent with canonical value
— uncertainties dominated by CMB, then astrophysics
— is there significant scatter among clusters?
— finish the full sample!

« Gastrophysics not cosmology
— turn it around — what does scatter say about clusters?
— need to use latest Chandra & XMM-Newton data!
— finish the full sample!

* What about the pesky CMB?

— more distant clusters better, CMB less on smaller scales
— measure CMB at SZE null (2mm)
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CBIl SZE Interferometry Issues ﬂ

L —

| First ACBAR
Rion?) Cluster
gnall scales... Image: A3266

; T,=6.2 keV
L, =9.5x104

null (e.g. ACBAR)

Courtesy ACBAR group



The SZE as a CMB
Foreground



SZE Signatures in CMB

Mason et al. 2003, ApJ, 591, 540

Boom Model
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