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Abstract: We have announced the results from 7 years of observations of the Wilkinson Microwave Anisotropy Probe (WMAP) on January 26. In
this talk we will present the cosmological interpretation of the WMAP 7-year data, including the detection of primordial helium, images of
polarization of microwave background around temperature peaks, and new limits on inflation and properties of neutrinos. We also report a
significant detection of the Sunyaev-Zel'dovich effect and discuss implications for the gas pressure in clusters of galaxies.
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WMAP will have collected
9 years of data by August

June 2001:
WMAP launched!

=

February 2003:
The first-year data
release

March 2006:
The three-year data
release

Mal‘Ch zma_ Stacked Temperature S Polarization
® January 2010: The seven-year

release data release




WMAP 7-Year Papers

¢ Jarosik et al.,"Sky Maps, Systematic Errors, and Basic Results”
arXiv:1001.4744

¢ Gold et al., “Gadlactic Foreground Emission™ arXiv:1001.4555

® Weiland et al., “Planets and Celestial Calibration Sources”
arXiv:1001.4731

¢ Bennett et al., "Are There CMB Anomalies?” ar Xiv:1001.4758

¢ Larson et al., Power Spectra and WMAP-Derived Parameters”™
arXiv:1001.4635

.2 JKomatsu et al.,“"Cosmological Interpretation” arXiv:100| ,,5}953348



WMAP 7-Year Science Team

® CL Bennett ® MR . Greason o | LWeiland e KM.Smith
® G.Hinshaw @ M.Halpern ® EWollack e C.Barnes
® N.Jarosik e RS Hill ® | Dunkley @ R Bean

® 5.S. Meyer ¢ A Kogut ¢ B. Gold ® O.Dore
® | Page ® M.Limon ® E Komatsu @ H.V.Peiris
® DN.Spergel ® N.Odegard e D.Larson ® | Verde

® E| Wright ® G.S.Tucker ® M.R.Nolta
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/-year Science Highlights

® First detection (>30) of the effect of primordial
helium on the temperature power spectrum.

® The primordial tilt is less than one at >30:
¢ n:=0.96+0.01 (68%CL)
® |mproved limits on neutrino parameters:
® >my<0.58eV (95%CL); Nes=4.3+0.9 (68%CL)

® First direct confirmation of the predicted
polarization pattern around temperature spots.

g Measurement of the SZ effect: missing pressure? =z
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(1emperature Fluctuation)*
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High-| Temperature C;;
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WMAP and ACT
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WMAP and ACT
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Detection of Primordial Helium
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Effect of helium on G'T

® We measure the baryon number density, ny, from the |st-
to-2nd peak ratio.

® As helium recombined at z~1800, there were fewer
electrons at the decoupling epoch (z=1090): ne=(|-Y;)ne.

e More helium = Fewer electrons = Longer photon mean
free path |/(0mne) = Enhanced Silk damping

® This effect might be degenerate with Qsh? or ns...

Rirsa$l0020021n B Eaa s DR B 0 0 Yo e D T R EREERED TS RN ET I bR AN el BN E Ragetaz/ra4a



Detection of Primordial Helium
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Effect of helium on G'T

® We measure the baryon number density, n, from the |st-
to-2nd peak ratio.

® As helium recombined at z~1800, there were fewer
electrons at the decoupling epoch (z=1090): ne=(|-Y;)ne.
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Detection of Primordial Helium
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Effect of helium on C'T

® We measure the baryon number density, n, from the |st-
to-2nd peak ratio.

® As helium recombined at z~1800, there were fewer
electrons at the decoupling epoch (z=1090): ne=(|-Y;)ne.

e More helium = Fewer electrons = Longer photon mean
free path |/(0mne) = Enhanced Silk damping

® This effect might be degenerate with Qsh? or ns...

Rirsa:$1002002148 & o0 A L8 S8 B 0 8 E et 0 s B S ne-r 2 " sy i ERE R BT Bagedqiiza



Detection of Primordial Helium

—~
6000 . —_— . . [
- : R ]
0 - ' WMAP 7yr § 1
3 %1. - OU&D 4 :
& 4000 - —Y_anr-
s L i
TS : Yy
~ 3000 - -
- o Sl ALY *
s ° : I8 :
— 2000 # -
=R H : -
- - 2
= 0E 3 (i
sl 10 100 500 1000 1500 2000

48/124
10

Multinole Moment (1) =120 Aac/B



menum Aapunaance, v,

WMAP + higher-| CMB =
Detection of Helium
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® The combination of WMAP and high-l CMB data
(ACBAR and QUaD) is powerful enough to isolate the
effect of helium: ¥, =0.33 £ 0.08 (68%CL) iz
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Why this can be useful

® The helium abundance has been measured from Sun
and ionized regions (HIl regions); however, as helium
can be produced in the stellar core, one has to
extrapolate the measured Y, to the zero-metallicity
values.

® |n other words, the traditional methods give a robust
upper limit onY,: Y,<0.3.

® The CMB data give us a robust lower limit onY,.
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rmalium Aapunaance, ¥,

0.23<Y,<0.3 (68%CL)
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® Planck is expected to yield AY,~0.01 (68%CL; Ichikawa
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Another “3rd peak science”
Number of Relativistic Species
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/-year TE Correlation
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Improvements from 5-year

2L

= . . ® For 5-year,we used Q
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What Are We Seeing Here!

I THERIne E EFEEREED | | |

| don’t know about you, but I have been

 struggling to explain what the TE correlation is.|
- Actually, | have been struggling to explain what
 the CMB polarization is in the first place. How |
can we solve this problem? |
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CMB Polarization On the Sky

® Solution: Leave Fourier space.
g Go back to real space.
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CMB Polarization is
a Real-space Stuff

Quadrupole
Anisotropy

L d
Thomson

> Scattering

N\
Linear
Polarization

auadrupole anisotrooy.



CMB Polarization on Large
Angular Scales (>2 deg)
-

AT/T = (Newton’s Gravitation Potential)/3

AT

Jolarization

Pirsa: 10040021

® How does the photon-baryon plasma move? .

23



CMB Polarization on Large
Angular Scales (>2 deg)
ey
el B B

AT/T = (Newton’s Gravitation Potential)/3

AT

® How does the photon-baryon plasma move? .
23
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CMB Polarization Tells Us How

Plasma Moves at z=1090
Zaldarriaga & Harari (1995)

ey~
Density

AT/T = (Newton’s Gravitation Potential)/3

AT

Yolarization

® Plasma falling into the gravitational

Rirsa100400218 & =~ = & 0 o 88 5 0 B et B B AR s e et B e pnl e o e B 8 0 8 Page 62/124

potential well = Radial polarization pattern  #
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Quadrupole From
Velocity Gradient (Large Scale)

AT - Sachs-Wolfe: AT/T=9/3
Potential @ —- Stuff flowing in

Acceleration - -
a=—ad®d
a>0 =0
Velocity e e iy Velocity gradient
Velocity in the rest The left electron sees colder
frame of electron e~ e
photons along the plane wave
ooooooo Polarization

_‘ Page 61%1524
Radial None



Quadrupole From
Velocity Gradient (Small Scale)

AT - Compression increases
temperature
Potential @ —- Stuff flowing in

Acceleration . .
a=—3 03P Pressure gradient slows
a>0 <0 down the flow
Velocity e Velocity gradient
Velocity i
elocity in the rest —> —> ¢
frame of electron e e
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Radial Tangential =



Hence, TE Correlation
(Coulson et al. 1994)
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Quadrupole From
Velocity Gradient (Small Scale)

AT - Compression increases
temperature
Potential @ —- Stuff flowing in
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a=—3 03P Pressure gradient slows
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Hence, TE Correlation
(Coulson et al. 1994)
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Peak Theory and Stacking Analysis

* Stack polarization images
around temperature hot
and cold spots.

* Qutside of the Galaxy

mask (not shown), there
are 12387 hot spots

and 12628 cold spots. ‘ ",_;;;..'_'5-: '

® Peak theory gives: , f—n TWE (5, +b2)CTEJo(16),

1 [Note the [* term! b L Ik,
~ (Desjacques 2008)] Un0)=— | W' W, (b, + b 1*)C;PA10),

N NSPOT



Analogy to Weak Lensing

¢ |f you are familiar with weak lensing, this statistic is
equivalent to the tangential shear: =g -,) = 2= %=

b e il

By el A¥(R, z)

/ % kdk
L = pﬂbl/ - Pm(k-:L)JQ(kR)

Tangential shear, g Hc?wever; all the formul;j'le given in the
<Y<>,is positive for "tet;faw;e %e afscale-lmder:en;lent
/
th\lsxgxample. Sy as, by This formula mu;,t e
e P modified to include the k*term.

Yeb8) = —71(0) cos(20) — 12(0) sin(20) g



06 ATls > 0 (v=0)
: : — Simulation

: Zﬂ":ﬁﬂztﬂ

ael ;. ——— Gaussian for TRE (FWHM=05") |

- — Gaussian for T, Q-band beamforE +
—— Gaussian for T, V-band beam forE |
-—— Gaussian for T, W-band beam for E -

ATl > 1 (v=1)

: Low f}eaks enhanced
small-scale correlatlon t
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perature hot spots are stacked
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1 |
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-/ flowingin ¢ sameasCT(6)
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Analogy to Weak Lensing

¢ |f you are familiar with weak lensing, this statistic is
equivalent to the tangential shear: =g -,) = 2= %=t

o

W AY(R, zr)
/ \0i=0 7 :
/ \ kdk
- = p[]bl / _,)_’F_Pm(k" :L)]E(LR)

Tangential shear, | ~ However, all the formulae given in the

<y:3,is positive for "te;aw;e s afscalfrlmdepen;lent
S
this.example. /7= ias, b. This formula rnu;,t E
T ¥ e modified to include the k*term.

1#48) = —71(8) cos(20) — 12(8) sin(26) -



Peak Theory and Stacking Analysis

* Stack polarization images
around temperature hot
and cold spots.

* Qutside of the Galaxy

mask (not shown), there
are 12387 hot spots

and 12628 cold spots. 1 5
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Peak Theory and Stacking Analysis

* Stack polarization images
around temperature hot
and cold spots.

* Qutside of the Galaxy
mask (not shown), there
are 12387 hot spots
and 12628 cold spots.

TEDEELE e 10 L] TETDeTERT L
HOT SPOT i nSPOT

" . ldl = = 9
® Peak theory gives: ., __ / CWIWE (B, +bP)CTEL(16),
~ [Note the P term! 1 M T
Pisa momﬁ:)ESiaCCIUES 2008)1 (U.\(B)=— ;H}TU}P (b, + bl 5 > ;T B75(10).



Analogy to Weak Lensing

¢ |f you are familiar with weak lensing, this statistic is

equivalent to the tangential shear: =g -,) = 2= %=t

g AS(R. z1)
4 s, ¥ *kdk
| P == P[]bl / -')_f.-—Pm (A SL)]}(AR)

Tﬁngential shear | Howeverall the formulae given in the

<y:3,is positive for ""e;faw;e e afscalﬁhldePen;lent
V4
this.example. /7= ias, b1. This formula mu;t E
o modified to include the k*term.

¥k8) = —71(0) cos(20) — 72(8) sin(20)
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Hence, TE Correlation
(Coulson et al. 1994)
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Peak Theory and Stacking Analysis

* Stack polarization images
around temperature hot
and cold spots.

* Qutside of the Galaxy

mask (not shown), there
are 12387 hot spots

and 12628 cold spots. : ’,,?-,;;r-i; ~

i NSPOT

® Peak theory gives: (Q,)(8)=— / — W W (b, +b:%)CEJ(16),

~ [Note the [ term! il Hiliia
~ (Desjacques 2008)] U.)(0)=— [ =W, W;" (b, +b1*)C; " 5(10)



Analogy to Weak Lensing

¢ |f you are familiar with weak lensing, this statistic is
equivalent to the tangential shear: =g -,) = 2= %=t
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Peak Theory and Stacking Analysis

* Stack polarization images
around temperature hot
and cold spots.

* Qutside of the Galaxy

mask (not shown), there
are 12387 hot spots

and 12628 cold spots. ‘ 5 4

i NSPOT

® Peak theory gives: , ,__ / @n TWE (B, +bcI2)CTE Jo(16).

~ [Note the [ term! | il i,
Desiacques 2008)1  ({U-)(0)=— [ =W/ W/ (b, +b*)C/P(16),



Analogy to Weak Lensing

¢ |f you are familiar with weak lensing, this statistic is
equivalent to the tangential shear: =g -,) = 2= %=t

Tl
Lic\ L)
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£ Y " kdk
Y R NUSARAC

Tangential shear, |~

However, all the formulae given in the
<Y, is positive for llte;atu:t;e #‘? afscale—lmdepen;lent
V4
this.example. /7= ias, b1. This formula mu;,t E
N N modified to include the k*term.

1#48) = —71(8) cos(20) — 12(8) sin(26) -
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Two-dimensional View

T Wl Pl HPUI
Simulation

® All hot and cold spots are stacked (the
threshold peak height, AT/, is zero)

T Nl I Nl upul
WMAP Data

® “Compression phase” at 6=1.2 deg and
“slow-down phase” at 8=0.6 deg are

predicted to be there and we observe
them!

¥ Ty UP L ¥ 11
Simulation

® The overall significance level: 80

® Striking confirmation of the physics of
CMB and the dominance of adiabatic
& scalar perturbation.

LA ]
WMAFPF Data

11
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How About U.?

® U, is produced by the TB correlation, which is expected
to vanish in a parity-conserving universe.

Q, [uK] Qr[l‘lK] Uy [LK] U, [K]

-13-02=01 @ 01 02 03 =13=-02=01 0 01 =13-02-01 0 01 02 03 =i3-07=-{1 0 41 @2 03

2ﬂ 1EI= 0& _15 _2ﬂ 2!!' 1I:I On _1EI _2'I:I 2!! 10 Oﬂ _1n _25 2ﬂ -I-D Oﬂ _1ﬂ _2ﬂ
Degrees from Center

® The U, map is consistent with noise.
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Two-dimensional View

T Wl Pl u..n.u
Simulation

® All hot and cold spots are stacked (the
threshold peak height, AT/q, is zero)

T Nl T N HFU!
WMAP Data

® “Compression phase” at 6=1.2 deg and

“slow-down phase” at 8=0.6 deg are

predicted to be there and we observe
them!

¥ Iy UFU'I-
Simulation

® The overall significance level: 80

® Striking confirmation of the physics of
CMB and the dominance of adiabatic
& scalar perturbation.

T Nry Pl
WMAF Data

11



iiiii

: 10040021

How About U/!

® U, is produced by the TB correlation, which is expected
to vanish in a parity-conserving universe.

Qr['JK] Qr[lJK] Uy [LK] U, [bK]

@ o1 62 03 =13=-02=-01 0 Qi =13-02-01 0 01 02 03 =i3-47=-1 0 41 42 03

2ﬂ 1& 0& _1- Qo _2ﬂ 2ﬂ 1'ﬂ Oﬂ _1 2 _21:' 2ﬂ 1ﬂ OI:I _1 o _25 2ﬂ -'D OE _1‘.'! _25
Degrees from Center

® The Ur map is consistent with noise.
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Probing Parity Violation

® Cosmological parity violation (“birefringence,” Carroll
1998; Lue et al. 1999) may rotate the polarization plane

by an angle A, and convert E modes to B modes:

C, ™ =CT® sin(2Aa)

® Non-detection of U, gives Ax=1£3 deg (68%CL)

¢ The full analysis using C;"® (as wel

® Ax =-1.1 £ |.3(statistical) +

as C) gives

S(systematic) deg.
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Probing Parity Violation

® Cosmological parity violation (“birefringence,” Carroll
1998; Lue et al. 1999) may rotate the polarization plane

by an angle A, and convert E modes to B modes:

;"% =CE sin(2Aa)

® Non-detection of U, gives Axt=1£3 deg (68%CL)

¢ The full analysis using C;"® (as wel

¢ Aa =-I.1 £ |.3(statistical) +

as C) gives

S(systematic) deg.
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Probing Inflation

......

N= 50 60

PR |
0.94

1.00

0.98 |
Primordial Tilt (n,)

0.96

1.02

| ® Joint constraint on the

Wiel@
m% o|Q
flation m%92 0| © E

HZ B -

primordial tilt, ns, and the
tensor-to-scalar ratio, r

® Not so different from the
S-year limit.

* <024 (95%CL: wlo SN)
* <020 (95%CL; w/ SN)

2A
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Probing Inflation
(Bispectrum)

® No detection of 3-point functions of primordial
curvature perturbations. The 95% CL limits are:

o —|0 <fyo@ <74

° )
o 4

4 < fNLequiIateraI < 266

0< fNLﬂrthugnnal <6

® The WMAP data are consistent with the prediction of
simple single-inflation inflation models:

00000000 o | —nsﬁr:ﬁfNLlei, fNLequiiateral == fNLnrthogﬂnaI.

Qe



ZLel'dovich & Sunyaev (1969); Sunyaev & Zel'dovich (1972)

Sunyaev—Zel'dovich Effect

Py

Hot gas with the ® ATMcs =gvYy
electron temperature of Te >> T

y = (optical depth of gas) ksTe/(m.c?)
= [0/ (mec?)] f nekaTe d(los)
= [07/(mec?)] f (electron pressure)d(los)

observer

gv=—2 (v=0); —1.91,-1.8] and —1.56 at v=41, 61 and 94 GHz
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Coma Cluster (z=0.023)

We find that the
CMB fluctuation in

the direction of =
Comais = —|00uK. =
(This is a new result!) 2 ~
E g model (determined from X—ray)
TS » wwaP (vband) 61GHz 1 gv=—1.8I
)’coma(o)-(7i2)XI0 - 4 , [ *  WMAP (Wband) 94GHz gv=—1.56
(68%CL) B 1] *  WMAP (optimal V and W band) |
-600 ' '
0 20 100 150 200 250 300
@ (arcmin)
e “Optimal V and W band” analysis can separate SZ and
TN CMB.The SZ effect toward Coma is detected at 3.607*"

29



Coma Cluster (z=0.023)

We find that the
CMB fluctuation in

the direction of =
. o
Coma is = —|00uK. 3
(This is a new result!) 32 -i
E 8 model (determined fromi X-ray)
o o 40 » wwmAP(Vband) 6l GHz {g=1.8I
)’coma(0)=(7iz))(|0 = , i *  WMAP (Wband) 94GHz gV=—|,56
(68%CL) B 1 *  WMAP (optimal V and W band) |
—600 : '
0 50 100 150 200 250 300
@ (arcmin)

e “Optimal V and W band” analysis can separate SZ and
s CMB.The SZ effect toward Coma is detected at 3.607

el



A Question

¢ Are we detecting the expected amount of electron
pressure, Pe, in the SZ effect!

® Expected from X-ray observations.

® Expected from theory.

Pirsa: 10040021
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Three approaches

¢ |.Compare the WMAP data and X-ray data on
individual clusters individually.

® But, not all clusters are detected individually by the
WMAP data...

® 2. Compare the stacked WMAP data and the expected
average X-ray profiles.

® Systematic effects in the stacking analysis must be
carefully studied.

® 3. Compare the stacked WMAP data and the expected
s o0 profiles from theory (hydro simulation etc). ~  ruewoon



Arnaud et al. Profile

¢ A fitting formula for the average electron pressure
profile as a function of the cluster mass (Msoo), derived
from 33 nearby (z<0.2) clusters.
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Three approaches

¢ |.Compare the WMAP data and X-ray data on
individual clusters individually.

® But, not all clusters are detected individually by the
WMAP data...

® 2. Compare the stacked WMAP data and the expected
average X-ray profiles.

® Systematic effects in the stacking analysis must be
carefully studied.

® 3. Compare the stacked WMAP data and the expected
s o0 profiles from theory (hydro simulation etc). ~  ruewou



Arnaud et al. Profile

¢ A fitting formula for the average electron pressure
profile as a function of the cluster mass (Msoo), derived
from 33 nearby (z<0.2) clusters.
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Arnaud et al. Profile

® A significant

o
5'!-? ] scatter exists at
i 1 R<0.2Rspo, but a
1 good convergence
3 inthe outer part.
BERRIRIShs SV E R PR § D N
0.01 0.10 1.00

i . I \ A7



Coma Data vs Arnaud  * Mso=6:6x10%h Man is

estimated from the

< NG | mass-temperature
N relation (Vikhlinin et al.)
; - ; | ! %y | B Txcnma =8 4keV
= ~\ = | | ® Arnaud et al’s profile
| I R S -l ) 1 overestimates both the
2 loame B | 7 [ t direct X-ray data and
c | —amawe TX | | — Amouc | | WMAP data by the
e e S— — OSSN | | same factor (0.64)!
® To reconcile them,
0. 1.0 Txema=g SkeV is
8/0. . .
B L ; R 2lLdi e required, but that is
e Reray data ( ) are provided by A. Finoguenov. way too lowe il



Well...

® That’s just one cluster.VWhat about the other clusters’

® We measure the SZ effect of a very nice sample of
well-studied nearby clusters compiled by Vikhlinin et
al.

irsa: 10040021 Page 108/124
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New results! (Prelim.)

® Normalization for the 5

//4,4 //,,_,c. very high-mass clusters
7::5:;: ~ R n %% 7 L : (M500>6XI0|4h_IM5un) IS

® Normalization for the

. 12 high-mass clusters

A © (Ms00>4x10"%h' M) is
ioeeraotw, 1 0.68+0.11.

Wikl - @ Arnaud et al. profile

e

=5310* 7w, i systematically
irsa:10040025-1 4060810 1.214 (2040608 701214 Overesumates ttlag%log/m

8/ 0500 /0550 |
electron oressure! .-

e




Small-scale CMB Data
wv/\ N\ = epr | 1N ACT

Lueker et al. - X Fowler et dl.

. point source

F1)C/ 27

; =
(P
L:‘-'-‘ L7 g_,_
N
{4

LS = 2K ; 000 {00 gL Lo
Multipole #

® The SPT measured the secondary anisotropy from

(possibly) SZ. The power spectrum amplitude
e 1S Asz=0.4-0.6 times the expectations. Why!.......5"
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12

o 8

. 1
Tr‘#%%—rrrrr

Mass Distribution

~ Most of the signals
i come from
M500>0.8X| 0 I4h_| Msun

B

13

Log,g[Msqo/(h7M,,,.)] ®

14

r ]_ E | 3 E kO E

15
Msqo~(virial mass)/ 1.6



Small-scale CMB Data

] r . W}L{F J—vear -
4.-"-.{.'18.-".H ! \f‘
R | — e ACT

1 Luekeretal. < X Fowler et al.

. = "_'\\ [ i
i - [ | S P

| ., point spurece o  io<imo -source

thermal SZ ™

Iag
i ' i ]
1 e ey — 1 { !
1 e . -‘"-"_-"ﬂ.""‘ 4
1 - o — k- § )
5 e kinetic - s )

: = ' L /' Ap=112+66(20 K

| ol ) ) " y )
100 L] 2500 3000 e ] 5000  SD00 TODD ADOD SO0 - L i 1 S 000 3000 {00 TO0L L LD

e The SPT measured the secondary anisotropy from

(possibly) SZ. The power spectrum amplitude
—uo 1S Asz=0.4-0.6 times the expectations. Why!.......5"
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Lower Asz: Two Possibilities

L <max dI 4 *Mmax f _1I. f = 9
& / o / d (M. z)
U e - -U'Luiu “FJ!

Il +1)C; o = f %l
~ 323() ;II\' T ( i
2T .0.035

)ﬂx [gas pressure]

® The SZ power spectrum is sensitive to the number of
clusters (i.e., Og) and the pressure of individual clusters.

® Lower SZ power spectrum can imply:

® Ogis 0.77 (rather than 0.8): > my~0.2eV?

® (Gas pressure per cluster is lower than expected

Page 113/12?2

WMAP measurement favors this possibility.



Size-Luminosity Relations

® TJo calculate the expected pressure profile for each
cluster, we need to know the size of the cluster; rs.

® This needs to be derived from the observed properties
of X-ray clusters.

® The best quantity is the gas mass times
temperature, but this is available only for a small
subset of clusters.

® We use rsoo—Lx relation (Boehringer et al.):

(0.753 = 0.063) h-! Mpe Uncertainty in this relation
= E(z) is the major source of sys. error.
L}\' 0.22810.015 55
IIIII ( 104 h—2 erg s—1 E(z) = H(z)/Hy = {Qmil + 2 i'?'ai !7'__1:1'-2



Summary

® Significant improvements in the high-1 temperature
data, and the polarization data at all multipoles.

® High-l temperature: n;<lI, detection of helium, improved
limits on neutrino properties.

® Polarization: polarization on the sky!
® Polarization-only limit on r: r<0.93 (95%CL).
® All data included: r<0.24 (95%CL; w/o SN)

o Ax =-1.1 £ |.3(statistical) £ |.5(systematic) deg.

Pirsa: 10040021 Page 11§1124



Puzzle!

o S/ effect: Coma’s radial profile is measured, several
massive clusters are detected, and the statistical
detection reaches 80.

® Evidence for lower-than-expected gas pressure.

® The X-ray data are fine! We just need to revise the
existing models.

irsa: 10040021 Page 1166/.]54



Puzzle?

o S/ effect: Coma’s radial profile is measured, several
massive clusters are detected, and the statistical
detection reaches 80.

® Evidence for lower-than-expected gas pressure.

® The X-ray data are fine! We just need to revise the
existing models.
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Puzzle!

o S/ effect: Coma’s radial profile is measured, several
massive clusters are detected, and the statistical
detection reaches 80.

® Evidence for lower-than-expected gas pressure.

® The X-ray data are fine! We just need to revise the
existing models.
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Well...

® That’s just one cluster.VWhat about the other clusters’

® We measure the SZ effect of a very nice sample of
well-studied nearby clusters compiled by Vikhlinin et
al.

irsa: 10040021 Page 119/124
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Coma Data vs Arnaud  * Mso=6.6x10% Man is

estimated from the

< =31 i W | mass-temperature
[ " | L+ | relation (Vikhlinin et al.)
% | . : o Tycoma=8 4feV.
= o) 2 ¢ Arnaud et al’s profile
s | et 1y Bt 3 overestimates both the
: R . MM —-'_1—_ = E . NMAD 4 dirECt X'ra.y data and
c | —Amous TX | | — Armous 5 WMAP data by the
:; -— (0.64xAmaud —E‘— | -- 0.64xAmaud same factor (064)'
\| ® TJo reconcile them,
1.0 0.1 1.0 Txma=g SkeV is
/e 8/600 : :
_ _ required, but that is
THe Xeray data (XMM) are provided by A. Finoguenowv. At

way too low. A
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New results! (Prelim.)

® Normalization for the 5
very high-mass clusters
(Msoo>6x10"*h~"Mun) is
0.72+0.13.

—Ev N E

. o Normalization for the
_ 12 high-mass clusters

: | © (Ms0o>4x10"%h"Maun) is
— 5.2x10"h 7'M, j;n-w_ 0.68+0.11.

it i - @ Arnaud et al. profile

| e b
f

e

N T

/' Mgessattv, | systematically
020406081012 14 020406081012 14 overestimates the

i |
e 8 e T
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Lower Asz: Two Possibilities

| <~ max dl r ‘-”rzr; ax fI _11 [ - -
G—=s / = / d (M. z)]?
o o " -""{Luiu “F_‘“r

- = . 330 uK® o ( i:;;)x [gas pressure]

-

® The SZ power spectrum is sensitive to the number of
clusters (i.e., Og) and the pressure of individual clusters.

® Lower SZ power spectrum can imply:

® Ogis 0.77 (rather than 0.8): > my~0.2eV?

® (as pressure per cluster is lower than expected
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WMAP measurement favors this possibility.



Small-scale CMB Data

I- W}L{P S—vyear =
4 ACBAR | 3&
- tor  SPT | \ ACT
1 luekeretal. | < Fowler et al.
’ P = 3
00t : . ' | ~ | I
5 % point source
thermal SZ ™ T 1 =
o~ . o £ )
. -"-:;."-F i "“"‘***‘kiﬁ'et:l'ctsz | ”_1__,: 11.2:+6.6(20)pk"\
100 1900 2000 3000 4000 5000 SO0 7000 um #03 3 i1 E f‘.T:ﬁtjp.-_ .;:J 00 BN

o The SPT measured the secondary anisotropy from
(possibly) SZ.The power spectrum amplitude

IIIII
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Lower Asz: Two Possibilities

I <max ff‘ r *Mmax d ni _11[ =) >
(‘.’ :r: ]I:—'—“ f_‘ll[ T J[: 1
g [ o / BT it

2 -”'.niu

)

I(I : 1)Ci - 330K o ( yh )"x [ga_s prESSUre]

(.035

-

® The SZ power spectrum is sensitive to the number of
clusters (i.e., Og) and the pressure of individual clusters.

® Lower SZ power spectrum can imply:

® Ogis 0.77 (rather than 0.8): > my~0.2eV?

® (Gas pressure per cluster is lower than expected
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WMAP measurement favors this possibility.



