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Abstract: We have announced the results from 7 years of observations of the Wilkinson Microwave Anisotropy Probe (WMAP) on January
this talk we will present the cosmological interpretation of the WMAP 7-year data, including the detection of primordial helium, image
polarization of microwave background around temperature peaks, and new limits on inflation and properties of neutrinos. We also re
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

M arch zms: Stacked Temperature Stacked Polarization

® January 2010: The seven-year
release data release




WMAP /-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}953548



WMAP 7-Year Science Team

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

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

® EL 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:

® Smy<0.58eV (95%CL); Nez=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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Zoomlng mto the 3rd peak
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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 CT7

® 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 |/(0me) = Enhanced Silk damping

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

Pirsa: 10040021
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Detection of Primordial Helium
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Effect of helium on /™7

® 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=(|1-Y;)ne.

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

® This effect might be degenerate with Qsh? or ns...
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Detection of Primordial Helium
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Effect of helium on C'T

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

® As helium recombined at z~1800, there were fewer
electrons at the decoupling epoch (z=1090): ne=(|1-Y;)ne.

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

® This effect might be degenerate with Qsh? or ns...
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Detection of Primordial Helium
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WMAP + higher-l CMB =

Detection of Helium

Baryon Density

® The combination of WMAP and high-l CMB data

Tilting

(ACBAR and QUaD) is powerful enough to isolate the

: 10040021

effect of helium: Y, = 0.33 * 0.08 (68%CL)
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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,.

RPirsa: 10040021 ~ s - Page 50/124
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0.23<Y,<0.3 (68%CL)
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® Planck is expected to yield AY,~0.01 (68%CL; Ichikawa
oo €€ 2l 2008). e s



Another “3rd peak science’
Number of Relatlwstlc Species
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7-year TE Correlation
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Let’s talk about CMB polarization.
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(I+1)C,TE/2n [uK?]

(I+1)C,T8/27w [uK?]

Improvements from 5-year

2[

_. Lo . ® For 5-year, we used Q
1 _- — andV bands to measure
2 e ! the high-I TE and TB. For
0 ““‘fﬁfmﬂF : Hﬁw*’"‘uﬂ /-year, we also include
= | the W-band data.
o 1 e TE:2l0 detection!
L ; (lt was 130 in 5 year)
Hlink = . - ® TBis expected to vanish
0 #lyfiw*—i+“ ——————— — In 2 parity-conserving
' g e ] universe, and it is
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What Are We Seeing Here!

R RRIHIT E E EEEETEE] | 1 |

| don’t know about you, but | 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

Temrershos Crinpmr=inn Temporshie Peiane=nn
HOT SPOT COLD SPOT

® Solution: Leave Fourier space.
NIR9g Go back to real space.  —=



CMB Polarization is
a Real-space Stuff

Quadrupole
) Anisotropy
[sotropy
v
Thomson
Scattering

N\

b

-
-

Linear
Polarization
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CMB Polarization on Large
Angular Scales (>2 deg)
el
oencal [

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

B O O

® How does the photon-baryon plasma move?! .
23
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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 Tells Us How
Plasma Moves at z=1090

Zaldarriaga & Harari (1995)
ey _—~___~_____
Density

ATIT = Newton s Gravitation Potentlal)/3

AT

Jolarization

® Plasma falling into the gravitational

Rirsa: 10040021 ~ e s e ol s TS e o s = . Page 62/124

potential well = Radial polarization pattern  #



Pirsa:

Quadrupole From
Velocity Gradient (Large Scale)

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

0 TR

a>0 =0
Velocity »>—p—p  Velocity gradient
Velocity in the rest The left electron sees colder
frame of electron e e
photons along the plane wave
0000000 Polarization e

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 e Velocity gradient
Velocity in the rest —> > <
frame of electron 3 3
ea 100002 Olarization

Radial Tangential =



Hence, TE Correlation

-30 [ — No Smoothing
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Multipole Moment ()

CT9(@) [K?]

10

(Coulson et al. 1994)
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Quadrupole From
Velocity Gradient (Small Scale)

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

Acceleration - .
o— 338 Pressure gradient slows
a>0 <0 down the flow
Velocity R Velocity gradient
Velocity in the rest —> > <
frame of electron e e«
e 1000020 lAriZation
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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.

I TV SPOT

® Peak theory gives: ﬂn TWP (B, +bI2)CTE Jy(16).

[Note the [ term! 28
AL, 1% s Ll * o
(Desjacques 2008)] (U O)=— | =W W (b, +b°)C/P116),



Analogy to Weak Lensing

¢ |f you are familiar with weak lensing, this statistic is
equivalent to the tangential shear: = (p.-,) = 2221

v

e\ ZL)
o N 7,20, 7,40

/ \\:_. kdk |
A = pob = — P (k, zL)2(kR)

" 8 | Ll

Tangential shear, |, Hc?weven all the formul?le given in the
<Y:, is positive for / ||te;atur';e E;_;e afscale-lmdemnl;:lent
Vi
this.example. /7= as, by. This formula muzst e
Sl modified to include the k*term.

Ykl) = —71(0) cos(20) — ¥2(0) SIn(20) ey
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<Q,>(0) [pK]

Alle > 0 (v=0)

; —— Simulation
. ——— Gaussian for T&E (FWHM=0.57)

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

Alle > 1 (v=1)

= =y ey e L

Low peaks enhanced
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<Q,>(6) [UK]

=]
=
1

0.2 F

perature hot spots are stacked

04l

small scale correlatron {
_ AT/o > 2 (v=2) ] A AT/o >3 (v=3) ]
.? a ' 1

l\ S — .I.._h_ | R P
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stuffis
flowing in
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H:gh peaks basically the _1
~ sameasCT9(0)
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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=""L

o

R A%(R, z)
/ \\ 7,20, 7.<C
£ \, kdk 2L
/ A = p[]b1 _,)—’F_Pm.(ks :L)]E(AR)
Tangential shear, | _ However, all the formulae given in the

<Y:2, is positive for / ||tel;aturl;e E;_Ze afscale-lmdepen;lent
4
th\ls\example_ Pdiai s Ia.S, . I.S ormuia mu;t -
b BE modified to include the k*term.

¥48) = —71(0) cos(20) — 12(0) sin(2¢) -



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. " P

M NSPOT

® Peak theory gives: @n TWP (b, +b2)CTE Jy(16).

~ [Note the [* term! | - ) - -
~ (Desjacques 2008)] U O)=— [ =W W (b, +b°)C/ P 16).
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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.

1 SPOT

® Peak theory gives: , ﬁn TWE (B, +b2)CTE 1o (16),

[Note the [* term! 2
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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. ’i I

Hl‘.‘.‘iT'EHJT- rrinsEOT

® Peak theory gives: , , / @n WP (5, +bI2)CTE Ly (16).

~ [Note the [ term! | il S
 (Desjacques 2008)] U O)=— [ =W W (b, +b°)C/PT16),



Analogy to Weak Lensing

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

T

Zie\ZL)
e AX(R, zr)
\ ¥.=0, 7.<0
Vi \ kdk .
= pob / ——Fm(k,zL)J2(kR)
| A . V4§
l ' l = . .
Tangential shear, | ... ngeven all the forrnul:f'te given in the
<y:>, is positive for / Ilte;atu;e Ell_s:: afscale—ldepen;lent
this.example. /_;_-__. ias, bi. This formula must be

e b modified to include the k?term.

k) = —71(0) cos(20) — ¥2(0) SIn(20) g
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