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Growth of Fluctuations

e[inear theory

eBasic elements have
been understood for
30 years (Peebles,
Sunyaev & Zeldovich)

Amplitude

eNumerical codes
agree at better than
0.1% (Seljak et al.
2003)
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CMB and LSS Observations
as Physics Probes
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CMB Overview

= \\/e can detect both: CMVB
T(R) = Z Qo Yim (72 temperature and _
polarization fluctuations
= Polanzation Eluctuations

can be decomposed Inte
E and B modes
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Determining Basic Parameters

Baryon Density
2,h?2=0.015,0.017..0.031
also measured through D/H

0
0 200 400 600 800
4




Determining Basic Parameters

Matter Density
Q h2=0.16.,..,0.33
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line of sight

V~~~

WMAP: Spacecratft

Gregorian optics,
1.4 x 1.6 m primaries

Le* y
focal plane assembly

feed horns

secondary
reflectors

thermally isolated
instrument cylinder

ielding




What Took So Long?

@ Our detected polarization signal is weak: we
have errors below 200 nanoKelvin

@ Making a convincing detection of large-scale
polarization required understanding the
experimental systematics, modeling the
intferplay between noise and scan strategy
and understanding galactic emission




What is New?

@ Improved Gain Model

® Improved Beam Model and more accurate treatment of
sidelobes

@ Improved Noise Model
@ Improved Foreground Model
@ Finer pixelization

@ Exact treatment of low | likelihood for temperature and
polarization




ILC Map

Since our ‘press release” map

was being used extensively for
science, we have attempted to
characterize the uncertainties.

There remains large
uncertainties in the plane
where there is significant
foreground removal
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Polarization Maps
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S . : : :
=% §\\\\\\\\\\\\/\\/\///////////// Same bisymmetric spiral pattern is a
e\
.. . good global fit to the field structure
_10-////6{”//// %@% WMAP Year-3 Polarization Maps
Wi
-20 . \\l \§\\ \.\\

B, ¢,2) = Bo[ cos (1) cos x(2)7* +
sin (1) cos X(z)é +
sin y(2)Z]

K1 Polarization Prediction from Haslam

Deviations show
regions with
shallower
spectra




Improvement in Parameters

Parameter | First Year WMAPext | Three Year || First Year WMAPext | Three Year
Mean Mean Mean ML ML ML
1000,R% | 2387015 2327017 | 2.23+0.08 2.30 2.21 2.22
0.016 0.006
Qmh? | 0.144%0018  0.13470008 | 0.126 + 0.009 0.145 0.138 0.128
Hy 7273 7373 7473 68 71 73
T 0.17700%  0.157507 | 0.093 £ 0.029 0.10 0.10 0.092
ng 0.99%5:07  0.98700% | 0.961 +0.017 0.97 0.96 0.958
Qn, 0.207097  0.2575:03 | 0.234 +0.035 0.32 0.27 0.24
o8 0.92107  0.84700% | 0.76 £0.05 0.88 0.82 0.77
US| 1.25
1.4}
1.20 |
13+
1.15
1.2}
11t 1.10
5 <
1.0 1.05
09r
1.00
08 ,
0.7 1
0.6 ) ) ) . . ) 0.90 ‘ . . .
0.1 0.12 0.14 0.16 0.18 0.2 0.1 0.3 0.4 0.5
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CMB-based BBN prediction

Observed Value

10°y 5T B
10%y3 1.05 4 0.03 £ 0.03 (syst.)
Yp 0.24815 4 0.00033 £ 0.0006(syst. )
[Li] 2.64 £ 0.03

1.6-4.0
<11+0.2
0.232 - 0.258

22-24

WMAP fits
predict
abundances

Abundance Ratios
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WMAP fits predict
galaxy and mass
distribution




» LRG
© Main

Tegmark et al. (2006)
astro-ph/060832
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FIC. 4: Measured power spectra for the full LRG and main galaxy samples. Errces are uncomralated and full window functions are shown
in Figure 5. The solid curves correspond to the linear theory ACDM fits to WMAPS alone from Table 3 of [7]. normalized to galaxy bias
b= 19 {top) and b = 1.1 {bottom) ralative to the = = 0 matter power. The dashed curves includa the nonlincar correction of 2% for
A= 1.4, with Q@ = 30 for the LRGs and Q) = 4.6 for the main galaxis: see equation (4). The onsat of nonlinear corrections is clarly
visible for k = 0.00h/Mpe {vertical lina).
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FIG. 7: Same as Figure 4. but multiplied by & and plotted with
a linear vertical axis to more clearly illustrate departures from a
simple power law.




Simple Model Fits!

@ Age

® CMB Observations

® Hubble Constant

@ Element Abundances

® Cluster abundances

@ Lensing (Weak and Strong)

@ Galaxy Clustering & Galaxy Properties

Lots of new data ... No New Epicycles




New Questions

@ What is the dark energy?
® What is the dark matter?

@ How did the universe begin?




Inflationary Paradigm

@ Developed in 1980s by Guth, Linde,
Steinhardt, ...

@ Motivated by recognition that the universe
has gone through a series of phase
transition

@ During its first moments, universe gets
trapped in a false vacuum state, drives
exponential expansion




Inflationary Predictions

@ Nearly Scale Invariant Fluctuations (COBE)
@ Flat (TOCO, Boomerang, CBI,.. WMARP)

@ Adiabatic (Boomerang, CBI, .. WMAP I)

@ Superhorizon Fluctuations (WMAP I)

@ Gaussian (WMAP I, WMAP II)

@ n <1 (WMAP II)

® Gravitational Waves (TBD)




Superhorizon
Fluctuations

Multipole moment (1)




Number

0.100¢

0.010¢

0.001 L

Number

Looking Pretty Gaussian....

-1
0.1000 10
E -2
:E g 10
§ 0.0100 § .
= 2 10
1 o0.0010 »
10
0.0001 107°[LL
-4
Nsid 16, 64, 256
SI e bt / /
107'¢ 107'¢ 107!
107 5 107% 5 1072
: E E
-3 -3 -3
107 2 107 2 10
107} 1074 107 gy
10°° 1078 [l 10751




Looking Flat...

— WMAP
— WMAP + HST

— WMAP
— WMAP + LRGs
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Deviations from Scale
Invariance




WMAP + LSS




“I'nf‘lation consists of taking
a few numbers that we don’t

understand and replacing it
with a function that we
don’t understand”

David Schramm 1945 -1997

L0




New Approach: CMB as a back light

Path of light
around
dark matter

Distant
universe




Primary CMB
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Atacama Cosmology Telescope
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Conclusions

® CMB observations provide a “clean
observational laboratory” for studying both
the early universe and the basic properties
of the universe today.

@ Current data consistent with a simple
cosmological model

@ CMB a powerful tool for addressing
fundamental questions in cosmology and
physics




