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What is WMAP?

o Satellite detecting primordial photons “cosmic microwave background”
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What is new with WMAP?

o 3 times more data
o Polarization maps
o More accurate understanding of the instrument

-> New cosmological implications
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What Took So Long?

o Our detected polarization signal is weak
- we have errors below 200 nanoKelvin

o Making a convincing detection of large-scale polarization required
understanding:

- the experimental systematics,
- modeling the interplay between noise and scan strategy and
- understanding galactic emission
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What is New?

Improved Gain (instrument responsivity) Model

Improved Beam Model and more accurate treatment of sidelobes

Improved Noise Model (uses real data rather than sims)

Improved Foreground Model
Finer pixelization

Exact treatment of likelihood for large scale temperature and
polarization
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CMB is a near perfect primordial blackbody spectrum

Universe expanding and cooling over fime...

1) Optically opaque
plasma

0.1eV

3) Free Streaming’' CMB

2) The 'last scattering’ of photons Blackbody photons at ~3000K

~400,000 years after the Big Bang, redshifted by universe's expansion
-> ~2.726K background we

measure today.
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The oldest fossil from the early universe

t=1§ pillion years
T=3K (1meV)

Recombination

| t=3minutes
| 1=1second Nucleosynthesis

Testable in particle accelerators :
Imprint

in CMB

Inflation and Grand Unification?

Quantum Gravity/ Trans-Planckian effects....
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The cosmic equivalent of tree rings...

t=1§ pillion years
T=3K (1meV)

Dark Energy domination )
ST Imprint
Reionization on CMB

Galaxy formation

Recombination CMB

. t=3minutes

| 1=1second Nucleosynthesis

el
T=1MeV |‘

t=10""s

g LB te T

Testable in particle accelerators :
Imprint

| st in CMB

Tummv’
|

|

Inflation and Grand Unification?

Quantum Gravity/ Trans-Planckian effects....
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Important comparisons with later observations

= s billon yeurs Supernovae
T=3K (1meV) : . -
Dark Energy domination U4 SEIEI

Imprint
Reionization LSS surveys on l:c):MB

Galaxy formation

Recombination CMB

| t=3minutes
| 1=1second Nucleosynthesis

Testable in particle accelerators :
Imprint

in CMB

Inflation and Grand Unification?

Quantum Gravity/ Trans-Planckian effects....
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Imperfections in the CMB are what we are really
interested in

o Escape of photons from evolving o ..Translate into fluctuations in
gravitational potential wells at last the blackbody photon temp at
scaffering, ~1/100,000 level

Cold spots = high density
Hot spots = low density

A

~

>

X

o Compton Scattering interactions in Decompose into spherical modes
photon-electron/baryon fluid on sky (¢ ~ 1/angle).

characteristic scale A™ c.t - Contribution of each mode -

> Power spectrum
Y «—>» - «—>» p'
Compton  Coulomb
scattering interaction
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CMB scattering gives a "2 for 1”: Polarization too!

o Polarization created by Thomson

0

scattering of photons with a non-zero
quadrupole (1=2 spherical harmonic)

Polarization gives a purer imprint of early
universe than temperature

— Once electrons in atoms, scattering
processes stop

Polarization on scales below horizon scale
at scattering

- small scale polarization at
recombination 271088

- Larger scale from reionization by the
first stars z725

Isotropic radiation
No polarization

o+

c

Dipolar anisotropy
No polarization

e

—>
e-

Quadrapolar anisotropy
| Net linear polarization!

e-

Based on Wayne Hu's figures
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Temperature & polarization patterns correlated

radial polarization pattern
/ AN

matter flows into high

<" density region
tangential polarization

matter flows out of

pattern around hot spots
ﬁ \ low density regions which

o Polarization pattern <-> velocity flow of matter from high to low density
- Predicts polarization should m out of phase with temperature
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CMB Polarization: Alternative descriptions

Polarization <=> Stokes Parameters
(Q,U) or E/ B modes analogous to EM.

- E/B rotationally invariant and
nicely divides underlying processes

Scalar perturbations only generate EE

- EE polarization <=> matter density
& CMB temperature

Only tensor perturbations can
generate both EE and BB
— BB insight into primordial gravity
waves with little ‘contamination’
from scalar modes
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Temperature maps

pre-cleaned cleaned (1-year) cleaned (3-year)

Fermilab 26th May 2006




Multiple maps help extract CMB from galactic
contaminants

Ka Q
CMB Anisotropy Thermal Dust

Synchroton emission

~\
M
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o
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5
-

Fr'equency ?8H‘OO 200

Spinning dust grains? Dlees s conliiig
No detections reported -Electron-ion scattering
Expect strict cutoff ~406Hz

As well as remove other systematics e.g. 1/f noise from
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Despite smaller error bars, the 2, ¢ improves

I T T T ' T T T l

oee (TT)/dof = 1.068 (1.09 yr 1)
\ *2ers (all)/dof =1.04 (1.04 yr 1)
\

1 Year
3 Years
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Polarization maps
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Polarized foregrounds - evidence of role of
galactic magnetic field

Magneftic Field Structure in external
gaIGXies QXhibif spiral s.l-rucll-ure M51 6cm Total Int. + B-Vectors (VLA Effelsberg)

M83 6cm Polarized Int. + B-Vectors (VLA+Effelsberg)
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Same bisymmetric spiral pattern is a good
global fit to the field structure

Polarization angle

-4

Polarization .
Amplitude

K1 Polarization Amplitude Polarization Prediction from Haslam
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'Cleaning’ out foregrounds

pre-cleanad

o K band data (synchrotron
profile - galaxy magnetic
field)

+ ILC dust map

+ starlight polarization
(polarized dust) data

used as a template to clean
maps

Many people interested in
galactic polarization (see
Page et al) but from now on
treat as contamination &
look at cosmology!

W-band

QO Stokes
[
20 Yl}_K:I 20
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Better foreground model increased some TE
errors (especially | = 2 and |=4)

Angular scale
0.5° 0.2°
I I

Pass2 TE

500
Multipole moment [

Raw (3yr)
Clean (3yr)
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Large scale EE/BB polarization measurements

ctra

3

4 G
Multipole mament (1)
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Summary of power spectrum results
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Binned TT and TE spectra

Angular Scale
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Cosmological discovery is an iterative process...

Pure theory
(and conjecture)

——r——

Detailed modeling of
consequences and real life
contaminants

Precision surveys to check
theoretical predictions
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Improvement

WMAP yr 1

WMAP yr 1
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LCDM: WMAP and WMAP+others
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Likelihood Analysis of Optical Depth

Exact likelihood treatment that includes both
TE and EE data works directly with maps

1= 0 => A%, = +8 vs bestfit 150

More years of data will yield more insights
into reionization e.g. 2 step process?

- X,=1 for z<7
- X, = x,0 for 7<z<z_,
=> 0.057<t<0.17 (1lo)
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WMAP fits predict small scale CMB

Predicted small scale CMB spectrum from WMAP alone
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WMAP fits predict H(z)

| Predicted H(z)
1 evolution

Synthetic stellar pop
Ages of galaxies
(Simon et al ‘05)o~

Luminosity distance prediction from WMAP alone

0.5

SNLS

HST/GOODS |

Empty Made ‘ ' I Empty Model
Flat Dark Energy Model 1 Flat Dark Energy Madel
" e BinnadData 1 |« Binned Data

|
0.5
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WMAP fits predict galaxy and mass distribution
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WMAP fits predict primordial abundances
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Predictions of inflation

o0 Acceleration induced by slow roll

down scalar potential Inflation

V(o)A

- Scale variation in tilt (running)
second order

- Small but non-zero tensor
contribution r=T/S

-

- Near scale invariant ftilt

Reheating

o Acceleration causes Hubble horizon m,2 \V”
decreases n= 8t V

- Flatness is an attractor

2 y
- Density fluctuations seeded by _ W, V2
Gaussian quantum fluctuations in 16wV 2
scalar frozen outside horizon

<< 1

ng =1-6e+2n
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Looking Pretty Gaussian....

One point distribution function
(Npix = 3072, 12288, 786432)

Numoer
Number

Still some interesting large scale correlations...
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WMAP and Initial Conditions : constraining inflation

Constraints on power law initial P(k)ockn 1 4+ tensors, r=A;/A
i | WMAP + SDSS
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Alternative power spectrum models

Sharp k cutoff in initial spectrum Improvemenf in At by suppressing

Loy large scale power small,
x 08F
380.6:-
N ok
| P(k)= 0, k<k. . . .
0.2 ) Reconstruction of P(k) in 15 k bins
- AY et =-1 P
| 1 ? ? zlz ™ AXZ =-22
kc [10_4 MPC_I] E 60;‘ eff _:
s %0
P(k) reconstruction consistent RS !
with power law P(k) T 20! { * | O AR 3R 2N * _

0.001 0.010 0.100
k/Mpc
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‘Bumps and wiggles’ reduced
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Based on model by Martin and Ringeval (2003)

Other pure cos(k) and cos(lg k) modulations produce similar
improvements: Ay ¢ a) =-5 and -9.5 for 2 extra parameters
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| Data Set " Ok | 2 |

WMAP + h =0.72 £ 0.08
WMAP + SDSS
WMAP + 2dFGRS
WMAP + SDSS LRG
WMAP + SNLS
WMAP + SNGold

WMAP only
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Massive neutrinos

=m, (eV) 95% CL

WMAP
WMAP+SDSS WMAP only 2.0

WMAP+SDSS

WMAP+2dF

CMB +LSS + SN
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Sensitive to assumptions about clustering properties of Dark Energy

48/54
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Robustness of dark energy constraints....

w + curvature

s CMB + SN + LSS

W + massive neutrinos
CMB + SN + LSS

-1.6’ : 4 Il 4 3
00 0.2 0.4 0.6 0.8 1.0 1.2 1.4

=m, (eV)
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Beyond WMAP : Applying WMAP to new tasks

o Cross-correlation with structure :
- Workshop over the last 2 days has shown the great potential of this
- Exciting opportunities to probe dark energy, reionization ...

o Complementary cosmological experiments

- Crucial complementary parameter constraints from precise
understanding of physics at last scattering

o Future CMB experiments:
- Mapping the foregrounds
— Calibration
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Small scale CMB / SZ surveys
Implications for dark matter/ dark energy research

o Ground based e.qg.:
-SZA ~100 clusters, 12 sqdeg, 21, 2004

—-APEX ~1000, 200sqdeg, 2005

—ACT 71000 clusters, 100 sqdeg, z71.4,
early 2006, photometric support from
SALT

-SPT 710,000 clusters, 4,000 sqdeg, z71.2,
2007, photometric support from DES

o Satellite :
e Planck, ~ 15,000 clusters, z~1, 2007

o And others ..
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CMB polarization large and small scale:
Primordial gravity waves & CMB lensing

Experiment

Location

Status

Experiment

Location Status

PIQUE

Ground

Observing

EBEX

Balloon Building

WMAP

L2

Observing

BICEP

Ground Observing

DASI

Ground

Observing

Quest

Ground Building

CBI

Ground

Observing

Maxipol

Balloon Analyzing

QUAD

Ground

Observing

Planck

L2 Building

Amiba

Ground

Building

POLARBEAR

Clover

Ground Funded

.\

{ C/OVER™
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Conclusions

o  WMAP now has full sky temperature and polarization maps

- Distinct polarization signature of reionization with z~ 11 has reduced
cosmological parameter degeneracies

Simple cosmological model has survived its most rigorous test

Data favors red spectral index (with values consistent with simple
inflationary models) over Harrison-Zeldovich Peebles spectrum

o Rich cosmological prospects from combining WMAP with complementary data

o Very exciting future with experiments beyond WMAP
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