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Standard cosmological model
Still' Fits the Data

i General Relativity + Uniform Universex=) Big Bang
Density of universe determines its fate + shape

it Universe Is flat (total density = critical density)
. Atoms 4%
Dark Matter 23%
Dark Energy (cosmological constant?) 72%
i Universe has tiny ripples

~ Adiabatic, scale invariant, Gaussian Fluctuations
Harrison-Zeldovich-Peebles
Inflationary models



Quick History of the Universe

Universe starts out hot, e —
dense and filled with
radiation

As the universe expands,

it cools.
During the first minutes, light
elements form
After 500,000 years, atoms form

After 100,000,000 years, stars start
to form

After 1 Billion years, galaxies and
guasars
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Growth of Fluctuations

Ainear theory

Masic elements have
been understood for
30 years (Peebles,
Sunyaev &
Zeldovich)
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MANumerical codes
agree at better than
0.1% (Seljak et al.

2003) 10" 1000
Redshift
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SMALL-SCALE FLUCTUATIONS OF RELIC RADIATION*®

R.A.SUNYAEVand YA.B.ZELDOVICH
Institute of Applied Mathematics, Academy of Sciences of the U.S.S.R., Moscow, U.S.S.R.

(Received 11 September, 1969)

Abstract. Perturbations of the matter density in a homogeneous and isotropic cosmological model
which leads to the formation of galaxies should, at later stages of evolution, cause spatial fluctuations
of relic radiation, Silk assumed that an adiabatic connection existed between the density perturbations
at the moment of recombination of the initial plasma and fluctuations of the observed temperature
of radiation 67/T = d¢m/3¢m. It is shown in this article that such a simple connection is not applicable
due to:

(1) The long time of recombination;

(2) The fact that when regions with M < 105 M, become transparent for radiation, the optical
depth to the observer is still large due to Thompson scattering;

(3) The spasmodic increase of dgm/gm in recombination.

As a result the expected temperature fluctuations of relic radiation should be smaller than adiabatic
fluctuations. In this article the value of 87T arising from scattering of radiation on moving electrons
is calculated; the velocity field is generated by adiabatic or entropy density perturbations. Fluctua-
tions of the relic radiation due to secondary heating of the intergalactic gas are also estimated,
A detailed investigation of the spectrum of fluctuations may, in principle, lead to an understanding
of the nature of initial density perturbations since a distinct periodic dependence of the spectral
density of perturbations on wavelength (mass) is peculiar to adiabatic perturbations. Practical
observations are quite difficult due to the smallness of the effects and the presence of fluctuations
connected with discrete sources of radio emission.

Sunyaev & Zeldovich
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PRIMEVAL ADIABATIC PERTURBATION
IN AN EXPANDING UNIVERSE*

P. J. E. PEEBLEST
Joseph Henry Laboratories, Princeton University

AND

J. T. Yut
Goddard Institute for Space Studies, NASA, New York
Received 1970 January 5; revised 1970 A pril 1

ABSTRACT

The general qualitative behavior of linear, first-order density perturbations in a Friedmann-Lemaltre
cosmological model with radiation and matter has been known for some time in the various limiting
situations, An exact quantitative calculation which traces the entire history of the density fluctuations is
lacking because the usual approximations of a very short photon mean free path before plasma re-
combination, and a very long mean free path after, are inadequate. We present here results of the direct
integration of the collision equation of the photon distribution function, which enable us to treat in detail
the complicated regime of plasma recombination, Starting from an assumed initial power gpectrum well
before recombination, we obtain a final spectrum of density perturbations after recombination. The
calculations are carried out for several general-relativity models and one scalar-tensor model. One can
identify two characteristic masses in the final power trum: one is the mass within the Hubble radius
¢! at recombination, and the other results from the linear dissipation of the perturbations prior to re-
combination. Conceivably the first of these numbers is associated with the great rich clusters of galaxies,
the second with the large galaxies. We compute also the expected residual irregularity in the radiation
from the primeval fireball. If we assume that (1) the rich clusters formed from an initially adiabatic
perturbation and (2) the fireball radiation has not been seriously perturbed after the epoch of recombina-
tion of the primeval plasma, then with an angular resolution of 1 minute of arc the rms fluctuation in
antenna temperature should be at least §7/T = 0.00015.




CMB Overview

it We can detect both CMB

T() =" a1, Yim () temperature and
polarization fluctuations

i Polarization Fluctuations

can be decomposed into
E and B modes

q ~180l




Dark Matter
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ADIABATIC DENSITY FLUCTUATIONS
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ISOCURVATURE ENTROPY FLUCTUATIONS




Determining Basic
Parameters

Baryon Density
W,h? = 0.015,0.017..0.031

also measured through D/H
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Determining Basic
Parameters

Matter Density
W, h2 = 0.16,..,0.33
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Determining Basic
Parameters

Angular Diameter
Distance

w=-1.8,..;0.2

When combined with
measurement of matter
density constrains data to
line in W_,-w space
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WMAP Spacecratft

line of sight Gregorian optics,
1.4 x 1.6 m primaries

¥..,

IS i ! passive thermal radiator

~

focal plane assembl
feed horns

secondary
reflectors

thermally isolated
instrument cylinder
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What I1s New 1n the Analysis?

More data (errors reduced by 3/5)
Better beam model

Improvements in gain model

_ Calibration uncertainty drops from 0.5% to
0.2%

Improvements in likelihood function
Improved Sky Mask
Better estimators for non-linearity



Beam Modelling

i Full Vector EM
modelling of
distortions In primary
and secondary mirror

i Calibration off of
Jupiter, Moon, and
ground-based testing




Beam Modelling

i Full Vector EM
modelling of
distortions In primary
and secondary mirror

i Calibration off of
Jupiter, Moon, and
ground-based testing




Beam Models
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Foregrounds

i Galactic
Synchrotron (polarized)
Free-Free
Thermal Dust
Spinning Dust
i Radio Sources

Free—free
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Fluctuations Appear to be
Gaussian
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FOREGROUND CORRECTED
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100 200 400 800
Multipole moment !

Atomic Density 2.273 £0.062 x 1072
Matter Density 0.1326 4 0.0063
Amplitude 0.796 £ 0.036
Spectral Index 0.9631%3%;
Age 13.69 +£0.13
Optical Depth 0.087 £0.017




Reichardt et al. 2008 astpih/0801.1491
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Empty Universe

SNLS (Astier et al.'05)
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Consistency.

Baryon Osclillations i
Supernova .
Weak & Strong Lensing i
Cluster Abundances i
Lyman a Forest i
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Hubble Constant
Stellar Ages
Deuterium Abundance
Large Scale Structure
Velocity Field




Geometry.
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Dark Energy
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Too Little Large Scale Power?

it Lack of large scale power

Seen in COBE but clearer
now

IS the universe finite?

Are we seeing a
characteristic scale?

IS It just chance?

—— ACDM

Toy Model

— WMAP data




IS the Universe Finite or
Infinite?

Work with Neil Cornsih,
Glenn Starkman, Eiichrio

Komatsu and Joey Key
Shapiro




Topology
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Other Tilings
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Dodecahedral Space

Tiling of the
three-sphere by
120 regular
dodecahedrons




TThe microwave background in a
multi-connected universe




Matched circles In a three torus
Universe




Statistics for matched circles

Spatial comparisons:
Use a RES r Healpix grid (% pixels)
Draw a circle radius around center,
linearly interpolate values at2 points around circle

S;p=2<T(f) TL(F)>¢ /(< Ty (f)>>¢ + < T(f)*>¢)
Perfect match S,=1 Randomcircles <§,>=0
Fourier space comparisons:
T(E) T o Ene™
S (b) I H Him €™/ Hyy, (| Tinl 2 +]T;0l2)  bisrelative phase
We write as: S(b) [ §,e™ and calculat&; (b) as an FFT &,
for a n/ logn speeeup (to rtlog(n))



In a blind test >99% o

circles found in a
GRSt A0 SNI
universe

|
|
|
|
|
|
|
|




Blind test (simulated sky supplied by A. Riazuelo):

Manifold (S/Z,) with 98304 visible circle pairs at each radias,
Parameters chosen to maximize ISW, Dopplecaleerence-i wo r st

a missed made

24
30
36
42
48
54
G10)
65
/1
/6
80
85
90

missed made
2nd cut 2nd cut

1st cut 1st cut

334 97970

154 98150

55 98249 11
19 98285 3

13 98291 2
8 98296 0]
1 98303 0]
2 98302 0)
5 98299 0]
1 98303 0]
2 98302 0)
0O 98304 0]
0O 98304 0]

1642

98238
98282
98289
98296
98303
98302
98299
98303
98302
98304
98304

falsenegative
rate

96328 2%
118 98032

0.4%
0.07%
0.02%
0.02%
<0.01%
<0.01%
<0.01%
<0.01%
<0.01%
<0.01%
0%

0%

caseo.



What we see in the WMAP data:

UNIVERSE IS BIG!

4 ol .!hdi
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Conclusions

i Cosmology Is In a golden age!

i Advances in technology are enabling us to
probe the physics of the very early universe
and the birth of struictuye

i So far, the standard model appears to fit the
data, but stay tuned!

Coming Soon!
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Parameters

Improved (and higher) values for
matter density and amplitude of
fluctuations

No significant change in other
parameters

Optical depth is robust against ;
treatments of foregrounds ; T Ry
Adding SN + BAO data improves ’
matter density constraint and

sharpens parameter
measurements

Without tensors ——




Baryon Density

0892 094 096 098 100 092 094 096 098 1.00
ns ns ns

0.92 0.94 0.96 0.98 1.00

i Pettini et al. (astro-ph/0805.0594) report W, h? = 0.0213
+/- 0.010

i WMAP + D/H measurements imply
n, =0.959 +/- 0.013



Reionization

it Measurement of optical depth improves from 3t0 5 s
it Relonization IS an extended process
it Detalled study of sensitivity to foreground removal



