The Cosmic Microwave
Background
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Parameter Symbol Value

Hubble parameter . 0.73 + 0.03
Lotal marter density Qumh? = 0.134 £ 0,006
Baryon density -

al constant

on amplitude

on spectral index




Solving the Horizon Problem
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If super-expansion lasts long enough, CMB patches on opposite sides
of the sky would have been close enough to communicate in the
primordial times.




Quantum Fluctuations in the early universe
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ExrAnsionN OF THE UNIVERSE

4

Dark Matter + Dark Energy
affect the expansion of the universe
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Consecuencias de los resultados del WMAP/CBI etc.:
Una revolucion en la fisica fundamental

Qb 4 % materia normal

21 % materia oscura

QA 75 % energia oscura

Edad del Universo: 13.5 mil millones de anos



Homogeneous & Isotropic
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Big Bang
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PRESENT
13.7 Billion Years
after the Big Bang

The cosmic microwave background Radiation’s
“surface of last scatter” is analogous to the
light coming through the clouds to our

eye on a cloudy day.

We can only see

the surface of the
cloud where light
was last scattered




Measuring the CMB Anisotropies

* First COBE image
* No variation on the scale 1 part in 1000

Wayne Hu



Measuring the CMB Anisotropies

* Turn up resolution slightly
* Dipole - redshift from our motion




Measuring the CMB Anisotropies

* Approach microKelvin precision

* We see the early perturbations that give
rise to the structure of today




jrh_a’genes totales del c;lelo de las anlsotroplas deI CIVIB
. 2725K+/-~30 uKrms

“Resolucion !



CMB Power Spectrum

* Measure the angular coherence of the temperature
fluctuations

* We are familiar with decomposing signals in
Fourier space with £ modes

e Since C fluctuations are on the 2-D sky, we
need angular decomposition in multipole space to
study the amplitude
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Spherical Harmonics
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scala angular en el cielc
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Systematic sources of error since recombination
(affect primarily small scale power)

Gravitational waves
— Affect polarizations

Integrated Sachs Wolf effect

— Depth of potential well changes photon frequency as
universe expands

 Relonization
— Eliminates anisotropies

Lensing effects
« Sunyaev Zeldovich effect



T, =6 keV

n = 10° protons m
L =1 Mpc i
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Combined measurements of X-ray, and thermal & kinetic SZ
are powerful tools to study the structure of clusters

A CLUSTER SEEN IN DIFFERENT WAYS

projected dark matter SZ effect (thermal)
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SZ effect (kinetic) temperature slice

A-ray

projected gas density




Parameter Estimation

* Need to assume value and error of
some parameters a priori to fit other
cosmological parameters to CMB power

spectrum




Initial Fit to WMAP - 6 parameters

Fit Derived
Q,h*=0.024+0.001 2,=0.047+0.006
Q h=0.14+0.02 2,,=0.29%0.07

'h=0.72+0.05 t,=13.4+0.3Gyr

Combine WMAP, CBI, ACBAR, 2dFGRS,
Lya Forest Data

Q,h*=0.0224+0.0009

Q
Q h?=0.135+0.009 ,=0.
'h=0.71+0.04 t =



Parameter Symbol Value

Hubble parameter . 0.73 + 0.03
Lotal marter density Qumh? = 0.134 £ 0,006
Baryon density -

al constant

on amplitude

on spectral index




Penzias and
Wilson




