The Cosmic Microwave Background

Hot
Photons scatter
Of of electrons

T<30 H recombines
Photons travel freely

Universe at z>1100 is hot, matter dominated, but still full of
photons.

Basic paradigm assumes fluctuations are from
inflation...quantum fluctuations at t=10-3%s are expanded by
~e60 times. The quantum fluctuations become the matter
fluctuations across the entire universe...

On smaller scales, gravitational matter collapses in
overdensities, but when this happens, pressure and
temperature increase. Size scale is set by the speed of
sound.

/At any given time...speed of sound * age of Universe creates
a sound-horizon, coherent scales where matter is falling in
for the first time,

on smaller scales, matter has reverberated in and out...

Large Scales Fluctuations

+ If we look at distances greater than 1.5 degrees on
the sky, this material has not been in contact since
the time of inflation

* On these scales, then, any fluctuations we see will
be the result of the primordial seeds.

+ Sachs-Wolf Effect
— In a potential ¥ , photons have two effects which
change them.
* 1) Gravitational Redshift
* 2) Time dilation

Large Scale Effects continued

So any large scale perturbations in the density of the
Universe, will show up as potential variations, and will
lead to similar Temperature variations (1/3 strength)
at sizes larger than the horizon size of the Universe.

At the largest scales - we only have a few samples of
the Universe - and so there will be poisson noise here
which we cannot get rid of.




Gravitational Collapse

S und
times a niverse

Heating = Pressure

Estimate what we are going to see... How big will largest
Structures be that we see in the Cosmic Microwave Background?

Ingredients:
*Recombination happens at 3000K
z~1100
+Age of the Universe at z~1100
t~370,000 years
«Speed of Sound - ¢/sqrt(3)
«Angular Size Distance (H,=72, 2,=0.73, Q,=0.27)
12.65 Mpc
«Size of sound horizon
~0.6 degrees

Acoustic Basics

Continuity Equation: (number conservation)
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where © = dn,/3n,, is the temperature fluctuation with n., o T°
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Euler Equation: (momentum conservation)
vy = k(© 4+ V)

with force provided by pressure gradients
kopy/(py + py) = kdp,/4p, = kO and potential gradients kV.

Combine these to form the simple harmonic oscillator equation
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p/ p is the sound speed squared

Harmonic Peaks
Adiabatic (Curvature) Mode Solution
[©+ T](n) = [© + U](0) cos(ks)

where the sound horizon = [c¢.dn and © + W is also the
observed temperature fluctuation after gravitational redshift

All modes are frozen in at recombination
[© + ¥](n.) = [© + ¥](0) cos(ks.)

Modes caught in the extrema of their oscillation will have
enhanced fluctuations

K

yielding a fundamental scale or frequency, related to the inverse
sound horizon and series dependent on adiabatic assumption




Spherical Harmonics

« Cosmic Microwave Background
Experiment measure
temperature fluctuations on
angular scales across the sky. -

* Want to find the average -
fluctuation on scales across o
the sky.

« Use spherical Harmonics to
describe the scales (dipole, = " -
quadrapole, octapole)...

« Like a fourier series, the
amplitude of the different = o=, e
scales, tells you the power (the
strength) of the fluctuations on
different scales.

Putting it all together

Starting with gaussian scale-free perturbation spectrum,
calculate how the Universe reverberates, then take a snap shot
at z=1100, as the Universe suddenly becomes Transparent.

Taking into account the inherent temperature variations
caused by the reverberations, and the Temperature variations
caused by the Sachs-Wolf effect, calculate the variation as a
function of scale, and project these onto the sky using the
Angular-size distance.

— Universe doesn’t become transparent instantly...Has the
effect of washing out the smallest scales

Physics how big (in meters) the blobs are in the cosmic
microwave background.

Measurement tells us how big the blobs appear to us
now.

The Ratio of how big they ard®3#d how big they appear
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MICROWAVE ANISOTROPY PROBE
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Calibrations, errors
and maps

WMAP team claim that
systematic errors are well
understood and controlled,
based on multiple checks and
detailed tests.

Calibration is based on the
Earth-velocity modulation of
the CMB dipole; claim
calibration good to 0.5%.

e Beam patterns are measured
by observing Jupiter; the
uncertainties in the beam
pattern affect the window
function.

Phasing Loops

/— Earth
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COBE vs WMAP

e Beamsize:

- COBE =7°
- WMAP =0.2°
* Spectral coverage:
- COBE =3 bands =

- WMAP =5 bands

coBE




Foreground corrections

« Essential to correct for Galacti ission and extragalactit
point sources. The CMB is separated from the foregrounds
using the spectral information in the five WMAP bands.

« Sky regions with bright foreground emission are masked.

« Low-level diffuse emission removed by forming a map based
on a MEM linear combination of the five bands - but this map
has complex error properties and is not used in the analysis.

e Cosmological parameters are derived from a map based on
masking bright sources and subtracting foregrounds based on
spectral templates for the various components (IRAS = dust,
408MHz = synchrotron radiation, Ho. = free-free ionized gas).

e This method leaves rms foreground contaminations of <7uK in
the Q-band and <3uK in the V and W bands for | <15.

WMAP’s CMB anisotropy map

« ‘Best-buy’ linear combination of the maps in the different
bands, optimized to remove the foregrounds - but errors are
complex, so not actually used in fitting cosmological models.

Summary of previous CMB power spectra
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The CMB power spectrum from WMAP

Angular Scale

Comparison to previous CMB results

* The WMAP power spectrum is normalized ~10% higher at large
multipoles compared to previous CMB results. (Why?)

Angular scale (deg)
2 0.5

80 0.2
7000 T T T T

6000
.23

~~ 5000 F i
g Rk
3 \
& 4000 F |
N
N 4 {\
X 3000
his
<

N
=1
<1
=]

Al
Fpeert M

10 40 100 200 400 800 1400

Multipole momaent [

6000 % i 05 02
TT Cross Power
5000 E Spectrum E|
= A-CDM All Data
3§ WMAP
4000 F oa)
< E
X
2
&
< 3000 £
2
2
= 2000 £
1000 F-
0 * . L : L P \ L
0 10 40 100 200 400 800 1400
Multipole moment ()
The Power Spectrum from all sources
108 ]
? 102 2dFGRS 11 207GRS |
H 310
g —_
s Ly
1 + Rt
Lyo

109 102

o1 T o0
Wavenumber k [Mpc-1] Wavenumber k [Mpc-1]

Spergel et al. 2003




CMB polarization cross-correlated with temperature

e Use of Stokes I par
e The temperature-polarization (TE) cross-power spectrum shows:

- correlations on large scales (low | ) due to re-ionization
- correlations on small scales from adiabatic fluctuations
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The Cosmic

1.5~

Timeline
e CMB last scattering surface:
(WMAP)
tyee = 379 = 8 kyr
(Zaoc = 1089 = 1)
e Epoch of re-ionization?: WMAP
and QSOs seem to disagree a bit —
t.=300-1000 Myr
e Age of the universe today: SN
+WMAP agree very well
t,=13.7 = 0.2 Gyr
e Hubble constant: (CMB+2dF, or
Cepheids + SN la)
H, =71+ 4 km/s/Mpc
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Choose stars without convective
envelopes...Measure...




