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Overview
• The Cosmological significance of the Microwave g g

Background
• Overview of experimental results and cosmological 

i li ti t iti d f thimplications - geometry, composition, and age of the 
universe!

• Analysis challengesAnalysis challenges…
• Formulation of a Bayesian Approach
• Application to WMAP 1 and 3 year temperature and pp y p

polarization data
• Current work in preparation for Planck
• Conclusions…



From the Proceedings of the National Academy of Sciences
Volume 15 : March 15, 1929 : Number 3
A RELATION BETWEEN DISTANCE AND RADIAL VELOCITY
AMONG EXTRA-GALACTIC NEBULAE
By Edwin Hubble
Mount Wilson Observatory, Carnegie Institution of Washington
Communicated January 17, 1929
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• CMB is a perfect blackbody• CMB is a perfect blackbody
• Why is the CMB temperature so uniform across the sky??



How Did Structure Form?How Did Structure Form?



Seeds of Large-Scale 
Structure Detected!



Recent Results:  From 
COBE to WMAP

COBE, 7 degree resolution

Boomerang, 1 degree resolution

WMAP, 1/2 degree resolution

http://map.gsfc.nasa.gov
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WMAP 1 Yr 
ResultsResults

First stars turned on earlier than expecte

A f iAge of universe

Composition of the universe



What are the data?
Si lSi l F dF d

CCll((θ)θ)
SignalSignal Foregrounds...Foregrounds...

SkySky

Frequency bandsFrequency bands

Noise (correlated?)Noise (correlated?)

TOD (TimeTOD (Time--ordered Data)ordered Data)



Simulation and InferenceSimulation and Inference

p(,,s, f ,d)  p(d | f ,s) p( f |)p(s |) p(,)

p(, | d)  p(,) d(s, f ) p(d | f ,s) p( f |) p(s |)



Implementation of Bayesian Approach

p(, | d)  p(,) d(s, f ) p(d | f ,s) p( f |)p(s |)p( , | ) p( , ) ( , f ) p( | f , ) p( f | )p( | )
O[N 3 ]Computational Expense:Direct evaluation: [ ]

 log p( | d)
p()

 ˆ s (d)[C()  N]1 ˆ s (d)  log C()  N
p()

Gibbs Sampling: KO[N 3 / 2]Computational Expense:

p( | d)  d  ds p( | s,d)p(s | ,d) p(  | d)

[ ]p p

 



p( | d)  ds p(  | s)p(s | ,d) p( ,s | d)p( | ) p( | )p( | , ) p( , | )

[I  C1/ 2AT Nt t 
1AC1/ 2](C1/ 2ˆ s )  C1/ 2AT Nt t 

1d

M Fi ld ( i t ti t d d t )Mean Field map (given power spectrum estimate and data)



p( | d)  ds p(  | s)p(s |  d) p(  s | d)p( | d)  ds p(  | s)p(s | ,d) p( ,s | d)

[I C1/ 2AT N 1AC1/ 2] (C 1/ 2) C1/ 2AT N 1/ 2[I  C1/ 2AT Nt
1AC1/ 2] (C1/ 2)   C1/ 2AT Nt

1/ 2

Fl t ti ( i t ti t )Fluctuation map (given power spectrum estimate)
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Gibbs Sampling Applied to 
WMAP I

Individual samples Posterior mode

I.J. O’Dwyer et al, ApJ,617,L99,Dec. 2004



Blackwell-Rao Estimator 
F P t P t iFor Parameter Posterior…

p( | d)  ds p(  | s) dC p(s | d C ) p(C | d) 
 2C ()

p( | d)  ds p(  | s) dCl p(s | d,Cl ) p(Cl | d) 
p( | s) p() e l 2Cl ()

2Cl
1/ 2()lm

 Sampled Maps from
Gibb h i i li dllm Gibbs chain, marginalized
Over power spectra…

M. Chu et al, Phys.Rev. D, 71,2005



WMAP 3 Year Temperature 
Re-Analysis Results

Fig. 7 of Eriksen et al, A Reanalysis of the Three-Year Wilkinson
Anisotropy Probe Temperature Power Spectrum and Likelihood



WMAP 3 Year PolarizationWMAP 3 Year Polarization



WMAP - Frequency Channel 
Dependence…



WMAP 3 Year Polarization Band PowersWMAP 3 Year Polarization Band Powers



The Future of CMB Studies - Planck
<50 K

55 K

100 K100 K

160 K

270 K

370 K



MAP vs. Planck - Expected 4 
Year Sensitivity



Planck:  Resolving the 
Composition of theComposition of the 

Universe!

• Solid line shows a spatially flat model
• Dotted line shows a model with 24% variation in baryonic % y

density, and 5% variation in cold dark matter density…



Striping

Dust

SynchrotronSynchrotron

Free-Free

Galaxies

Clusters SZ Thermal

Clusters SZ KineticClusters SZ Kinetic

CMB



Foreground Frequency Response

(A
rb

itr
ary

 Verti
cal S

calin
g)

M
82 (A



Including ForegroundsIncluding Foregrounds
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Synchrotron:Monopole, Dipole, Free-Free:
Fit pixel independent
amplitudes, and 
spatially varying 
spectral index

p , p ,
Dust:
Fit for amplitude
at each frequency

Fit for amplitude

spectral indexq y

FDS H-alpha Haslam



Joint Sampling CMB and 
Foreground Amplitudes

Previous Gibbs Implementation: Improved Implementation:The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been corrupted. Restart your computer, and then open the file again. If the red x still appears, you may have to delete the image and then insert it again.

s p(s | a,Cl ,,d)
a p(a | s C  d)

(s,a) p(s,a | Cl ,,d)
Previous Gibbs Implementation: Improved Implementation:

•Instant “burn-in”a p(a | s,Cl ,,d) •Instant burn-in
•Virtually uncorrelated

samples



WMAP Synchrotron and CMB Map Samples

a) b)

c)
Gibbs Sampled Maps:
• WMAP K Ka Q V W bands c)• WMAP K,Ka,Q,V,W bands
• CMB+Synch. Map+Monopole

+ dipole+dust (FDS)+ff(H-alpha)
• Shown are:

a) sampled CMB,
b) sampled pixel-based synch.

map (spectral index = -2.7),
c) Haslam template for comparisonc) Haslam template for comparison



Conclusions

• There is a wealth of cosmological information encoded in the spatial power 
spectrum of temperature anisotropies of the cosmic microwave background!

• Experiments designed to map the microwave sky are returning a flood of data• Experiments designed to map the microwave sky are returning a flood of data 
(time streams of instrument response as a beam is swept over the sky) at 
several different frequencies (from 30 to 900 GHz), all with different resolutions 
and noise properties.
Th lti l i h ll i t ti t d tif t i t i• The resulting analysis challenge is to estimate, and quantify our uncertainty in, 
the spatial power spectrum of the cosmic microwave background given the 
complexities of "missing data", foreground emission, and complicated 
instrumental noise.

• Bayesian formulation of this problem allows consistent treatment of many 
complexities including complicated instrumental noise and foregrounds, and can 
be numerically implemented with Gibbs sampling.

• Gibbs sampling has now been validated as an efficient statistically exact and• Gibbs sampling has now been validated as an efficient, statistically exact, and 
practically useful method for low-resolution (as demonstrated on WMAP 1 and 3 
year temperature and polarization data)

• Continuing development for Planck - goal is to exploit the unique capabilities of 
Gibb li t di tl t t i ti i b th f d dGibbs sampling to directly propagate uncertainties in both foreground and 
instrument models to total uncertainty in cosmological parameters
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