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Growth of Fluctuations

•Linear theory

•Basic elements have 

been understood for 

30 years (Peebles, 

Sunyaev & Zeldovich)

•Numerical codes 

agree at better than 

0.1% (Seljak et al. 

2003)
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CMB Overview

! We can detect both CMB 
temperature and 
polarization fluctuations

! Polarization Fluctuations 
can be decomposed into 
E and B modes

 " ~180/l



ADIABATIC DENSITY FLUCTUATIONS



Determining Basic Parameters

Baryon Density

#bh
2 = 0.015,0.017..0.031

also measured through D/H



Determining Basic Parameters

Matter Density

#mh2 = 0.16,..,0.33



ISOCURVATURE ENTROPY FLUCTUATIONS
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WMAP Spacecraft

MAP990422
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What Took So Long?

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

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



What is New?

Improved Gain Model

Improved Beam Model and more accurate treatment of 
sidelobes

Improved Noise Model

Improved Foreground Model

Finer pixelization 

Exact treatment of low l likelihood for temperature and 
polarization



ILC Map

difference

3-year

1-year

+200-200

+30-30

Since our ‘press release” map 
was being used extensively for 
science, we have attempted to 
characterize the uncertainties.

There remains large 
uncertainties in the plane 
where there is significant 
foreground removal



Polarization Maps



Magnetic Field Structure in external 
galaxies exhibit spiral structure



Same bisymmetric spiral pattern is a 
good global fit to the field structure

Deviations show 
regions with 
shallower 
spectra
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3. ΛCDM Model: Does it still fit the data?

3.1. WMAP only
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Fig. 1.— The improvement in parameter constraints for the power-law ΛCDM model
(Model M5 in Table 3). The contours show the 68% and 95% joint 2-d marginalized
contours for the (Ωmh2,σ8) plane (left) and the (ns, τ) plane (right). The black contours
are for the first year WMAP data (with no prior on τ). The red contours are for the
first WMAP data combined with CBI and ACBAR (WMAPext in Spergel et al.
(2003)). The blue contours are for the three year WMAP data only with the SZ
contribution set to 0 to maintain consistency with the first year analysis. The WMAP
measurements of EE power spectrum provide a strong constraint on the value of τ .
The models with no reionization (τ = 0) or a scale-invariant spectrum (ns = 1) are
both disfavored at ∆χ2

eff = 8 for 5 parameters (see Table 3). Improvements in the
measurement of the amplitude of the third peak yield better constraints on Ωmh2.

The ΛCDM model is still an excellent fit to the WMAP data. With longer integration times
and smaller pixels, the errors in the temperature C! on the high $ multipoles have shrunk by more
than a factor of three. As the data has improved, the likelihood function remains peaked around
the maximum likelihood peak of the first year WMAP value. With longer integration, the most
discrepant high $ points from the year-one data are now much closer to the best fit model (see
Figure 2). For the first year WMAP TT and TE data (Spergel et al. 2003), the reduced χ2

eff was
1.09 for 893 degrees of freedom (D.O.F.) for the TT data and was 1.066 for the combined TT and
TE data (893+449=1342 D.O.F.). For the three year data, which has much smaller error bars for
$ > 350, the reduced χ2

eff for 982 D.O.F. ($ = 13 − 1000- 7 parameters) is now 1.068 for the TT
data and 1.041 for the combined TT and TE data ( 1410 D.O.F., including TE $ = 24 − 450),

Improvement in Parameters– 10 –

Table 2: Power Law ΛCDM Model Parameters and 68% Confidence Intervals (ASZ = 0)
Parameter First Year WMAPext Three Year First Year WMAPext Three Year

Mean Mean Mean ML ML ML
100Ωbh2 2.38+0.13

−0.12 2.32+0.12
−0.11 2.23 ± 0.08 2.30 2.21 2.22

Ωmh2 0.144+0.016
−0.016 0.134+0.006

−0.006 0.126 ± 0.009 0.145 0.138 0.128
H0 72+5

−5 73+3
−3 74+3

−3 68 71 73
τ 0.17+0.08

−0.07 0.15+0.07
−0.07 0.093 ± 0.029 0.10 0.10 0.092

ns 0.99+0.04
−0.04 0.98+0.03

−0.03 0.961 ± 0.017 0.97 0.96 0.958
Ωm 0.29+0.07

−0.07 0.25+0.03
−0.03 0.234 ± 0.035 0.32 0.27 0.24

σ8 0.92+0.1
−0.1 0.84+0.06

−0.06 0.76 ± 0.05 0.88 0.82 0.77

1.0

0.8

0.6

0.4

0.2

0.0

5 10 15 20 25

x e

zreion

1.0

0.8

0.6

0.4

0.2

0.0

0.88 0.92 0.940.90 0.96 1.000.98 1.02

x e

ns

Fig. 3.— WMAP constraints on the reionization history. (Left) The 68% and 95% joint
2-d marginalized confidence level contours for x0

e − zreion for a power law Λ Cold Dark
Matter (ΛCDM) model with the reionization history described by equation 3 and fit to
the WMAP three year data. In equation 3 we assume that the universe was partially
reionized at zreion to an ionization fraction of x0

e, and then became fully ionized at z = 7.
(Right) The 68% and 95% joint 2-d marginalized confidence level contours for x0

e − ns

where τ has been fixed to be between 0.09 and 0.11. This figure shows that x0
e and ns

are nearly independent for a given value of τ , indicating that WMAP determinations
of cosmological parameters are not affected by details of the reionization history. Note
that we assume a uniform prior on zreion in this calculation, which favors models with
lower x0

e values in the right panel.



Same Model 
fits small 
scale CMB 

measurements
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Fig. 5.— The prediction for the small-scale angular power spectrum seen by ground-
based and balloon CMB experiments from the ΛCDM model fit to the WMAP data
only. The colored lines show the best fit (red) and the 68% (dark orange) and 95%
confidence levels (light orange) based on fits of the ΛCDM models to the WMAP data.
The points in the figure show small scale CMB measurements (Grainge et al. 2003;
Ruhl et al. 2003; Abroe et al. 2004; Kuo et al. 2004; Readhead et al. 2004a). The plot
shows that the ΛCDM model (fit to the WMAP data alone) can accurately predict the
amplitude of fluctuations on the small scales measured by ground and balloon-based
experiments.

Background Imager (CBI: Mason et al. (2003); Sievers et al. (2003); Pearson et al. (2003); Readhead
et al. (2004a)), the Very Small Array (VSA: Grainge et al. (2003); Slosar et al. (2003); Dickinson
et al. (2004)), the Arcminute Cosmology Bolometer Array Receiver (ACBAR: Kuo et al. (2004))
and BOOMERanG (Ruhl et al. 2003; Montroy et al. 2005; Piacentini et al. 2005) We do not
include results from a number of experiments that overlap in ! range coverage with WMAP as
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Fig. 4.— The ΛCDM model fit to the WMAP data predicts the Hubble parameter
redshift relation. The blue band shows the 68% confidence interval for the Hubble
parameter, H. The dark blue rectangle shows the HST key project estimate for H0

and its uncertainties (Freedman et al. 2001). The other points are from measurements
of the differential ages of galaxies, based on fits of synthetic stellar population models
to galaxy spectroscopy. The squares show values from Jimenez et al. (2003) analyses
of SDSS galaxies. The diamonds show values from Simon et al. (2005) analysis of a
high redshift sample of red galaxies.

WMAP fits 
predict H(z)

Galaxy Ages
+HST Key Project

Supernovae
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uncertainties and the estimate is based on several different methods (Type Ia supernovae, Type II
supernovae, surface brightness fluctuations and fundamental plane). It also agrees with detailed
studies of gravitationally lensed systems such as B1608+656 (Koopmans et al. 2003), which yields
75+7

−6 km/s/Mpc and recent measurements of the Cepheid distances to nearby galaxies that host
type Ia supernova (Riess et al. 2005), H0 = 73 ± 4 ± 5 km/s/Mpc.

4.1.2. Big Bang Nucleosynthesis

Measurements of the light element abundances are among the most important tests of the
standard big bang model. The WMAP estimate of the baryon abundance depends on our under-
standing of acoustic oscillations 300,000 years after the big bang. The BBN abundance predictions
depend on our understanding of physics in the first minutes after the big bang.

Table 4 lists the primordial deuterium abundance, yFIT
D , the primordial 3He abundance, y3,

the primordial helium abundance, YP , and the primordial 7Li abundance, yLi, based on analytical
fits to the predicted BBN abundances (Steigman 2005) and the power-law ΛCDM 68% confidence
range for the baryon/photon ratio, η10. The lithium abundance is often expressed as a logarithmic
abundance, [Li]P = 12 + log10(Li/H).

Table 4: Primordial abundances based on using Steigman (2005) fitting formula for the ΛCDM
3-year WMAP only value for the baryon/photon ratio, η10 = 6.0965 ± 0.2055.

CMB-based BBN prediction Observed Value
105yFIT

D 2.58+0.14
−0.13 1.6 - 4.0

105y3 1.05 ± 0.03 ± 0.03 (syst.) < 1.1 ± 0.2
YP 0.24815 ± 0.00033 ± 0.0006(syst.) 0.232 - 0.258
[Li] 2.64 ± 0.03 2.2 - 2.4

The systematic uncertainties in the helium abundances are due to the uncertainties in nuclear
parameters, particularly neutron lifetime (Steigman 2005). Prior to the measurements of the CMB
power spectrum, uncertainties in the baryon abundance were the biggest source of uncertainty in
CMB predictions. Recent measurements of the neutron lifetime (Serebrov et al. 2005) suggest that
the currently accepted value, τn = 887.5 s, should be reduced by 7.2 s, a shift of several times the
reported errors. This shorter lifetime lowers the predicted best fit helium abundance, YP = 0.24675
(Mathews et al. 2005; Steigman 2005).

The deuterium abundance measurements provide the strongest test of the predicted baryon
abundance. Kirkman et al. (2003) estimate a primordial deuterium abundance, [D]/[H]= 2.78+0.44

−0.38×
10−5, based on five QSO absorption systems. The six systems used in the Kirkman et al. (2003)
analysis show a significant range in abundances: 1.65 − 3.98 × 10−5 and have a scatter much
larger than the quoted observational errors. Recently, Crighton et al. (2004) report a deuterium
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WMAP fits predict 
galaxy and mass 

distribution
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Simple Model Fits!
Age

CMB Observations

Hubble Constant

Element Abundances

Cluster abundances

Lensing (Weak and Strong)

Galaxy Clustering & Galaxy Properties

Lots of new data ... No New Epicycles



New Questions

What is the dark energy?

What is the dark matter?

How did the universe begin?



Inflationary Paradigm

Developed in 1980s by Guth, Linde, 
Steinhardt, ...

Motivated by recognition that the universe 
has gone through a series of phase 
transition

During its first moments, universe gets 
trapped in a false vacuum state, drives 
exponential expansion



Inflationary Predictions

Nearly Scale Invariant Fluctuations (COBE)

Flat (TOCO, Boomerang, CBI,...,WMAP)

Adiabatic (Boomerang, CBI, ...,WMAP I)

Superhorizon Fluctuations (WMAP I)

Gaussian (WMAP I, WMAP II)

n < 1 (WMAP II)

Gravitational Waves (TBD)



Superhorizon 
Fluctuations
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time series (Jarosik et al. 2006). As we lower the resolution, the value of σnoise slowly drops with
pixel size. For W4, the channel with the large 1/f noise, this change is most dramatic; the value
of σ0 at resolution Nside = 32 is 6% higher than the value computed for Nside = 1024.

Figures 22 and 23 shows the one-point distribution function of the cleaned sky maps as a
function of resolution. At the level of the one point function, the CMB sky appears to be Gaussian.
This result is consistent with that from the area of hot and cold spots (one of the Minkowski
functionals), which measures the cumulative one point probability function.

Fig. 22.— Normalized one point distribution function of temperature anisotropy, de-
fined in equation (17), for the template-cleaned Q (left), V (middle) and W (right)
band maps outside the Kp2 cut. The sky maps have been degraded to Nside = 256 for
this figure. The red line shows the a Gaussian distribution, which is an excellent fit
to the one point distribution function.

Fig. 23.— Normalized one point distribution function of temperature anisotropy, de-
fined in equation (17), for the template-corrected V band data maps outside the Kp0
cut. The sky maps have been degraded to Nside = 16(left), 64(middle) and 256(right)
for this figure. The red line shows the best fit Gaussian, which is an excellent fit to
the one point distribution function.
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Nside = 16, 64, 256

Looking Pretty Gaussian....



Looking Flat...– 48 –
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Fig. 21.— Joint two-dimensional marginalized contours (68% and 95%) for matter
density, Ωm, and vacuum energy density, ΩΛ for power-law CDM models with dark
energy and dark matter, but without the constraint that Ωm + ΩΛ = 1 (model M10
in Table 3). The panels show various combinations of WMAP and other data sets.
While models with Ωm = 0.415 and ΩΛ = 0.630 are a better fit to the WMAP three
year data alone than the flat model, the combination of WMAP three year data and
other astronomical data favors nearly flat cosmologies. (Upper left) WMAP+HST key
project measurement of H0. (Upper right) WMAP+SDSS LRG measurement of the
angular diameter distance to z = 0.35. (Middle left) WMAP+SNLS data. (Middle right)
WMAP+SNGold. (Lower left) WMAP+2dFGRS. (Lower right) WMAP+SDSS. Note
that for this figure we assume a flat prior on H0.



Deviations from Scale 
Invariance
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Fig. 27.— The effect of SZ marginalization on the likelihood function. The red curve is
the likelihood surface for the three-year WMAP data for the power-law ΛCDM model
with ASZ = 0. The black curve is the likelihood surface after marginalizing over the
amplitude of the SZ contribution.



WMAP + LSS



Inflation: Theoretical Front

V(!)

!

Why is the 
potential so 
flat?

Why did the field start here?

Where did 
this function 
come from?

“Inflation consists of taking 
a few numbers that we don’t 
understand and replacing it 
with a function that we 
don’t understand”

David Schramm  1945 -1997

How do we convert the 
field energy completely 
into particles?



New Approach: CMB as a back light





Atacama Cosmology Telescope



Conclusions

CMB observations provide a “clean 
observational laboratory” for studying both 
the early universe and the basic properties 
of the universe today.

Current data consistent with a simple 
cosmological model

CMB a powerful tool for addressing 
fundamental questions in cosmology and 
physics


