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WMAP: events

1993.9        First discussion on the project (Wilkinson & Bennett)
1994.3.8     Named as Microwave Anisotropy Probe (MAP)
1995.12      Proposed to NASA
1996.4        Proposal approved
2001.6.30   Launched from the Cape Canaveral by a Delta II rocket
2001.10      Arrived at L2
2002.8        Completed 1st year
2003.2.11   1st data release, renamed as WMAP
2004.8        Completed 3rd year
2006.3.16   2nd data release
(2009.9    8-years of mission will end)



http://wmap.gsfc.nasa.gov
Three-year WMAP full-sky map

A more complete analysis of 
the polarization signal.

What’s New



Three-year WMAP angular spectrum

Evidence for 
reionization
&     determined 
accurately 
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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),

Three-year WMAP cosmological parameter estimation

τ

ns

WMAP 3 yr

WMAP 1st yr

WMAP 1st yr
+ other CMB

More than 50x 
reduction in model 
parameter space.

WMAP alone can 
now determine the 
parameters with 
precision ~ 5%.

e.g.)



1. Implications for cosmology

2. Polarization and reionization
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1. Implications for cosmology 
[Cosmological parameter estimation]



CMB angular spectrum Almost  all information 
comes from “TT” correlation.



ture (minimum displacement) and then toward minimum tem-
perature (maximum negative displacement). The wave that
causes the region to reach maximum negative displacement ex-
actly at recombination is the fundamental wave of the early uni-
verse. The overtones have wavelengths that are integer fractions
of the fundamental wavelength. Oscillating two, three or more
times as quickly as the fundamental wave, these overtones cause
smaller regions of space to reach maximum displacement, ei-
ther positive or negative, at recombination.

How do cosmologists deduce this pattern from the CMB?
They plot the magnitude of the temperature variations against
the sizes of the hot and cold spots in a graph called a power
spectrum [see box on page 51]. The results show that the re-
gions with the greatest variations subtend about one degree
across the sky, or nearly twice the size of the full moon. (At the
time of recombination, these regions had diameters of about
one million light-years, but because of the 1,000-fold expan-
sion of the universe since then, each region now stretches near-

ly one billion light-years across.) This first and highest peak in
the power spectrum is evidence of the fundamental wave, which
compressed and rarefied the regions of plasma to the maximum
extent at the time of recombination. The subsequent peaks in
the power spectrum represent the temperature variations
caused by the overtones. The series of peaks strongly supports
the theory that inflation triggered all the sound waves at the
same time. If the perturbations had been continuously gener-
ated over time, the power spectrum would not be so harmo-
niously ordered. To return to our pipe analogy, consider the ca-
cophony that would result from blowing into a pipe that has
holes drilled randomly along its length.

The theory of inflation also predicts that the sound waves
should have nearly the same amplitude on all scales. The pow-
er spectrum, however, shows a sharp drop-off in the magnitude
of temperature variations after the third peak. This discrepan-
cy can be explained by the fact that sound waves with short
wavelengths dissipate. Because sound is carried by the collisions
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TIMELINE OF THE UNIVERSE
AS INFLATION EXPANDED the universe, the plasma of photons
and charged particles grew far beyond the horizon (the edge of
the region that a hypothetical viewer after inflation would see
as the universe expands). During the recombination period

about 380,000 years later, the first atoms formed and the
cosmic microwave background (CMB) radiation was emitted.
After another 300 million years, radiation from the first stars
reionized most of the hydrogen and helium. 
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1. Cosmic expansion  (Hubble’s law)
2. BBN (He4, D, Li7)
3. CMB (COBE/FIRAS) & its anisotropy (COBE/DMR)
4. Cold dark matter (galaxy clustering)
5. Inflation (flatness & horizon problem,                   
                      seed for structure formation)
6. Recent accelerated expansion (SN Ia)
7. Reionization (GP test for high-z quasars)

Standard model of cosmology

which is parametrized by (ωb,ωm, h, τ, ns, A)

Accurately predict CMB anisotropy pattern.
Values can be determined if anisotropy is probed 
down to subdegree scale. 



Cosmological parameters

ωb : Baryon density
ωm : Matter density (CDM+baryon)

h : Expansion rate
H0 = 100 h km s−1Mpc−1

ω = Ωh2 = ρh2/ρc

ρc = 3H2
0/8πG

ns : Scalar spectral index
A : Amplitude of density fluctuation

P (k) = Akns−1Primordial power spectrum

Hubble constant

Critical density

τ : Reionization optical depth

Ωm + ΩΛ = 1(NOTE: flat                                  )                     

(for “pow-law ΛCDM” universe)



Scale of fluctuation
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∞∑
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H1, H2 and H3 when the parameters ωb, ωm, h, τ and ns are varied. When we vary

a parameter, the other parameters are fixed and flatness is always assumed (especially,

increasing h means increasing ΩΛ because ΩΛ = 1 − ωm/h2). We set a reference point

at ωb = 0.024, ωm = 0.14, h = 0.72, τ = 0.166 and ns = 0.99. The observables at

this point take following values: #1 = 220, H1 = 6.6458, H2 = 0.4424 and H3 = 0.4493.

The responses are shown in Figures 3.4-3.7 and they are found to be quite linear for the

relative variation of the parameters up to as large as ±0.5. Therefore, we express the

results in the form of derivatives as
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or neglecting terms with small coefficients,

∆#1 = 16
∆ωb

ωb
− 25

∆ωm

ωm
− 47

∆h

h
+ 36

∆ns

ns
, (3.26)
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h
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∆H2 = −0.30
∆ωb

ωb
+ 0.015

∆ωm

ωm
+ 0.41

∆ns
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, (3.28)

∆H3 = −0.18
∆ωb

ωb
+ 0.21

∆ωm

ωm
+ 0.56

∆ns

ns
. (3.29)

Some of the signs and values of these derivatives are understood as follows. The

ns dependence is rather obvious because ns merely tilts the entire power spectrum; the

increase in ns increases C! with large # relative to those with smaller #. Since the effect

of reionisation on temperature spectrum is to suppress anisotropy at small scales and to

regenerate it at larger scales, H1 decreases as τ increases. The magnitude of suppression

is uniform for the scales smaller than the horizon scale at the epoch of reionisation, so H2

and H3 are not affected (in other words, all the acoustic peaks are damped equally).

The effects of h variation are also limited to larger scale observables, #1 and H1, because

it only changes the distance to the last scattering surface and the degree of late integrated

Sachs-Wolfe effect (recall that change in h is equivalent to the change in ΩΛ when the total

energy density is fixed so it is manifest only at the later stage of the universe). For #1,

the increase in h makes the distance to the last scattering surface smaller so a structure

on it (e.g. acoustic scale) is observed with larger angular scale (i.e. with smaller #). This

31
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Fig. 19.— Comparison of the three-year angular power spectrum with the first-year result. (top) The three-
year combined spectrum, in black, is shown with the first-year spectrum, as published, in red. The best-fit
three-year ΛCDM model is shown in grey for comparison. For l < 10, the difference is due to a change
in estimation methodology: the three-year spectrum is based on a maximum likelihood estimate, while the
first-year results is based on a pseudo-Cl estimate. For l > 100 the difference is due primarily to (i) an
improved determination of the WMAP beam response, and (ii) the improved sensitivity of the three-year
data. (middle) Ratio of the three-year spectrum to the first-year spectrum. For l < 10 we plot the ratio of
the two pseudo-Cl-based spectra to show the consistency of the underlying data. The red curve is the ratio
of the first-year window function to the three-year window function. (bottom) Same as top panel except that
the first-year spectrum has been multiplied by the window function ratio depicted in the middle panel, and
the maximum likelihood estimate has been substituted for l < 10.

1 yr
3 yr



Model
WMAP+

lcdm

lcdm+tens

lcdm+run

cdm+mnu

lcdm+nrel

wcdm+pert

WMAP Cosmological Parameters Model/Dataset Matrix

http://lambda.gsfc.nasa.gov/product/map/current/parameters.cfm
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Baryon density: ωb = 0.02233+0.00072
−0.00091
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Fig. 23.— The CMB-derived baryon-to-photon ratio compared with values derived from light element
abundance observations, adapted from Mathews et al. (2004). A new measurement of the neutron life time,
τn = 878.5± 0.7 (stat.) ± 0.3 (syst.) s (Serebrov et al. 2005), reduces the predicted yield of helium from Big
Bang nucleosynthesis. This, in turn, puts the helium-based determination of the baryon-to-photon ratio in
better accord with the WMAP baryon determination. Lithium production is still problematic.

Consistent with 
D & He4 
abundances.



Matter density (CDM+baryon): ωm = 0.1268+0.0073
−0.0128

ωm
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Expansion rate: h = 0.734+0.028
−0.038
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ns

Scalar spectral index: ns = 0.951+0.015
−0.019
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τ

Reionization optical depth: τ = 0.088+0.028
−0.034
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Epoch of reionization: zr = 10.9± 2.5
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1. Now, WMAP alone can determine the cosmological 
parameters [N.B. flatness assumed].

2. Some parameters are fully consistent with 1yr results 
(with τ < 0.3). Some parameters are marginally consistent.
Error bars ~ 1/sqrt(3)

3. Also, consistent with the other external data sets 
(although adopting different data sets evokes some scatter 
for h and ωm)

Inconsistency among non-WMAP data ?



Other cosmological models
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the horizon size at the epoch of reionization. Without strong constraints from polarization data

on τ , there is a strong degeneracy between spectral index and τ in likelihood fits (Spergel et al.

2003). The polarization measurements now strongly constrain τ ; however, there is still significant

uncertainty in xe and the details of the reionization history. Fortunately, the temperature power

spectrum mostly depends on the amplitude of the optical depth signal, τ , so that the other fit

parameters (e.g., ns) are insensitive to the details of the reionization history (see Figure 3). Because

of this weak correlation, we will assume a simple reionization history (x0
e = 1) in all of the other

analysis in this paper. Allowing for a more complex history is not likely to alter any of the

conclusions of the other sections.

3.3. How Many Parameters Do We Need to Fit the WMAP Data?

In this subsection, we compare the power-law ΛCDM to other cosmological models. We con-

sider both simpler models with fewer parameters and models with additional physics, characterized

by additional parameters. We quantify the relative goodness of fit of the models,

∆χ2
eff ≡ −∆(2 lnL) = 2 lnL(ΛCDM) − 2 lnL(model) (4)

A positive value for ∆χ2
eff implies the model is disfavored. A negative value means that the model

is a better fit. We also characterize each model by the number of free parameters, Npar. There are

3162 degrees of freedom in the combination of T, Q, and U maps and high # TT and TE power

Table 3: Goodness of Fit, ∆χ2
eff ≡ −2 lnL, for WMAP data only relative to a Power-Law ΛCDM

model. ∆χ2
eff > 0 is a worse fit to the data.

Model −∆(2 lnL) Npar

M1 Scale Invariant Fluctuations (ns = 1) 8 5

M2 No Reionization (τ = 0) 8 5

M3 No Dark Matter (Ωc = 0,ΩΛ #= 0) 248 6

M4 No Cosmological Constant (Ωc #= 0,ΩΛ = 0) 0 6

M5 Power Law ΛCDM 0 6

M6 Quintessence (w #= −1) 0 7

M7 Massive Neutrino (mν > 0) 0 7

M8 Tensor Modes (r > 0) 0 7

M9 Running Spectral Index (dns/d ln k #= 0) −3 7

M10 Non-flat Universe (Ωk #= 0) −6 7

M11 Running Spectral Index & Tensor Modes −3 8

M12 Sharp cutoff −1 7

M13 Binned ∆2
R(k) −22 20

Power law ΛCDM is OK for WMAP.



Ratio of scalar to tensor: r < 0.55 (95%)
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Direct measurement of primeval gravitational waves 

           

 
Theoretical predictions and observational constraints on primordial gravitational waves from inflation are shown in 

a plot of !GW(f) (the gravitational wave energy density per logarithmic frequency interval, in units of the critical 
density) versus frequency.  The dashed curve (corresponding to tensor-to-scalar ratio r=0.36 is the maximum 
allowed based on WMAP-1 if the primordial spectrum is perfectly scale invariant (nt=0).  The dotted curves are the 
maximum for nt=0 if r=0.01 or~0.001.  Inflation produces a spectrum in which the index changes slowly as a 
function of frequency: the blue region represents the range predicted for simple inflation models with the minimal 
number of parameters and tunings.  The currently existing experimental constraints shown are due to: big bang 
nucleosynthesis (BBN), binary pulsars, and WMAP-1 (first year) with SDSS.  Also shown are the projections for 
LIGO (both LIGO-I, after one year running, and LIGO-II); LISA; and BBO (both initial sensitivity, BBO-I, and after 

cross-correlating receivers, BBO-Corr).      Figure courtesy of Latham Boyle and Paul Steinhardt. 
 
The search for a gravitational wave stochastic background is also being carried out at very much higher frequencies by 
interferometric gravitational wave detectors.  The Laser Interferometer Gravitational-wave Observatory (LIGO) operates 4km 
long interferometers at two widely separated sites. The interferometers obtain their best sensitivity in a band extending from 
70 to 300 Hz.  The search for a stochastic background is carried out by measuring noise common to the interferometers 
using cross-correlation.  At initial design sensitivity, which will be attained in 2005, the !GW(f) detectable will be close to 10

–7
.  

With an upgrade planned to be operating by 2013 LIGO will extend its sensitive band in low frequency to 15Hz and improve 

its limiting sensitivity by a factor of 15.  With these changes the limiting value for !GW(f) will become 10
–10

, still not at the 
level anticipated for slow roll inflation but able to detect a variety of other models. 
The Laser Interferometer Space Antenna (LISA) is a configuration of three spacecraft placed at the vertices of an equilateral 
triangle with sides 5x10

6
 km long. The sensitive observing band extends from 0.1mHz to 10mHz. The measurement of a 

stochastic background would be carried out by measuring the noise of the system using observational modes of the 
interferometer sensitive to gravitational waves and then subtracting from this (in power) the intrinsic noise of the system in a 
mode not sensitive to gravitational waves. LISA will need to contend with a foreground of gravitational wave "noise" from the 
unresolved gravitational wave emission of ordinary white dwarf binaries in our Galaxy.  As is true for LIGO, LISA does not 

have the sensitivity to measure the anticipated level for slow roll inflation. 
Big Bang Observer (BBO) is a concept being considered for launch after LISA.  BBO is being planned to fill the frequency 
gap between the ground based interferometers and LISA, the band from 10mHz to 1 Hz.  It will use high power 
interferometry on baselines of 5x10

4
 km in triangular configurations, ultimately in a hexagonal pattern but with three widely 

separated constellations of spacecraft.  The sensitivity projections for a single configuration used in a similar mode to LISA 
approaches the slow roll inflation prediction for !GW(f).  A later phase where cross correlation is done between 
configurations, much as in the LIGO program, could reach well below the slow roll values.  BBO has to contend with the 
foreground of compact binary coalescences of neutron stars and black holes throughout the entire universe.  The temporal 
signature of these coalescences will be used to remove them from the stochastic background. 

Direct measurement of primeval gravitational waves

Will be detected first by CMB 
polarization exp. (indirectly) Boyle & Steinhardt



Constraints on tensor modes

•r < 0.8 (95% CL) WMAPII only 

•r < 0.5 (95% CL) WMAPII+SDSS

• Both the scale-invariant Harrison-Zel’dovich power spectrum 

and the ! !4 model are disfavoured w.r.t. to the m2 !2 model by 

likelihood ratios greater than 50.

Spergel et al (2006)
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(Fig. 14 of Spergel (2006) seems to be incorrect in ver. 1.)

Taken from the slide of Peiris
for the Irvine meeting.
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Neutrino mass:
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Fig. 20.— Range of non-flat cosmology models consistent with the WMAP data only.

The models in the figure are all power-law CDM models with dark energy and dark

matter, but without the constraint that Ωm + ΩΛ = 1 (model M10 in Table 3). The

different colors correspond to values of the Hubble constant as indicated in the figure.

While models with ΩΛ = 0 are not disfavored by the WMAP data only (∆χ2
eff = 0;

Model M4 in Table 3), the combination of WMAP data plus measurements of the

Hubble constant strongly constrain the geometry and composition of the universe

within the framework of these models. The dashed line shows an approximation to

the degeneracy track: ΩK = −0.3040 + 0.4067ΩΛ.

delta chi 
square = 0,
but too small 
hubble.
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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.

Combining with 
just one external 
data set favors flat 
universe.



1. Flat ΛCDM model well describes the WMAP data.

2. No non-standard physics was found.



2. Polarization and reionization



CMB photons are polarized.

Requirements for polarization:

   1) Free electrons (Thomson scattering)

   2) Quadrupole pattern in CMB anisotropy
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unpolarized

unpolarized

unpolarized
Monopole (isotropic 
photons) does not 

generate polarization



e

unpolarized

Dipole also does not 
generate polarization



e

polarized !

Quadrupole 
generates polarization



CMB photons are polarized.

Requirements for polarization:
   1) Free electrons (Thomson scattering)
   2) Quadrupole pattern in CMB anisotropy

When in the cosmic history both 1) & 2) exist ?

◯ △ × △
× △ △ ◯

1)

2)

Recombination  Reionization  Now

In both cases, much weaker than temperature anisotropy.

CMB
GW

small ellell ~ 100



Evidence for 
reionization
&     determined 
accurately 

τ

TT

TE

EE

BB

Especially, signal of 
reionization should 
appear at large scales 
(low l).

T:temperature
E,B:polarization



32 Page et al.

TABLE 9
OPTICAL DEPTH VS. DATA SELECTION

Combination Exact EE Only Exact EE & TE Simple tau EE Simple tau, no ! = 5,7

KaQV 0.111± 0.022 0.111± 0.022 · · · · · ·
Q 0.100± 0.044 0.082± 0.043 0.08± 0.03 0.085± 0.03
QV 0.100± 0.029 0.092± 0.029 0.110± 0.027 0.085+0.045!0.015

QV+VV · · · · · · 0.145± 0.03 0.14+0.02!0.06
V 0.089± 0.048 0.094± 0.043 0.09+0.03!0.07 0.10+0.03!0.07

QVW 0.110± 0.021 0.101± 0.023 0.090± 0.012 0.090± 0.015
KaQVW 0.107± 0.018 0.106± 0.019 0.095± 0.015 0.095± 0.015

The values of simple tau are computed for 2 ≤ ! ≤ 11. The models are computed in steps of ∆τ = 0.005 and linearly interpolated. The last
column is computed with the errors on ! = 5,7 multiplied by ten. The QV+VV is the QV combination without the QQ component. Since the
exact likelihood is based on the Ka, Q, V, and W maps, there is no corresponding entry for QV+VV. Note that the maximum likelihood values
are independent of frequency combination indicating that foreground emission is not biasing the determination of τ .

WMAP

1-year

0.00 0.100.05 0.200.15 0.25 0.30

68% CL

WMAP

3-years

WMAP

1-year

+ others

95% CL

FIG. 26.— The relative likelihoods of τ̃ , τ from the stand alone exact likelihood code, and the first-year results. For the three-year results, all parameters except
τ and the scalar normalization, A, were held fixed as described in the text. The solid curve (labeled “WMAP 3-years”) shows the exact likelihood for the QV
combination and the combined EE & TE data. The dot-dash line shows the exact likelihood for the QV combination but just for EE. Note that the three-year
TE data has little influence on determination of τ . The dotted line shows the exact likelihood for the KaQVW combination indicating that any foreground
contamination is small. The dashed line is simple tau for the QV combination. The two curves that peak at higher values of τ are from Spergel et al. (2003) and
show the first-year likelihood for the WMAP data alone and for WMAP in combination with other data sets. The darker grey band labeled “68% CL”shows the
result reported in Kogut et al. (2003) as a mean of τ = 0.17 and width σ = 0.04.

Using primarily the TT spectrum, along with the optical depth
established with the TE and EE spectra, the tensor to scalar ra-

tio is limited to r0.002 < 0.55 (95% CL). When the large scale
structure power spectrum is added to the mix (Spergel et al.

Some broadening 
of the likelihood 
in 1yr data turned 
into a sharp peak 
in 3yr data.

Measureing τ
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3 Theory of CMB Polarization and 

Gravitational Waves 

3.1 Statistical characterization of CMB 

anisotropies 

To characterize the anisotropies in the CMB, one 

needs to specify three numbers for every point in 

the sky: one to give the overall intensity of the 

radiation (or equivalently the temperature T of the 

blackbody spectrum) and the other two to specify 

its polarization properties (assuming only linear 

polarization is present).  Two numbers are needed 

to characterize the linear polarization, a degree of 

polarization P and an angle (!) between the 

direction of the polarization and some specified 

coordinate system on the sky.   Rather than P and 

! it has become standard to use the Stokes 

parameters Q and U, defined by Q ! P cos 2!, U 

! P sin 2!. 

In principle, the fourth Stokes parameter V that 

describes circular polarization is needed as well.  

However, circular polarization is not expected 

since CMB polarization is believed to arise only 

from scattering of the CMB photons and 

electrons, a mechanism that does not generate 

circular polarization. 

Figure 3.1 shows a simulated CMB map.  The 

polarization map looks almost like a map of 

vectors (or arrows) with the only exception that 

the polarization “rods” do not point, that is to say 

they are not arrows but rods.  More precisely, a 

polarization rod describes the same polarization 

properties if it is rotated by 180°.  For a vector or 

arrow this would be true only after a 360° 

rotation. 

Maps of vectors can be decomposed into a 

gradient and a curl part.  Similarly, polarization 

maps can be decomposed into two components 

usually called E  (the analog of the gradient 

component) and B (the analog of the curl 

component).  That is to say, one can characterize 

the polarization pattern in a map either by 

specifying Q and U at every point or by 

specifying E and B.  Figure 3.1 shows such a 

decomposition in a simulated portion of the sky. 

As an illustration in figure 3.1, we also show 

simple cartoon-like examples of polarization 

patterns that have positive and negative measures 

of E and B around a certain point.  The figure 

illustrates what is meant by the claim that B 

patterns are “curl-like”.  Specifically, E and B 

have different properties when reflected across a 

line going through the centers of the patterns.  

After the reflection, the E patterns are unchanged, 

while the B patterns change from one to the other, 

from positive to negative B. 

 

 

Figure 3.1: The panels are: (top left) 

temperature map in the background, with 

polarization (rods); (top right) E map of the 

polarization field shown in the top left panel 

(background) and polarization coming only from 

E (rods); (bottom right) B map of the 

polarization field in the top left panel 

(background) and polarization coming only from 

B (rods); (bottom left) sketch of how E and B 

and Q and U are defined.  The fields are 15 

degrees on a side, and the maps have been 

smoothed with a one-degree beam for clarity.  

The scales have been adjusted from panel to 

panel so that the maps always have the same 

range of colors and the sizes of the rods 

designating the polarization amplitude are 

comparable.  The scale of the B map was 

significantly stretched to correspond to 

expectations in the CMB.  The B modes are 

predominantly at larger spatial scales. 

Polarization 
patterns: 
decomposition 
into E & B

CMB→E
Gravitational 
wave→E & B

For large scales, 
E probes 
reionization and 
B probes GW 
from inflation.

E

B
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FIG. 22.— The EE spectrum at ! > 40 for all measurements of the CMB polarization. The curve is the best fit EE spectrum. Note that the y axis has only one
power of !. The black boxes are the WMAP data; the triangles are the BOOMERanG data; the squares are the DASI data; the diamonds are the CBI data; and
the asterisk is the CAPMAP data. The WMAP data are the QVW combination. For the first point, the cleaned value is used. For other values, the raw values are
used. The data are given in Table 8

the horizon and were not produced by post-inflation causal
processes.
Although multiple distinct physical mechanisms affect the

! < 100 spectra, their effects can be disentangled through an
analysis of the full data complement (Spergel et al. 2006). The
separation, though, is not perfect and there remain degenera-
cies. In particular, to some degree, the values of the scalar
spectral index, ns, optical depth, and the tensor to scalar ratio,
r, may be traded against each other, although far less than in
the first-yearWMAP results. As the data improve, or as more
data sets are added, the degeneracy is broken further. In the
following we take a step back from the full MCMC analysis
(Spergel et al. 2006) and estimate τ and r from analyses of
just the ! < 10 polarization spectra. This approach aids our
intuition in understanding what it is in the data that constrains
the cosmological parameters.

6.1. The Optical Depth of Reionization

Our knowledge of the optical depth ripples through the as-
sessment of all the cosmic parameters. Free electrons scatter
the CMB photons thereby reducing the amplitude of the CMB
spectrum. This in turn directly impacts the determination of
other parameters.

The distinctive signature of reionization is at ! < 10 in EE.
The only known contamination is from foreground emission
which has been modeled and subtracted. The amplitude of
the reionization signal is proportional to τ in TE and is pro-
portional to τ 2 in EE and BB. In the first year analysis, we
imposed a prior that τ < 0.3 (Spergel et al. 2003). Such a
high value would produce a signal > 6 times the model in
Figure 21 and is clearly inconsistent with the EE data. Thus
this new analysis is a significant improvement over the previ-
ously assumed prior.
We assess τ using three methods: (1) with template fits to

the EE power spectra; (2) with an exact likelihood technique
based directly on the maps as described in Appendix D; and
(3) with a multiparameterMCMC fit to all the data as reported
in Spergel et al. (2006). The first method is based directly on
the MASTER spectrum (Hivon et al. 2002, and Appendix B)
of EE data and serves as a simple check of the other two. Ad-
ditionally, the simplicity allows us to examine the robustness
of the EE and TE detections to cuts of the data. The second
method is robust and takes into account the phases of the EE
and TE signals. It is run either as a stand alone method, as
reported here, or as part of the full MCMC chain as reported

EE spectrum measurements: present status

Only WMAP can 
do at very large 
scales.
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Figure 5.1: Current measurements of the polarized CMB signal.  The TE measurements (grey) are 

from the first-year WMAP data.  The E measurements (colored) are from the ground-based 

experiments CAPMAP, CBI, and DASI, and from the balloon-based experiment BOOMERanG.  

These results are all consistent with the signal predicted by the !CDM model and they demonstrate 

excellent technical progress in our ability to measure CMB polarization.  The black curves indicate 

the one-sigma sensitivity estimates for WMAP and Planck but without correction for foreground 

emission.  The WMAP estimates are based on measured noise properties of the instrument and 

assume 8 years of operation.  The WMAP satellite should measure the E-mode signal at low and 

intermediate l, and may detect a B-mode signal if the gravitational wave amplitude is high.  

Additionally, it will produce sensitive full-sky maps of the polarized synchrotron emission.  The 

Planck estimates are based on noise measurements from the test-bed High Frequency Instrument and 

assume 1.2 years of operation.  Planck will obtain precise measurements of the E-mode signal, and 

can potentially detect a B-mode signal from gravitational waves.  It will also produce high quality 

maps of the polarized dust emission from its high frequency channels. 

Current & near-term polarization measurements

Nearing to 
detect BB at 
large scales.

“Holy grail”



1. Polarized foreground is better understood and the 
measured polarization map can be corrected to CMB 
polarization map more reliably.

2. Accordingly, EE correlation is detected at large scales, 
which accurately measures the optical depth of 
reionization.

3. BB correlation is not detected, but polarization 
experiments are nearing a range of great interest to probe 
the primordial inflationary gravitational waves.

WMAP 3yr result is a new milestone in CMB research.


