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CMB is polarized

• Amplitude of polarization fluctuations is 
small (0.5-3% of temperature fluctuations)

• Independent probe of the nature of the 
fluctuations

• Sensitive to re-ionization signal

• Sensitive to gravity waves

• POLARIZATION IS THE FUTURE!
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Thomson Scattering 
Generates Polarization

Photon field around the electron along the line of sight

e

Local quadruple is converted 
into polarization



E + B modes

12 Kogut et at.

TABLE 2

REIONIZATION OPTICAL DEPTH
a

Data Set Method b 2 f ( WMAP)c

VW Co-Add 0 15+0 06!0 04 63.0 0.249
QVW Co-Add 0 18 0 03 63.6 0.233
KaQVW Co-Add 0 17 0 03 91.7 0.002
KKaQVW Co-Add 0 29 0 02 352.1 0.000
KKaQ Co-Add 0 28 0 01 474.4 0.000

QVW Fit -2.4 0 14+0 14!0 04 64.2 0.218

KaQVW Fit -2.4 0 16+0 09!0 03 67.0 0.162
KKaQVW Fit -2.4 0 18 0 03 62.3 0.265
KKaQ Fit -2.4 0 15 0 05 60.6 0.328

QVW Fit -2.7 0 14+0 13!0 04 64.5 0.214

KaQVW Fit -2.7 0 17+0 07!0 03 66.5 0.169
KKaQVW Fit -2.7 0 17 0 03 68.1 0.137
KKaQ Fit -2.7 0 14 0 05 70.0 0.112

QVW Fit -3.0 0 14+0 13!0 04 64.5 0.209
KaQVW Fit -3.0 0 18 0 05 66.1 0.172
KKaQVW Fit -3.0 0 17 0 03 73.7 0.061
KKaQ Fit -3.0 0 14 0 05 79.1 0.030

aOptical depth fi tted from C
IQ( ) for various combinations of data and foreground corrections in a CDM cosmology. There are 57 degrees of freedom for each fi t.

b68% confi dence statistical uncertainties
cFraction of 1000 simulations of reionized CDM models with 2 larger thanWMAP value.

uncertainties. This value is larger than expected given the de-
tection of a Gunn-Peterson trough in the absorption spectra of
distant quasars, and implies that the universe has a complex
ionization history.
TheWMAP detection of early reionization opens a new fron-

tier to explore the universe at redshift 6 z 30.WMAP’s sen-
sitivity to reionization is currently limited by instrument noise,
both as direct statistical uncertainty and in the ability to better
model and remove faint polarized foregrounds. Instrumental
effects do not limit analysis of temperature-polarization cor-
relations. The TE power spectrum and covariance matrix are

available at http://lambda.gsfc.nasa.gov. We are
currently performing a more complete set of systematic error
analyses in the individual Q andU maps. A future data release
will include full-sky polarization maps and polarization power
spectra.

The WMAP mission is made possible by the support of the
Office of Space Sciences at NASA Headquarters and by the
hard and capable work of scores of scientists, engineers, tech-
nicians, machinists, data analysts, budget analysts, managers,
administrative staff, and reviewers.

APPENDIX

QUADRATIC ESTIMATOR FOR TEMPERATURE-POLARIZATION POWER SPECTRUM

We estimate the temperature-polarization power spectrum from pixelized sky maps using the following formalism. We begin by
expanding the temperature and polarization fluctuations in generalized spherical harmonics

T (n) =

lm

almYlm(n) (A1)

Q(n) iU(n) =

lm

a 2 lm 2Ylm(n) (A2)

We then decompose the polarization fluctuations into E and B like pieces

a 2 lm = Elm iBlm (A3)

We can use the basic properties of the spherical harmonics

NYlm = (!1)
(N+m)

!NYl !m (A4)

NYlm(n)NYl m (n) =
l

l

m

m (A5)
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Scalar fluctuations generate only E modes

Tensor fluctuations generate only E + B modes

E modes are symmetric under parity rotation



E + B modes

E modes B modes
Hu and White



More Rigorous Temperature 
and Polarization Equations

Brief Article

The Author

January 19, 2006

ΘT,P (!k, n̂) =
∑

l

(2l + 1)(−i)lΘT,P
l Pl(µ) (1)

µ = k̂ · n̂ (2)

ΘT
0 (3)

ΘT
1 (4)

ΘT
2 (5)

1

Visibility Function

Density
Velocity

ISW

Brief Article

The Author

January 19, 2006

ΘT,P (!k, n̂) =
∑

l

(2l + 1)(−i)lΘT,P
l Pl(µ) (1)

µ = k̂ · n̂ (2)

ΘT
0 (3)

ΘT
1 (4)

ΘT
2 (5)

ΘT (k, µ, η0) =
∫ τ0

0
dηeikµ(η−η0)e−τ

[
τ̇(ΘT

0 + iµvb +
1
2
ΠP2(µ)) + φ̇− ikµψ

]
(6)

ΘP (k, µ, η0) = −1
2

∫ η0

0
dηeikµ(η−η0)e−τ τ̇ [1− P2(µ)]Π (7)

τ̇ = neσT (8)

Π = ∆T2 + ∆P2 + ∆P0 (9)

1

Brief Article

The Author

January 19, 2006

ΘT,P (!k, n̂) =
∑

l

(2l + 1)(−i)lΘT,P
l Pl(µ) (1)

µ = k̂ · n̂ (2)

ΘT
0 (3)

ΘT
1 (4)

ΘT
2 (5)

ΘT (k, µ, η0) =
∫ τ0

0
dηeikµ(η−η0)e−τ

[
τ̇(ΘT

0 + iµvb +
1
2
ΠP2(µ)) + φ̇− ikµψ

]
(6)

ΘP (k, µ, η0) = −1
2

∫ η0

0
dηeikµ(η−η0)e−τ τ̇ [1− P2(µ)]Π (7)

τ̇ = neσT a (8)

Π = ∆T2 + ∆P2 + ∆P0 (9)

1



Visibility Function

Wyse and Jones 1985



Power Spectrum
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Polarization Signal Generated 
at Surface of Last Scatter

Adiabatic

Gradient of 
velocity fieldThickness of S.L.S.

Isocurvature
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Tight Coupling Approximation

Zaldarriaga and Harari 1995



Adiabatic Modes
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Isocurvature Modes
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Current Data
WMAP TE Polarization 9

FIG. 7.— Polarization cross-power spectra cTE for theWMAP one-year data. Note that we plot (l +1) 2 c
TE

l
and not l(l +1) 2 c

TE

l
. This choice emphasizes

the oscillatory nature of cTE . For clarity, the dotted line shows cl = 0. The solid line is the predicted signal based on the c
TT power spectrum of temperature

anisotropy – there are no free parameters. The TE correlation on degree angular scales (l 20) is in excellent agreement with the signal expected from adiabatic
CMB perturbations. The excess power at low l indicates signifi cant reionization at large angular scales.

fraction xe and use the CMBFAST code (Seljak & Zaldarriaga
1996) to predict the multipole moments as a function of optical
depth. While this assumption is simplistic, our conclusions on
optical depth are not very sensitive to details of the reionization
history or the background cosmology.
Figure 8 compares the polarization cross-power spectrum

c
TE
l derived from the quadratic estimator to CDM models
with and without reionization. The rise in power for l 10
is clearly inconsistent with no reionization. We quantify this
using a maximum-likelihood analysis

exp(! 1
2

2)

M 1 2
(17)

Figure 9 shows the relative likelihood Max( ) for the op-
tical depth assuming a CDM cosmology, with all other
parameters fixed at the values derived from the temperature
power spectrum alone (Spergel et al. 2003). The likelihood
for the 5-band data corrected for foreground emission peaks
at = 0 17 0 03 (statistical error only): WMAP detects the
signal from reionization at high statistical confidence.
A full error analysis for must account for systematic er-

rors and foreground uncertainties. We propagate these effects
by repeating the maximum likelihood analysis using different
combinations ofWMAP frequency bands and different system-
atic error corrections. We correct CIQ( ) in each frequency
band not for the best estimate of the systematic error templates,
but rather the best estimate plus or minus one standard devia-
tion. We then fit the mis-corrected CIQ( ) for a CMB piece
plus a foreground piece (Eq. 8) and use the CMB piece in a
maximum-likelihood analysis for . The change in the best-fit

value for as we vary the systematic error corrections propa-
gates the uncertainties in these corrections. Systematic errors
have a negligible effect on the fitted optical depth; altering the
systematic error corrections changes the best-fit values of by
less than 0.01.
The largest non-random uncertainty is the foreground sepa-

ration. We assess the uncertainty in the foreground separation
by repeating the entire systematic error analysis (using both
standard and altered systematic error corrections) with the fore-
ground spectral index = !2 7 0 3 shifted one standard de-
viation up or down from the best-fit value. Table 2 shows the
fitted optical depth and goodness-of-fit statistic 2 for dif-
ferent data combinations and foreground spectral indices de-
rived from the analysis of the two-point correlation function
C
IQ( ). The first set of rows shows values derived by simply
co-adding theWMAP frequency channels, without any correc-
tion for foregrounds. Data at 41, 61, and 94 GHz (Q, V, and W
bands) where foregrounds are negligible show similar values
for ; the 2 63 for 57 degrees of freedom indicates that the
data are in excellent agreement with reionized models. Adding
additional low-frequency channels reduces the formal statisti-
cal uncertainty, but introduces non-zero foreground contamina-
tion as shown by the marked increase in 2. The next three
sets of rows show the results when the data are separated into
CMB and foreground components (Eq. 8). All data combina-
tions are now in agreement; we obtain nearly identical values
for when fitting either the highest-frequency data set QVW or
the lowest-frequency set KKaQ. The fitted optical depth is in-
sensitive to the spectral index: varying the spectral index from

WMAP



TE Correlation

Coulson, Crittenden, Turok 1994



Reionization

SLS

Local temperature quadruple 
converted into polarization signal Reionization
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Re-ionization Power Spectrum



EE and Reionization History

Holder & Hu 2002



Gravity Waves
r = Tensor/Scalar ratio

r= 7(1-n)
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Gravitational Lensing rotates E modes into B modes

Hu 2002
Hu 2002



Challenges of measuring Gravity Waves

• Weak Signal 0.01uK

• competing with mK CMB dipole

• instrumental noise (5 mK/observation)

• instrument can alias T into polarization or E into B modes

• Galactic Foregrounds

• dust

• synchrotron

• Gravitational Lensing

High Science Payoff, Technical Challenging: 
Many Planned Experiments



WMAP Long-term Goal

• Detect spectral index variation and gravity 
wave signal predicted by simple inflationary 
models (r ~ 0.2 - 0.3; n ~ 0.95-0.97)

• Hopeful that we will achieve this goal



Key Concepts

• Thomson scattering is anisotropic: Converts temperature quadruple 
into polarized signal

• Small angular scales: Polarization signal comes from photon dipole 
(velocity) and tests nature of fluctuations.  Data consistent with adiabatic 
modes.

• Large angular scales: temperature quadruple is converted into a 
polarization signal. Amplitude depends on reionization history

• Polarization can be decomposed into E and B modes

• Scalar fluctuations generate E modes

• Tensor fluctuations generate E + B mode



Questions

• If there was no reionization, does the late ISW effect 
generate any polarization fluctuations?

• Cosmic strings generate uncorrelated motions on 
large scales.  Would these produce any B modes?

• The galactic magnetic field is thought to be primarily 
in the plane and follow the spiral structure.  
Synchrotron polarization emission is polarized 
perpendicular to the B field direction.  Is foreground 
emission mostly E or B mode?  Which multiple? 


