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ABSTRACT

The Wilkinson Microwave Anisotropy Probe WMAP ) has mapped the entire
sky in ve frequency bands between 23 and 94 GHz with polariian sensitive
radiometers. We present three-year full-sky maps of the @oization and analyze
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them for foreground emission and cosmological implicatien These observations
open up a new window for understanding how the universe begand help set a
foundation for future observations.

WMAP observes signi cant levels of polarized foreground emisai due to
both Galactic synchrotron radiation and thermal dust emis®n. Synchrotron
radiation is the dominant signal at” < 50 and . 40 GHz, while thermal dust
emission is evident at 94 GHz. The least contaminated charing at 61 GHz. We
present a model of polarized foreground emission that capés the large angular
scale characteristics of the microwave sky.

After applying a Galactic mask that cuts 25.7% of the sky, weh®w that the
high Galactic latitude rms polarized foreground emissioraveraged over =4 6,
ranges from 5 Kat22 GHzto. 0:6 K at 61 GHz. By comparison, the
levels of intrinsic CMB polarization for a CDM model with an optical depth of

= 0:09 and assumed tensor to scalar ratio = 0:3 are 0:3 K for E-mode
polarization and 0:1 K for B-mode polarization. To analyze the maps for
CMB polarization at ~ < 16, we subtract a model of the foreground emission
that is based primarily on a scaling?MAP 's 23 GHz map.

In the foreground corrected maps, we detecf(” + 1)CEE , . =2 =0:086
0:029 (K )2. This is interpreted as the result of rescattering of the CMBoy
free electrons released during reionization at. = 11:0"%¢ for a model with
instantaneous reionization. By computing the likelihood bjust the EE data as
a function of we nd =0:10 0:03. When the same EE data are used in the
full six parameter tto all WMAP data (TT, TE, EE), we nd =0:09 0:03.
Marginalization over the foreground subtraction a ects ths value by < 0:01.

We see no evidence for B-modes, limiting them to(* + 1)C88 , . =2 =

0:04 0:03 ( K)2. We perform a template t to the E-mode and B-mode data
with an approximate model for the tensor scalar ratio. We ndthat the limit
from the polarization signals alone ig < 2:2 (95% CL) wherer is evaluated
at k = 0:002 Mpc !. This corresponds to a limit on the cosmic density of
gravitational waves of gwh? < 5 10 2. From the full WMAP analysis, we
nd r < 0:55 (95% CL) corresponding to a limit of gwh? < 1 10 12 (95%
CL). The limit on r is approaching the upper bound of predictions for some of
the simplest models of in ation,r  0:3.

Subject headingscosmic microwave background, polarization, cosmology: sdy-
vations
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1. Introduction

The temperature anisotropy in the cosmic microwave backguad is well established as
a powerful constraint on theories of the early universe. A l&ted observable, the polarization
anisotropy of the CMB, gives us a new window into the physicalonditions of that era. At
large angular scales the polarization has the potential toeba direct probe of the universe at
an age of 10% s as well as to inform us about the ionization history of the uwerse. This
paper reports on the direct detection of CMB polarization atarge angular scales and helps
set a foundation for future observations. It is one of four tated papers on the three-year
WMAP analysis: Jarosik et al. (2006) report on systematic erroesxd mapmaking, Hinshaw
et al. (2006) on the temperature anisotropy and basic resslt and Spergel et al. (2006) on
the parameter estimation and cosmological signi cance.

The polarization of the CMB was predicted soon after the diswery of the CMB (Rees
1968). Since then, considerable advances have been made aih bheoretical and observa-
tional fronts. The theoretical development (Basko & Polnagv 1980; Kaiser 1983; Bond &
Efstathiou 1984; Polnarev 1985; Bond & Efstathiou 1987; Gtenden et al. 1993; Harari &
Zaldarriaga 1993; Frewin et al. 1994; Coulson et al. 1994;ittenden et al. 1995; Ng & Ng
1995; Zaldarriaga & Harari 1995; Kosowsky 1996; Seljak 19%aldarriaga & Seljak 1997;
Kamionkowski et al. 1997) has evolved to where there are prge predictions and a common
language to describe the polarization signal. Hu & White (1%) give a pedagogical overview.

The rst limits on the polarization were placed by Penzias & Wison (1965), followed
by Caderni et al. (1978); Nanos (1979); Lubin & Smoot (1979981); Lubin et al. (1983);
Wollack et al. (1993); Netter eld et al. (1997); Sironi et al (1997); Torbet et al. (1999);
Keating et al. (2001) and Hedman et al. (2002). In 2002, the D& team announced a
detection of CMB polarization at sub-degree angular scaleéased on 9 months of data from a
13 element 30 GHz interferometer (Kovac et al. 2002; Leitch @. 2002). The signal level was
consistent with that expected from measurements of the tenapature spectrum. The DASI
results were con rmed and extended (Leitch et al. 2005) alnsbcontemporaneously with the
release of the CBI (Readhead et al. 2004) and CAPMAP (Barkatst al. 2005) results. More
recently, the Boomerang team has released its measuremehtCMB polarization (Montroy
et al. 2005). All of these measurements were made at small afay scales { > 100). Of
the experiments that measure the polarization, the DASI, CB and Boomerang (Piacentini
et al. 2005) teams also report detections of the temperatupolarization cross correlation.

The CMB polarization probes the evolution of the decouplingnd reionization epochs.
The polarization signal is generated by Thompson scattergnof a local quadrupolar radiation
pattern by free electrons. The scattering of the same quadvolar pattern in a direction
perpendicular to the line of sight to the observer has the eat of isotropizing the quadrupolar
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radiation eld. The net polarization results from a compettion between these two e ects. We
estimate the magnitude of the signal following Basko and Rudrev (1980). By integrating the
Boltzmann equation for the photon distribution they show that the ratio of the polarization

anisotropy (Ems) to the temperature (T, ) Signal in a at cosmology is given by

R
Ems _ pol [e %3 @) e (ZO)]I11+ 220
Tims - I;l [6e @)+ e 03 (ZO)]P 1+ z%dz°

1)

where (z)=c 1 ROZ ne(z9dzYdt=d2) is the optical depth. Here, 7 is the Thompson cross
section, c is the speed of light, andh, is the free electron density. The di erence in brackets
in the numerator sets the range irz over which polarization is generated. For example, if
the decoupling epoch entailed an instantaneous transitiollom an extremely high optical
depth ( >> 1) to transparency ( = 0), there would be no polarization signal.

To estimate the polarization fraction we compute the opticadepth using ordinary
atomic physics and the thermal history of the universe (Peéds 1968; Zeldovich et al. 1969).
The result is shown in Figure 1. From inserting (z) in Equation 1, we nd that the expected
level of polarization anisotropy is 5% (in Ems =Tyms ) Of the anisotropy.

The polarization producing quadrupole is generated by dieent mechanisms at di er-
ent epochs. Near decoupling aty = 1088 (Page et al. 2003b; Spergel et al. 2003), velocity
gradients in the ow of the primordial plasma give rise to thequadrupole. More speci cally,
in the rest frame of an electron in such a ow, the radiation bekground has a quadrupolar
pattern proportional to the velocity gradient, r ¥, and the mean free path between scatter-
ings, . Just before decouplingz > z4, the photons are tightly coupled to the electrons
and is small. Thus, the polarization is small. As decoupling paeeds increases and the
guadrupole magnitude increases. The process is cut 0 at lewredshift because the optical
depth drops so rapidly. In the context of in ationary cosmobgy, Harari & Zaldarriaga (1993)
show that in Fourier space the polarization signal i kv where Kk is the wavevector and

is the width of the last scattering surface.

After decoupling there are no free electrons to scatter theMB until the rst generation
of stars ignite and reionize the universe at,. The free electrons then scatter the intrinsic
CMB quadrupole, C»(z;), and produce a polarized signal C,(z,)¥? (z;). As this process
occurs well after decoupling, the e ects of the scatteringra manifest at comparatively lower
values of . We expect the maximum value of the signal to be atyax = w(z) where

n (z;) is the current angular size of the horizon at reionizationFor 6 <z < 30 a simple t
gives (z) =4:8=2"7, so that for z, = 12, "o« 4. Thus, the signature of reionization in
polarization is cleanly separable from the signature of degpling. In the rst data release the
WMAP team published a measurement of the temperature-polarizah (TE) cross spectrum
for 2 < < 450 (Bennett et al. 2003b; Kogut et al. 2003) with distinctie anti-peak and



{5{

peak structure (Page et al. 2003b). The > 16 part of the spectrum was consistent with the
prediction from the temperature power spectrum, while thé < 16 part showed an excess
that was interpreted as reionization at 11< z, < 30 (95% CL).

This paper builds on and extends these results. Not only aréere three times as much
data, but the analysis has improved signi cantly: 1) The padrization mapmaking pipeline
now self-consistently includes almost all known e ects andorrelations due to instrumental
systematics, gain and o set drifts, unequal weighting, andnasking (Jarosik et al. 2006).
For example, the noise matrix is no longer taken to be diagoh& pixel space, leading
to new estimates of the uncertainties. 2) The polarization gver spectrum estimate now
consistently includes the temperature, E and B modes (de mebelow), and the coupling
between them (see also Hinshaw et al. 2006). 3) The polarizeateground emission is how
modeled and subtracted in pixel spacex4.3). Potential residual contamination is examined
" by * as a function of frequency. In addition to enabling the prodttion of full sky maps
of the polarization and their power spectra, the combinatio of these three improvements
has led to a new measure of the< 16 TE and EE spectra, and therefore a new evaluation
of the optical depth based primarily on EE. The rest of the pagr is organized as follows:
we discuss the measurement ix2 and consider systematic errors and maps k8. In x4 we
discuss foreground emission. We then consider,xB and x6, the polarization power spectra
and their cosmological implications. We conclude ir7.

2. The Measurement

WMAP measures the di erence in intensity between two beams sepéed by 140
in ve frequency bands centered on 23, 33, 41, 61, and 94 GHzefBhett et al. 2003b; Page
et al. 2003b; Jarosik et al. 2003a). These are called K, Ka, §, and W bands respectively.
Corrugated feeds (Barnes et al. 2002) couple radiation froback-to-back telescopes to the
di erential radiometers. Each feed supports two orthogonapolarizations aligned so that
the unit vectors along the direction of maximum electric el for an A-side feed follow
(Xs;¥s;Zs) ( 1; sin20; cos20)= 2 in spacecraft coordinatengPage et al. 2003b). For
a B-side feed, the directions arexg;ys;zs) ( 1;sin20; cos20)= 2. The zs axis points
toward the Sun along the spacecraft spin axis; thg; zs plane bisects the telescopes and
is perpendicular to the radiator panels (Bennett et al. 2008 Figure 2) (Page et al. 2003b,
Figure 1). The angle between the spacecraft spin axis and tlogtical axes is 70. Thus
the two polarization axes on one side are oriented roughly45 with respect to the spin
axis.

The polarization maps are derived from the di erence of two icerential measurements
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(Jarosik et al. 2006; Kogut et al. 2003; Hinshaw et al. 2003bPDne half of one di erencing
assembly (DA) (Jarosik et al. 2003a) measures the di erendeetween two similarly oriented
polarizations, T,;, from one feed on the A side and one feed on the B side (e.g., W4l
polarization 1 of the 4th W-band DA corresponding taxs = +1 in both expressions above).
The other half of the DA measures the di erence between the loér polarizations in the same
pair of feeds, T, (e.g., W42: polarization 2 of the 4th W-band DA correspondijtoxs = 1

in both the expression above). The polarization signal is pportional to T, T,. In
other words, WMAP measures a double di erence in polarized intensity, not thmtensity of
the di erence of electric elds as with interferometers anccorrelation receivers (e.g., Leitch
et al. 2002; Keating et al. 2001; Hedman et al. 2002).

With these conventions, the total intensity and polarizaton signals as measured at the
output of the detectors are (Kogut et al. 2003, Eq. 3&4):

T STt T)= 10w () @
T (T T ©
= Q(fhp)cos2 + U(ha)sSin2 4 (4)

Q(fig)cos2g U(hg)sin2 g:

wheren, and ng are the unit vectors for the A and B sides], Q, and U are the Stokes
parameters, and is the angle between the polarization direction of the eledt eld and
the Galactic meridian (Kogut et al. 2003). In the mapmaking kyorithm (Wright et al. 1996;
Hinshaw et al. 2003b; Jarosik et al. 2006),, Q, and U maps of the sky are produced from
the time-ordered di erentialpmeasurements, T, and Tp. From these, we form maps of
polarization intensity, P = = Q2+ U2, and direction, = %tan }(U=Q. This convention
has positive for North through West and follows the conventionn Zaldarriaga & Seljak
(1997) and HEALPIx (Gorski et al. 1998). However, it di ers from the standard astronomical
position angle (PA) which has pa = 3tan *( U=Q) with pa positive for North through
East. The choice of convention does not a ect the plots.

For linear polarization in a given pixel, theQ and U quantities are related to thex
andy components of the electric eld,Ex; Ey, through the coherency matrix (Born & Wolf
1980):

hELE,i hELE,i 1
hE,E,i hE,E,i 2

- O

Q U
Uu Q

o —
NI =

Ltalics are used to distinguish between the similarly notated Q band andQ Stokes parameter.
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1
2 0

= +

0 P cos2 sin2
— 5
1 > (5)

sin2 cos?2

where we have set Stoke¥ = 0. The polarized component of the coherency matrix is a
spin-two eld on a sphere; the total power is the trace of theaherency matrix.

The Crab Nebula [Tau A, 3C144, RA = 0834"31%, Dec=22 01°(J2000)] is the brightest
polarized point source in the sky and provides a useful end-end check of the sign conven-
tions and mapmaking pipeline. Figure 2 shows our measurenmesf the Crab in Q band
(41 GHz)inl, Q, U, P, and . Note that its polarization direction (U 0; Q negative), is
perpendicular to the polarization of the Galaxy U 0; Q positive). The WMAP polariza-
tion direction and intensity are in general agreement with gevious measurements. Table 1
summarizes the results in all ve frequency bands and prewis measurements in our fre-
guency range. A second check is needed to fully resolve thgnstonvention because with
U=0, = pa. InFigure 2 we show that the polarization direction of the Cetaurus A
galaxy [Cen A, NGC5128, RA=1825"27, Dec= 43 0109°°(J2000)] is consistent with that
measured by Junkes et al. (1993).

Figures 3 and 4 show thd® and maps of the full sky for all ve frequency bands in
Galactic coordinates. Figure 5 shows a Lambert equal areagpection of the Galactic polar
region in K band. A number of features are immediately appant to the eye. K band is
strongly polarized over a large fraction of the sky, includig the polar region. The North
Polar Spur and its southern extension are clearly evident. he polarization has a coherent
structure over large swaths of sky which translates into sigcant emission at low ~. The
polarization intensity decreases with increasing frequewn but follows the same pattern. K
band is a good monitor of polarized foreground emission assdissed below. Though not
immediately apparent to the eye, there is somewhat more poiaed emission at W band
than V band. The uneven weighting due to the scan strategy islso evident as increased
noise in the ecliptic plane (Bennett et al. 2003b, Figure 4)Figure 6 shows the K and Ka
bands in StokesQ and U.

While foreground emission is visible with a high signal to nee ratio, the CMB polar-
ization anisotropy is not, a situation unlike that for the temperature anisotropy.

3. Systematic Errors

Detection of the CMB polarization requires tight control ofsystematic errors, as small
couplings to the temperature eld or instrument will dominae the polarization signal.
WMAP 's di erential nature and interlocked scan strategy suppres potential polarization
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systematics in ways similar to the suppression for tempenate systematics. The details are
di erent however, and more complex because of the tensoriahture of the polarization eld
and the double di erence required to measure the polarizath. Throughout our analyses,
the overall level of systematic contamination is assessedttwnull tests as described here and
in Jarosik et al. (2006) & Hinshaw et al. (2006).

The mapmaking procedure is described in Jarosik et al. (200@&nd-to-end simulations
of the instrument and scan strategy, incorporating realist models of the frequency response,
foreground emission, and detector noise characteristicae used to assess the possible lev-
els of contamination. Interactions between the slow 1 % drifts in the gain, non-uniform
weighting across the sky, the 0.2% correlation due to the oppitely directed beams, the
time series masking of the planets, and the=t noise are accounted for in the map solu-
tion. In the following we discuss how the instrumental o set gain/calibration uncertainty,
passband mismatch, main beam mismatch, polarization istien and cross polarization, loss
imbalance, and sidelobes a ect the polarization maps.

O set and baseline drift|- The instrumental o set is the output of the detector in
the absence of celestial signal. The average polarizatiorset in the Q, V, and W bands
is 250 mK. Changes in this o set on time scales of minutes to brs arise from spacecraft
temperature changes and from=if drifts in the ampli er gain acting on the 250 mK. To
measure polarization at the level of @ K, we require that changes in the baseline be
suppressed by roughly a factor of £0 The rst step in achieving this is maintaining a stable
instrument and environment. The physical temperature of th DAs averaged over a spin
period changes by less than 5 parts in $@Jarosik et al. 2006), suppressing changes in the
baseline by a similar factor. The second step in achievingithis through the baseline removal
in the mapmaking algorithm (Hinshaw et al. 2003b; Jarosik eal. 2006).

If the precession of the satellite were stopped, the tempéuae data for ~ > 1 would
repeat in the time stream at the spin period (2.16 m). The o sg though, would change sign
relative to the celestial signal at half the spin period endimg the di erentiation of celestial
and instrumental signals. (Alternatively, one may imaginebserving a planet in which case
the temperature data would change sign at half the spin periband an o set would be con-
stant.) By contrast, with our choice of polarization orienations, the polarization data Tp,
would repeat at half the spin period for some orientations dhe satellite. Consequently, an
instrumental o set would not change sign relative to a celé®l signal upon a 180 space-
craft rotation. Thus the polarization data are more sensitie to instrumental o sets than are
the temperature data. In general, the polarization data emirs the time stream in a more
complex manner than does the temperature data.

Calibration| An incorrect calibration between channels leads to a leakagf the tem-
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perature signal into Tp, contaminating the polarization map. Calibration drifts cause a
leakage that varies across the sky. Jarosik et al. (2003a)oshthat calibration drifts on 1
day time scales are the result of sub-Kelvin changes in the atner's physical temperature.
The calibration can be faithfully modeled by tting to the physical temperature of each DA
with a three parameter model. Here agaifWWMAP 's stability plays a key role. The residual
calibration errors are atthe 0:2% level. These errors do not limit the polarization maps be-
cause the bright Galactic plane is masked in the time orderethta when producing the high
Galactic latitude maps (Jarosik et al. 2006). The overall adplute calibration uncertainty is
still the rst-year value, 0.5% (Jarosik et al. 2006).

Passband mismatch| The e ective central frequencies (Jarosik et al. 2003b; Paget al.
2003b) for T, and T, are not the same. This a ects both the beam patterns, treated
below, and the detected ux from a celestial source, treateith the following. The passbands
for the A and B sides of one polarization channel in a DA may bedated as the same
because the dominant contributions to the passband de nitin, the ampliers and band
de ning lters, are common to both sides.

SinceWMAP is calibrated on the CMB dipole, the presence of a passbandsmatch
means that the response to radiation with a non-thermal spgam is di erent from the
response to radiation with a CMB spectrum (Kogut et al. 2003dinshaw et al. 2003b). This
would be true even if the sky were unpolarized, the polarizan o set zero, and the beams
identical. The e ect produces a response in the polarizatiodata of the form:

Te = 11 I+ (6)
Q(fip)cos2 5o + U(hpa)sin2 4
Q(fhg)cos2g U(fHg)sin2 g:

where |, is the unpolarized temperature di erence observed in radmeter one, and sim-
ilarly for 1,. If these dier due to passband di erences, the polarizatio data will have
an output component that is independent of parallactic angl. Given su cient paralactic
coverage, such a term can be separated from Stok@sand U in the mapmaking process.
We model the polarized signal aQ cos2 + Usin2 + S where the constant,S, absorbs the
signal due to passband mismatch. We solve for the mismatchrte simultaneously with Q
and U as outlined in Jarosik et al. (2006). Note that we do not needtknow the magnitude
of the passband mismatch, it is t for in the mapmaking proces The S map resembles
a temperature map of the Galaxy but at a reduced amplitude of:3% in K band, 2.5% in
the V1 band, and on average 1% for the other bands. The maps of agree with the
expectations based on the measured passband mismatch.

Beamwidth mismatch| The beamwidths of each polarization on each of the A and B
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sides are dierent. The dierence between the A and B side bea shapes is due to the
di erence in shapes of the primary mirrors and is self consently treated in the window
function (Page et al. 2003b). The di erence in beam shapestaeen T; and T, is due to
the mismatch in central frequencies.

This e ect is most easily seen in the K-band observations ofupiter. We denote the
brightness temperature and solid angle of Jupiter witd’; and ;, and the measured quanti-
ties asT; and ";. Although the product T; ; = T5"; is the same for the two polarizations
(because Jupiter is almost a thermal source in K band), the ben solid angles dier by
8.1% on the A-side and 6.5% on the B-side (Page et al. 2003a)heTprimary e ect of the
beamwidth mismatch is to complicate the determination of tk intrinsic polarization of point
sources.

The di erence in beams also leads to a small di erence in wimav functions between T,
and T,. The signature would be leakage of power from the temperawianisotropy into the
polarization signal at high™. We have analyzed the data for evidence of this e ect and fodn
it to be negligible. Additionally, as most of the CMB and forground polarization signal
comes from angular scales much larger than the beam, the dience in window functions
can safely be ignored in this data set.

Polarization isolation and cross polarization| Polarization isolation, X, and cross
polarization are measures of the leakage of electric eldoim one polarization into the mea-
surement of the orthogonal polarization. For example, if acgirce were fully polarized in the
vertical direction with intensity |, and was measured to have intensity, = 0:01l, with a
horizontally polarized detector, one would say that the crss polar response (or isolation)
is jX¢pi> = 1% or 20 dB. The term \polarization isolation" is usually appliedto devices
whereas \cross polarization" is applied to the optical regmse of the telescope. We treat
these together as a cross-polar response. RMMAP , the o -axis design and imperfections
in the orthomode transducers (OMT) lead to a small cross-pat response. The ratio of the
maximum of the modeled crosspolar beam to the maximum of theadeled copolar beam is

25, 27, 30, 30,& 35dBinK through W bands respectively. The determination of
the feed and OMT polarization isolation is limited by compoant measurement. The maxi-
mum values we nd are:jXj?>= 40, 30, 30, 27,& 25 dB for K through W bands
respectively (Page et al. 2003b). We consider the combinati of beams plus components
below.

BecauseWMAP measures only the di erence in power from two polarizationst mea-

2If the passbands were the same, the beam solid angles forT; and T, would be the same to< 0:5%
accuracy.
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sures only StokeX) in a reference frame xed to the radiometersQraq. The sensitivity to
celestial StokeQ and U comes through multiple observations of a single pixel withi@rent
orientations of the satellite. The formalism that describe how cross polarization interacts
with the observations is given in Appendix A. To leading orde the e ect of a simple
cross polarization of the formX, = Xe' is to rotate some of the radiometelU into a Q
component. The measured quantity becomes:

TP = éad + and +2X COS(Y)(Uéad + UF?ad) (7)

where Qg,4 and QB,, are the StokesQ components for the A and B sides in the radiometer
frame, similarly with U5, and UR,,. Note that in the frame of the radiometersQg_, (Stokes
Q in the B-side coordinate system) is Qg,q- This leads to the di erence in sign conventions
between the above and Equation 5. System measurements lintfite magnitude of jX pj?
but do not directly give the phase,Y. Laboratory measurements of selected OMTs show
Y =90 5, indicating the e ective cross polar contamination is neggible.

We limit the net e ect of the re ectors and OMT with measurements in the GEMAC
antenna range (Page et al. 2003b). We nd that for a linearly plarized input, the ratios of
the maximum to minimum responses of the OMTs are 1) 25, 27, 25, 25, 22dBforK
through W band respectively; 2) 90 2 apart; and 3) within 1.5 of the design orientation.
Thus, we can limit any rotation of one component into anotheto < 2 . The comparison
of derived from Tau A to the measurement by Flett & Henderson (1E9) in Table 1 gives
further evidence that any possible rotation of the Stokes agponents is minimal. Based
on these multiple checks, we treat the e ects of optical crgspolarization and incomplete
polarization isolation as negligible.

Loss imbalance| A certain amount of celestial radiation is lost to absorptia by the
optics and waveguide components. If the losses were equaldach of the four radiometer
inputs their e ect would be indistinguishable from a changén the gain calibration. However,
small di erences exist that produce a residual common-modggnal that is separable from the
gain drifts (Jarosik et al. 2003a). The mean loss di erence(,) between the A- and B-sides
is accounted for in the mapmaking algorithm (Hinshaw et al. @3a; Jarosik et al. 2003a). In
addition, the imbalance between the two polarizations on argyle side, the \loss imbalance
imbalance," is also included (Jarosik et al. 2006). It conibbutes a term 2(LATA + LBTB)
to Tp. Here TAB is the sky temperature observed by the A,B side, and”B is the loss
imbalance between the two polarizations on th&; B side (see Appendix A). The magnitude
of LAB is. 1% (Jarosik et al. 2003b).

A change in the loss across the bandpass due to, for examplee feed horns is a poten-
tial systematic error that we do not quantify with the radiometer passband measurements
(Jarosik et al. 2003b). The magnitude of the e ect is secondrader to the loss imbalance
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which is 1%. We do not have a measurement of the e ect. Nevesdless, as the e ect mimics
a passband mismatch, it is accounted for in the map solution.

Sidelobes| When the sidelobes corresponding to Tp are measured, there are two terms
(Barnes et al. 2003). The largest term is due to the passbandismatch and is consistently
treated in the mapmaking process. The second smaller termdse to the intrinsic polariza-
tion. We assess the contribution of both terms by simulatinghe e ects of scan pattern of the
sidelobes on the&) and U polarization maps. The results are reported in Barnes et 2003)
for the rst-year polarization maps. In K band, the net rms catamination is 1 K outside
of the KpO mask region (Bennett et al. 2003b). The intrinsic plarized sidelobe pickup is
< 1 Kand is not accounted for in this three-year data release. Ehcontamination is more
than an order of magnitude smaller in the other bands.

4. The Foreground Emission Model

The microwave sky is polarized at all frequencies measure¢g &WWMAP . In K band
the polarized ux exceeds the level of CMB polarization ovethe full sky. By contrast,
unpolarized foreground emission dominates over the CMB gnbver 20% of the sky. Near
60 GHz and” 5, the foreground emission temperature is roughly a factof two larger than
the CMB polarization signal. Thus, the foreground emissiomust be subtracted before a
cosmological analysis is done. While it is possible to makigrs cant progress working with
angular power spectra, we nd that due to the correlations beveen foreground components,
a pixel space subtraction is required. Table 2 gives the fg®und emission levels in a region
around the Galactic center.

The two dominant components of di use polarized foregrounagmission in the 23
94 GHz range are synchrotron emission and thermal dust ema@s (Weiss 1984; Bennett
et al. 2003b). Free-free emission is unpolarizednd spinning dust grains are expected to
have polarization fractions of 1-2% (Lazarian & Draine 2000 The signal from polarized
radio sources is negligible (Table 9, Hinshaw et al. 2006).h& detected polarized sources
are all well known, and among the brightest objects in the teperature source catalog.
They include 3C273, 3C274 (M87, Vir A), 3C279, Fornax A, Piar A, [HB93]2255-282,
and [HB93] 0637-752 and are masked as discussed below. Themi@l impact of polarized
foreground emission on the detection of the CMB polarizatiohas been discussed by many
authors including Verde et al. (2006); Ponthieu et al. (2005de Oliveira-Costa et al. (2003);
Giardino et al. (2002); Tucci et al. (2002); Baccigalupi etla(2001); Tegmark et al. (2000).

3There may be polarized emission at the edges of HIl clouds asoted in Keating et al. (1998).
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Synchrotron emission is produced by cosmic-ray electrongbiting in the 6 G total
Galactic magnetic eld. The unpolarized synchrotron compieent has been well measured
by WMAP in the 23 to 94 GHz range (Bennett et al. 2003a). The brightnestemperature
of the radiation is characterized byT( ) / * where the index 31 < ¢< 25 varies
considerably across the sky (Reich & Reich 1988; Lawson et 4B87). In the microwave
range, the spectrum reddens ¢ tends to more negative values) as the frequency increases
(Banday & Wolfendale 1991).

Synchrotron radiation can be strongly polarized in the diretion perpendicular to the
Galactic magnetic eld (Rybicki & Lightman 1979). The polanzation has been measured
at a number of frequencies [from Leiden between 408 MHz to X3Hz (Brouw & Spoelstra
1976; Wolleben et al. 2005), from Parkes at 2.4 GHz (Duncan at. 1995, 1999), and by
the Medium Galactic Latitude Survey at 1.4 GHz (Uyan ker et & 1999)]. At these low
frequencies, Faraday rotation alters the polarization. Elctrons in the Galactic magnetic eld
rotate the plane of polarization because the constituent fieand right circular polarizations
propagate with di erent velocities in the medium. In the interstellar medium, the rotation
is a function of electron densityn., and the component of the Galactic magnetic eld along
the line of sight, Bj;,

Z .
1 GHz 2 Ll"pcdr Ne Bijj

=420 . 0lcm? 1 G

(8)

where the integral is over the line of sight. Withne 0:1cm 3, L  1kpc, andB; 1 G,
the net rotation is 420= 2, with in GHz. At WMAP frequencies the rotation is
negligible, though the extrapolation of low frequency pof&ation measurements toVMAP
frequencies can be problematic. In addition there may be Wotobservational and astro-
physical depolarization e ects that are di erent at lower frequencies (Burn 1966; Cio &
Jones 1980; Cortiglioni & Spoelstra 1995). Thus, our methddr subtracting the foreground
emission is based, to the extent possible, on the polarizati directions measured byVMAP

The other dominant component of polarized foreground emiss comes from thermal
dust. Nonspherical dust grains align their long axes perpditularly to the Galactic magnetic
eld through the Davis-Greenstein mechanism (Davis & Greestein 1951). The aligned
grains preferentially absorb the component of starlight darized along their longest axis.
Thus, when we observe starlight we see it polarized in the sandirection as the magnetic
eld. These same grains emit thermal radiation preferentily polarized along their longest
axis, perpendicular to the Galactic magnetic eld. Thus we xpect to observe thermal dust
emission and synchrotron emission polarized in the sameaeltion, while starlight is polarized
perpendicularly to both.
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In Sectionx4.1, we describe a physical model of the polarized microwasmnission from
our Galaxy that explains the general features of th&/MAP polarization maps. However
this model is not directly used to de ne the polarization mé&sor to clean the polarization
maps. We go on to de ne the polarization masks inx4.2 and in x4.3 we describe how we
subtract the polarized foreground emission.

4.1. The Galaxy Magnetic Field and a Model of Foreground Emis sion.

In the following, we present a general model of polarized &ground emission based on
WMAP observations. We view this as a starting point aimed at undstanding the gross
features of theWMAP data. A more detailed model that includes the wide variety aéxternal
data sets that relate to polarization is beyond the scope ohis paper.

For both synchrotron and dust emission, the Galactic magniet eld breaks the spatial
isotropy thereby leading to polarization. Thus, to physiclly model the polarized foreground
emission we need a model of the Galactic magnetic eld. As ast step, we note that the
K-band polarization maps suggest a large coherence scaletfe Galactic magnetic eld, as
shown in Figure 3.

We can t the large-scale eld structure seen in the K-band mps with a gas of cosmic
ray electrons interacting with a magnetic eld that followsthe spiral arms. The Galactic
magnetic eld can be quite complicated (Beck 2006; Han et &006; Reich 2006; Wielebinski
2005): there are eld direction reversals in the Galactic pine; the eld strength depends on
length scale, appearing turbulent on scales 80 kpc (e.g., Mitner & Spangler 1996); and
the eld strength of the large-scale eld depends on the Gatdocentric radius (e.g., Beck
2001). Nevertheless, most external spiral galaxies have gnetic elds that follow the spiral
arm pattern (e.g., Wielebinski 2005; Beck et al. 1996; Sofwt al. 1986). Inspired by this,
we model the eld in cylindrical coordinates as:

B(r, ;z)= Bo[ cos (r)cos (2)f+ 9)
sin  (r)cos (2)"+
sin  (2)2]

where (r) = o+ 1In(r=8 kpc), (z) = ,tanh(z=l kpc), r and z are measured in kpc
with respect to the center of the Galaxy,r ranges from 3 kpc to 20 kpc, and the angles
are in degrees. The coordinates follow those in Taylor & Coed (1993). For a xed radius,
| B| has the same value at all azimuths. We term the expression tle logarithmic spiral
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arm (LSA) model to distinguish it from previous forms. We take 8 kpc as the distance to
the center of the Galaxy (Eisenhauer et al. 2003; Reid & Bruhtler 2005). The values are
determined by tting to the K-band eld directions. While th e tilt, (z) with =25, and
the radial dependence, (r) with 1 = 0:9, optimize the t, the key parameter is o, the
opening angle of the spiral arms. We nd that the magnetic il is a loosely wound spiral
with o' 35.

To model the cosmic ray electrons, we assume they have a povav distribution with
slope* p= (2 s+3) =3 (Rybicki & Lightman 1979) and are distributed in a exponential
disk with a scale height oy = 1 kpc and a radial scale length oh, =5 kpc (e.g., Drimmel
& Spergel 2001) as

Nne = Noexp( r=h,)sectf(z=hy): (10)

While the amplitude of the signal is sensitive to the detail®f the cosmic ray distribution
and the magnetic eld structure, we may estimate its overalstructure with the smooth eld
model (Eqg. 9) and cosmic ray distribution. The model prediébns are not very sensitive to
the assumed scale height and scale length. We compute the gr@ation direction in this
simple model as:

u()
Q)

p  Ne(X; N)2Bs(x; A)B(x; M) dX

" ne(x; N)[B2(x; h)  BE(x; )] dx

tan2 (f)

(11)

where it is the line-of-sight direction, x is the distance along that direction,n. is the elec-
tron distribution described above, andB; and B are orthogonal components of the eld
perpendicular to the line of sight, withB; the component perpendicular to thez axis of the
Galactic plane. The parameters of the LSA model are determed by tting the predicted
directions, Equation 11, to the measured the K-band eld diections.

Figure 7 shows the predicted magnetic eld orientation forlie LSA model. The actual
direction has a 180 ambiguity. In the plane, the eld lines are parallel to the Gdactic
plane and the polarization projects into positive Stoke®. Near the Galactic pole, the eld
lines point along the spiral arm direction. When projectednto Q and U, this leads to

rotating around the pole. We assess the agreement betweeretmodel eld orientation
and the orientation inferred from the K-band polarization vith the correlation coe cient

4Bennett et al. (2003a) uses in place of p.
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r = cos(2( model data)), and take the rms average over 74.3% of the sky (outside tiR06
mask described below). For our simple model the agreementcigar: r = 0:76 for K band.

Using using rotation measures derived from pulsar obserias in the Galactic plane,
one nds instead a spiral arm opening angle of, ' 8 as reviewed in Beck (2001); Han
(2006). Our method is more sensitive to the elds above and lmsv the plane; and, unlike
the case with pulsars, we have no depth information. It has lea suggested by R. Beck
and others that the north polar spur may drive our best t value to o' 35. Though
the agreement between our simple model and the K-band polaaition directions indicate
that we understand the basic mechanism, more modeling is weel to connect theWMAP
observations to other measures of the magnetic eld.

For a power law distribution of electrons moving in a homoge&ous magnetic eld, the
polarization fractionis s=(p+1)=(p+7=3) 0:75 (Rybicki & Lightman 1979). Because
the eld direction changes as one integrates along the lind sight, there is a geometric sup-
pression of the amplitude of the polarization signal. We estate this geometric suppression

as
P(f)

s 1(f)’
where all quantities are determined from the modelP (f) = P Q2+ U2 and | is found by
integrating the perpendicular component of the magnetic k&, (B2+ B?)*, and cosmic ray
distribution along the line of sight. The result is shown in kgure 8. Similar results have
been found by Enlin et al. (2006). This geometric reductiorfactor ranges from unity to
zero.

Osync (M) = (12)

4.1.1. Comparison to Low Frequency Observations

The polarization of a number of spiral galaxies similar to ta Milky Way has been
measured by Dumke et al. (1995). The observations are at 18.%5Hz and thus probe
primarily synchrotron emission. For one of the best measuteedge-on spirals, NGC 891,
they nd: (1) at distances 5 kpc o the galactic plane the polarization fraction can be

10%; and (2) in the plane, at heights< 0:5 kpc, the polarization fraction drops to<5%.
Similar behavior is seen by Sukumar & Allen (1991) at 5 GHz. laddition, Hummel et al.
(1991) show that (3) between 0.66 GHz and 1.5 GHz the spectratiex ranges from ¢ = 2.5
in the planeto = 3:5 well o the plane. WMAP observes qualitatively similar behavior
in K band.

At 408 MHz, Haslam et al. (1982) have surveyed the Galactic gmhe in intensity. At
this frequency, synchrotron emission dominates maps. Westehe magnetic eld model by
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extrapolating the 408 MHz measurements to 22 GHz (an extrafation of 40 in frequency
and over 10,000 in amplitude):

22 ¢
Qmodel(h) = qIHas (h) m sgsync(h) COS(Z model)
Umodel(N) = qluas (N) 22 () sin(2 ) (13)
model = QlHas m sgsync model

where is the ratio of the homogeneous eld strength to the total etl strength. Note that

the model e ectively has only one free parameter: an overamplitude, which is described
by a degenerate combination of the spectral index,s and g. For ¢ = 27, the best t

value forqis O:7. This implies that the energy in the large scale eld is rougly the same as
the energy in small scale elds, consistent with other restsl for the Milky Way (Jones et al.
1992; Beck 2001, and references therein).

Figure 9 compares the K-band polarization signal to the exapolated 408 MHz maps.
Given the simplicity of the model (uniform cosmic ray spectl index, p, and a uniform
LSA eld), the agreement is remarkably good. The largest deéations are seen near spiral
arms. Recent observations (Enomoto et al. 2002) suggest th@smic rays are accelerated
in star-forming regions. If most cosmic rays are acceleratén spiral arms and then di use
away from the arms, we would expect a atter spectral index irthe arms, consistent with
the observations. In Figure 10 we show that the radio loops @khuijsen et al. 1971) seen
at 408 MHz, probably from supernovae or \blowouts," are alseeen in theWMAP data.

4.1.2. Starlight Polarization and Polarized Dust Emission

Measurements of starlight polarization serve as a templater the analysis of polarized
microwave dust emission (Fosalba et al. 2002; Bernardi et. #003). We have combined
several catalogs of optical dust polarization measuremen{Heiles 2000; Berdyugin et al.
2001; Berdyugin & Teerikorpi 2002; Berdyugin et al. 2004) toonstruct a template for the
magnetic eld direction in dusty environments. Since therere signi cant variations in the
dust column density, we only use the measured direction tomstruct the dust template. The
dust layer has a scale height of 100 pc (Berdyugin & Teerikar@2001; Drimmel & Spergel
2001). Observations toward the Galactic poles suggest thatost of the dust absorption
occurs within 200 pc. To select stars outside the dust columior jj > 10, we limit the
sample to the 1578 stars with heliocentric distances greatihan 500 pc. Forjlj < 10, the
model is problematic because there is ample dust emissioarfr distances further away than
the stars sample.
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We represent the starlight polarization data, Q-; U-), in terms of a polarization ampli-
tude, P, and direction, »:

P, cos(2 »)
P, Sin(2 ?) (14)

Q-
U,

We then smooth the starlight data by convolving Q.=P,) and (U,=P,) with a Gaussian
window with a FWHM of 9:2. The smoothing is required because the measurements are
coarsely distributed. As a result, this dust model is applable only for™ . 15 andjig > 10.
Above, - describes the direction of this smoothed starlight polar&ion eld. We can
guantify the agreement between the starlight andVMAP K-band polarization measurements
by computing their correlation in each pixelZ =cos(2( » )+ )where ¢ isthe direction
in K band. Figure 11 shows a plot of the correlation as a funan of position. The median
correlation coe cient is 0.72 implying that the dust and K-band directions typically agree
to 20 . Because of noise in both the K-band and starlight maps, this an underestimate
of the correlation. Nevertheless, the correlation tells uthat the basic model relating the
starlight, the dust, synchrotron emission, and the magneti eld agrees with observations.

4.1.3. Thermal Dust Emission

Based on the detection of starlight polarization, thermal dst emission is expected to be
polarized at millimeter and sub-millimeter wavelengths. Achaeops has detected polarized
thermal emission at 353 GHz (Beno't et al. 2004). An extrapation from this high frequency
suggests thatWMAP should see polarized thermal dust emission at 94 GHz. Hereg veport
on the WMAP detection of dust polarization at 94 GHz.

We generate a template for the dust polarization by using théVlaximum Entropy
Method (MEM)?®. dust intensity map (Bennett et al. 2003a), the smoothed palization
direction from the starlight, and the model geometric factofor the dust layer:

Qdust( ) = Idust (h) d9dust (h) COS(Z dust)
Udust( ) = |dust (h) dYdust (h) sin(2 dust) (15)
where 4 = »+ =2 is the smoothed starlight polarization direction. The gewoetric

suppression factor for the dustgqs:, iS computed along the same lines a@gy,c in Equation 12

5The dust, free-free, synchrotron, and CMB MEM maps are deried from a maximum entropy solution
to the ve  WMAP bands, the FDS dust map (Finkbeiner et al. 1999), the Haslam map, and a H map
(Finkbeiner 2003)
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and is shown in Figure 8. To computd (f) for the analog to Equation 12, we assume the
dust has a scale height of 100 pc and a radial scale length off&k To nd P (f\) we use the
LSA magnetic eld model. The fractional polarization, 4 = 0:05, is found with a best t of
the model to the data. Similar results are found using the FD8ust map (Finkbeiner et al.
1999) instead of the MEM dust map. The uncertainty is estimagdd to be 50%.

Figure 12 compares this predicted pattern of polarizationa the cleaned W-band ob-
servations. We use the K-band synchrotron template to clea®@, V and W bands and then
use the Q and V band maps to remove the CMB polarization signflom the W-band maps;
though removing the CMB component is not necessary. The W-hd map is then smoothed
with a 10 beam for plotting. The appearance of the dust polarizationignal pattern is sim-
ilar to that found by Archeops (Ponthieu et al. 2005, Figure® & 3). However, the signal to
noise ratio is low due to the low level of polarized dust emiss at 94 GHz. The predominant
feature is that the plane is dominated by positive Stoke® emission. A visual comparison to
the model is less robust. One must keep in mind that since staare heavily obscured in the
plane, the model is not expected to be accurate in the plane.eMertheless, since Stoked
emission corresponds to the dominant horizontal magnetield, one does not have to sample
too deeply to pick it up. Similarly, we interpret the poor corelation between the modelJ
and the observedJ as due to the insu cient sampling of other magnetic eld directions by
rather limited depth of the stars. Some common features beté&n the model and W-band
data are seen fojly > 10 . Fits of the data to the model are given in Sectiorx4.3. Clearly,
more integration time and more stellar polarization meas@ments are needed to |l out the
model.

4.1.4. Spinning Dust Emission?

Electric dipole emission from rapidly spinning dust graings potentially a signi cant
source of emission atVMAP frequencies (Erickson 1957; Draine & Lazarian 1998). Theai
uctuations in the magnetization of magnetized grains may go be a potentially signi cant
source of emission at microwave wavelengths (Draine & Laram 1999; Prunet & Lazarian
1999). Both have been proposed as an explanation for the aations seen between thermal
dust emission at 140 m and microwave emission in many cosmic background experints
COBE (Kogut et al. 1996), OVRO (Leitch et al. 1997), Saskatoo (de Oliveira-Costa et al.
1997), the 19 GHz Survey (de Oliveira-Costa et al. 1998), Tenfe (de Oliveira-Costa et al.
1999, 2004), Python V (Mukherjee et al. 2003), and COSMOSOMRA (Fernandez-Cerezo
et al. 2006).

The spectral shape of spinning dust emission can be similar $ynchrotron emission in
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the 20-40 GHz range. Thus models with either variable synabtron spectral index (Bennett
et al. 2003b) or with a spinning dust spectrum with a suitablyt cuto frequency (Lagache
2003; Finkbeiner 2004) can give reasonable ts to the data.dwever, at < 20 GHz there is
a considerable body of evidence, reviewed in Bennett et &2003b) and Hinshaw et al. (2006),
that shows (1) that the synchrotron index varies across thekg steepening with increasing
galactic latitude (as is also seen iIWMAP ) and (2) that in other galaxies and our galaxy
there is a strong correlation between 5 GHz synchrotron ersisn and 100 m (3000 GHz)
dust emission. The combination of these two observations ply that the < 40 GHz
WMAP foreground emission is dominated by synchrotron emissios discussed in Hinshaw
et al. (2006). Nevertheless, we must consider spinning duss a possible emission source.
While on a Galactic scale it appears to be sub-dominant, it nyabe dominant or a signi cant
fraction of the emission in some regions or clouds.

Spinning dust models predict an unambiguous signature intensity maps: at 5-15 GHz,
the dust emission should be signi cantly less than the synobtron emission. Finkbeiner
(2004) and de Oliveira-Costa et al. (2004) argue that the Temife and Green Bank data
show evidence for a rising spectrum between 10 and 15 GHz, gesting the presence of
spinning dust. Observations of individual compact cloudslso show evidence for spinning
dust emission (Finkbeiner et al. 2002, 2004; Watson et al. @8) though the signature is not
ubiquitous. The status of the observations is discussed fber in Hinshaw et al. (2006).

The WMAP polarization measurements potentially give us a new way toistinguish
between synchrotron and dust emission at microwave frequaes. While synchrotron emis-
sion is expected to be highly polarized, emission from sping dust grains is thought to
be weakly polarized. While promising, the signature is notnique as a tangle of magnetic
eld lines can also lead to a low polarization component (Suknar & Allen 1991) as seen
at 5 GHz where spinning dust emission is expected to be negiig. Using a model for the
polarization fraction of the synchrotron emission based othe LSA structure, we separate
the microwave intensity emission into a high and low polargion component:

Ihigh (h) = P (H)=0 sGsync(N)

Low() = 1 (A)  Tgn(h) 185G IFE™ (16)
wherel and P are the intensity and polarization maps at frequency . For notational
convenience, we use = K ;Ka; Q;V; W. 1L%; is the foreground-free CMB map made with
a linear combination of WMAP bands, and!1™ is the MEM free-free map for band

(Bennett et al. 2003b). In e ect, we use theWMAP polarization maps to extract the

intensity map of the low-polarization component in the data

Figure 13 compares the morphology of the low polarization Kand map to the W-band
MEM dust map (Bennett et al. 2003a). Even in this simple modebased on a number of
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assumptions, the agreement in morphology is striking. We autify this by computing the
rms deviation between the two scaled maps,

P
o (w1502
w ()2

where W is the W-band map, the scale factor is = 0:105, and the sum is taken over pixels.
We nd d=0:05. In other words, we can \predict" the distribution of dustin W band from
just the K band intensity and polarization maps. The low polaization fraction component
has a spectral index of = 2:6 between K and Q bands. This correlation between the
low polarization emission regions at 22-45 GHz and the theahemission at 90 GHz and
higher may be interpreted as either a very tight correlatiorbetween tangled eld lines in
star forming (dusty) regions or as evidence for spinning dusmission. More polarization
data, < 22 GHz observations, and extensive modeling are needed todasively delineate
the magnitude and morphology of the various components.

(17)

4.2. Masking Polarized Foreground Emission

To compute the CMB power spectrum, we must mask the regions twithe brightest
foreground emission. For polarization we create a set of nkaswith a process that is some-
what analogous to the creation of the temperature masks (Beatt et al. 2003b). First, the
K-band Q and U polarization maps are used to compute a positive-de nite HELpix r4 ¢ P
map. From this a noise-bias variance map (Jarosik et al. 2008 subtracted. The recti ed
noise-bias correction is small because of the coarse resofuat r4. A histogram of pixel
polarization amplitudes in this noise-bias-corrected mappproximates a power law. The
peak is near the zero pixel value, there are just a few negatipixels (due to the noise bias
correction), and there is a long positive tail.

Unlike the process in which the temperature masks were credt there is no natural
cut level based on the histogram peak. Instead, the cuts arévgn in terms of the mean of
the noise bias corrected map of P at K band. The cut level at thmean is denoted \P10".
The cut level at 0.2 times the mean is \P02", etc. For each cutlel, a preliminary mask is
made by setting r4 pixels greater than the cut level to 1, andllaothers to 0. This mask is
expanded to r9 and smoothed by a:3 FWHM Gaussian. This mask map is set back to all
Os and 1s using the 0.5 level as a cut-o and the sense of the kas reversed, so that the

6The number of pixels is 1N2,, where Ngge = 24 for r4, or resolution 4 (Gorski et al. 1998). See
notation in Bennett et al. (2003b).
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masked-out parts of the sky have zeros (th&/MAP convention). The above process results
in a synchrotron polarization mask.

In the case of temperature masks, we found that additional nsking based on the higher
frequency bands was redundant. This is not the case with poization. Thus we make a
dust polarization mask in a similar manner. We begin with therst-year MEM dust model
box-averaged to r7. Half the maximum value found in a subsef pixels in the polar caps
(Jb > 60) is adopted as the cut-o level. A preliminary mask is made bysetting r7 pixels
greater than the cut-o level to unity, and all others to zera This mask is then resolution
expanded to a r9 map, smoothed by a:@ Gaussian, and set back to digital levels with a
0.5 cut-o. The sense of the mask is then reversed to t theVMAP convention. Each
synchrotron polarization mask is ANDed with the (constant)dust polarization mask and a
constant polarized source mask.

We nd, in general, that the extragalactic point sources areninimally polarized in the
WMAP bands, as discussed in Hinshaw et al. (2006). We construct ausce mask based
on the exceptions. The most signi cant exception (not alredy covered by the synchrotron
or dust polarization masks) is Centaurus A, an extended andoparized source. We found
excellent agreement betweellVMAP and previously published maps of Cen A (Figure 2).
Based on this information, we custom-masked the full exterdf Cen A. Six other bright
polarized sources that we masked are Fornax A, Pictor A, 3C2,73C274, 3C279, PKS 1209-
52. (Some bright polarized sources already covered by thenskirotron and dust mask regions
include: 3C58, Orion A, Taurus A, 1C443, 1209-52, W51, W63,B21, CTB104A). We have
determined that, for most applications, the mask that we ca\P06" is the best compromise
between maximizing usable sky area while minimizing foregwnd contamination. With the
above considerations, the PO6 mask masks 25.7% of the skysthonear the Galactic plane.
We use the terminology \outside the P06 mask" to refer to datan the 74.3% of the sky left
for cosmological analysis. Various masks are shown in Figut4.

4.3. Removing the Polarized Foreground Emission from the Ma ps

Based on our analysis of the Galactic foreground emissiongviave generated syn-
chrotron and dust template maps for the purposes of foregrod removal. The template
maps are t and subtracted from the Ka through W band data to geerate cleaned maps
that are used for CMB analysis. We assess the e cacy of the straction with 2 and by
examining the residuals as a function of frequency and myble °, as described inx5.2.

We use the K-band data to trace the synchrotron emission, takg care to account
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for the (relatively weak) CMB signal in the K-band map when tting and subtracting the
template. For dust emission, we construct a template follawg Equation (15) that is based
on the starlight-derived polarization directions and the BS dust model eight (Finkbeiner
et al. 1999) evaluated at 94 GHz to trace the dust intensityl qust. We call this combination
of foreground templates \KD3Pol".

The synchrotron and dust templates are t simultaneously inStokesQ and U to three-
years maps in Ka through W bands. The three-year maps are consted by optimally
combining the single-year maps for each DA in a frequency bénSpeci cally

X 1 1 X 1
QR ;Ul=( N;7) N; “[Qi; U] (18)
i i
where i is a combined year and DA index, @;; U] is a polarization map degraded to r4
(Jarosik et al. 2006), andN; * is the inverse noise matrix for polarization mag. The t
coe cients, s and 4 are obtained by minimizing 2, de ned as

2 — X ([Q ;U] s; [Qs; Us] d; [Qu; Ud])z.

[ 2; 2]

where Rs; Us] is the K-band polarization map (the synchrotron template) [Qqg; Ug] is the
dust template, and [g; 2] is the noise per pixel per Stokes parameter in the three-yea
combined maps. We have tried using optimalN 1) weighting for the ts as well, and
found similar results for the coe cients. The results repoted here are based on the simpler
diagonal weighting. The t is evaluated for all pixels outsile the processing mask (Jarosik
et al. 2006).

(19)
p

The t coe cients are given in the top half of Table 3. For each emission component
we also report the e ective spectral index derived from thet: 4( ; ) for synchrotron
emission, and ¢4(; w) for dust. These results indicate that the spectrum of the caponent
traced by K-band is systematically attening with increasng frequency, which is unexpected
for synchrotron emission. This behavior is statisticallyigni cant, and is robust to variations
in the dust model and the data weighting. We do not have a de tive explanation for this
behavior.

To guard against the possibility of subtracting CMB signalwe modi ed the template
model as follows. We take the four synchrotron coe cients infable 3 and t them to a
spectrum model of the form

s()= s0 90)=k)+ o (20)

where o, s, and . are model parameters that are t to the ¢( ), and g( ) is the
conversion from antenna temperature to thermodynamic tengrature at frequency . This
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results in a modi ed set of synchrotron coe cients that are brced to follow a power-law that
is largely determined by the Ka and Q-band results. Speci ¢y, the modi ed coe cients
are given in Table 3. The implied synchrotron spectrum iss = 3:33. This results in a
12% reduction in the synchrotron coe cients at Q-band, and a33% reduction at V-band.
However, because the K-band template is dominated by ar= 2 E-mode signal (seex5.1),
this change has a negligible e ect on our cosmological comsions, which are dominated by
E-mode signal at > 2. A comparison of selected \before and after" cleaning mapsshown
in Figure 15.

We also account for the cleaning in the map error bars. Sinchd K-band data are a
combination of synchrotron and CMB emission, subtracting acaled version of K band from
a higher frequency channel also subtracts some CMB signditie t coe cient to the higher
frequency channel is, then the cleaned map iMY )=(M( ) aM( = K))=1 ay),
whereM is the map and denotes the frequency band. The maps we use for cosmological
analysis were cleaned using the coe cients in the bottom hhalof Table 3. The factor of
1=(1 &) dilates the noise in the cleaned map. To account for this inhe error budget
we scale the covariance matrix of the cleaned map by a factor b=(1 ag)2. Additionally,
we modify the form of the inverse covariance matrix by projeéing from it any mode that
has the K-band polarization pattern: N %! N° ! whereN® [Qx;Uc]=0. This ensures
that any residual signal traced by K-band (due, for exampleto errors in the form of the
spectrum) will not contribute to cosmological parameter aastraints.

One measure of the e cacy of the foreground removal is the chge in 2, relative to

a null signal, between pre-cleaned and cleaned maps. Tablgji#es the values for the full
sky and the P06 cut. In both cases the full pixel covariance rivax was used to compute 2
for StokesQ and U simultaneously. For the full sky the number of degrees of gdom, , is
6144 (twice the number of pixels in an r4 map) and outside the@® mask = 4534. Note
the large 2 achieved with just a two parameter t. By comparing the full &y to the P06

2 we nd that the starlight-based dust template is insu cient in the plane as discussed
in x4.1.3. We also see that outside the P06 mask, that Q and V bandse the cleanest
maps and that they are cleaned to similar levels. Since= for Q and V bands is so close
to unity for the cleaned maps, it is no longer an e ective mease of cleaning. Instead, we
examine the power spectra by °~ to assess the cleaning, and then test the sensitivity of the
cosmological conclusions to cleaning by including Ka and Wahd data.

We have tried a number of variants on the KD3Pol cleaning. Wend, for example,
that setting gqust = 1 across the sky has negligible e ect on the ts or the derivé optical
depth. Alternatively, when one uses the K-band polarizatio direction to trace the dust
direction, gt = k in Equation 15, the cleaning is not as e ective. Outside the 8 mask,
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the reduced 2 in the Q and V band maps is 1.022 and 1.016 as compared to 1.0kt a
1.018 for the starlight-based directions. Thus the latter i@ used. Regardless of template, we
nd that our cosmological conclusions are relatively insesitive to the details as indicated in
Figure 26.

5. Power Spectra

The Q & U maps are well suited to analyzing foreground emission, arsaiul for com-
paring to other polarization maps, and have straightforwat noise properties. However, they
are not well suited to quantifying the CMB polarization ani®tropy because their de nition
is coordinate dependent. TheQ and U maps may be transformed into scalar and pseudo-
scalar quantities called E and B modes (Seljak 1997; Kamiamkski et al. 1997; Zaldarriaga
& Seljak 1997). E and B are so named because they comprise al-ftee and divergence-
free decomposition of the spin-2 polarization eld, analags to static electric and magnetic
elds. The problem of separating E and B modes with an unevenlsampled and cut sky has
been considered by a number of authors (e.g., Tegmark et aD@D; Lewis et al. 2002; Bunn
et al. 2003). In our analysis, we work directly withQ and U maps to produce the E and B
angular power spectra. The conventions follow Appendix A dfogut et al. (2003)/

Fundamental symmetries in the production and growth of the plarized signal select
the possible con gurations for the CMB polarization. Scala(density) perturbations to the
matter power spectrum give rise to T and E modes. Tensor pemoations (gravitational
waves) give rise to T, E, and B modes primarily at . 20¢. Both scalar and tensor
perturbations can produce polarization patterns in both tle decoupling and reionization
epochs. Vector perturbations® (both inside and outside the horizon) are redshifted away
with the expansion of the universe, unless there are activewsces creating the vector modes,
such as topological defects. We do not consider these modeseh

At the noise levels achievable withHVMAP , the standard cosmological model predicts
that only the E mode of the CMB polarization and its correlaton with T will be detected.
The B-mode polarization signal is expected to be too weak fo¥MAP to detect, while the

’In this paper we do not use the rotationally invariant Q° and U° of Kogut et al. (2003).
8For r < 0:03 and" & 70, primordial B modes are dominated by the gravitational lensing of E modes.

%Vector modes are produced by purely rotational uid ow. Based on the t of the adiabatic CDM
model to WMAP TT data, the contribution of such modes is not large (Spergelet al. 2003). However, a
formal search for them has not been done.
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correlations of T and E with B is zero by parity. Thus the TB andEB signals serve as a
useful null check for systematic e ects. The polarizationfoforeground emission is produced
by di erent mechanisms. Foreground emission can have any xtire of E and B modes, it
can be circularly polarized (unlike the CMB), and E and B can b correlated with T.

We quantify the CMB polarization anisotropy with the CTE, CEE | and CB® angular
power spectra, where

CXY = paX Al (21)

Here the \hi" denote an ensemble averaga!. are the multipoles of the temperature map,
and at ;a8 are related to the spin-2 decomposition of the polarizatiomaps

X X
[Q U](R) = 2&m 2Y'm (%) (22)

e ome -
via
am = a-,  ial (23)

(Zaldarriaga & Seljak 1997). The remaining polarization sgctrum combinations (TB, EB)
have no expected cosmological signal because of the statatisotropy of the universe.

We compute the angular power spectrum after applying the PQg&olarization mask using
two methods depending on the range. All power spectra are initially based on the single-
year r9 Q and U maps (Jarosik et al. 2006). For > 230 we compute the power spectrum
following the method outlined in Hivon et al. (2002), and Kogt et al. (2003, Appendix A)
as updated in Hinshaw et al. (2006) and Appendix B.2. The statical weight per pixel is
Nons= 3 Where ¢ is the noise per observation (Jarosik et al. 2006; Hinshaw &t 2006). Here
Nops iS @ 2x2 weight matrix that multiplies the vector [Q; U] in each pixel

Nobs = y (24)

whereNg, Ny, and Ngy are the elements of the weight arrays provided with the sky npa
data. Note that the correlation betweenQ and U within each pixel is accounted for. We
refer to this as \Ngps Weighting.” From these maps, only cross power spectra betare DAs
and years are used. The cross spectra have the advantage tbaty signals common to two

10 =23 =3Ngge 1 is the Nyquist limit on . For some analysis methods XD) we use HEALPIx r3 for
which ngge =23=8
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independent maps contribute and there are no noise biasesdobtract as there are for the
auto power spectra. The covariance matrices for the vario® are given in Appendix C.3.

For ~ < 23 we mask and degrade the r9 maps to r4 (see the last paragrappippendix D
and Jarosik et al. 2006) so that we may use the full r4 inversexel noise matrix, N 1, to
optimally weight the maps prior to evaluating the pseuddz-. This is necessary because the
maps have correlated noise that is signi cant compared to thfaint CMB signal. By \N 1!
weighting" the maps, we e ciently suppress modes in the skyhat are poorly measured
given the WMAP beam separation and scan strategy (mostly modes with strugte in the
ecliptic plane). We propagate the full noise errors throughio the Fisher matrix of the
power spectrum. For the spectrum plots in this section, thereors are based on the diagonal
elements of the covariance matrix which is evaluated in Appelix B.

Figure 16 shows the e ect that correlated noise has on the lowerrors in the EE and BB
spectra. The curves show the diagonal elements of the inverSisher matrix (the C- errors)
computed in two ways: (1) assuming the noise is uncorrelatea pixel space and described
by Ngps (red) and (2) assuming it is correlated and correctly desdyed by N * (black).The
smooth rise in both curves toward low is due to the e ects of E=f noise and is most
pronounced in the W4 DA, which has the highestf noise. The structure in the black
trace is primarily due to the scan strategy. Note in particur, that we expect relatively
larger error bars on” = 2;5;7 in EE and on™ = 3 in BB. We caution those analyzing
maps that to obtain accurate results, thé& ! weighting must be used when working with
the * < 23 power spectra. For the Monte Carlo Markov Chains (MCMC) and cosmological
parameter evaluation, we do not use the power spectrum but dithe exact likelihood of
the temperature and polarization maps given the cosmologicparameters (Appendix D &
Hinshaw et al. 2006).

For both r4 and r9 maps there e 15 MASTER cross power spect(aee Table 5).
For the full three-year result, we form ﬁjzl ui  vj=6 omitting the ul ul, u2 u2, and
u3 u3 auto power spectra. In this expressiony and v denote the frequency band (K-
W) and i and j denote the year. The noise per in the limit of no celestial signal,N-, is
determined from analytical models that are informed by fullsimulations for r9 (including

1=f noise), and from the full map solution for r4.

5.1. Power Spectrum of Foreground Emission Outside the P06 M ask.

Figure 17 shows the EE and BB power spectra for the region oide the P06 mask,
74.3% of the sky, before any cleaning. The 15 cross spectravdhdeen frequency averaged
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into four groups (Table 5) by weighting with the diagonal elments of the covariance matrix.
Data are similarly binned over the indicated ranges of. It is clear that even on the cut sky
the foreground emission is non negligible. In K band, we nd("+1)CEE., =2 =66 (K )?
and"("+1)CBB, .. =2 =48 (K )? where' =< 2 6> denotes the weighted average over
multipoles two through six. The emission drops by roughly aattor of 200 inC- by 61 GHz
resulting in . 0:3 (K )? for both EE and BB. There is a \window" between" = 4 and

" = 8 in the EE where the emission is comparable to, though largéhan, the detector noise.
Unfortunately, BB foreground emission dominates a duciak = 0:3, = 0:09 model by
roughly an order of magnitude at < 30. In general, the power spectrum of the foreground
emission scales approximately as *2 in (" + 1) C..

Figure 18 shows the power spectra as a function of frequenoy & few = bands. The
spectrum of the emission follows that of synchrotron withT / s with ¢ = 29 for
both EE and BB!!. There is some evidence for another component at> 60 as seen in
the attening of the EE ~ = 2 term. We interpret this as due to dust emission. In the
foreground model, we explicitly t to a dust template and deect polarized dust emission.
However, there is not yet a su ciently high signal to noise réio to strongly constrain the
dust index or amplitude outside the P06 mask.

A simple parameterization of the foreground emission outi® the P06 mask region is
given by
"(+1)C=2 = (By( =65 * + Bg( =65F )™ (25)

We have introduced the notationB**  *(* +1)CX*X =2 to simplify the expression. The
\d" and \s" subscripts stand for \dust" and \synchrotron.” F rom an unweighted t to all
the raw * < 100 data with the dust index xed at 4 =1:5, we nd for EE Bs = 0:36 ( K)?,

s = 30,Byg=10(K?2andm = 06; and for BB Bs = 0:30 ( K)?, ¢ = 28,
By = 0:50 ( K)2and m = 0:6. This model is given as an approximate guide. It3
dependence is shown in Figure 17 for= 65 GHz and its frequency dependence is shown
in Figure 18 for BB * = 2. One can see that this scaling model picks up the generakmds
but not the details of the foreground emission. For examplét ignores correlations between
dust and synchrotron emission. It predicts an average foremnd emission of 1 ( K)? at
30 GHz and” = 300. Leitch et al. (2005) give an upper bound of 1 ( K)?2 for synchrotron
emission in this range. As DASI observes a relatively syndtron-free region and at's
beyond where this simple parametrization can be tested, theeis not a conict with their
results. The same is true for the CBI experiment (Readhead at. 2004) which also observed

1The ts to the power law index were done with the power spectrain CMB temperature units. The ratio
of these and the indicies corresponding to antenna are appkimately 1.03 and 0.99 at 90 GHz (where the
di erence is largest) for dust and synchrotron respectivey. The di erence is negligible.
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at 30 GHz but at a predominantly higher® and in a predetermined clean region of sky. The
dust amplitude in the model is especially uncertain. Depeimy on the region of sky within
the P06 cut, and the™ of interest, it may be an order of magnitude o .

For a more complete model of the power spectra of foregrounchission, one must take
into account the correlations or anticorrelations betweemarious foreground components and
between the foreground components and the CMB. For exampkeyeasonable tto the™ =2
EE spectrum, which is dominated by foreground emission, isvgn by

B ()= as( 12) °+ sads@a( 1% ,°+ ;¢ °)+ aa( 1 2) (26)

where 4 is the dust synchrotron correlation coe cient, ; and , are the frequencies of the
two spectra that are correlated, the 4 and ¢ are the dust and synchrotron spectral indices,
and = P "1 2. This tis shown in Figure 18. After normalizing the frequerty to 65 GHz,
the following coe cients were found to reasonably represérthe data: as =0:64, = 2.9,
ag = 0:65, 4=1:5 and ¢4 =0:46. In order to produce the KV, KW, and KaW features,
there must be signi cant correlations between dust and syhcotron emission. For the” =4
EE spectrum a similar expression ts the data if g4 is negative.

Some care is needed in interpreting the statistical signiance of power spectra that
include foreground emission and a cut sky. The lack of statisal isotropy of the foreground
emission means that it must be treated separately from the CBIwhen assessing the net
noise. In the presence of foregrounds, the random uncertgilbecomes

2 N2+ 2N-F] (27)

C @ +1fE,

C2

where F- is the foreground emission at each. We plot only the rst term in Figures 17
& 18 to indicate the size of the statistical error. Additiondly, with the sky cut there is a
noise-foreground coupling betweeN = and F55 | and betweenN=*® and F®%. This is
analogous to the noise coupling shown in Appendix C.

5.2. Power Spectrum of Foreground-Cleaned Maps Outside the P06 Mask

We next discuss the power spectrum after removing the foregmd emission from the
maps Cleaning foregrounds not only changes the mean Gf, but it reduces C- because
of the couplings. The choice of model makes little di erenc® the conclusions. For all the
following we have subtracted the best t KD3PolQ and U templates from the Ka through
W maps (both r4 and r9 versions) as described in Section 4. Tab5 shows the EE = 2
and BB ° =5, the multipoles with the largest foreground contributins, for both before and
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after the subtraction. Where the foreground signal is domamnt, the subtraction can reduce
its level by a factor of 6-10 in temperature.

When we t and subtract the foreground templates, we use es#@lly all of the available
data on polarized foreground emission. The error bar on theoprer spectrum of the cleaned
maps is dilated in the cleaning process as discussed aboves &¢ not include an additional
error for systematic uncertainty in the model. Rather, by cmparing spectra of pre-cleaned
to cleaned maps, we estimate that the model removes at leass% of the synchrotron.
This is demonstrated, for example, in the KKa and KaKa combiations for * = 2 EE in
Table 5, in the subtraction shown in Figure 15, and to a lessategree by the null EB and
BB power spectra. We also note that to a good approximation feground emission adds
only in quadrature to CMB emission.

Figure 19 shows the power spectra of the foreground cleanedps as a function of
frequency for =2 9. It also shows what we estimate to be the maximum levels ofsidual
foreground contamination in the power spectrum. In the gue, we plot the synchrotron
spectrum scaled to 0.15 of the pre-cleaned Ka band value (iemperature). This shows that
there is negligible residual synchrotron from 40 to 60 GHz thi the possible exception of
" = 2 at 40 GHz. Given the size of the' = 2 error bar, this potential contribution to the
determination of the optical depth is negligible as discusd in Sectionx6.1. Constraining
the residual dust contamination is more dicult. In Figure 19, we also show the MEM
temperature dust model scaled by 5%, a typical dust polarian value. A similarly scaled
FDS model is almost identical. This shows that even if we didat model and subtract dust,
the contamination from it would not be large in Q and V bands. Amore detailed model
might have to take into account the possibility that the eletrons and dust grains are in
regions at di erent line of sight distances with di erent magnetic elds or that variations in
the magnetic eld could alias power from low multipoles to lgher ones.

The cross power spectra of the cleaned maps are combined lggfrency band for testing
cosmological models. The 10 cross spectra (since K-bandsgd in the model, there is no K-
band cleaned spectrum) are assesselly ~ with a least squares tto a at line in Figure 19.
The results are shown for the QQ+QV+VV (denoted \QV combination”) and QV+KaV
combinations in EE, we nd 01 < PTE < 1 for all " < 16, where PTE is for \Probability
to Exceed" and is the probability that a random variable dram from the same distribution
exceeds the measured value of. When W band is added to the mix, we nd PTE< 0:03
for © = 5;7;9, though all other values of give reasonable values. For BB, all frequency
combinations yield reasonable PTEs for all. Thus, there is a residual signal in our power
spectra that we do not yet understand. It is evident in W bandn EE at * = 7 and to a
lesser degree at =5 and ~ = 9. We see no clear evidence of it anywhere else.
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5.3. Null Tests and Systematic Checks Outside the P06 Mask

Null tests are critical for assessing the quality of the dataWe have examined the data
in a wide variety of ways based on di erencing assembly, fragncy band,” range, and year.
We present selected, though typical, results in the followg. A particularly important test
is the null measurement of the BB, TB, and EB signals as shown iTable 6 and Figure 20.
These data combinations are derived from the same procesgias the EE, TE, and TT
combinations, where a signal is detected. Thus, the null ngé$ highlights the stability of the
WMAP data, the mapmaking, the foreground cleaning, and the powspectrum estimation.

The power spectrum of the di erence of the individual yearlymaps is another signi cant
test. Table 7 shows the results for all the yearly di erencefor ™ =2 16, the critical region of
“-space for the cosmological analysis. We have alsoused e ( v1+u2 v2 ul v2 u2 vl)=4
cross spectra to similar e ect. Here again the and v denote di erent frequency bands. This
combination is equivalent to forming the power spectrum oftte di erence between year one
and year two maps. In principle it does not contain any signalThe cross-spectrum method
treats the noise in a slightly di erent way from the straight map method, where one must
use the error bars from one of the maps. It has been checked twi&imulations. Similar
combinations are used for the other years.

Using a variant of cross-spectrum method, we have also tedteombinations of DAs for
multiple ranges in "~ within each frequency band. For all null tests, we nd the expcted
null measurements, apart from the previously mentioned riglials at ~ = 5&7 in W band.
Table 6 gives the reduced ? for all combinations of T, E, and B data for a number of data
combinations.

From Figure 19, it is clear that the large signal in W band is nbresidual dust contam-
ination because the dust would not t measurements in VW. Addionally, if one assumes
that the polarized emission at a particular is a fraction times the intensity at the same, it
would require > 40% dust polarization, which is unreasonable. Though thismsple picture
does not take into account the aliasing of intensity from a lger °, we do not observe a similar
e ect with the synchrotron emission, which in the simplest ase is polarized by the same
magnetic elds. The W-band EE" = 7 value is essentially unchanged by cleaning, removing
a 10 radius around the Galactic caps, or by additionally masking 10 in the ecliptic plane.

A number of tests have been done to identify this artifact oftie data. We are not yet
certain if it is due to an ersatz signal or an incorrect noiseetm. The error bars on the
individual year di erences are too large to clearly see if # e ect is the same from year
to year. Simulations show that ¥f alone cannot explain the signal. The scan pattern in
combination with the change in polarization is directly redted to the large error bars at
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" = 5;7;9 and is well understood. We have not identied a mechanism #t leads to a
further increase in these uncertainties. We know that di eent treatments of the noise, for
example usingN,s weighting, decreases the magnitude of the discrepancy, tigh we are
con dent that the N ! treatment of the pixel noise is the correct approach. The disepancy
can be made smaller by eliminating the W1 data simply becau#iee error bars increase. The
W1 radiometer has the lowest noise but also the largest numbef \glitches" (13, 4, 1 in
years 1, 2, & 3 respectively, Limon et al. 2003; Hinshaw et €2003b). However, since we
could not identify any correlation between the glitch rate &ssuming that unmasked glitches
are responsible) and the magnitude of the signal, we do not\ea basis for eliminating this
channel.

We believe there is an as yet unknown coupling in the W-band tiathat is driving the
signal but more simulations and more sensitivity are needetd understand it. We cannot
rule out similar lower-level problems in other bands, but wesee no evidence of systematic
e ects in BB, EB, or other values of and other frequencies in EE. To avoid biasing the result
by this residual artifact which also possibly masks some urodeled dust and synchrotron
contamination, we limit the cosmological analysis to the Q\Wombination. We also show
that including W band EE does not alter our conclusions.

5.4. Analysis of Foreground-Cleaned Power Spectra Outside the P06 Mask.

A comparison of the raw spectra and foreground cleaned sprects shown in Figure 21.
We start with the weighted sum of the 8 cross spectra with > 40 GHz (without KW).
This is the upper-level line (green) in the gure. The indivdual maps are then cleaned and
the power spectra remade and coadded. This is shown in violeSimilar comparisons are
repeated for the QVW and QV combinations. A simple visual insection shows that even
at the "s with the highest foreground contamination, the cleaningsie ective.

From the bottom left panel in Figure 21 one sees that there is a@lear signal above
the noise in EE at™ < 7. For the QV combination, BEE. , ., = 0:086 0:029 (K )2.
The signal has persisted through a number of di erent analgs. We cannot rule out that
this signal might nd explanation in an unmodeled foregroud component; however, we
nd this explanation unlikely since the emission would haveo be strikingly di erent from
the measured spatial and frequency characteristics of theolarized foreground emission.
Additionally, when di erent bands are coadded, the signaldvel is consistent: for QVW
BEE., . = 0:098 0:022 (K )? and for all channels with > 40 GHz except KW,
BEE., . =0:095 0:019 (K ). We have searched for systematic e ects inthe EE=2 8
range and have not been able to identify any, other than the endiscussed above. We can-
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not nd a more plausible explanation than that the signal is n the sky. We are thus led to
interpret it cosmologically. This is done in the next sectio.

We show the EE signal for > 20 in Table 8 and in Figure 22 along with a comparison
to other recent measurements (Leitch et al. 2005; Sievers @&t 2005; Barkats et al. 2005;
Montroy et al. 2005). Based on the best t to the TT spectra, weproduce a template for
the predicted EE spectrumCEST and form:

XOO
*(A¥)= " C.QF C (28)

*=50

where C- = CEE AEECEET  AEE s the t amplitude, and QEE is the diagonal Fisher
matrix in Appendix C.3. O diagonal elements inQ55 have a negligible e ect on the results.

The results of the t are plotted in Figure 23 for various freqiency combinations. We
plot 2 from the minimum value and nd that AEE = 0:95 0:35 for the pre-cleaned
QVW combination, where the uncertainty is determined from lhe bounds at 2 =1. The
reduced 2 at the minima are 1.34, 1.34, 1.24, and 1.30 for QV, VW, QVW, ahKaQVvW
combinations respectively, most likely indicating residal foreground contamination. At a
relative amplitude of zero, 2 =1:0; 3:3; 6:2; & 16 respectively for the same frequency
combinations. It is clear that the noise is not yet low enougho use just QV as was done
at low multipoles. In addition, cleaning the maps with the KE8Pol is problematic because
the K-band window function is reduced to 0.1 by = 250. When the same code is used to
analyze EB and BB data, the tted amplitude is always consistnt with zero. To summarize,
the WMAP EE data are consistent with a model of adiabatic uctuationsbased on the
temperature maps at greater than the 2 level for the QVW and KaQVW combinations.

Figure 24 (left panel) shows the TE spectrum for < 16. We use V band for tem-
perature and the QV combination for polarization. Several gpects of the new processing
led to increased errors and a reduced lowsignal estimate relative to the rst-year result
(Figure 8, Kogut et al. 2003). These include: improvements imapmaking and power spec-
trum estimation (especially accounting for correlated nee and applyingN ! weighting);
limiting the bands to just Q and V instead of Ka-W,; increasingthe cut from KPO to PO6;
and improvements in foreground modeling, including a new téwate of dust polarization.
Recall also that the rst-year result was based on the combations of Ka, Q, V, and W
bands and did not include a dust polarization template in canast to the new prescription.
Furthermore, if the year-two data are processed in the sameawas the rst-year data, we
obtain a spectrum similar to that in Kogut et al. (2003) indiating that the major di er-
ence between rst-year and three-year results rests on newmdwledge of how to make and
clean polarization maps. The new spectrum is fully consistewith the rst-year results and
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prefers a model based just on TT and EE data to a null signal ahe 2 level. However, the
new spectrum is also consistent with the absence of a TE signdhus, it will take greater
signal-to-noise to clearly identify the TE signal with our rw analysis methods.

Figure 24 (right panel) shows the TE signal over the full rang in . Other detections
of TE at = > 100 have been reported by DASI (2 ) (Leitch et al. 2005), Boomerang (3 )
(Piacentini et al. 2005), and CBI (33 ) (Sievers et al. 2005). TheVNMAP data have had
foreground models subtracted from both the temperature angolarization maps prior to
forming the cross correlation. The expected anticorrelain between the polarization and
temperature is clearly evident. To quantify the consistencwith the TT data we make a TE
template based on the model tto TT. Next, a tis made to the TE data for 20< " < 500
with the following: X
2(ATE: M) = C-Q'§ Cw (29)

“o
where C- = CTE  ATECT®T( ), ¢/ ( ") is the predicted power spectrum shifted by
*, ATE is the t amplitude, and Q!5 is the diagonal Fisher matrix in Appendix C.3. O
diagonal elements inQ'§ have a negligible e ect on the results. Similar 2D ts were doe
in Readhead et al. (2004). We show the combination that usesand W bands for T and Q
and V bands for E. The result, shown in Figure 23, i8¢ =0:93 0:12and =0 8 with
2= = 468=482 (PTE=0.66). Similar results are obtained with other bad combinations.
Thus the TE data are consistent with the TT data to within the limits of measurement.

Figure 25 shows a summary of the various components of the CMBisotropy.

6. Cosmological Analysis

The " < 100 region of the CMB polarization spectra is rich with new t&s of cosmology.
The EE spectrum gives us a new measure of the optical depth. &lsame free electrons from
reionization that lead to the " < 10 EE signal act as test particles that scatter the quadrupo-
lar temperature anisotropy produced by gravitational wave (tensor modes) originating at
the birth of the universe. The scatter results in polarizatbn B modes. Tensor modes also
a ect the TT spectrum in this region. A combination of these ad related observations leads
to direct tests of models of in ation.

The detection of the TE anticorrelation near” 30 is a fundamental measurement of
the physics of the formation of cosmological perturbationPeiris et al. 2003). It requires
some mechanism like in ation to produce and shows that suporizon uctuations must
exist. Turok (1996) showed that with enough free parametersne could in principle make
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a model based on post-in ation causal physics that reproded the TT spectrum. Spergel

& Zaldarriaga (1997) show that the TE anticorrelation is chaacteristic of models with su-

perhorizon uctuations. The reason is that the anticorrelion is observed on angular scales
larger than the acoustic horizon at decoupling. Thus, the aerved velocity-density correla-

tions implied by the TE data must have existed on scales larg¢han the horizon and were

not produced by post-in ation causal processes.

Although multiple distinct physical mechanisms a ect the” < 100 spectra, their e ects
can be disentangled through an analysis of the full data corlgment (Spergel et al. 2006).
The separation, though, is not perfect and there remain degeracies. In particular, to
some degree, the values of the scalar spectral index, optical depth, and the tensor to
scalar ratio, r, may be traded against each other, although far less than irh¢ rst-year
WMAP results. As the data improve, or as more data sets are addedhet degeneracy is
broken further. In the following we take a step back from theull MCMC analysis (Spergel
et al. 2006) and estimate and r from analyses of just the® < 10 polarization spectra.
This approach aids our intuition in understanding what it isin the data that constrains the
cosmological parameters.

6.1. The Optical Depth of Reionization

Our knowledge of the optical depth ripples through the assasent of all the cosmic
parameters. Free electrons scatter the CMB photons therelmgducing 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 contami-
nation is from foreground emission which has been modeleddasubtracted. The amplitude
of the reionization signal is proportional to in TE and is proportional to 2 in EE and BB.
In the rst year analysis, we imposed a prior that < 0:3 (Spergel et al. 2003). Such a high
value would produce a signap 6 times the model in Figure 21 and is clearly inconsistent
with the EE data. Thus this new analysis is a signi cant impraeement over the previously
assumed prior.

We assess using three methods: (1) with template ts to the EE power spetra; (2)
with an exact likelihood technique based directly on the mapas described in Appendix D;
and (3) with a multiparameter MCMC t to all the data as report ed in Spergel et al.
(2006). The rst method is based directly on the MASTER specum (Hivon et al. 2002,
and Appendix B) of EE data and serves as a simple check of thehet two. Additionally,
the simplicity allows us to examine the robustness of the EEnd TE detections to cuts of
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the data. The second method is robust and takes into accounhé phases of the EE and
TE signals. It is run either as a stand alone method, as rep@d here, or as part of the full
MCMC chain as reported in Spergel et al. (2006). The best estate of the optical depth

comes from the full chains.

For the template ts, CDM power spectra were generated for 0 0:3, with the
remaining parameters xed tong = 0:96,!, = 0:0226,! ,, = 0:133, andh = 0:72. For each
spectrum, the scalar amplitudeA is xed by requiring that BY),, = 5589 K?2. We then
form: X

L(~) pl (¢ *"D *(x *")=2] (30)

= p———ex
(2 ) det(D)

where is the data as shown in Figure 213" = BEE (~) is the model CDM spectrum,

2 1

D=
2 +1155()2

(BEE (=) + NEF)? (31)

as in C.14, andN EE s the uncertainty shown in Figure 21 and is derived from the MSTER
spectrum determination. We use the symbol in this context because the likelihood function
we obtain is not the full likelihood for . Uncertainties in other parameters, especiallysg,
have been ignored and th€- distribution is taken to be Gaussian. Thus. (~) does not give
a good estimate of the uncertainty. Its primary use is as a spte parametrization of the
data. We call this method \simple tau.” Table 9 shows that sinple tau is stable with data
selection. One can also see that if the QQ component is remdvieom the QV combination,

increases slightly. This is another indication that foregrund emission is not biasing the
result. Additionally, one can see that removing = 5;7 for all band combinations does not
greatly a ect

The optimal method for computing the optical depth is with the exact likelihood (as in
Appendix D). The primary bene ts are: it makes no assumptioa about the distribution of
C. at each’ but does assume that the polarization signal and noise in theaps are normally
distributed; it works directly in pixel space, taking advarnage of the phase relations between
the T and E modes both together and separately; and it is unbs&d. The only disadvantages
are that it is computationally intensive and that it is not easy to excise individual values of
" such as’ =5;7.

In the exact likelihood method we take into account errors iour foreground model by
marginalizing the likelihood function given in (Appendix D over the errors in the tting
coe cient for synchrotron emission, s. We ignore foreground errors in dust emission, as
polarized dust emission is negligible in any of combinatigrof frequencies reported in Table 9.
When errors in ¢ are Gaussian, the marginalization simply yields an additital term in the
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covariance matrix,

Cj =S +Nj I G =S +Nj +Fy; (32)
where

Fij = sfifj; (33)

and 2= h23 h ?andf; is atemplate map of polarized foreground (i.e., Q and U
maps in K band). Here, the mean valued i, are given in the second column of Table 3.
We nd s = 0:007 in Q and V band. To be conservative, we adopts = 0:01 as our
foreground error, which is the 2- bound on the foreground error in QV combination. As the
foreground marginalization yields a new positive term in tl covariance matrix, a fraction
of the signal that was attributed to CMB before is now attribued to foreground, when the
spatial distribution of the signal is the same as that of K-bad maps. The values of with
the foreground marginalization are tabulated Table 9. The mrginalization reduces by
0.0017 in QV. The largest e ect is seen in Q band, for which drops by 0.0027. Thus, the
foreground error does not signi cantly a ect our determinaion of

Table 9 shows that similar vales of are obtained for a wide variety of band combina-
tions. This is another indication that foreground emissions not signi cant. We conserva-
tively select the QV combination. Table 9 also compares thexact likelihood for the EE QV
combination to the simple tau method. One can see that simpkau is slightly biased high
when compared to the exact likelihood and underestimates g¢hlikelihood at = 0. One
source of the bias is the assumption of a Gaussian likelihaoNevertheless, it is reassuring
that a variety of combinations of data give consistent valugeof .

The values given here are just for the EE and TE data considetealone, with the
rst peak TT amplitude xed. When the exact likelihood is used in the full MCMC analysis
(Spergel et al. 2006) yielding the best estimate, we nd = 0:089 0:030, slightly lower than
the values reported here but with the same uncertainty, indating that the simple analysis
has exhausted most of the information on the optical depth otained in the polarization
data.

As discussed in (Spergel et al. 2006) there is a degeneracyeen the scalar spectral
index, ng and . If we had instead selected the K-band directions for the dugolarization
template, we would have found = 0:107 and an increase img of 0.004. A similar shift
would have been found using the KaQVW combination shown in Tde 9 and Figure 26.
This is another indication of the relative insensitivity ofthe results to the cleaning method.
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6.2. Gravitational Waves

The CBB spectrum directly probes the primordial gravitational wae background pro-
duced by tensor uctuations in the early universe. The exignce of these gravitational waves
was proposed by Starobinsky (1979). Modern treatments mayelound in, for example, Lid-
dle & Lyth (2000); Dodelson (2003); Mukhanov (2005). Whilecalar and tensor uctuations
both contribute to the TT and EE spectra, only tensors produe B modes. In ation models
generally predict similar scalar spectra, but di er in ther prediction of the tensor compo-
nent. For example, ekpyrotic/cyclic models (Khoury et al. P02; Steinhardt & Turok 2002)
predict no observable tensor modes.

The tensor contribution is quanti ed with the tensor to scahr ratio r. We follow the
convention in the CAMB code (Lewis et al. 2000, Version, Jun2004), in CMBFAST v4.5.1
(Seljak & Zaldarriaga 1996) and in Peiris et al. (2003); Verlet al. (2003):

2 (ko) .
2 (ko). (34)

Here, 2 and 2 are the variance due to scalar and tensor modes respectivelphey are
de ned through

Z
R = K 209 (@)
Z
and H,]i[j)rim RPrimil = % ﬁ(k), (36)

where hi‘j’rim is the primordial tensor metric perturbation in real space hat was generated
during in ation and stretched to outside the horizont?. Peiris et al. (2003) shows thek-
dependence of these expressions.

The expression forr is evaluated atk, = 0:002 Mpc * corresponding tol ok =30
with the distance to the decoupling surface, 14;400 Mpc. Following Verde et al. (2003),
we use 2(ko)=2 10* 2A(ko)=9T§ 295 10 °A(ko) with Ty in microkelvins. Some of
the simple models of in ation in a CDM cosmology predictr ' 0:3 (e.g., Liddle & Lyth
2000; Boyle et al. 2005). For example, near this range in athary models with a massive
scalar eld, V( )= m? 2=2, predictr =8=N.=4(1 ng)=0:13 0:16 (Linde 1983) and
models with a self couplingV( )= =4, predictr = 16=N.=16(1 ng)=3=0:27 0:32
for Ne =60 50. Here,N¢ is the number of e-foldings before the end of in ation. Howey,

2Note that our convention yields r = 16 for slow-roll in ationary models with a single scalar eld. Here,
is the slow roll parameter related to the square of the slope fothe in aton potential.
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some variants producer > 0:32 (e.g. Mukhanov & Vikman 2005) while many other have
r Ol

For the best t WMAP -only CDM plus tensor model, the optical depth is = 0:091.
If we add to this model a tensor component withr = 0:3, then BB8_, = 0:001 K2
A simple average of theCEB® data givesBBE_, ., = 0:.044 0:.030 K?, BBB , . =
0:018 0:023 K2, BBB, . =0:003 0:.020 K?, for QV, QVW, and > 40 GHz (no
KW) combinations respectively. To detect a signal at the uper range of the predictions
would require maps with 5 times smaller error bars.

We constrainr by directly tting a template of CP® to the BB data. With the above
de nition, r directly scales theCP® power spectrum. Additionally, the amplitude of CPP
for * < 16 scales as?. We set the template to be the standard CDM model (Spergel

et al. 2006) and use the single eld in ation consistency ration, ny = r=8, to X the
tensor spectral index. We assume the spectral index does man and setng = 0:96. We
distinguish the r in the template t by the + notation. The sumis over 2 ~ 11.

The results of the t are plotted in Figure 27. When we considejust the limit on +
from the polarization spectra, ignoring the tensor contribtion to TT, we nd + < 2:2 (95%
CL) after marginalizing over ~ It is clear that the BB spectrum is not driving the limit on
r. After including the TT data, the limit drops to + < 0:27 (95% CL). This shows that the
TT data in combination with the limits on  from EE and TE are leading to the limit onr.
The full MCMC analysis givesr < 0:55 (95% CL) with just the WMAP data. The increase
in the error over the simple method given above is the resulf the marginalization over the
other parameters, particularlyns. Additionally, when ng is allowed to depend ork, the error
in r increases dramatically, allowing < 1:3 (95% CL).

We can relater to the current energy density in primordial gravitational radiation

(Krauss & White 1992; Peiris 2003), .
1 dk

= - — 2KTk; ); 7

ow = o AOTHK ) (37)

where is conformal time and the transfer function, T(k; ), is given in Equation E18.

The approximation given in Equation E31 evaluated forA = 0:838 andr~< 2:2 yields

ow < 9:6 10 ' (95% CL) and forr < 0:55, cw < 2.0 10 '? (95% CL).

7. Discussion and Conclusions

WMAP detects signi cant levels of polarized foreground emissioover much of the
sky. The minimum in contamination is near 60 GHz outside the 8 mask. To detect the
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polarization in the CMB at ~ < 10 a model of the foreground emission must be subtracted
from the data. This situation di ers from that of the analysis of the temperature anisotropy
for which the foreground emission may be simply masked as astrapproximation.*®

WMAP has detected the primary temperature anisotropy, the tempature polarization
cross correlation, and the E-mode polarization of the CMB. Wdetect the optical depth with
=0:089 0:030in afull tto all WMAP data. This result is supported by stand-alone
analyses of the polarization data. Using primarily the TT spctrum, along with the optical
depth established with the TE and EE spectra, the tensor to sdar ratio is limited to
roo02 < 0:55(95% CL). When the large scale structure power spectrum &lded to the
mix (Spergel et al. 2006), the limit tightens torg.gp, < 0:28 (95% CL). These values are
approaching the predictions of the simplest in ation mode.

A clear detection of the B modes at < 100 would give a direct handle on the physics
of the early universe at energy scales of Y0 10'® GeV. This paper shows that care will
be required to unambiguously separate the intrinsic signdtom the foreground emission.
However, the BB spectrum is particularly clean inWMAP and, at least for™ = 2;3, the
foreground contamination is relatively low. In the noise dminated regime, the error bar on
CBB decreases in proportion to time. ContinuedVMAP operations combined with other
experimental e orts are nearing a range of great interest.

These new results involve a complete reevaluation of all te®@mponents of our previous
analyses, from the beams and gain models through to the mapkiag and foreground mod-
eling. The data and most of the derived data products are avable through the LAMBDA
website, http://lambda.gsfc.nasa.gov/. WMAP continues to operate nominally. In the fu-
ture we will address a number of the open issues raised abokeparticular, we can anticipate
a better understanding of systematic errors and foregrouremission, and therefore improved
constraints on andr. It is remarkable that our understanding of the cosmos has aehed
the point where we have begun to quantitatively distinguistbetween di erent models of the
birth of the universe.
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A. Radiometer Model

In this section we develop a simple model for thé&/ MAP instrument using Jones matri-
ces (Jones 1941; Montgomery et al. 1948; Blum 1959; Faris 198ault et al. 1996; Tinbergen
1996; Hu et al. 2003). In the following we assume that all cu@ elements are matched and
ignore additive noise terms.

The Jones matrixJ models the instrumental response to polarization,
Eout = JE|n (Al)

linearly relating the output electric eld to the input. WMA P is a di erential instrument,
so the input radiation vector Ej, has four elements, E;'; EJ*; EZ; E), corresponding to the
electric eld seen by the A- and B-side feed pair. The output&,, are the inputs to the
detectors.

The rst link in the chain is to model the optics, feeds, and ahomode transducers
(OMTs). We consider them as a single unit, because ascribirggects to the individual
components is di cult and not well de ned in terms of observaions. We include two e ects,
loss imbalance and polarization leakage:

AB - AB 1AB
Joro = Jigssd (A2)

loss ¥ crosspol



. LA;B 0
AB _
Jloss - )E) | AB (A3)
g !
AB _ 1
Jcrosspol - X ,zq;B e iy 8 1 (A4)

Here L{(*;?f is the loss for the particular polarization andX szB quanti es the level of cross-
polarization (or polarization isolation) leakage, which w model as a small rotation error.
The matrix Jﬁ;fsspol is the rst term in the expansion of a general unitary matrix kut is not
unitary itself. The subscripts \1" and \2" refer to the two or thogonally polarized radiometers
which are dierenced to form p. The matrix Jﬁgf’sspol is the rst term in the expansion
of a general unitary matrix, though it is not unitary itself. The cross-polarization terms
are allowed to have arbitrary phaseé(f;\gB . It is possible for cross polarization to produce
circular polarization but WMAP cannot detect it in | or p. While in general there are
four loss terms, two of them are calibrated out. The two thatemain are the radiometer loss
imbalances,Xin:1 and Xin.2. Jarosik et al. (2003b, Table 3) measured the loss imbalarscby
tting the response to the common mode CMB dipole signal, anfbund them to be. 1%.
The mean imbalancexXin = (Xim:1 + Xim:2)=2, iS corrected for by the map-making algorithm,
while the \imbalance in the imbalance”, Xim = (Xim:1  Xim:2)=2, IS not (Hinshaw et al.
2003a,xC.3). To connect the di erent notations, Ly = L1(1+ Xim;1), LY = La(1 + Xim2),
L? = L2(1  Xim2), and Ly = L1(1  Xim;1). The Ly and L, are calibrated out.

The next step is to model the radiometers. They are describea detail in Jarosik et al.
(2003a), so we simply present the Jones representation oétradiometer and refer the reader
to the paper for more details.

J radiometer — J warmT J switch J amp J coldT (AS)
1 1 1
Jeodr = p_é 1 1 (A6)
g O
J = A7
amp 0 % ( )
1 0
Jswi = . A8
switch 0 ¢ ( )
1 1 1
Jwarmt = p_é 1 1 (A9)

Here,gs; g4 are the ampli er gains in the two legs of the radiometer, and is the instantaneous
phase of the (unjammed) phase switch. We have lumped the warand cold ampli ers
together.
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J DA — J bandpass‘J radiometer M connect'J OFO (AlO)
0 1
1 000
0 001
M connect = % 01 0 Og (Al11)
0010 |
3o 0 '
Jradiometer = radiometer ) (Al12)
0 0 J radiometer 1
fis(') O 0 0
_ 0 fu(l) 0 O §
Jbandpass - 0 0 f23(! ) 0 (A13)
0 0 0 (')

The detector outputs in counts €;3; Ci4; Co3; Co4) are the diagonal elements oP oy =
hE o, EYi, multiplied by the responsivities 613; S14; Sp3;S24). Joro IS @ 4x4 matrix with
Joro (Equation A2) lling the upper left 2x2 entries and JB8., lling the lower right 2x2
entries.

Pout = Jpa Pin‘JéA (Al14)
pA 0

P, = n Al5

In 0 PE] ( )

TX + QX UX IVX
UX + IVx TX QX
In this expression, Stoke€Q, U, and V refer to the quantities measured in the radiometer
reference frame; we drop the \Rad" notation used ix3 for notational convenience. Before
the outputs are recorded they are demodulated in phase witlhé¢ phase switch. We model
this process as

PX = (A16)

1
G ! é[cij( i) G( i+ i)] (A17)
where ; is the phase di erence between the two radiometer legs, andis the error between
the two switch states.

Since the input radiation is incoherent,
Z

Pout — dl @)out

@ ; (A18)
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Since Jpandpass IS the only frequency dependent component in the model, we keathe sub-
stitution f7(1)! 7, where ~

ij
f = dif 7(): (A19)

The calibrated detector outputs aredj = c¢j =G; , whereG;; is a gain for the temperature
di erence,

1
Gj = éLigisgidf“ijQSij cos(;=2)cos(;i i=2)(1 ): (A20)

Here j is the calibration uncertainty.

The radiometer signal channels are T; = (diz  dis)=2, from which are formed the
temperature and polarization signal channels T;; Tp. Thento rst order in the systematic
uncertainties,

2 XmQ + Q"+ 1+ " T +2x,T"+2Z2U" ZBUB (A21)
2XmQ + 1+ % Q'+ T +2x,mTT+Z2UA+ZBUB  (A22)

T
Te

Here T TA T8, fQ ;U ;L ;g are similarly dened, Z*®* = X2&° cos(r,*®)

X 28 cos(Y,"®) encodes the in uence of the crosspol e ects, and ~ (( 13+ 14) ( 23+
24))=4. The dominant Tp component isQ*, not Q , becauseQ” ! QB;Q® ! QA
when the spacecraft rotates 180 In the limit of no loss imbalance or calibration error, and

similar cross polarization for all components, Tp = Q" +2X cos(Y)U*.

B. Estimation of the Polarization Power Spectra

The WMAP polarization power spectra atl < 32 incorporate an extension of the MAS-
TER quadratic estimator (Hivon et al. 2002), which is used taccount for mode coupling.
The original method assumes that observations of every poian the sky give statistically
independent noise. However, WMAP has a signi cant componewnf the noise that is cor-
related between pointings due to its scan pattern and the=f noise, and thus the method
needs to be modi ed as described here to accommodate a fulvaoance matrix. The most
conspicuous mathematical feature of the original method Wigner 3§ symbols, whereas in
the extended method, these objects are not used. For more dig of the original method,
as well as the application to polarization, see Appendix A dfogut et al. (2003), together
with the references therein.
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B.1. Extended MASTER Algorithm for Temperature Power Spect rum

The original method is derived by modeling the sky brightnesas a continuous function
of pointing. For example, the observed cut-sky spherical haonic coe cients for Stokes| ,
denoted asT},,, are de ned as followg:

Tim = dAw(f) T()Y, (A): (B1)

Here, ' is the unit vector of the pointing, w(f) is the weighting function, T(f) is the sky
brightness, andY), (H) is a spherical harmonic basis function. Expanding (f) and w(fY) in
spherical harmonics gives a series. Each term of the seriesludes an integral of a product
of three spherical harmonic basis functions:

X X z

T[m = W|oqnooT|omo dn Y|0m0(ﬁ)Y|oqnoo(h)Y|m (ﬁ)

10m 0 |0Gyy 00
These distinctive integrals are what give rise to the B-symbols. The orthogonality relations
of 34 symbols eliminate many terms in the expression for the obsed power spectrum.

When there is noise covariance, the weight is a function of éampointings rather than
just one, and the 3} symbols are not used. This case is most easily treated by mbdg
the sky as a set of discrete pixels. The goal of the derivatias to form a mode-coupling
matrix Mo~ ° whereXY and X % °are each chosen from the nine correlatiorsT, TE,
TB, ET, EE, EB, BT, BE, and BB. In order to introduce the formalism, we rst discuss
the TT correlation, which is the simplest. Because there is no cdupy betweenTT and
the other eight correlations, onlyMs """ needs to be considered. We note here that we do
not actually use this formalism forTT but only for the others, as the temperature power
spectrum at lowd is dominated by the signal and the noise correlation is not iportant. We
useTT here to illustrate the main point of the method. The extensio to the polarization

power spectra that followsT T (x B.2) is what we use for the actual analysis.

The weighting is computed initially as the inverse of the cariance matrix of the pixels.
The sky cut is expressed by setting the appropriate rows andlomns to a very large number
in the noise covariance matrix before inverting it [Eq. (D7) We call the resulting weight
matrix W. Further, let Y, be a matrix containing (appropriately normalized) values ba
spherical harmonic basis function evaluated at each pixed, index Im. The number of rows
of Yimp is Ny, wWhich is the number of pixels in each sky map. The observeddBes| sky
map is T,.

In this notation, the observed sphe;i(cal harmonic coe ciets are expressed as

Tim = Y|m;p WopoT o
pp°
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If the matrix W is diagonal, this expression is simply the discrete versiari Eq. B1 above.
Expanding Ty in spherical harmonics gives

n #
X X
Tim = Ylm;p proY|omo;po Tiomo:

10m0  pp°

This expression suggests the utility of de ning

X
Zlm;l Omo Ylm;p prOYIOmO;pO (BZ)
pp°
so that
X
Tim = Zim;) amo T jomo:
10m?0

The value of the observed power spectrum atis expressed as follows:
X

(2| + 1) C| -I-im Tim

X' X X

(Zim:1 9gn0oT109100) Z jm:j omo Tjomo: (B3)
m  |0Gn00|0m0

In order to get the true, underlying CMB power spectrum into he equation, the next step
is to take the expectation of Eq. B3:
X X X .
Zlm;l oanOZ|m;| OmOhT|oqnooT|0m0|
XK X

- Z|m;| OQnOOZ|m;| %0m|0i 19000 m Om 00
10 00[m0 m |
X X '
= Zlm;l Omozlm;l 0mo rC|oi . (B4)

|0 mm©

@l + 1) hcii

Therefore, we obtain the unbiased estimator of the underlyg power spectrum as

X 1
C| = M 10 qoa (BS)

10

where X

M||0 jZ|m;| Omoj2 . (86)

21 +1 -
In order to apply this method to cross-correlations betweebAs, one of theZ matrices in
Eq. B6 is computed from the noise matrix of the rst DA, and theother from that of the

second DA.
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B.2. Extended MASTER Algorithm for Polarization Power Spec tra

The same formalism accommodates polarization. In what foillvs, uppercaseX or Y
indicates one of the three harmonic transform3, E, or B, and lowercasea or b denotes
the Stokes parameter label , Q, or U. The following substitutions are made in the above
derivation:

Wipo I Wiapy(aop (B7)
YIm;p ! (XIm )(ap) (88)

where the non-zero elements of are

(Tim)(ip) = Yimp (B9)
1

Emyer = 562 Ymp ¥ 2Yimp) (B10)
i

@myen) = 5 02Ymp  2Yimp) (B11)

(Em)(Up) = (BIm )(Qp) (B12)

(BIm)(Up) =  (EIm)(Qp) (B13)

2Yimp are spin-2 spherical harmonics in the same matrix form a&m., .

For each pair of DAs, aZ matrix is computed by analogy with Eq. B2. The derivation
follows the general steps above. The analog of Eq. B5 is

X
XY;X 0y 0 0,
crY = Mt Y (B14)
X 0y 90
where
MXY;XOYO_ 1 X Zxx0 ZYYO .
110 - 2l +1 Im; ¥ m9%1m;| Om0»
mm ©
where
0
Zl>r(n>;<l om0 (XIm )(ap)W(ap)(aOpO) (X %1%m0 (a%O) (B15)
ap;a%°
For each DA pair, the 81 coupling submatricesv |f<oY;x " are combined in a grand

coupling matrix that takes into account all the coupling amag the nine correlation types.
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B.3. Analytical Approximation

The expressions for the coupling matrices greatly simplifyhen W, is diagonal in pixel
space,Wpp = ppoNops;p- This limit is a good approximation to the WMAP data at high |,
where noise is approximately uncorrelated (diagonal in pek space). In this limit, one can
evaluate the coupling matrices analytically.

It is convenient to write the Nyps matrix as
| |
N2 NQY Nipep+ N Ny

obs;p obs;p = obs;p obs;p obs;p . (516)
u u 1
Nob(s?;p Néjbg;p Nob(s?;p Ngbs;p Nobs;p
where
NQQ + NUU
N (B17)
N QQ N Yy
Nobs:p w (B18)

One can show that under a rotation of basis by an angle these quantities transform as

N(;rbs;p ngs;p; (Blg)
Nopsp Nepsp | €% (Ngpsp  INghap): (B20)

Therefore, we expand them into spin harmonics as follows:

X
Ngbs;p = ann Ylm;p; (821)
.y QU *n
Im
We obtain
1X h vl L0
ZIIrETEI Omo > lllr_'nl\{ll mo My 1+( ) . 02 2
LM
h i 0
L I |
+ + L+1+10
i +( ) 4aNLm 4 2 2 ; (B23)
1X h doL1 oo
ZII?T‘I%OmO = é ||Ir-T‘I’\{I|OrT10 ntM 1+( )L+|+| 0 2 2
LM
h i 0
e L | |
N +( )L I+ 1° aNm 4 2 2 , (B24)
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EB — I LM + h |_+|+|0i L I IO
ZIm;IOm0 - ELM IIm;IOm0 Nim 1 ( ) 0 2 2
h n L+1+10 ! L | |0 . B2
wanm () LM 4 2 2 ; (B25)
where r
(2L +1)(21 + 1)(21°9+ 1) L | O
limdomo ()™ 2 M m mo (B26)
Using the identity .
20 +1)(21°+1
IIlr_n’\{ll omol llr'no;l?AO;O: ( Lf ) LLO MM O, (B27)
mm ©
it is straightforward to evaluate all the relevant couplingmatrices analytically:
M EOE;EE — 1 JZ EE 0j2
I 2 +1 . Im;l Om
mm h .
_ %1 X ne 1 )L+|+|o| LI 1°
16 M LM 0 2 2
h i 0 2
e L |1
+ g +( )Y Y 4 2 2 ; (B28)
: 1 . .
M|?OB'BB = N+ 1 szlﬁﬁ%ojz
mm h .
— 2|0+ 1 X n+ 1 +( )L+|+|OI L | IO
., 02 2
i 2
hn + L+1+10 ! L I |0 . 2
anem +( ) aNLm 4 2 2 ; (B29)
. 1
EE;BB _ . .
Mo T +1 Oleﬁq?lomOJZ
mm .
_ 21X h1 ( )L+I+|o' L1 10
., 02 2
h L+ 1410 oL 2_
anem () aNm 4 2 2 ; (B30)
: 1
MEEEE = ol 2Bz
mm
i 2
— 2|0+ 1 X n+ hl +( )L+|+|OI L | |0
16 M 02 2

LM
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: )
h b o 2

angm +( )L+|+IO aNLm 4 2 2 (B31)

C. Polarization Fisher and Covariance Matrix

In this Appendix, we derive expressions for the Fisher and wariance matrices of the
temperature and polarization power spectra. Our derivatioextends the derivation of the TT
matrices given in Hinshaw et al. (2003b) to all combinationsf polarization power spectra.

Note that we do not use these results for evaluating the likelihood that is used the
cosmological analysis. At low multipoles| 23, we evaluate the likelihood of polarization
data directly from the maps using the exact method describeith Appendix D. Why do we
not use the Fisher or covariance matrix for the cosmologicahalysis, except for TT and TE
spectra at” > 23? The reason is because the form of the likelihood functiéor the power
spectra is not a Gaussian at low multipoles, and therefore ¢hFisher or covariance matrix,
which only characterize the second-order moment of the powspectrum, is not su cient
to fully specify the likelihood function. This was pointed at after the rst year release by
Efstathiou (2004) and Slosar et al. (2004) and is discusseadHlinshaw et al. (2006). As we do
not know the precise form of the likelihood for the power sptra, we evaluate the likelihood
of the temperature and polarization maps directly, which i Gaussian, at low multipoles,
I 23. For high multipoles, | > 23, the likelihood function may be approximated as a
Gaussian and therefore we use a Gaussian likelihood with tRésher or covariance matrices.
While we do not use the EE or BB power spectra dt> 23, as they contain very little signal
compared to noise, we do use the covariance matrix of the TE wer spectrum atl > 23 in
the likelihood code, for which we adopt the analyticahnsatzgiven in Equation C12, which
was also used in the rst-year analysis of the TE power specim (Kogut et al. 2003). For
the evaluation of the TT likelihood, see Hinshaw et al. (2006

C.1. Fisher Matrix: Exact formula

The Fisher matrix, Fyo, is given by
" #
. 1X X Q@G @G
FXYXY0 = = C Vg =% (C 1)y o Bl C1
1o 2 . . ( )qql @$Y ( )QZQS @s Y ( )
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where the covariance matrixCqp consists of the covariance matrices of all the bilinear com-
binations of T, Q, and U:

TQ 1
w Cod O

pp°
Cop = @ C3} C§Q c® K (C2)
cip s e
and the covariance includes the signal and nois€qp = Sy + Nggp. Here S*Y is the angular
(cross) power spectrum of the signal wher& and Y denote T, E, or B. The inverse
covariance matrix in harmonic space is then given by the hamnic transform of C *)qg:

(C Himiomo = oxim )ap) (C Dapa®® (v 10moya%py); (C3)

ap;aOPO
where is given by the equations following (B8).

Using these quantities, each term of the Fisher matrix (Eq{1]) evaluates to

FXX;XX — :_LX (C 1))()( 2, (C4)
|10 - 2 Im;l Om0 s
mm 0
Fio "' = (€ Dimiamo(C Dimtomo ; (C5)
mm>2
. 1
Fe = 27 (C D (C6)
mm© X
. 2
o = (C Do+ (€ Diiano(C Do (C7)
mm© mm©

where X 6 Y. In general cases wher&,p or Ngp (or both) are non-diagonal, one must
calculate C )4 by directly inverting the covariance matrix given by equatbn (C2).
reality, however, the matrix inversion requiresng operations and thus it become computa-
tionally too expensive to evaluate for the full WMAP resoluion. On the other hand, if one
considers only large scale anisotropies at ldwthen the matrix inversion can be done in a
reasonable computational time. We use Eq. (C4){(C7) for coputing the Fisher matrices
for C'T, C[E, CB, CFE, CFB, and CP®, at low multipoles, |  32.

C.2. Fisher Matrix: Analytical Approximation

The expressions for the Fisher matrices can be evaluated yteally when Cqyq is diag-
onal in pixel space. This limit is a good approximation to thaVMAP data at high |, where
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Cq Is dominated by noise and noise is approximately uncorreted (diagonal in pixel space).
In this limit, one obtains the following analytical formulae:

EEEE 1X 1\EE 2
Fio > JIN' )it omol
mm© .
@+nEe+n X h1+( )L+|+Io' LI 10
32 W LM 02 2
h i 2
+ s +( )Y n | L1 1° : (C8)
PYATRY 4aNLm 4 2 2 ;
[ BBiBB }X i(N 1)BB 2
110 2 J Im;IOmOJ
mm 0 .
@+nErP+y X, h1+( )L+|+|ol L1 10
32 M LM 0 2 2
h i o 2
rle L I |
anpw +( )L I+ 1° aNm 4 2 2 ; (C9)
. 1X .
FlFOE'BB > j(N 1)EnE;’I OmOJ2
mm 0 h .
2 +1)(21°+ 1) X a1 )L+|+,o' L1 10
32 W LM 02 2
h i o 2
L I |
aNm ( )L+|+|0 aNm 4 2 2 ; (C10)
. X .
M |I|EoB’EB j(N l)E\ql?;l omol” + (N l)EnIE;I omo(N l)EnE; Omo
mm 0 mm 0
@+nErP+y X h1 (g LI
32 " LM 0O 2 2
h L+1+10 | L1l ’
aNm () aNm 4 2 2
h i 0 2
L I |
+ + L+1+10
N 1+C) 02 2 )
h [ o 2
e + () ey Lol (C11)
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C.3. Covariance Matrix: Ansatz

The inverse of the Fisher matrix gives the covariance matrjx. While we use the
map-based exact likelihood described in Appendix D for theosmological analysis, it is still
useful to have an approximate method to evaluate the likeldod of the data given theory
and noise model from the power spectra. For this purpose, weaithe followingansatz

2
TETE L SIT 4 nTT\ SEE 4 ngf'%\ + STE (€12)
: - 2
(2 + 1) fsky eff ( )

TBTB _ ST+ ngt. SPP + neff‘ (C13)
(2 +1) fskyeff ( )

2
eeee o 2SN (C14)
(2 + 1) fsky eff ( )

2
ssss - 2 ST+ Nari (C15)

(2 +1) 88, ()°

EE EE BB BB
S=E +ngre S +neff‘

(2‘ + 1) sky eff ( )
In these expressionsier - denotes the e ective noise as a function of and f g <+ denotes

the e ective fraction of the sky observed. These are obtaidefrom comparing the ansatz
to the inderse of the Fisher matrices derived in the previousections. We have found that

fldy fdy fay tO @ very good approximation. See also Kogut et al. (2003) fdhe
evaluation of TETE and Hinshaw et al. (2006) for the evaluation of TTTT,

EBEB _

(C16)

D. Exact Likelihood Evaluation at Low Multipoles

At low multipoles, | 23, we evaluate the likelihood of the data for a given theoresl
model exactly from the temperature and polarization maps. fAe standard likelihood is given
by
exp im(S+N)'m dm

jiS+ Nji=2 (2 )3ne=2’

L(mjS)dm= (D1)
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where m is the data vector containing the temperature mapT, as well as the polarization
maps, Q, and O, n, is the number of pixels of each map, an& and N are the signal and
noise covariance matrix (8, 3np), respectively. As the temperature data are completely
dominated by the signal at such low multipoles, noise in tengyature may be ignored. This
simpli es the form of likelihood as
h [
exp %ﬁqt(Sp +Np) M gm exp IT'S'T 47

jSe + Npjl2 (2 ) jSrj*=2 (2 )=’

L(mjS)dm= (D2)

where Sy is the temperature signal matrix @, n,), the new polarization data vector,
m = (Qp; UOp), is given by

1% gre X
Qp Qp > SI? Tim (+2 Yimp + 2Yimp); (D3)
=2 1 m= |
| ¥ gTE X
Op Up > S:? Tim (+2 Yim:p 2Yimp); (D4)
1=2 m= |

and Sp is the signal matrix for the new polarization vector with thesize of 21, 2n,. As

Tim is totally signal dominated, the noise matrix for @; O) equals that for (Q; O), n,.
To estimate Ty, we used the full-sky internal linear combination (ILC) tenperature map
(Hinshaw et al. 2006).

One can show that equation (D1) and (D2) are mathematically quivalent when the
temperature noise is ignored. The new form, equation (D2),llaws us to factorize the
likelihood of temperature and polarization, with the infomation in their cross-correlation,
S'E, fully retained. We further rewrite the polarization part of the likelihood as

h [
exp %(Nplm)t(NplSPNpl"' Npl) 1(Nplm) ijljdm_

L(mjS) = :
( J ) ijlSPNp1+ Npljl:2 (2 )np

(D5)

This form is operationally more useful, as it contains only\lpl. Hinshaw et al. (2006)
describes the method to evaluate the temperature part of thigelihood.

The e ect of P06 mask is included inN, !. Suppose that the structure ofN, ! is given
by
A B
B D '
where A is the noise matrix for unmasked pixelsD is for masked pixels, an® is for their
correlations. We assign in nite noise to the masked pixelsush that Np ! Np + (I

N, = (D6)
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M), where M is the diagonal matrix whose elements are zero for masked @i and unity
otherwise. In the limit of !1 | the inverse ofNp is given by

A B'DB 0

0 0 (D7)

Nyt !
We have checked that this form ofN,* yields the unbiased estimates of the signal matrix
from simulated realizations of theWMAP data. When the masked pixels were simply ignored
(i.e., B'DB = 0), on the other hand, the estimated signal matrix was foundo be biased
high. As the likelihood form is sensitive to the precise forrof N, 1, it is important to treat
the mask in this way so that the estimated signal matrix from e data is unbiased.

We mask the polarization maps as follows. We rst mask the magat the full resolution,
Nsige = 512, and then degrade the masked maps using the weight that diagonal in pixel
space,NP;Fl)p, to a lower resolution, ngge = 16. (Note that while the weight is diagonal in
pixel space, it contains noise covariance betwe€y and U,. The spurious polarization term,
S, is ignored in this process.) The degraded mask is rede nedch that it takes on 1 when
the lower resolution pixel contains more than half of the oginal full resolution pixels, and 0
otherwise. We degrade these maps further to the resolutiori 054 = 8 using the full noise
matrix, and also degrade the mask and the noise matrix. (Theoise matrix has been masked
using Eq [D7].) We use the resulting maps and noise matrix imé likelihood function given

in equation (D5).

E. An estimate of oW

Tensor perturbations generated by in ation are stochastiin nature, so the gravity wave
perturbation can be expanded in plane waves

z d3k
hi (5= Gys PGk e e h (k) et (E1)
where { is the polarization tensor, anda=+; are the two polarizations in the transverse
traceless (tt) gauge (in whichhj; = hi = 0; we also sethgy = hg = 0). The stress-energy

tensor for gravity waves is de ned as
T :—H’];h;i; (E2)

and in the tt gauge, we have L
Too = —Hlij h—ij i (E3)
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Thus,
Z Z
S S E FB i
M(;k)m(;k‘)ig*”+rtL(;k)tL(;k‘§i i i (E4)

The variance of the perturbations in theh elds can be written as

hha( 5 K)ha( 5 K9P = hjpa(; K)j%(2 )° 3k K9; (E5)
and since ¢ 2 =2, we obtain
2 g h i
hhy bY i = WZ hip, (; K)j%i + hjr (5 k)j%i (E6)
Writing
ha(; K) = ha(0;K)T(;K); (E7)
whereT is the transfer function, we have
Z 2
i = S02 M @R+ hh @ (k)
z dk 2k3
= 22 hin, (0; K)j% + hjh (0;k)j% T2(;k): (E8)

From the de nition of the primordial tensor power spectrum,

2k3

h(k) = 52 nh (O K)i%i + hih (0;K)j% ; (E9)
we obtain Z
by i =  dink 2(k)T2(;k): (E10)
Now Z d o
Too= ow dink = (E11)
thus we have d oo 2 (0 T2( k)
dink = 326 (E12)
Remembering that = (8 G=3H2), we obtain
d ow _ A(KT(K). (E13)

dink 12H2



{57

Therefore, V4

sw = dIn k—ﬁ(k)-r_z( K ):

El4

The transfer function T and its time derivative T_can be calculated easily by numerically
integrating the evolution equation for the polarization sates, which, neglecting the neutrino
anisotropic stress, is given by

0
a
h+2 —

h? + k?h, = 0; (E15)
where prime denotes derivatives with respect to conformahte , related to the time deriva-
tive by d = dt=a( ). This expression may be numerically integrated. In the f@wing,
however, we derive an analytic estimate relating a given lilnon the tensor-to-scalar ratio,
r, and the measured amplitude of the primordial scalar powepsctrum, A, to a limit on the
current energy density in primordial gravitational radiaton.

There are several approaches taken in the literature to ded analytic expressions for
the tensor transfer function, though these results are obiteed in almost all cases for a
universe containing only matter and radiation. These inclde using (1) an instantaneous
transition from radiation to matter domination (Abbott & Ha rari 1986; Ng & Speliotopoulos
1995; Grishchuk 2001; Pritchard & Kamionkowski 2005, e.g).,(2) a \transfer function” to
account for the smooth transition from radiation domination to matter domination (Turner
et al. 1993; Wang 1996; Turner 1997, e.g., ), and (3) WKB metkis (Ng & Speliotopoulos
1995; Pritchard & Kamionkowski 2005, e.g., ). In the followig derivation, we will apply the
sudden transition approximation to a CDM universe (Zhang & al. 2005, see also), which is
a good approximation for gravitational waves with waveleriys much longer than the time
taken for the transition to happen.

In a universe which undergoes a set of piecewise instantangdransitions in the scale-

factor, given bya( )/ , the solution to eq. E15 is given by

h(;k)=(k)™[Cj (k)+Dy (k)I; (E16)
wherej andy are spherical Bessel functions of order of the rst and second kinds,
respectively. Here, = 1 for radiation-domination (RD, < ¢u), = 2 for matter-
domination (MD, ¢q < < p), and = +1 for -domination (LD, > o) eq
is the conformal time at radiation-matter equality, with a sale-factor corresponding to
aq = ( r= m), and ¢ is the conformal time at matter- equality, with a scale-facor
corresponding toaep = ( m= )*3. For a concordance cosmology with ; n; ;hg=

f4:18 10 °=h?; 0:3; 0:7; 0:729, eq =103 Mpc *and e = 12270 Mpc * (115 and 12030
Mpc ! respectively in the instantaneous approximation).
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To obtain the coe cients C and D, we requireh and h°to be continuous at each of the
transitions, ¢un and ¢p. Thus, denotingx  k o and making use of special properties of
spherical Bessel functions, we obtain the transfer functioand its derivative at present:

T(x) = X*[Cj1(x)+ Dyi(X)]; (E17)
T(k;x) = kx?[C jo(x)+ D yo(x)]: (E18)
The coe cients are given by
C= Klg 2AX3 +3B(1+ x3) +3c0os(2X;) B +2Ax, Bx3 +3sin(2xy) 2Bx,+ A(x3 1)
(E19)
D= ing 2Bx3 3A(1+ x3)+3cos(2x,) A 2Bx, Ax3 +3sin(2x,) B +2Ax, Bx3
(E20)
P
A = 3X;  X1€0S(X1)+2sin(2xy) (E21)
2X1
) .
B = 2 2X7 2cos(Xi) X1 S|n(2x1); (E22)
2X1
wherex; K eg andxz K ep.
Further, we have the following de nitions:
k nt (ko)
a0 = ik (E23)
2
h(Ko) .
; (E24)
& (ko)
where
2 (ko) " 2:95 10 °A(ko): (E25)

To eliminate n,, we use the in ationary single- eld consistency relationn; = r=8.

Combining these equations, and evaluating them at the prasieconformal time ¢ (with
a = 1) for modes within our current horizon, we are left with
1 %1 gk ) k "%, . . >
GW = 75732 — 1 g(ko) — ke(k 0)"[C(K; eq; eq@)io(k o)+ D(K; eq; e)Yo(K 0)]°;
121_|0 2= o k ko
(E26)
wherek and , are to be evaluated in units of 1/Mpc andk, = 0:002 Mpc 1. We can now

change to the dimensionless variable k o and obtain

s Z
2:95 10 9 rA(ko) xg° Tt

12H§ § 2

ow dx x° "B[Cjo(x) + Dyo(X)]*; (E27)
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wherexo = kKo 9. We also have the result

d o oy kT
T K (k; o) = 2:21 10 3(rA) K T(k; o) (E28)
k r=8 2
' 221 10 3(rA) K kx2[C jo(X)+ Dyo(X)] °: (E29)
Now Z, L
Ho o= b : E30
00 P (E30)

and Ho o = 3:25 for the concordance CDM model. Taking the concordance nu®l and
ko = 0:002 Mpc 1, for given upper limits onr and A, the upper limit on gw is given by
(Peiris 2003),

ow  2:33 10 ¥ (r A)(27:05)"% 0:1278 0:0835 (logr) 0:0671 (logr)?> 0:0248 (logr)® ;
(E31)
where the logarithm is taken in base ten.
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Table 1. Polarization of Tau A

Measurement [GHZ] I [Jy] Q [Jy] U [Jy] P=1 [%] pa [deg]

WMAP 225(K) 352 11 247 08 13 09 70 03 88 (150)

WMAP 328 (Ka) 322 6 222 20 19 11 69 03 87: (151)

WMAP 404 (Q) 299 6 196 26 05 24 66 09 89 (149)

WMAP 60.2 (V) 265 7 185 2.7 19 62 70 11 93 (145)

WMAP 929 (W) 229 11 175 44 1.3 72 76 20 92 (146)

Mayer & Hollinger (1968) 19 6.6 [15.5] (140 10)
Wright & Forster (1980) 23 9 (152)
Johnston & Hobbs (1969) 31 8.1[17] (158)

Flett & Henderson (1979) 33 [16] ([1548 2])

Matveenko & Conklin (1973) 86 (23 3]

Montgomery et al. (1971) 88 13 (152)
Hobbs et al. (1978) 99 [11:9 0:9] ([1231])

Flett & Murray (1991) 273 [27 1] ([246 2]

Greaves et al. (2003) 363 25 5 (150 6)

Note. | The uxes are integrated over pixels within a radius t hat includes 99% of the beam solid
angle, r99 =[2:525 1:645 1:517,1:141; 0:946] degrees in K through W bands. The errors are 1 estimates
calculated as a quadrature sum of statistical error, error die to background uncertainty, confusion error,
0.5% calibration error, and an additional 1% error since theaperture radius does not include all of the beam
solid angle. Confusion error was calculated as the maximum icrence in derived ux when the aperture
radius and annulus radius are both decreased by 20% or incread by 20%. Confusion error is usually the
largest contribution to the total error. The frequencies are band center frequencies for Tau A's antenna
temperature spectral index, = 2:3. The two numbers for pa correspond to Galactic and equatorial
(in parentheses) coordinates. NorWMAP measurements are generally done with arcminute resolutiomnd
therefore have di erent average and peak (in square bracked) fractional polarization. Their polarization
directions are all in equatorial coordinates.
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Table 2. Temperatures in the Galactic Center Region

Band | [mK] Q [mK] U [mK]

K 33 0.69 -0.25

Ka 14 0.21 -0.086

Q 8.7 0.10 -0.041

Vv 4.0 0.037 0:01<U < 001
w 3.6 0.043 0:01<U < 001

Note. | The table gives the average values for the temperatue and Q and U Stokes
parameters inab =2 by | =10 region centered onl{b) = (0;0). The values are in
thermodynamic units relative to the CMB. To convert to antema temperature, divide by
1.014, 1.029, 1.044, 1.100, 1.251 in K through W bands respey.
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Table 3. Fit Coe cients to Foreground Templates

Band s; . d a(; w)

Ka 0.3103 322 0.0148 1.54

Q 0.1691 312 0.0154 1.89

\Y 0.0610 294  0.0343 1.92

W  0.0358 251  0.0891

Ka 0.2973 3:33 0.0148 1.54

Q 0.1492 3:33 0.0154 1.89

\Y 0.0414 3:33 0.0343 1.92

W  0.0112 3:33 0.0891

Note. | The top of the Table gives the coe cients for a direct
maps. The are dimensionless and produce model maps in thermodynaminits. The
refer to antenna temperature. The bottom half of the Table ges the
same numbers for when the synchrotron t is constrained to flow a power law. The ts

spectral indices

were evaluated outside the processing mask.

t to the polarization



{72

Table 4. Comparison of ? Between Pre-cleaned and cleaned Maps

Band 2= Pre-cleaned ?= Cleaned

Ka 10.65 1.20 6144 58061
Q 3.91 1.09 6144 17326
\Y, 1.36 1.19 6144 1045
w 1.38 1.58 6144 -1229
Ka 2.142 1.096 4534 4743
Q 1.289 1.018 4534 1229
\Y, 1.048 1.016 4534 145
w 1.061 1.050 4534 50

Note. | The top half of the table compares 2= for the full-sky pre-cleaned map to 2=
for full-sky cleaned map. The bottom half makes a similar coparison for the region outside

the P06 mask.
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Table 5. WMAP EE--, and BB--5 Values for (" +1)C-=2

Cross Bin  fef EE--, yl-y2 EE--, BB -5 yl-y2 BB-.s  EE&/ganed
GHz (K ( K)? ( K)? ( K)? ( K)?
KK 1 22.8 3066 0:12 381 0:18
KKa 2 274 933 007 00 0:22 149 0:10 06 0:30 08 0:10
KQ 2 30.5 536 0:.09 1.6 027 85 011 1.3 0:32 30 010
KV 3 37.2 218 010 0:7 0:29 20 013 0:6 0:38 16 0:10
KW 46.2 104 013 38 04 01 017 0:3 052 74 014
KaKa 2 33.0 305 013 4.8 017 0:7 0:26
KaQ 3 36.6 172 0:09 0.0 027 27 011 0:7 032 06 0:15
KaV 4 44.8 82 0:10 02 0:30 a7 012 02 037 ol 015
Kaw 4 55.5 59 014 06 041 06 0:17 00 051 a4 020
QQ 4 40.7 96 0:17 0:1 0:67 18 0:17 03 0:68 03 0:23
Qv 4 49.7 45 012 01 037 06 013 09 040 01 015
QW 4 61.7 33 017 02 05 07 018 0:1 055 ol 020
A% 4 60.8 24 021 05 081 02 021 0:2 0:65 o5 019
vw 4 75.4 23 018 10 055 02 021 0:2 0:65 o5 019
ww 4 935 22 037 15 127 04 044 0:3 1:48 03 0:38
Note. | For > 40 GHz, the largest foreground signals are at = 2 of EE and ~ = 5 of BB.

This table shows the \raw" and \cleaned" values. The column labeled \bin" indicates which cross
spectra are coadded into frequency bins. Because K band is &g as a foreground template, there
are no foreground corrected values. Also, as there are onhirggle K and Ka band polarization

channels, it is not possible to form cross spectra of year onminus year two. The y1-y2 notation

refers to year one minus year two. KW is not used in any of the agrages over frequency.

| d
BB g:zgane
( K)?

06
02
0.7
1.9
01
01
0:2
01
00
00
02
02
02
0.7

0:14
0:11
0:13
0:18
0:35
0:18
0:19
0:25
0:24
0:16
0:21
0:23
0:23
0:45



Table 6.

2—

for TE, TE (2003), TB, EE, BB, and EB

r4a roP:f r9 ro

=2 16 |=17 100 =17 500 =17 800

( =15 dof) = 84 dof) colhead( =484 dof) ( =784 dof)

TESesh 0.31 (0.99) 1.01 (0.46) 1.20(M1) 1.08(0.06)

TE (2003) 1.88 (0.03) 1.18 (0.25) 2.06 (0)

B9 0.57 (0.90) 0.72 (0.97) 0.97 (0.70) 0.97 (0.74)
EEC 1.34 (0.17) 1.06 (0.33) 0.98 (0.59) 0.96 (0.76)
BB° 0.72 (0.77) 1.28 (0.04) 0.96 (0.73) 0.95 (0.81)
EB° 0.41 (0.98) 1.21 (0.09) 1.03 (0.34) 0.96 (0.76)

Note. | 2= is computed for the null model C* = 0).

ar4 HEALPix maps are used for < 32. We limit this to ~ < 17 to avoid pixel window
e ects.

br9 HEALPix maps are used for 16~ < 800.

°For all results a model of the foreground emission has beemmaved.
4TE (2003) corresponds to Kogut et al. (2003).

®The numbers in parentheses are the PTEs.

'For * > 16, we use the binned diagonal elements of the covariance niwds in Ap-
pendix C.3.

9For TE and TB, the E and B are comprised of a combination of Q an¥ bands and the
T is from V and W bands.

"The TE signal is in this * range and so the PTE should be low.
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Table 7. 2= for r4 Yearly Di erence Null Maps
yl-y2 y2 -y3 yl-y3
| = 16 ( = 15 dof) 16 ( =15 dof) 16 ( = 15 dof)
TE 1.70 (0.04) 1.05 (0.40) 1.87 (0.02)
B 1.95 (0.02) 1.20 (0.26) 1.08 (0.37)
EE 1.55 (0.08) 0.89 (0.58) 0.55 (0.91)
BB 0.56 (0.90) 1.50 (0.09) 0.76 (0.72)
EB 0.62 (0.86) 1.04 (0.41) 0.84 (0.63)
Note. | 2= is computed for the null model,C** =0.
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Table 8. Binned Data forBEE =" for * > 20

30 50 51 150 151 250 251 350 351 ) 450 451 650 651 1023
Qv 0:010 0:007 0:011  0:005 0:001  0:012 0:003  0:026 0:014  0:058 0:16 0:12 0:73  0:66

A\ 0 :013 0:011 0:004 0:004 0:017  0:009 0:027 0:018 0:031  0:037 0:095 0:065 0:13 0:22

Qvw 0 :013  0:006 0:004 0:004 0:017  0:009 0:027 0:018 0:031 0:037 0:095 0:065 0:13 0:22

KaQvw 0 :016 0:004 0:011  0:003 0:012  0:007 0:020 0:016 0:065 0:035 0:097  0:064 0:12 0:22
Qv?2 0:005  0:009 0:018  0:007
vw & 0:013 0:011 0:001  0:008
Qvw 2 0:012  0:007 0:006  0:005
KaQvw & 0:005 0:005 0:020 0:004

Note. | All entries have units of ( K) 2. The top set is for combinations of the pre-cleaned data. Sam
set is for data cleaned with the KD3Pol model. Note that the cl eaning has little aect on the 51
uncertainty.

ple variance is not included. The bottom
150 bin other than to increase the
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Table 9. Optical Depth vs. Data Selection

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

KaQVv 0:111 0:022 Q111 0:022
Q 0:100 0:044 Q080 0:043 Q08 0:03 Q085 0:.03
Qv 0:100 0:029 Q092 0:029 Q110 0:027 00859572
QV+VWV 0:145 0:03 Q14902
v 0:092 0:048 Q095 0:043 009'%:53 0:10% %3
QvVW 0:109 0:022 Q099 0:023 Q090 0:012 Q090 0:015
KaQvw 0:107 0:019 Q105 0:019 Q095 0:015 Q095 0:015
Note. | The values of simple tau are computed for2 ~ 11. The models are computed
in steps of  =0:005 and linearly interpolated. The last column is computed ith the er-

rors on~ = 5;7 multiplied by ten. The QV+VV is the QV combination without t he QQ

component. Since the exact likelihood is based on the Ka, Q, &d W maps, there is no cor-
responding entry for QV+VV. Note that the maximum likelihood values are independent of
frequency combination indicating that foreground emissiois not biasing the determination

of . The calculations for the rst two columns include the e ecs of marginalization over
synchrotron foreground emission and projecting out the sridoss imbalance signal(Jarosik
et al. 2006).



{78{

.
.

1.0000

X

0.1000

0.0100

0.0010

Frac. lonization (x) & Optical Depth (1)

0.0001

sresepemsetet

100 1000
Redshift (2)

[ERN
=
o

Fig. 1.| A model of the ionization history of the universe. The line maked \x" is the ionization
fraction, X = ne=n where ne is the number of electrons andn = 11:2! p(1 + z)3 m 2 is the number
of protons with ! , the baryon density. From quasar absorption systems we knowlte universe has
been fully ionized since at leastz 6. Between 6. z. 30 the rst generation of stars ionized the
universe. We show a possible model inspired by Holder et al.2003). The history for this period
is uncertain though the reionization produces a charactestic signature in the CMB polarization.
For 30 < z < 2000, we show decoupling as described in Peebles (1993). Thee marked is
the net optical depth, (z). The dashed curves are the integrands in the numerator (bdibm) and
denominator (top) of equation 1 (divided by 200) for the 100< z < 2000 region. By eye, one can
see that the ratio of the integrals at the maximum, and thus the fractional polarization, is  5%.
The vertical line marks the redshift of decoupling, zgec = 1088, at the maximum of the visibility
function (not shown).
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Top: Map of Tau A in Galactic coordinates at 41 GHz in Stokes, Q, U, P,

smoothed to 1. Since Tau A is polarized parallel to the Galactic plane it isiegative in Q

Fig. 2.

and P. For both sets of

plots, Stokesl is scaled logarithmically and all the others are scaled lindy. The scaling in

U

Q

and small in U. Bottom: Map of Centaurus A in Stokesl

mK is indicated above the grayscale wedge for each panel. A pnaf the noise bias has been

subtracted from the P images.
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Fig. 3.| P and

There is gnbne polarization map for K

there are two maps which have been doed. The maps are

(2003b, Figure 4) for features and coordinates

and Ka bands. For Q band

smoothed to 2. The polarization vectors are plotted whenever a r4 HEALPipixel (see
x4.2, roughly 4deg 4deg) and three of its neighbors has a signal to noise (P/N) egter
than unity. The length of the arrow is logarithmically depemlent on the magnitude ofP.
Note that P is positive. Maps of the noise bias have been subtracted inetbe images.
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Fig. 4.| Similar to Figure 3 but for V and W bands. The two V-ban d maps have been

coadded as have the four W-band maps. The relatively higheoise in the ecliptic plane is

evident. Maps of the noise bias have been subtracted in theiseages.



{82{

SNNSSSSSs - L)
I e d (14 N N RN

e

, e A PP T R
PRI 2EE

N

N
\
.
ERY
CNRN
SN
SN
NN
LURN
~ ~
~s
~ s
~~
~~
~ s
ANRN
~
NN
SN
N
\

Lesrrten -

-

’
s

0 T(uK) 50
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The convention in this plot is to use bars to indicate the polazation direction. It is clear that
the polarization extends to high Galactic latitudes. A map bthe noise bias is subtracted
from this image.
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Fig. 6.] Stokes Q and U maps in K and Ka bands. The Galactic plane is dominated
by positive StokesQ because the foreground polarization direction is perpemdilar to the
plane. As discussed inx4, this is expected because the Galactic magnetic eld is mlemi-
nantly parallel to the plane. For comparison, the Stoke® and U maps of a noiseless CMB
simulation have peak-to-peak values of less than &. These maps have been smoothed to
1.
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Fig. 7.| Left: The angle of the magnetic eld, y = pa+90:, derived from the synchrotron
radiation in the K-band map (smoothed with a 4 beam) shown in Figure 3. (We do not
distinguish between 180 in the eld direction.) The predominant low Galactic latitu de

magnetic eld direction is parallel to the Galactic plane (\y =90 ) and thus the synchrotron

(and dust) polarization directions have 0 . In the North Polar Spur region, the magnetic
eld is perpendicular to the Galactic plane correspondingd y 0 or 180. Note the large
scale coherency of the eldRight: The predicted magnetic eld direction given by a simple
model of the electron distribution and the logarithmic spial arm model (Equation 9) for the
magnetic eld.
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Reduction Factor for Synchrotron Reduction Factor for Dust

Fig. 8.] The left panel shows the geometric suppression fadadr, gsync(f), in the polarization
due to the magnetic eld geometry. The right panel shows a siitar geometric suppression
factor for polarized dust emissionggust (), seex4.1.3.
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K1 Polarization Amplitude K1 Polarization Prediction from Haslam

0 T(mK) 0.1

Fig. 9.| Left: The observed K-band polarizationP. The color scale ranges from 0 to 0.1
mK. Right: The model prediction of the K-band polarization based on theélaslamintensity
map. The model has one e ective free parameter, the ratio ofie homogeneous eld strength
to the total eld strength as shown in Equation 13. This plot si1ows the results for ¢ = 2.7
& q=0:17.
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Fig. 10.] Top: The Haslam 408 MHz map is shown with circles indicating loopsom
Berkhuijsen et al. (1971). These ridges of enhanced Galactadio emission are seen across
the sky at low radio frequencies. The North Polar Spur (\Loopl") and the Cetus arc
(\Loop 1I") are examples of these features, which have beeredcribed as the remnants of
individual supernovae, or of correlated supernovae outhsts that produce blowouts, or as
helical patterns that follow the local magnetic elds projeting out of the plane. Four such
loops can be seen in the Haslam 408 MHz radio map and tNéMAP map. Note that
the color stretch is logarithmic in temperature. Bottom: The WMAP K-band polarization
map with the same loops superimposed. Note that the highly parized southern feature
is close to the North Polar Spur circle and may be related to thsame physical structure.
Note also that the polarization direction is perpendiculato the main ridge arc of the North
Polar Spur, indicating a tangential magnetic eld. This is dso seen in the southern feature.
Whether or not they are physically related remains unclear.
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Optical Dust- K-band correlation

Fig. 11.| A map of the correlation, Z, between the polarization angle derived from the
polarization of starlight, and the polarization angle in Kband. In the regions of high K-
band polarization, the correlation is strong. The polariztion directions are anti-correlated
in the Orion-Eridanus region nearl = 165, suggesting spatially distinguished regions of
dust and synchrotron emission.
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W band polarized dust emission

Model

-0.01 T(mK) 0.01

Fig. 12.| The upper panels show the polarization signal at W band with the CMB and
synchrotron signal removed (smoothed with a 10Gaussian beam). The left and right panels
show StokesQ and U polarization components respectively. There is a clear grenderance
of StokesQ emission in the plane. The lower panels show the predicted stupolarization
based on Equation 15. Fojh < 10, the stars do not sample the dust column well and the
model is not accurate, especially for Stokdd. For jj > 10, there are regions where the
data and model agree to the eye. However, a tx4.3) is used to assess the level of polarized
dust emission in the maps.
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Low Polarization K1 Component Q low pol

W low pol

0 T(mK) 0.21

Fig. 13.] Temperature maps of the low polarization componetts for K, Q, and W bands.
The maps are computed using equation (16). The color scaleilsmK. Near the Galactic
center, the low polarization component is approximately 6%8%, and 6% of the unpolarized
emission in K, Q, and W bands respectively.
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p02 p04 p06 p08 pl0 Dust Sources

Fig. 14.| The polarization masks, in Galactic coordinates, are shown for the P02, P04,
P06, and P10 cut levels. The cross hatched region along the I&aic plane, common to all
polarization masks, shows the dust intensity cut. The P06 ¢us outlined by the black curve.

The masked sources are in violet. The North Ecliptic Pole (NE), and South Ecliptic Pole

(SEP), and Galactic Center (GC) are indicated.
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pre-cleaned cleaned
Ka-band

Q-band

V-band

W-band

Q Stokes
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Fig. 15.| The Ka, Q, V, and W band Q Stokes Parameter maps before and after foreground
subtraction using the method outlined inx4.3. There is a possible residual signal in W band
though the noise is not yet su ciently low to be certain. The U maps look similar. The
cleaning for the cosmological analysis was done outside thecessing cut (Jarosik et al.
2006) and was based on the K-band maps and the starlight-basdust template. The over-
subtracted dark regions on the galactic plane are inside thg@ocessing cut.



Inverse Fisher Diagonal

Inverse Fisher Diagonal

Fig. 16.| A comparison of the predicted C. errors with (black) and without (red) assuming
correlated noise in the polarization sky maps. On the y-axis plotted the diagonal element
of the inverse of the Fisher matrix for one year of data. The uts are ( K)“. Note that the

y-axis scale for each plot is di erent. In each panel EE and BRre shown. The variations
in the N ! weighting are due to the scan pattern combined with the sky ¢u There is

less variation for B-modes than there is for E-modes. W4 hakd largest Ef noise of all
radiometers. One can see that the combination of=t noise coupled withWMAP 's scan
strategy leads to a larger uncertainty than one would get fra considering just the e ects of

1=f noise alone.
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Fig. 17.] The absolute value of the EE (solid, violet through green) and BB (dashed,
violet through green) polarization spectra for the regionutside the P06 mask. The best t
CDM model to TT, TE, and EE data with = 0:09 and an additional tensor contribution
with r = 0:3 is shown in black. The cross spectra have been combined iftequency bins
according to Table 5 and into the following bins: [2, 3, 4-5, 6-8, 9-15, 16-32, 33-101, 102-251,
252-502]. In the presence of a dominant synchrotron speatnuthe averages over frequency
are dominated by contributions from the lowest frequenciess can be seen by comparing the
above at’™ = 2 to Figure 18. Diamonds (EE) and boxes (BB) denote the data gints that
are negative. The points are plotted at their absolute valu¢o limit clutter. They should

be interpreted as indicating the approximate noise level dfie measurement. The 1 upper
bounds and downward arrows mark points that are positive butonsistent with zero. The
general rise in the data for > 100 is due to the large noise term. The red line corresponds
to Equation 25 evaluated for = 60 GHz for the BB foreground emission.
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Fig. 18.| The frequency spectrum of the EE and BB power specta for the region outside
the P06 mask. To increase the signal to noise ratio, multiplealues of ™ are averaged as
indicated. Only statistical errors are shown. Negative vaks are not plotted. The frequency
band combinations are given in Table 5. The thin red line runing close to the” = 2 EE
spectrum is the model in Equation 26. The dot-dash red line o@sponds to Equation 25
evaluated for BB at ™ = 2.
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Fig. 19.| The frequency spectrum of the foreground cleaned E and BB power spectra
outside the P06 mask for =2 9. Black shows EE, blue shows BB, and green, cyan, and
orange show the EEyi yj spectra (the BB ones are similar). For cosmological analgsi
only the QQ, QV, and VV frequency channels are used (the \QV enbination," indicated
by red triangles on the bottom of each panel). The dotted bl&cline shows the EE signal
for = 0:09. The dashed brown line shows the MEM dust temperature spgaan scaled
by 0:0025 to indicate the level of 5% polarization (most evidentear 90 GHz at™ = 2).
Averaged over the region outside the P06 mask, this is moskédily an overestimate. The red
curve shows the synchrotron spectrum scaled to 0.15 the mkeaned K-band temperature
value. Based on the foreground model and discussion in text, is unlikely that there
is a signi cant residual foreground contamination in Q and Vbands. Note that for all
frequency combinations above 40 GHz (excluding KW), BB is @arly consistent with zero,
also indicating the e cacy of the foreground cleaning.



{97

400 1 T T T i

= 200 - B .
B i ]
Qo [esssratatey -@;gmﬁ--% ------- e S R
O % ]
E -200 - % .
= —400 I B SR SR S N ]
10— T " T T T T 1 ]
& - ]
< - EB ]
~ 50 —
B i —— ]
% i ~ ]
s e 2 S ]
: L ——i ]
= 50 . . L ! ! i
100 1 1 LD S l ]
& I ]
~— B0 |
B i i
2 o0 %W%RH il SOCT EEEEE EEEEEI SEEEEE .
i - -
= - ——i .
-50 I T S AU SN S AN BN S P

0 200 400 600 800 1000

Multipole moment (1)

Fig. 20.| Plots of all the noise for the expected null combingions of TB, EB, BB for
the region outside the P06 mask. For T the foreground-cleathé¢/ and W bands have been
combined bands. For E and B, the foreground-cleaned Q and V iids have been combined.
Cosmic variance is included for all plots. For each plot therare 999 values that have
been averaged into 33 bins for TB and 12 bins for EB and BB. ForB, ?= = 41:6=33
and 2= = 931=999 with correspondingP TE = 0:15 and 094 for the two binnings. For
EB, 2= =7:5=12 and 2= = 956=999 with correspondingP TE = 0:82 and 084. For
BB, 2= =6:2=12 and 2= = 1000=999 with correspondingP TE = 0:91 and 049. The
polarization maps have been cleaned as described in Sectdi3. See also Table 6.
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Fig. 21.| Top: The EE and BB power spectra outside the PO6 mask before and aftapply-
ing the KD3Pol foreground model. Di erent colors show di eent frequency combinations.
Negative values are possible due to anticorrelations betreforeground components, and to
a lesser degree, from the coupling between di erent values'o Only statistical uncertainties
are shown. For EE, the smooth black lines are the best t modeb the TT, TE, and EE
data. The cosmic variance uncertainty is indicated by the dihed lines. The EE values at
=2are5.8,45,&55 K2 for f>40 (no KW), QVW, and QV combinations respectively.
To clean these to a level of 0.1K? requires cleaning the Stoke® and U maps to one part
in eight. The BB foreground emission is generally less tharal the EE emission. Bottom:
Expanded plots of the QV data for the PO6 cut. The models arefo =0:09 andr = 0:3.
The absence of any signal in BB is another indication that feground emission is not a
signi cant contaminant. Note that the y-axis of the bottom plot has been divided by one
power of " relative to the top plot.



(I+1)C| EE/2 / ( K?2)

Fig. 22.| The EE spectrum at ~ > 40 for all measurements of the CMB polarization. The
curve is the best t EE spectrum. Note that the y axis has only ae power of . The black
boxes are theWMAP data; the triangles are the BOOMERanG data; the squares aréhé
DASI data; the diamonds are the CBI data; and the asterisk ishe CAPMAP data. The
WMAP data are the QVW combination. For the rst point, the cleanedvalue is used. For
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Fig. 23.| Left: Lines of 2 for the t given in Equation 28 vs. AEE. The dierent
colors correspond to di erent frequency combinations. Ifite EE prediction from the TT
measurements describes the EE measurements, then the minimwould be at AEE = 1.
The line at 2 =1 corresponds to the 1 error. One can see that the > 50 EE data are
consistent with the model. Right: The amplitude and phase of the TE measurement with
respect to the model predicted by the TT data. If the TE were cmpletely predicted by the
model based on TT, the contours would be consistent witATE; “TE = (1;0). It is clear
that the TT model describes the TE data as well. The reduced? for the best t model is
0.67. To convert " to a phase angle in degrees, multiply by 1.18.
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Fig. 24.| The TE power spectra for high and low ° ranges for the region outside the P06
mask in EE and TT. Left: At low = we use the QV combination for polarization with full
N ! weighting, and for temperature we use V band with uniform wghting. The black data
points correspond to spectrum made with the KD3Pol cleanedogarization maps; the blue
correspond to the same spectrum but without cleaning (the= 2 pointis at 17:8 3.4 K),
and the brown are from Kogut et al. (2003). The black dashednle is the best t model to
all the WMAP data. For the rst-year data, 2=35:3for" =2 10 with a corresponding
PTE 0. For the three-year data, 2=9:4 for* =2 10 evaluated relative to a null signal.
The correspondingP TE is 0.4. When the three-year data are evaluated with respect to the
best-t model, 2 =5:4 with a correspondingP TE = 0:79. We nd that the data sets are
consistent with each other and that the three-year data pref the = 0:09 model over the
null signal atthe 2 (2 = 4) level. However, the three-year data are also consistentith a
null signal. Right: The black data points show the three-year TE spectrum. This & made
using V band for temperature and the QV combination for the Bnode of polarization. The
blue data points are from Kogut et al. (2003). The smooth dagld curve is the best t model
to the WMAP data. An additional zero crossing near = 400 is now present.
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Fig. 25.| Plots of signal for TT (black), TE (red), EE (green) for the best t model. The
dashed line for TE indicates areas of anticorrelation. Theosmic variance is shown as a
light swath around each model. It is binned in" in the same way as the data. Thus, its
variations re ect transitions between" bin sizes. All error bars include the signal times noise
term. The ~ at which each point is plotted is found from the weighted meawnf the data
comprising the bin. This is most conspicuous for EE where thaéata are divided into bins
of2 °~ 56 =~ 49,50 ° 199, and 200 ° 799. The lowest point shows
the cleaned QV data, the next shows the cleaned QVW data, andhe last two show the
pre-cleaned QVW data. There is possibly residual foregrodrcontamination in the second
point because our model is not so e ective in this range as disssed in the text. The level of
foreground contamination in rightmost two EE points could [ roughly =2. For BB (blue
dots), we show a model withr = 0:3. It is dotted to indicate that at this time WMAP only
limits the signal. We show the 1 limit of 0:17 K for the weighted average of =2 10.
The BB lensing signal is shown as a blue dashed line. The foregnd model (Equation 25)
for synchrotron plus dust emission is shown as straight dasth lines with green for EE and
blue for BB. Both are evaluated at = 65 GHz. Recall that this is an average level and
does not emphasize thés where the emission is low.
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Fig. 26.| The relative likelihoods of  from the stand alone exact likelihood code and
the rst-year analysis. For the three-year results, all paameters except and the scalar
normalization, A, were held xed as described in the text. The solid curves (teeled \WMAP
3-years") show the exact likelihood for the QV and KaQVW comimations for the combined
EE & TE data. If the K-band directions had been used for the duspolarization template
(x4.3), leading to inferior cleaning, the likelihood curve wdd peak where the KaQVvVW
does and have the width of the QV curve. The similarity indicges that any foreground
contamination is small. The two broadest curves are from Spgel et al. (2003) and show the
rst-year likelihood for the WMAP data alone and forWMAP in combination with other
data sets. The dotted line is likelihood for the rst-year TE data as reported in Kogut
et al. (2003). The curve has a mean of = 0:17 and width = 0:04.
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Fig. 27.] The two dimensional likelihood as a function of ~and rfor the BB spectrum.
The contours indicate 1 and 2 . The ng parameter, which is degenerate with andr, has
been set atng = 0:96. For the lightest contours, the tensor contribution to TT, TE, and EE
is ignored. Because is fully degenerate withr when the data are restricted to just BB, the
limit is poor. The orange contours show the result when the TE&nd EE contributions are
included, breaking ther degeneracy. The bluish contours show the result of incluajn
all data. The limit on r is more restrictive than in Spergel et al. (2006) becausg is xed.
When we marginalize over ~the 95% upper limits onr~are 4.5, 2.2, and 0.27 for the three
cases respectively. The plot shows thalVMAP 's ability to constrain r does not yet come
from the BB data. The plot also shows thatWMAP 's ability to limit r depends critically
on
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Fig. 28.| The correlation coe cients of the Fisher matrices. The diamonds are derived
from 100,000 Monte Carlo simulations, while the solid lineare the analytical formulae in
the noise-dominated regime. In the simulations, thB-mode is noise only while thée-mode
has some signals at low from reionization.



