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Large-scale polarization of the microwave background and foreground
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The DASI discovery of cosmic microwave backgrouf@MB) polarization has opened a new chapter in
cosmology. Most of the useful information about inflationary gravitational waves and reionization is on large
angular scales where galactic foreground contamination is the worst, so a key challenge is to model, quantify,
and remove polarized foregrounds. We use the POLAR experiment, COBE/DMR and radio surveys to provide
the strongest limits to date on tA& cross-power spectrum of the CMB on large angular scales and to quantify
the polarized synchrotron radiation, which is likely to be the most challenging polarized contaminant for the
WMAP satellite. We find that the synchrotr@and B contributions are equal to within 10% from 408—-820
MHz with a hint of E domination at higher frequencies. We quantify Faraday rotation and depolarization
effects in the two-dimensional (v) plane and show that they cause the synchrotron polarization percentage to
drop both towards lower frequencies and towards lower multipoles.
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I. INTRODUCTION At microwave frequencies, three physical mechanisms are
known to cause foreground contamination: synchrotron, free-
The recent discovery of cosmic microwave backgroundree and dust emission. When coming from extragalactic ob-
(CMB) polarization by the DASI experimeifl] has opened jects, this radiation is usually referred to as point source con-
a new chapter in cosmology—see Fig. 1. Although CMBtamination and affects mainly small angular scales. When
polarization on degree scales and below can sharpen cosmeeming from the Milky Way, this diffuse galactic emission
logical constraints and provide important cross-chd@a3|,  fluctuates mainly on the large angular scales that are the
the potential for the most dramatic improvements lies on théocus of this paper. Except for free-free emission, all the
largest angular scales where it provides a unique probe of th&bove mechanisms are known to emit polarized radiation. In
reionization epoch and primordial gravitational waves. Forthe near term, the best measurement of large-scale polariza-
instance, forecastst,5] indicate that the Wilkinson Micro- tion will probably come from the WMAP satellite. At
wave Anisotropy ProbéWMAP) satellite can measure the WMAP’s frequency rangé22—90 GH2, synchrotron radia-
reionization optical depth seventeen times more accurately tion is likely to be the dominant polarized foregroupd.
using polarization information, and that polarization in- Unfortunately, we still know basically nothing about the po-
creases the sensitivity of the Planck satellite to tensor moddarized contribution of the galactic synchrotron component at
by a factor of 25. CMB frequencieg[4,24-29, since it has only been mea-
Unfortunately, these large scales are also the ones wheggired at lower frequencies and extrapolation is complicated
polarized foreground contamination is likely to be most se-y Faraday rotation. This is in stark contrast to the CMB
vere, both because of the red power spectra of the diffusiself, where the expected polarized power spectra and their
galactic synchrotron and dust emission and because they rdependence on cosmological parameters has been computed
quire using a large fraction of the sky, including less cleanfrom first principles to high accuradB0-33.
patches. The key challenge in the CMB polarization en- Polarization of the galactic continuum emission was first
deavor will therefore be modeling, quantifying and removingclearly detected in 196@34]. In the succeeding years, polar-
large-scale polarized galactic foregrounds. This is the topiézation measurements of the northern sky were made at fre-
of the present paper. We will use the POLAR experiment taquencies between 240 and 1415 Mksee[35] and refer-
provide the strongest limits to date on the cross-polarize@nces thereinwith resolutions of only a few degrees. No
microwave background and foreground fluctuations on largéarge-area survey has been published since the compendium
angular scales, and employ polarization sensitive radio suef Brouw and Spoelstrd36] and high-resolution surveys
veys to further quantify the polarized synchrotron radiation,have only begun to be made recently. The first major inves-
which is likely to be the most challenging contaminant in thetigation done aftef36] is that of[37], who observed a sec-
polarization maps expected from the WMAP satellite. tion of the galactic plane defined by 48¥<76° and|b|
<15°, at a frequency of 2.7 GHz. The study{88] provides
the highest resolution insight into the small-scale structure of
*Email address: angelica@higgs.hep.upenn.edu the galaxy; however, this only covered a few areas of the sky
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larized and for precision CMB experiments. From these
three maps we can measure a total of six angular power
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FIG. 1. Summary of constraints on polarization so far. From top X C? 1)

to bottom, the three curves show the concordance model predictions ¢ (C;I:C{I/E)llz’

for C], CF and C}, respectively. Four reionization models with
7=0.1, 0.2, 0.3 and 0.4 are also plott@eft dotted lines from
bottom to top in both plojs The limits forE are shown in the upper
panel: Penzias and Wilson §5], Caderni 78[7], Nanos 79[8],  plotted on a linear scale in Fig. @ower pane), since the
Lubin and Smoot 799], Lubin and Smoot 8110], Sironi 98[11], Schwarz inequality restricts it to lie in the rangelsr}(
Lubin 83[12], SASK (W93 [13],N97 [14]), TOCO(T99 hexagons ~ <1.2 From here on we usg, as shorthand for}. For more
[15]), P88[16], FO3[17], P97[18], SO0[19], DMR [20], PIQUE  details about, and how it depends on cosmological param-
(H02[21]) and POLAR(KO1 [22]). The limits for X are shown in  eters, see Sec. II.b ii23].

the lower panel: PIQUEJOC02[23]) and POLAR(this work). The

shaded regions are the DASI resulis/02 [1]).
B. Our knowledge of synchrotron emission

. The galactic interStellar mediuidSM) is a highly com-
which were not larger than a degree or so across. Recenthijjex medium with many different constituents interacting
two fully sampled polarimetric surveys were done at 2.4iyrough a multitude of physical processes. Free electrons spi-
GHz [39,40 and 1.4 GHz[41,42. All of these high-  (5jing around the galactic magnetic field lines emit synchro-
resolution surveys covered only regions near the galactigqp radiation[48], which can be up to 70% linearly polar-
plane, so in order to use them for inferences relevant to CMB,eq (see[49,5( for a review.
ex_periments,. they need to be extrapolated both in galactic e power spectrunt, of synchrotron radiation is nor-
latitude and in frequency. _ mally modeled as a power law in both multipdleand fre-

The rest of this paper is organized as follows. In Sec. ”quencyv, which we will parametrize as
we review the basics of CMB and synchrotron polarization
as well as our methods for measuring and modeling it. We

with Ao p?e, (2

Sec. IV. 50

Il. PHENOMENOLOGY where ST, =[€(¢+1)C,/27]Y2 This definition implies that

A Notation C,x £ for £>1 and that the fluctuation amplitudev®. The

CMB measurements can be decomposed into three maps——
(T,E,B), whereT denotes the unpolarized anél,8) denote 'From here on, we adopt the notatiochT=T, EE=E, BB
the polarized components, respectively. Note that an experi=g. TE=X, TB=Y andEB=2Z.
ment that is insensitive to polarization does not meaJure 2Note that for experiments where CMB polarization is measured
but rather that totalunpolarized plus polarizedntensity;  with a very low signal-to-noise rati&} is a more useful quantity
although this distinction has traditionally been neglected fothanr}. This is because they may be able to place upper and lower
CMB experiments where the polarization fraction is small, itlimits on C} but can place no meaningful limits arf unless they
is important both for foregroundsvhich can be highly po- can statistically rule out that® in the denominator of Eq).
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FIG. 3. The nature of the galactic synchrotron emission. Clock-
wise from top left, the panels show StokesU, Q, andP (defined
as P=/Q%+U?) from Block 3 of the Parkes 2.4 GHz Survey of
the Southern Galactic Plane.
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[63]: the Leiden surveys[36,35, the Parkes 2.4 GHz Sur-
vey of the Southern Galactic Pl&H&9,40, and the Medium
FIG. 2. Examples of CMB polarization, showing how the reion- Galactic Latitude Surve){41,42,64.
ization optical depthr affects theT and E power spectrdtop) and These measurements exhibit a much bluer power spec-
the TE correlationr, (bottom). Solid, dashed and dotted curves trum in polarization than in intensity, witl in the range
correspond ta=0, 0.2 and 0.4, respectively. As discussed2g], from 1.4 to 1.8[4,24—29. These results are usually taken
changing the cosmological parameters affects the polarized and umvith a grain of salt when it comes to their implications for
polarized power spectra rather similarly except for the cases oCMB foreground contamination, for three reasons:

reionization and gravitational waves. In the reionization case, a ne . . . .
series of peaks are generated at large scales. Top panel: AIthou\giln) Extrapolations are done from low to high galactic lati-

there is no visible change im at large scales, there is clearly a tuaes.
visible change irE since the Sachs-Wolfe nuisance is unpolarized(2) Extrapolations are done from low to high frequencies.
and absent. Lower panel: On small scales, reionization leaves th@) Much of the available data is undersampled.
correlationr , unchanged sinc€; andCF are merely rescaled. On The Leiden surveys extend to high galactic latitudes and
very large scales,, drops since the new polarized signal is uncor- up to 1.4 GHz but are unfortunately undersampled, while the
related with the old unpolarized Sachs-Wolfe signal. On intermediParkes and the Medium galactic Latitude Surveys only probe
ate scale€ =20, oscillatory correlation behavior is revealed for the regions around the galactic plane. In the following three sec-
new peaks. For more details about CMB polarization and reionizations, we will discuss these three problems in turn.
tion see[43].

1. The latitude extrapolation problem

standard assumption is that the total intensity has—2.8 Although only high galactic latitudes are relevant for
with variations of order 0.15 across the §I{§31]. CMB work, most of the data used for understanding the po-
As to the power spectrum slopg# the 408 MHz Haslam larized CMB foreground contamination are at low galactic
map[55,56 suggestsB of order —2.5 to —3.0 down to its  latitudes. Figure 3 shows that whereas the total intensity of
resolution limit of~1°4[58—61]. A similar analysis done on the synchrotron emission depends strongly on the galactic
the 2.3 GHz Rhodes map of resolution’ 2(63] gives 8 latitude, the polarized component is approximately indepen-
= —2.92+0.07[62] (flattening to~—2.4 at low galactic dent of galactic latitude—indeed, in the three polarized im-
latitudes[29]).
For the polarized synchrotron component, our observa—5 )
tional knowledge is, unfortunately, not as complete. To date, '€ observations done by Brouw and Spoelstra covered almost
there are measurements of the polarized synchrotron powép% of the sky extending to high galactic latitudes. Using the same

. . . instrument, they observed the polarized galaxyimnd U in five
spectrum obtained basically from three different SurVey%requencies from 408 MHz up to 1.4 GHz and with angular resolu-

tions from 2.3° at 408 MHz up to 0.6° at 1.4 GHz. Unfortunately
this data was also undersampled, making it difficult to draw infer-
3Because the spectral indexdepends on the energy distribution ences about its polarized power spectrum.
of relativistic electron$48], it may vary somewhat across the sky. ®This survey covers a strip 127° long and at least 10° wide cen-
One also expects a spectral steepening towards higher frequenciésted in the galactic plane, with a resolution of FWHNMO0.4'. It is
corresponding to a softer electron spectr(if2]; Fig 5.3 in[53]). publically available ahttp://www.uq.edu.auf roy/

A recent analysis done at 22 MH24] shows thatx varies slightly "The Medium Galactic Latitude Survey maps the galactic plane
over a large frequency range. within £20°, with a resolution of FWHM-9.35 at 2.4 GHz. This

4Although the interpretation is complicated by striping problemssurvey is partially available dittp://www.mpifr-bonn.mpg.de/staff/
[57]. buyaniker/index.htm
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work as far as extrapolation to CMB frequencies is con-
cerned: the latitude dependence may well return at higher
frequencies as depolarization becomes less important,
thereby revealing structure from more distant parts of the
galactic plane. In this case, extrapolating from an observing
region around the galactic plane to higher latitudes may well

408MHz

= F 46507 result in less small-scale power in the angular distribution.
F 610MHz If we arelucky, many of the complications of extrapolat-

i o —A  820MHz ing to higher latitude may largely cancel out the complica-

- - A tions of extrapolating to higher frequency, thereby making it

o easier to quantify the polarized CMB foreground problem.

The reason for optimism is the following: at high latitudes
(which is all that really matters for CMB reseajckthe fore-

1 ground signal will be entirely due to nearby emission within
the scale height of the thick galactic disk; and at low fre-
guencies in the galactic plai@hich is where we have really
good datg the polarized signal we see may well be domi-
nated by such nearby emission, with emission from more

| | | | distant regions in the galactic disk hidden by depolarization.
20 40 60 80

[of [degrees] 2. Faraday rotation, depolarization and the frequency
extrapolation problem

I[X]
]
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FIG. 4. The polarized and total synchrotron component as a
function of the galactic latitude. Each of five Leiden polarized sur- The plane of a polarized wave may be regarded as the
veys was divided in six slices of equal area, we then calculated theum of two circularly polarized components of opposite
mean intensitydefined a = Q2+ U?) for each of those slices. A handedness. In an ionized medium with a non-zero magnetic
similar procedure was used for the polarization insensitive Haslanfield, these two components propagate with different phase
and Reich and Reich surveys, but 12 slices were chosen insteaglelocities, which will result in a rotation of the plane of
The top panel show the results from the five Leiden surveys plus thgolarization of the linearly polarized radiation. This rotation,

408 MHz Haslam data, while the bottom panel show the result¥nown as the Faraday rotatimproduces a change in polar-
from the Leiden 1.4 GHz survey and 1.42 GHz Reich and Reichzation angleA @ of

data. Comparison between polarized components and the total in-

tensity at the same frequency illustrates that the polarized synchro- L

tron is almost independent of the galactic latitude while the unpo- A0=0-81)\2f neBjdL=\?RM(rad), €)
larized emission is strongly concentrated in the galactic plane. 0

where\ is the wavelength given in meters and the quantity
ages, it is difficult to distinguish the galactic plane at all. AsA#/\? is called the rotation measuf¢RM), usually ex-
noticed long ago by40], there is a faint, quasiuniform po- pressed in units of radnf]. The integral is done over the
larized component of the galactic polarized emission in theiline of sight from us to the emitting region at a distahcim
survey, upon which the emission from other features is supc, n, is the free electron density in ¢m, and By is the
perimposed: towards the higher latitudes, this faint compomagnetic field parallel to the line of sight juG.
nent appears similar in both structure and intensity to the From Eq.(3) it is easy to see that observations of this
correspondent lower latitude emission. This well-known em-synchrotron radiation in several frequencies allows the deter-
pirical result can be also seéin a more quantitative wayin  mination of rotation measures in the diffuse radiation. From
the Leiden surveys. Figure 4 shows that in the frequencyhe obtained structure in the rotation measure on different
range between 408 MHz to 1.4 GHz, the polarization intenscales, we can obtain information on the magnetic field par-
sity P(P=Q?+U?) is basically constant as the galactic allel to the line of sight, weighted with electron density—an
latitude |b| increases, whereas the polarization insensitiveexample of this method can be found [i88]. In radio as-
surveys(such as the 408 MHz Haslam and the 1420 MHztronomy, Faraday rotation has become one of the main tools
Reich and Reiclj65]) have the bulk of their emission com- to investigate the interstellar magnetic fieldee, e.g.
ing from the galactic plane. [69,70).

The usual interpretation of this very weak latitude depen- It is important to point out, however, that Faraday rotation
dence of polarized synchrotron radiation is that the signal i€an only change the polarization angle and not the polarized
dominated by sources that are nearby compared to the scalgensity P. The fact that we do see structureRrthat is not
height of the galactic disk, with more distant sources beingcorrelated with a counterpart in intensityimplies that part
washed out by depolarizatidto which we return in the next
section. As a result, having well-sampled polarized maps off
the galactic plane at the same frequencies would not be ex-8A detailed discussion of the Faraday rotation and depolarization
pected to affect our results much, since they would be similagffects as well as their importance in astrophysical observations is
to those in the plane. This issue, however, deserves moie given in[67].
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of the radiation has been depolarizi’8]. A simple visual map’s beam size, so that they can apply a Gaussian smooth-
comparison of the total intensity and polarized maps of theéng on it—this is well explained and illustrated [@7]. For-
same region in the sky of the Parkes 2.4 GHz survey showsinately, we can eliminate this problem by measuring the
depolarization at work(see Fig. 3 many sources which power spectra with the matrix-based quadratic estimator
present an intense total emission do not show a counterpartchnique that has recently been developed for analyzing
in the polarized maps; similarly bright regions of extendedCMB maps[74,75,23.
polarization are not connected with unpolarized sources. A Although the undersampling and partial sky coverage re-
more detailed study of this same survey reached similar corsults in unavoidable mixing between different angular scales
clusions: Giardineet al.[29] showed that th& andB power ¢ and polarization typesg andB), this mixing(also known
spectra were dominated by changes in the polarization angksleakage is fully quantified by the window functions that
rather than by changes in the polarized intensity, suggestingur method computels’5] and can therefore be included in
that Faraday rotation was playing a significant role. the statistical analysis without approximations. Specifically,
Depending on the frequency and beamwidth used, depowe compute the six power spectrg, E,B,X,Y,Z) described
larization can play an important role in polarization studiesin Sec. Il A so that the leakage, if any, is minimal.
of the galactic radio emissiofB85]. As discussed by Cor- In [75] it was argued that susceptibility to systematic er-
tiglioni and Spoelstrg[71], depolarization can have four rors could be reduced by choosing the “priors” that deter-
causesi(1) differential polarization along the line of sight, mine the quadratic estimator method to have vanishing
(2) differential polarization across the beaf8) differential  cross-polarizations{=Y=2=0, and it was shown that this
Faraday rotation across the beam, afddifferential Fara-  simplification came at the price of a very smafiercent
day rotation and polarization across the bandwidth. If theevel) increase in error bars. In Appendix A §23], it was
bandwidth is very narrow, we can neglect ité#); also, if  shown that this choice has an important added benefit: ex-
the polarized data have been sufficiently sampled, smoothingloiting a parity symmetry, it eliminates 14 out of the 15
it to a largest beam may inform us about itef@s and (3), leakages, with only the much discussgtb,32,76—-79 E
leaving us with item(1) as the expected main source of —B leakage remaining. Ifi80] it was shown that even the
depolarizatiort? remainingE — B leakage can, in principle, be removed. Un-
Because of the complicated interplay of these mechafortunately, this technique cannot be applied here, since it
nisms, we should expect both the amplitude and the shape @forks only for a fully sampled two-dimensional map.
the polarized synchrotron power spectrum to change with
frequency. We will therefore take an empirical approach be-
low and use the available data to map (ot the first time . RESULTS
the two-d_imensional regi_on _in thel (1_/) plane where Fara- A. POLAR power spectra
day rotation and depolarization are important.
POLAR was a ground-based CMB polarization experi-
3. Incomplete sky coverage and the undersampling problem  ment that operated near Madison, Wiscon@,81,83. It

For the case of undersampling in the Leiden surveysused a simple drift-scan strategy, with a 7° FWHM beam at
some authors have overcome this problem by doing thei#6—30 GHz, and simultaneously observed the Stokes param-
Fourier analysis over selected patches in the sky where the§tersQ andU in a ring of declinations=43°. Because PO-

believe the average grid space in the patch is close to theAR was insensitive to the unpolarized CMB component,
we cross-correlate thef@ and U data with theT-data from

the COBE/DMR mag83].

9Although at first glance the images in Fig. 3 suggest that the
polarized and unpolarized components are uncorrelféd found
that for some patches in their images there is a good correlation \We measure the six power spectra described in Sec. Il A
between the polarized and total power intensities. Therefore theysing the quadratic estimator method exactly as described in
conclude that a good fraction of the polarized emission seen ovgi75]. We computed fiducial power spectra with the
the plane was caused by changes in synchrotron emissivity rathgf\BFAST software [84] using cosmological parameters
than any depolarization or Faraday rotation of the synchrotroom the concordance model frof85] (that of [86] is very
background. According tp40], variations in synchrotron emission similar). Table | shows the result of our band-power estima-

can be caused by increases in the density of relativistic electronﬁon The values shown in parentheses in the rightmost col-
(due to SNRy and/or variations in the magnetic field intensity. It is umn of this table are our 2-upper limits. In these calcula-

important to point out that the relative importance of these two,. . . : _
mechanismgFaraday rotation and depolarization and changes intlons’ we used five multipole bands of widit =6 for each

the synchrotron emissivity of the source regiposer the galactic of the six polarization typesT(E,B,X,Y,Z), thereby going
plane region are currently unknovjae]. out to €=30, ar_ld we average the measurements together
19 the case of Leiden surveys, itef) is negligible. Based on with inverse-variance Welg'htllng into a single number for
previous analysis done over the galactic loops at 1.4 (#2773, ~ €ach polarization type to minimize noise. _
Spoelstrg 35] argued that item&2) and(3) have a relatively minor We used the combined DMR 530 GHz data to obtain
contribution to the depolarization in those surveys. Leaving, theregood sensitivity to the unpolarized component. We perform
fore, differential polarization along the line of sight as the mainour analysis using strips of the DMR data of width15°
source of depolarization. around the POLAR declination—we found that further in-

1. Quadratic estimator analysis
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TABLE |. POLAR-DMR power spectrum. r
1r 71
o= AL 5T?* o (uK?) ST (uK) @ os [ Jos
<
T 15.6+6.6 487.0-270.6 22,1704 s I ]
. & 06 7 = 0.6
E 12.6-4.5 —9.9+32.0 <4.7(7.4 < [ ]
B 12.6+4.5 13.9-32.0 <6.8(8.9 = o4l Toa
X 14.0+4.8 —26.0+48.5 <8.7(11.1) g ]
Y 14.0+4.8 —0.1+485 <7.0(9.9 02t N-. 102
z 11.4+2.9 —50.0+31.6 <6.6(10.7) 0 b T S 1o
10 20 30 40 50 0 5 10 15
8alues in parentheses arec2dpper limits. Cross-correlation upper T amplitude [uK] E amplitude [uK]

limits refer to[x], [V] ana]z]. FIG. 5. Likelihood results using th&-polarized information
alone(right panel, thin ling, usingT information along(left panel,
thin line), and using both POLAR and DMRI information
and marginalizindthicker lineg. From top to bottom, the two hori-

creasing in the width of these disks did not significantly
tighten our constraints. Finally, we eliminated sensitivity to
offsets by projecting out the meamonopole from theT, Q  ,ontal lines correspond to 68% and 95% confidence limits,
andU maps separately. respectively.

The detection of unpolarized power is seen to be consis-

tent with that published by the DMR83] group. Table | The likelihood function is seen to be highly non-Gaussian, so

shows that we detect no polarization or cross-polarization ofptaining statistically meaningful confidence limitghich is

any type, obtaining mere upper limits, just as the modelsf course uninteresting in our case, since the constraints are

prediCt. The window fUnCtion.S r_eveal Substantial |eak_age beso Weak would involve numerica”y integrating the likeli-

tweenE and B, so that the limits effectively constrain the hood function. Since, is expected to oscillate between posi-

average of these two spectra rather than both separately. Thige and negative values, using a fl@onstank r, in the

large leakage is due to the one-dimensional nature of thgkelihood analysis runs the risk of failing to detect a signal

POLAR dataset, and can be completely eliminated with anat is actually present in the data, canceling out positive and

fully sampled two-dimensional md80]. negative detections at different angular scales. This is not
Finally, we perform the same analysis described above b}{kely to have been a problem in our case, simges uni-

replacing the DMR stripe with a similar stripe selected fromforrmy positive in our sensitivity rangé =14+5 for the

the 408 MHz Haslam mafpwhich was smoothed to 7° and ¢oncordance model.

scaled to 30 GHz usingr=—3). We detected no cross-  Fjgure 1 compares our results with all other polarization

polarization of any type between POLAR and the Haslamqgnstraints published to date.

map, obtaining a mere upper limit ¢K|<11.0uK (or a

2-0 upper limit of 15.4K). B. The Leiden power spectra

2. Likelihood analysis 1. Basic power spectra

We complement our band-power analysis with a likeli- _For the Leiden surveys, our analysis was performed using
hood analysis where we assumed tBat0. Specifically, we 10 multipole bands of widthA¢=10 for each of the six
setB=Y=2Z=0 and take each of the remaining power spec-

tra (T,E,X) to be constant out t6=30. 1.0f
We first perform a simple one-dimensional likelihood i
analysis for the parametéf using the POLAR data alone g 0.5¢ ]
(discarding the DMR information obtaining the likelihood 2
function in excellent agreement with that published by B ook ]
[22]—see Figure Hright panel, thin ling. A similar one- % i
dimensional likelihood analysis for the paramelarsing the c o5l ]
DMR data alone producéls~28 uK, consistent with that of T
the DMR team[83] (left panel, thin ling. We then compute i
the likelihood function including both POLAR and DMR -1.0 :
data in the three-dimensional space spannedrb ) and o > 10 =

compute constraints on individual parameters or pairs by B amplitude [pK]

marginalizing as in[85]. Once again, we obtain a g 6 joint constraints of polarization and , after margin-
T-measurement in complete agreement with that for theyjizing overT. From left to right, the contours show that the likeli-
DMR team(left panel, thicker ling hood function has dropped & 1%, =39 ande %% times its maxi-

Figure 6 shows our constraints in thg,(,) plane after  mum value, which would correspond to 68%, 95% and 99% limits
marginalizing overT. It is seen that our constraints on the if the likelihood were Gaussian. For comparison, the concordance
cross-polarization are weaker than the Schwarz inequalityhodel predicts E,r,)=(0.001,0.66) at{=14, the center of our
Ir¢|<1, soin this sense the data have taught us nothing newindow function forX (see Table)L
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10° EE power spectrum: to expect thatX,Y=0. However, at the CMB frequencies
; 408 MHz M (where the effects of Faraday rotation and depolarization are
ey desMne unimportant this should not be the case.

oL o To study the frequency dependence, we average the 10
e : multipole bands of the Leiden power spectrum measure-
1000 £ ments together into a single band for each polarization type
- ‘ ‘ ‘ ‘ to reduce noise. From these results, we fit the average fre-

8Tz = 1(1+1)E/2n[mK?]

1? : - e guency dependendéor the 25° cut dataas a power law as
t Correlation Coeficient in Eq. (2) with slopeag=—1.3 andag=—1.5 forE andB
s 05 [ - polarization, respectively.
5 b -, P
NG [ S g ———— e
* 0 — ~ P <

[ 2. I1sitEorisitB?
.05 [

An interesting question about polarized foregrounds is

n L e T how their fluctuations separate infbandB. Although many
Multipole | authors initially assumed that foregrounds would naturally

produce equal amounts & andB, Zaldarriagd 77] showed

FIG. 7. Power spectra of th? Leiden data._Top p‘."mel showf the that this need not be the case. There are plausible scenarios
power spectra for the five Leiden frequencies going from 408 to

1411 MHz, while the bottom panel shows tKecross-power spec- V.Vhere the foregrou_nd polarization. direction could pr_eferen-
trum r, for two of the five Leiden frequenciggach frequency is tially .be ?‘"9”6‘?' with or perpend!cular to the gradient of
represented by the same color/shade in both plantrinsic EB  Polarized intensity, thereby producing mdt¢hanB. In con-
correlation could be present but masked by Faraday rotation, sindéast, it is more difficult to contrive scenarios with mdse
random rotations of the polarization angle would cause correlationghanE, since they require polarizations preferentially making
to average to zero. a 45° angle with the gradient.

Early studieg25,29 have indicated thaE~B at 2.4 GHz
polarization types T,E,B,X,Y,Z), thereby going out t& in the galactic plane. However, these analyses used Fourier
=100. We used the Haslam map for the unpolarized compatransforms and spin-2 angular harmonic expansions, respec-
nentT, scaled and smoothed to match Leiden’s five differentively, without explicitly computing the window functions
frequencies. A galactic cut ¢b|=25° was applied in order quantifying the leakage betweds and B. This leakage is
to match the POLAR observing region. We iterated the QEgxpected to be important both on the scale of the Parkes
method once and chose the second prior to be a simplﬁripe thickness and on the pixel scéligs,80], and would
power law model consistent With the original measuremenf,qye the effect of mixing and B power, reducing anfg/B
fortheT, E andB power. The priors foX, Y andZwere set iterences that may actually be present. Moreover, no study

as é_ero. 7 h theE it d | of the E/B ratio has ever been done on the large angular
__riguré 7 Shows power Spec ratop) andr correla- gcales {=40), which are the most important for constrain-
tion coefficient(bottom) of the Leiden surveys. We find that . LN . . o

.Ing reionization and inflationary gravitational waves.

Eél(lqp(oz\;ve_lfrfep)eb(étsr?f?trﬁXg;ﬁsgtzggmsgzdsﬂynggwg rsllza;\f das " “We therefore perform a likelihood analysis of the Leiden
B aire éhown in Table Il. The values @gfare consistent with surveys specifically focusing on this question, and we in-
clude an exact treatment of the leakage. The likelihood

revious analyse$4,24-29, showing that the slopes get ) . .
Eedder as freqxlilenffy incregses. g pes g analysis of the data is done with two free parameters corre-

For all Leiden surveys, th& and Y power spectra are sponding to the overall normalization of tfieand B power
found to be consistent with zero—the 2.4 GHz Parkes surve?peCtrav and we assume that they both have the same power
had a similar finding forX [29]. These are not surprising !aw shape given by the slopgk: from Table II. The results
results: if Faraday rotation makes the polarized and unpola@re shown in Fig. 8. Note that the and B amplitudes are
ized components to be uncorrelatesege Fig. 3, it is natural ~ consistent with being equal to high accuracy at 408, 465, 610

and 820 MHz. At the highest frequency of 1.4 GHz, how-

TABLE Il. Normalization and spectral indef. ever, we see a hint of ab excess at the 30% level, but this
is only significant at a level of around 95%. This hint is
v Ae Be Ag Be intriguing, since it can in principle be given a natural physi-
(GHz) (mK?) (mK?) cal interpretation. It may be that synchrotron polarization has
0.408 55 05 57 04 !E>B at CMB frequenmes, and that Faraday rotation is hid-
ing this underlying asymmetry at low frequencies. If the Far-
0.465 54 -1.0 54 —-0.5 .
0610 51 10 51 _08 aday effect rotates each polarization angle by a random
0'820 4'5 71'5 4.6 71'8 amount for all practical purposes, this will destroy any in-
' ' ' ' ' trinsic alignment between the direction of the polarization
1.411 3.9 —-1.9 3.6 —2.6 X . . . .
and the direction of the local intensity gradient and therefore
3|l fits are normalized at =50, i.e., 5T2=A(£/50)° 2. produce equal amounts & andB signal.
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0.2 " ' ! ]
i Frequency [GHz]
_ - o
l@ﬂ: F g 1 . . .
d, P FIG. 9. TheE-polarized(solid) and unpolarizeddashed power
mel 4 . . .
2 4 o spectradT, of galactic synchrotron emission are plotted as a func-
o B o - . .
£ /@ tion of frequency for m.ultlpole;f.’:2 (triangles, €=14 (squgre}s
w0Os S 1 and¢ =50 (hexagongusing the fits from Table I{corresponding to
S a 25° galactic cut dajaThe T curves (dashed ling assumea
SRR 1

=—2.8. For comparison, the POLAR upper limit 8<7.4 uK

centered inf ~ 14 (see Table)lis shown in the lower right corner.

Comparing this with the squares implies either a low synchrotron
FIG. 8. E andB likelihood values for the Leiden surveys. From Polarization percentage or a steeper spectral ir{ttexer a).

top to bottom, and from left to right, the likelihoods are for the

frequencies 408, 465, 610, 820 and 1411 MHz. As the survey'syggest the following universal behavidrit high frequen-
frequenc_y incr_eases, the Faraday rotati(_)n r_educes and we start ¢fes where the Faraday rotation and depolarization effects
see a slight hint of are excess. For all likelihoods, the contours are ynimportant and the polarized fluctuations simply consti-
correspond to 68%, 95% and 99% limits. The diagonal lines correy,ia some constant fraction of the total fluctuations, we can
spond toE=B. use the same for polarized and total synchrotron radiation
in the CMB range. However, moving to the left in Fig. 9, one
reaches a critical frequency, below which the Faraday
rotation and depolarization effects suppress the polarized
fluctuations. At this point, the power law changes asymptotes

The key challenge for modeling synchrotron polarization . . ; !
as a CMB foreground is to answer the following question:ToM @ Steepetsolid/dashed lingsio a shallower(just solid

above which frequency are the effects of Faraday rotatioin€ Power law, and the critical frequenay, in which this
and depolarization so small that our measurements can Ki€Ct occurs change with the angular scdle In other
safely extrapolated up to CMB frequencies? From an analy\_/vords, whether we can safely extrapolate our results up to
sis of the Leiden surveys, Spoelsigb] found an upper limit

for RM of 35 radn 2. SettingA#=1 rad in Eq.(3), this 1 o ) _ _
suggests that the Faraday rotation becomes irrelevant some- In the limit of high frequenciegwhere Faraday rotation and
where around 2 GHz. However, considering that the deterdepolarization vanishwe expect the polarization fractignto be-
mination of RM is poor in many parts of these surveys, thiscome frequen(_:y independent. It may spll depend on angular scale
2 GHz value is questionable. Moreover, because of the im¢: NoWever. Ifit does depend dn there is no fundamental reason
portance of depolarization which affects large scales mor(%;:hy it cannot exceed 100% on some angular scedesn though

than small scales, we should expect the answer to depend@i polarization ~at ~a  given point is by definition
<100%)—imagine, say, a uniform synchrotron-emitting plasma

the angular scalé anSIdgred. L. . with small-scale variations in the magnetic field direction. However,

Let us now quantify this emplrlcally: Figure 9 shows the Fig. 7 and Table Il show that as the frequency increases, the polar-
synchrotron power spectra as a function of frequency for &eq power spectrum gets progressively redder, providing a tanta-
sample of angular scalés Using the f_'tS from Table Il and jizing hint of convergence towards the same power spectrum slope
Eq. (2) suggests that the polarization percentage as the total intensity component. If this is actually what happens in
=5T;/5T, saturates to a constant value for1 GHz at  the high frequency limit, then the polarization fraction does indeed
€=50,v>4 GHz atf{=14 andv>10 GHz atf{=2. This  become a simple constant.

0.0 005 41 215 42
£ amplitude [K]

3. Quantifying the importance of Faraday rotation
and depolarization for the CMB
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frequency extrapolation of the cog 2nd sin 2 power spec-
tra are valid.

Figure 9 also shows the POLAR limit &<7.4 uK from
Table | (lower right corney. Since this limit is centered in
10 | {~14, it can be directly compared with the middle curve.
The noticeable gap between the two implies that we get in-
teresting constraints from POLAR on foreground models. No
synchrotron polarization is detected even though the Haslam
stripe shows substantial synchrotron emission in the POLAR
region, so either the synchrotron polarization percentage is
small or the synchrotron emission falls even more steeply
towards higher frequencies than the plotted curves indicate.
A spectral indexa=—2.8 (as shown in the plotis only
allowed if the polarization percentages lower than 10%. If
p=20%, thena<—3.0, and almost complete polarization
(about 70% is physically possiblevould requirea< —3.4,
in poor agreement with theoretical and observational indica-
ol PN W tions [52-54. In other words, our results suggest a rather

Frequency [GHz]

10 100 low synchrotron polarization percentage at CMB
Multipole 1 frequencies?
FIG. 10. (¢,v) plane showing contours of constant polarization IV. CONCLUSIONS
percentage. From bottom up, the curves are for the 0.01%, 0.1%, o ) o
1%, 10% and 70%. CMB polarization and its decomposition inté and B

modes is a topic of growing importance and interest in cos-
. mology. In the era of WMAP, a key issue is to estimate the
.CMB frequencies dependg not only on the frequ_enc_y but alsgontribution of galactic foregroundsnore specifically, po-
in the angular scale. For instance, the contamination of thfarized synchrotron emissidito these modes. We have used
CMB quadrupole from galactic sy_nchrotron polarization Calihe POLAR experiment and radio surveys in order to quan-
only be obtained from extrapolations of data at frequenmeﬁfy this contribution at large angular scales.
exceedingv, ~10 GHz, withv, dropping towards smaller —“ging matrix-based quadratic estimator methods, we
angular scgle%z. . . , o cross-correlated POLAR with DMR data and obtained upper

A" the information above is summgnzgd in Fig. 10, jimits of E<7.4 uK and |X|<11.1 uK at 95% confidence.
Wh'd; ShOTW? contours of constant polarization percenfage These upper limits are, unfortunately, too high to place inter-
=06T¢/6Ty in the two-dimensional {,v) plane. In other egting constrains on reionization models. A similar cross-
words, this figure can be interpreted as a contour plot of th@orrelation analysis was performed by replacing the DMR
depolarization. The depolarization is seen to be negligible ayith the Haslam data, obtaining an upper limit BX|
high frequencies and on tiny scales, gradually increasing to= 15.4 uK at 95% confidence.
wards the lower left corneitowards low frequencies and on  \ye also used our quadratic estimator methods to measure
Igrge angular scalésyhere Faraday rotation and depolariza- ihe power spectra from the Leiden surveys, obtaining the
tion effects become important. following key results:

This has important implications. For instance, a nice all- o
sky simulation of synchrotron polarization at CMB frequen- (1) The synchrotronE and B contributions are equal to
cies was recently performed assuming that the power spectra Within 10% from 408 to 820 MHz, with a hint oE
of cos @ and sin @ (whered is the polarization angjevere domination at higher frequencies. One interpretation is
frequency independeri®9]. Our results indicate that these thatE>B at CMB frequencies but that Faraday rotation
two power spectra are dominated by Faraday rotation and mixes the two at low frequencies.
depolarization effects, which implies that tReandB power  (2) Faraday rotation and depolarization effects depend not

should be mostly due to changes in polarization armgland only on frequency but also on angular scale—they are
not to variations in overall intensity—this precise behavioris  important at low frequenciess10 GHz) and on large
also seen by29]. If Faraday rotation and depolarization ef- angular scales.

fects are indeed dominant, then it is not obvious that such

¥From the COBE/DMR-Haslam cross-correlation res[8®,88,
2Dye to the fact that we are dealing with cross-correlations, theve known that the rms galactic signal of the synchrotron emission
results presented here should not be biased by systematic errorsisrlower than 7.1uK at 53 GHz. Note that this value is substan-
calibration uncertainties in input data, since they would be uncoriially lower than the one we obtain when extrapolating thel4
related between the different surveys used. Spurious offsets will naturve of Fig. 9 to the DMR frequencies. This result indicates that
cause excess noise either, since we removed the zero point from< — 2.8 or that there is a deviation from the power law behavior at
each survey before calculating the cross-correlations. frequencies above a few GHz.
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(3) We must take into account Faraday rotation and depolar- Experiments such as WMAP and Planck will shed signifi-
ization effects when extrapolating radio survey resultscant new light on synchrotron polarization and allow better
from low to high galactic latitudes and from low to high quantification of its impact both on these experiments and on
frequencies. ground-based CMB observations.

(4) We detect no significant synchrotrdfE cross correla-
tion coefficient (r|<0.2), but Faraday rotation we could
have hidden a substantial correlation detectable at CMB ACKNOWLEDGMENTS
frequencies.

(5) Combining the POLAR and radio frequency results, and  This work was supported by NSF grants AST-0071213
the fact that theE polarization of the abundant Haslam and AST-0134999 and NASA grants NAG5-9194 and
signal in the POLAR region is not detected at 30 GHz,NAG5-11099. M.T. acknowledges the David and Lucile
suggests that the synchrotron polarization percentage #&ackard Foundation and the Research Corporation for finan-
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