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We search for an unusual alignment of the preferred axeseofjttadrupole and octopole, the
so-calledaxis of evi] in the WMAP polarization data. We split the polarizationpmato a part
correlated with the temperature and an uncorrelated pathéh determine the preferred axes for
the quadrupole and octopole in the uncorrelated poladrzatiap, which serves as a statistically
independent probe of the axis of evil. We find that the axifiefquadrupole aligns with the axis
of evil within our measurement precision, whereas the akib® octopole does not. However,
with our measurement uncertainty, the probability of asteme axis aligning by chance in an
isotropic universe is of the order of 50 per cent. Nevergleur analysis of the axis of evil
promises to be a powerful tool when applied to data expected thePlancksatellite.
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1. Introduction

The observed isotropy of the cosmic microwave backgroundR¥Lis one of the strongest
evidences for the isotropy of the Universe. However, in mégears, there have been claims of
anomalies detected in the CMB temperature map with coraitiersignificance, which seem to
break statistical isotropy of the temperature fluctuatiand thus to question the cosmological
principle. Among these anomalies, there is a strong aligniroetween the preferred axes of the
quadrupole and the octopole, which is commonly referredstthaaxis of evil[3, 1, 11, 16, 15].
The claims of the existence of a preferred direction in theBof@mperature map have led to a
discussion about whether this is simply due to a chance #tiotuin the CMB temperature map, if
it can be blamed on local structures or on systematics in gesarement, or whether it is actually
due to a preferred direction intrinsic to the geometry ofghienordial Universe [4, 12, 17, 8, 13,
18, 10].

Since the polarization fluctuations of the CMB have the sahysipal origin as the primordial
temperature fluctuations, they should exhibit similar piadties as the latter, if these are intrinsic
to the geometry of the primordial Univer$edowever, since the polarization is not statistically in-
dependent of the temperature, chance fluctuations in theserture map also manifest themselves
in the polarization [6]. Here, we thus use the part of the fdéion map which is uncorrelated
with the temperature map as a statistically independeriigpod the axis of evil. Chance fluctua-
tions in the temperature maps do not affect the uncorrelatéatization map, so that a detection
of the anomalies in the latter would be a hint to an actual absgical origin of them.

2. Theaxisof evil in temperature

We start by searching for the axis of evil in the CMB tempematmap. To this end, we use
the internal linear combination(ILC) map from WMAP smoothed with a kernel of B8. When
working on large scales, we can safely neglect the detecigenn the temperature data [2], and
we decide to neglect residual foregrounds in the temperahap as well.

To define the preferred axis, we use the statistic proposedeb@liveira-Costa et al. [3],
which has been introduced in order to quantify the prefediegttion that can be picked out in the
smoothed temperature map by eye. When looking at the snoditld map in Fig. 1, most of
the hot and cold blobs seem to be lying on the same plane. Tddrupple and octopole extracted
from the ILC map show the same behaviour [see, e.g., 3], amgldmes are roughly the same
for the two multipoles. In order to quantify this alignmedg Oliveira-Costa et al. came up with
the following statistic. The temperature maps are expamakedspherical harmonics, which are
eigenfunctions of the square and the z-component of thelanguwmentum operatdr:

T(A) = ZTI(ﬁ) = ZaiTm\ﬁm(ﬁ)- (2.1)

INote, though, that this is not generic for all models exitgitanomalies in the temperature map. For example, if
the peculiarities in the temperature maps are due to a sagpeffect on the CMB such as the integrated Sachs-Wolfe
effect, we would not expect them to be present in the polaozanaps [6].
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Figure1: ILC map, smoothed with a beam of B8 and downgraded to a resolution of NSIDE=8.

Figure 2: Preferred axis of the quadrupole (left panel) and the odeofrmht panel) for the ILC map. We
reproduce the results of de Oliveira-Costa et al. withinmeasurement precision. The axes of quadrupole
and octopole point in the same direction, which has been dadngeaxis of evil.

Then, for every multipold, we determine the z-axis for which the expectation value of the z-
component oL, i- L, is maximised:

ﬁEn}?xﬁllIﬁ"L|2|T|>=Zmz|a|m(ﬁ’)|2- (2.2)

Here,amn (') denotes the spherical hamonic coefficiaft obtained in a coordinate system with
the z-axis pointing im’>direction. We determine the axigby simply rotating the z-axis into every
pixel centre and checking for the maximum, which is well fiekesat our resolution.

We plot the preferred axes of the quadrupole and the octagdle ILC map in Fig. 2. Both
ends of every axis are marked by a cross in the maps. We reg@dbea results from de Oliveira-
Costa et al. within our measurement precision: the axeseoftfadrupole and the octopoleRb,;
point in the same direction, which is roughll;b) ~ (—120°,63"), wherel andb denote galactic
longitude and latitude, respectively (de Oliveira-Cogtalefind (1,b) ~ (—110°,60°)).

3. Splitting of the polarization map

Let us now move on and obtain the uncorrelated polarizatiap,im which we are then going
to search for the axis of evil. Unfortunately, the WMAP pidation data are highly contaminated
by detector noise and galactic foregrounds. Our observitipation mapP, is the linear com-
bination of the maps of the Ka, Q, and V frequency bands (spmeding to 33, 41, and 61 GHz),
which are used for determining the low-I polarization likelod in the 5 year WMAP likelihood
code [9]. We furthermore use the P06 mask [14] to mask outdlectic plane in the polarization
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Figure 3: Stokes Q (left) and U (right) part of the following polariat maps: Top panel: Observed
polarization maps (linear combination of Ka, Q, and V bangs)zBottom panel: Part of the polarization
map uncorrelated with the temperature mfS,,,

map. The Stokes Q and U parametersPdn galactic coordinates are shown in the top panel of
Fig. 3.

We now split the WMAP polarization map into a part correlatgth the WMAP temperature
map, Peorr, and a part uncorrelated with th&y<,,. We obtain the correlated polarization map by
simply translating the temperature map into a polarizatiap:

Pcorr = SD’T SlT 3 (31)

where the signal covariance matrices are definefas= <PcmbTT> andSr = (T TT>, with Pomp
being the noiseless CMB-polarization map. In order to obtiaé uncorrelated map, we would like
to subtractorr from Pemp:

Puncorr= Pemb— Peorr- (3-2)

However, we do not know;p because we only obsert® which is highly contaminated by noise.
We therefore subtrad¥ R, from the observed polarization mé&p
Rincor = P —W R, (3.3

whereW denotes the sky mask. We then perform a Wiener filtering? @i, in order to obtain
the noise-reduced uncorrelated polarization Rgf,,. Note that the index “rec” indicates that
the map we obtain is a Wiener reconstructiorPgf.or» We show the Stokes Q and U maps of the
uncorrelated polarization maBsS.;, in the bottom panel of Fig. 3.

4. The axisof evil in theuncorrelated polarization map

We now determine the preferred axes of the quadrupole anakctbgole for the uncorrelated
polarization map, again using the technique introduceddtian 2. As we have already mentioned,
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Figure 4: Preferred axis of the quadrupole (left panel) and the odeofsight panel) folPS,,. The colour
coding counts the number of MC samples whose axis came tmlteerespective pixel. The axis of the
guadrupole aligns with the axis of evil within our measuratqecision, whereas the axis of the octopole
does not.

the mask, residual foregrounds and detector noise in theipation data will result in an uncer-
tainty in the preferred axes. In order to obtain the unceti&s in the axes d®-S,,, we have run
Monte Carlo (MC) simulations, drawing realisationsRyf,corr conditional on the measured data,
for which we then determine the preferred axes. We plot tles axd their uncertainties 8B5S,

in Fig. 4. Again, both ends of every axis are marked by a cmo$sd maps, and the colour coding
counts how many times the preferred axis came to lie on tipeotige pixels in 5000 MC samples.
The axis of the quadrupole points thb) = (—79,36°) with an uncertainty of 42 and the one
of the octopole tdl,b) = (—17°,0°) with an uncertainty of 48 The axis of evil lies inside thed
region of the quadrupole, but not of the octopold§E,,.

What can we learn from this result? The significance of thgnatient between the axes of the
guadrupole and octopole in the temperature map has beessadsxtensively in earlier works. In
this work, we only look at the additional information we dbtérom the axes oFg,,. To this
end, let us take the preferred axis in the temperature Thap given, and assume that the axes of
Plec,r are distributed isotropically over the sky and indepengeuiteach other. The probability
for at least one of the axes Bf5S,,, aligning with the axis of evil in an isotropic Universe amtain
to about 50 per cent, due to the large uncertainties we haecth@/efore do not obtain evidence
for or against a preferred direction intrinsic to the geagnef the primordial Universe from®/ <,
Nevertheless, a very crude estimateteinckyields an uncertainty in the axes of about 0.
With this, we will have a powerful test to probe the axis ofl @vipolarization.

5. Conclusions

We have computed the part of the WMAP polarization map whéchricorrelated with the
temperature magR) 5., and used it as a statistically independent probe of the @ixévil. If
the axis of evil were due to some preferred direction inicine the geometry of the primordial
Universe, we would expect its signature to be preser®ffi,,, whereas we would not expect
to see it inP/SS,,, if it were due to chance fluctuations in the temperature. theoto reduce the
noise contained in the polarization maps, we have Wienerdiltthe uncorrelated polarization map
before computing the axes. We have then determined therpgefaxes of the quadrupole and the



The axis of evil Mona Frommert

octopole forP 5%, In order to assess the uncertainty in the axes coming frenmitsk, detector
noise and residual foregrounds, we have run MC simulationditional on the observational data.

We find that only the axis of the quadrupole aligns with thes axievil, whereas the axis of the
octopole does not. We have computed the probability thaigiralignment with the axis of evil for
at least one of the axes happens by chance if the axes aibudetrisotropically. This probability
amounts to 50 per cent for currently available polarizatiata, due to the large uncertainties in the
axes. We thus do not obtain evidence for or against a prefelirection intrinsic to the primordial
Universe from WMAP, but are looking forward to redoing thisalysis with polarization maps
from Planck which will yield much more significant results.
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