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PRIMORDIAL MAGNETIC FIELDS WITH THE WMAP AND PLANCK
SATELLITE EXPERIMENTS

J. Aumont! and J. F. Mac{as-Pérez?

RESUMEN

Presentamos un estudio de la rotaciéon de Faraday de las anisotropias en temperatura y polarizacién del Fondo
Césmico Microondas (CMB) causada por un campo magnético primordial (PMF) a gran escala presente du-
rante el desacoplamiento entre fotones y electrones cuando los primeros dtomos fueron formados. Suponemos
un campo magnético de baja amplitud, tipicamente del orden del nG hoy en dia, y un desacoplamiento in-
stantdneo entre fotones y electrones. Bajo esas hipétesis y asumiendo perturbaciones tensoriales despreciables,
las ecuaciones de evolucién de la polarizacién del CMB dan lugar a la generaciéon de modos B de polarizacion
a partir de los modos E asociados a las perturbaciones escalares. Nuestro estudio permite la simulacién de
mapas de CMB que incluyen el efecto del PMF para un amplio espectro de geometrias del mismo. A partir
de estas simulaciones extraemos los espectros de potencias en polarizacién del CMB y los comparamos con
célculos analiticos del mismo efecto. Observamos que nuestra aproximacién reproduce el orden de magnitud
del espectro de potencias del CMB CfB. Finalmente, obtenemos un limite superior en la intensidad actual del
PMF, By < 27 nG (95% CL), comparando nuestros modelos con las observaciones de WMAP.

ABSTRACT

We present a study of Faraday rotation of the Cosmic Microwave Background (CMB) polarization anisotropies
by a large scale primordial magnetic field (PMF) present at the time of decoupling. We assume weak intensity
for the PMF, of the order of a nG nowadays, and tight coupling between photons, electrons and baryons around
recombination. Under these hypotheses and considering no tensor perturbations, the equations of evolution
of the CMB polarization lead to the direct generation of B polarization modes from the E modes generated
by scalar perturbations. We are able to produce simulated CMB maps including this effect for a wide range
of geometries of the PMF. From these simulations we extract the modified polarization angular power spectra
and the results are compared to an analytic approach showing that our hypothesis leads to the same order of
magnitude signature on the CMB CPB spectrum. Finally, we obtain an upper limit on the today intensity of
the PMF, By < 27 nG (95% CL), by comparing our models to the CI¥ spectrum measured by WMAP.
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1. INTRODUCTION

The study of the Cosmic Microwave Background
radiation (CMB) enters a new era. Since the precise
measurements of the CMB temperature anisotropies
by the WMAP satellite experiment (Hinshaw et al.
2007), the challenge is now to extract information
from the polarization anisotropies, several orders
of magnitude fainter than temperature anisotropies.
Among the wealth of information contained in the
CMB polarization, one is of particular interest for
cosmologists and particle physicists, the B modes
which might have been created from tensor pertur-
bations in the form of primordial gravitational waves

generated at the Inflation epoch. The level of the BB
angular power spectrum, C’?B , is directly related to
the tensor to scalar ratio, r. This is defined as the ra-
tio of the amplitudes of the temperature anisotropies
for the quadrupole generated from tensor and scalar
perturbations and it is directly related to the energy
scale of Inflation (Zaldarriaga 2004). Thus, measur-
ing the CMB CPB spectrum is a thrilling challenge
since it is a direct tracer of the Inflation epoch. Cur-
rently, only upper limits have been set, r < 0.30
(95% CL) (Spergel et al. 2007).

Independently, large-scale primordial magnetic
fields (hereafter PMF), with present amplitudes of
order 1 nG, have been considered in cosmology to
explain the Mpc-scale magnetic fields observed in
galaxies and galaxy clusters. Dynamo amplifica-
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tion of a seed field which can be of weak amplitude
(e.g. Parker 1971) or adiabatic compression of large
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scale magnetic field during structure formation (e.g.
Howard & Kulsrud 1997) are two mechanisms that
may explain galactic fields of amplitude between 1
and 100 pG. Many arguments have been proposed to
explain the origin of PMFs, some authors consider
them as natural initial conditions of our Universe,
others propose that they might have been generated
during Inflation or electro-weak transition (e.g. Gio-
vannini 2008) but none of these argument signifi-
cantly came to the fore. For a review on this topic,
see Widrow (2002).

Such a field might have been present at the time
of decoupling, when the Universe was totally ion-
ized and when the CMB radiation formed. The
magnetic field energy momentum tensor would mod-
ify the space-time geometry and therefore affect the
propagation of photons, leading to additional observ-
able imprints on the CMB anisotropies. Therefore,
the study of the CMB anisotropies can be used to
constrain the PMF amplitude and geometry. Upper
limits on the amplitude of the PMF have been set,
for example to By < 6.8 - 1077 - (Q,,h%)Y/? G (95%
C.L.) (Barrow et al. 1997) and to By < 7.7 nG (68%
C.L.) (Yamazaki et al. 2006).

Furthermore, if a PMF was present at decou-
pling, Faraday rotation of the CMB photons polar-
ization vectors would occur. Under this rotation,
the Stokes parameters ), and U,. in the radial frame
associated with scalar perturbations, which are spin-
2 quantities, are mixed and B mode polarization is
formed from the scalar perturbations £ mode polar-
ization (Zaldarriaga 2001). Thus, the presence of a
large-scale magnetic field at the time of decoupling
will lead to a non-zero cosmological CEB CMB an-
gular power spectrum even in the case of no tensor
perturbation. Studying this effect is then of partic-
ular interest for cosmology as it can help to improve
our understanding on the physics of structure for-
mation down to galactic scales. In addition, it can
be also considered as a contaminant to the detection
of tensor perturbations via their induced CMB C?B
angular power spectrum.

Previous works have tried to quantify Faraday
rotation on CMB polarization at the last scatter-
ing surface deriving the equations of evolution of the
Stokes parameters in the presence of a PMF. They
typically extract in the case of simplified PMF ge-
ometries analytical expressions of the resulting CMB
angular power spectra after line-of-sight integration
(e.g. Scoéccola et al. 2004). In this work we are
more interested in producing maps of the Faraday
rotated CMB polarization for complex geometries
of the PMF. For this purpose we make simple as-
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sumptions on the equations of evolution of the CMB
photons at the time of decoupling: weak Faraday
rotation and tight coupling. Under these hypothe-
ses, we are able to construct @) and U maps of the
Faraday rotated CMB sky at different observation
frequencies. This work is of great interest to study
the possibility of detection of PMF's with the Planck
satellite mission and has been developed within the
Planck consortium.

This paper is organized as follows. In § 2, we
first present the expression of the Faraday rotation
in the case of the presence of a PMF around time of
decoupling and in the equations of evolution of the
Stokes parameters, deriving our hypothesis. Under
these assumptions, in § 3, we present the modeling
of its effect on CMB polarized angular power spectra
and we compare our approach to the analytic one
from Scéecola et al. (2004), in § 4 we simulate this
effect on the CfBangular power spectra and finally,
in § 5, we extract an upper limit on the nowadays
intensity of the PMF by comparing our model to the
WMAP C[® data.

2. EVOLUTION OF CMB ANISOTROPIES IN
THE PRESENCE OF A PMF

We can consider our Universe before decoupling
as a plasma formed of ions, electrons and photons. In
this plasma, we will assume the presence of a PMF.
An electromagnetic wave propagating in an ionized
medium in the presence of a magnetic field undergoes
a Faraday rotation of its polarization vector. This ro-
tation has the following angular velocity (Kosowsky
& Loeb 1996):

dy e3xon, .
dt — 2mm2v? (B-4), (1)
where q is an unit vector in the propagation direction
of the wave, B is the PMF vector, v is the frequency,
T, the ionization fraction of the medium, e and m,
the charge and the mass of an electron and n. the
electron density (throughout the paper we use natu-
ral units with i=c=G =1).

Following Kosowsky & Loeb (1996) the redshift
dependence for the magnetic field intensity is ||B|| =
B « 22 and for the wave frequency v  z. If we as-
sume an optical depth of the order of unity at decou-
pling and thin last scattering surface (Azp/zp < 1),
we can also substitute [ x.n.dt by o', where o7 is
the Thomson total cross section. Thus, the rms ro-
tation angle can be estimated by integrating in time
equation (1), noticing that B/v? is time-independent
and by averaging over all the orientations of B
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(Kosowsky & Loeb 1996)

By
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where By is the current value of the PMF intensity
and vy the observation frequency. The rms of the
rotation angle is inversely proportional to the square
of the frequency of observation and have a distinct
spectral signature that may allow to separate this
effect from the primordial fluctuations of the CMB.
For a field having a current intensity of 1 nG and
observing at 30 GHz, the rms rotation angle would
be of the order of 1°.

Faraday rotation can also be considered directly
in the equations of evolution of the CMB polar-
ization, the so-called Boltzmann equations. These
equations are a set of radiative transfer equations
for the Fourier modes of the radiation Stokes param-
eter brightness As(k,q,7), Aq(k,a,n), Av(k,q,n)
and Ay (k,§,n) where k is the Fourier mode wave-
vector and 7 is the conformal time. We present these
equations in the case of scalar perturbations in the
radial reference frame defined by them and assum-
ing a PMF (Kosowsky & Loeb 1996; Scannapieco &
Ferreira 1997)

Q

(%2

{8877 + 2iku+ ﬂ Ao, = 75(1 — Py(n) - Sio
+2wBAy, ,
0 1 .

{3_77 + Ezk,u + T:| Ay, = —2wplg,, (3)
where 1 = cos(k - q) is the cosine between a
given Fourier mode and the propagation direction,
kE = ||k||, T = xeneora/ag is the differential op-

tical depth, Spg is a source term depending on
the monopole and the quadrupole in I and @, and
wp = dp/dn = (a/ag)(dp/dt) is the conformal angu-
lar velocity of the Faraday rotation defined in equa-
tion (1).

If no PMF is present at the time of decoupling
the terms in wp are null (Kosowsky 1996). Thus, no
U, polarization can arise from scalar perturbations
only, since the equation of evolution of Ay, does not
present a source term. As the Stokes parameters in
the radial reference frame @), and U,. are strictly and
respectively related to the £ and B CMB polariza-
tion modes, it means that scalar perturbations pro-
duce only E modes. However, if a PMF is present
at the last scattering surface, U, is induced by @,
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and then B modes can also arise from scalar pertur-
bations.

In order to quantify this effect on the CMB
angular power spectra an analytical integration of
the above evolution equations was performed by
Scéecola et al. (2004) assuming a PMF oriented in
the direction of the Fourier-mode wave vectors in
equation 3. In this paper we are more interested
in accounting for complex magnetic field geometries
and in producing CMB Faraday rotated maps. We
therefore adopt a different and simpler approach to
solve the evolution equations based on the following
assumptions

* Weak-field: As discussed above the observed
Galactic magnetic fields, of the order of 1 uG, re-
quire seed fields of the oder of 1 nG today. We can
therefore assume that the intensity of the PMF is of
the same order, i.e. weak. Following equation (2),
the rms Faraday rotation angle would be for such a
PMF of the order of 1 degree. Then, the conformal
angular velocity would be wp < 1.

* Tight coupling: We place ourselves in the tight-
coupling regime, assuming a strong coupling between
electrons and photons around the time of decoupling
(Peebles & Yu 1970). In this regime, we can assume
that decoupling is fast enough to be considered as
instantaneous (Atp/tp < 1).

If we consider only scalar perturbations the above
hypotheses lead to the generation of a small amount
of U, polarization from @, polarization with no feed-
back. In other words, B modes are generated from
scalar F modes via Faraday rotation.

Tensor perturbations are subdominant with re-
spect to scalar perturbations (r < 0.3 at 95% CL;
Spergel et al. 2007). We can therefore consider that
the generation of @), polarization from the tensor
associated U, polarization is a second order effect if
the above assumptions hold. Then, to first order we
can neglect any feedback between tensor generated
and scalar generated polarization. In other words
the tensor E and B polarization modes can just be
added to the scalar ones.

To summarize, these assumptions allow us to ne-
glect the —2wpAy, term in the equation of evolu-
tion of @,. At the same time, the presence of a
PMF at the time of decoupling will generate in the
case of scalar perturbations U, polarization through
the +2wpAg, term. We neglect in here the contri-
bution to U, polarization from Faraday rotation of
the tensor @, polarization. Thus, Faraday rotation
would generate primordial C?B spectrum from the
CEE one. Under these hypotheses, we may consider,
as a first approximation that the time integration of
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equations (3) assuming a PMF is equivalent to the
direct rotation of the CMB photon polarization vec-
tor. Notice that hereafter we do not consider any
polarization component generated after decoupling
as for example by global reionisation of the Universe
when the first stars form (Page et al. 2007).

3. MODELIZATION OF THE PMF FARADAY
ROTATED CMB POLARIZATION

3.1. Method

To model Faraday rotation of the CMB polariza-
tion by a PMF, we simulate the CMB sky for the
Stokes parameters I, () and U, perform a rotation
of the polarization vector and extract the modified
polarized angular power spectra as follows

* We generate a model of temperature and po-
larization angular power spectra using the CAMB
software (Lewis et al. 2000), for a set of cosmological
parameters corresponding to the ACDM model con-
sistent with the WMAP data (Spergel et al. 2007),
with no tensor perturbations (r = 0) and exclud-
ing late reionization. As discussed above under our
hypotheses the ionization history of the Universe
would present a sharp peak at decoupling and the
CMB photons would have not interacted again in
their journey from the last scattering surface to us.
Nevertheless, the optical depth for global reionisa-
tion at the time of the formation of the first stars
is one order of magnitude fainter than at decoupling
(r» = 0.089 + 0.03 (Page et al. 2007)) leading to
an effect ten times smaller on the Faraday rotation
of the CMB polarization vector. To sidestep this
problem, when considering angular power spectra,
we focus only on multipoles ¢ above 20, where the
effect of reionization is subdominant in the polariza-
tion case. However, this issue remains open and only
a resolution of the evolution equations for the Stokes
parameters of the CMB, in the case of an Universe
presenting a reionization epoch, would undercome
this ambiguity. In this model, we also consider that
B modes produced by lensing of the E modes are
perfectly removed.

* We generate full sky maps in uKcyp for the
Stokes parameters I, @ and U from these angular
power spectra using the HEALPIX package software
(Gérski et al. 1999), at a given HEALPIX resolution.

* We apply the Faraday rotation of the CMB
polarization vector through the Stokes parameters
algebra using equation (2), given the current value
of the PMF intensity By and the observational fre-
quency vy. We have supposed two types of PMF. A
random field, oriented randomly with a normal dis-
tribution and a PMF always oriented parallel to the

CD239

EE Scoccola etal. 2004
BB Scoccola etal. 2004
1072 EE Model

X BB Faraday constant
BB Faraday random

10714

10—15

U(1+1)C/2m

10716

1077

100

Lk
10
Multipole |

Fig. 1. CFP and CPB angular power spectra in arbi-
trary units, at 30 GHz, in the case of a PMF field hav-
ing a nowadays intensity of 10 nG. Lines are the CFF
(red) and CPB (black) spectra as computed analyticaly
by (Scéceola et al. 2004). Orange diamonds represent
the CF® model we have used for our simulations, with-
out reionization and adjusted to the value of (Scéccola
et al. 2004) at £ = 100. Blue crosses represent the C75
spectrum modeled by our approach in the case of a con-
stant PMF. Green crosses represent the CEB spectrum
modeled by our approach in the case of a random PMF.
In both cases, error bars are the dispersion upon 100
realizations of the sky.

line-of-sight. The second one has no physical moti-
vation but maximizes the effect and lead to upper
limits. We then obtain I, Q" and U’ CMB maps
Faraday rotated by the PMF.

* Finally, we compute the angular power spectra
of the I, @' and U’ maps using again the HEALPIX
package software.

As an example we show in Figure 1 the CMB CPB
power spectrum, blue crosses, obtained by Faraday
rotation of the CMB polarization from scalar pertur-
bations only. For this model we assume a PMF ori-
ented parallel to the line-of-sight and with an inten-
sity of 10 nG and observations at 30 GHz. Error bars
for this power spectrum are also traced representing
cosmic variance as computed from 100 independent
simulations. We also plot in orange diamonds the
input C’EEE power spectrum.
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Fig. 2. CPP® angular power spectrum in the case of the ACDM concordance model of Spergel et al. (2007), with no
reionization and no lensing, in pK2yp. Left: 7 = 0 and a random PMF present (see text for details) at last scattering
surface, for different values of the today intensity of the PMF. Center: r = 0 and a PMF oriented parallel to the
line-of-sight (see text for details) present at last scattering surface, for different values of the today intensity of the

PMF. Right: for different values of r and no PMF.

3.2. Comparison to the analytic approach

We have compared the results from our mod-
eling technique to the analytical resolution of the
Boltzmann equations (equation 3) by Scéccola et al.
(2004). For the latter, the authors use the total angu-
lar momentum formalism, developed by Hu & White
(1997) to integrate these equations along the line-of-
sight. They have also assumed that the PMF is ori-
ented in the direction of each of the the Fourier-mode
wave vectors, k, in equations (3).

As above we assume observations at 30 GHz and
a current intensity for the PMF of 10 nG. We have
adapted our inputs so that the amplitude of our C’EE
power spectrum mimic the one from Scéccola et al.
(2004) at multipole ¢ = 100. Notice that as our
model does not include reionization the CFE power
spectra differ at low multipoles (¢ < 40).

The Scéccola et al. (2004) CFE and CPP CMB
angular power spectra are represented in figure 1 in
red and black respectively. We observe that the C}gB
angular power spectrum as computed using our tech-
nique can be qualitatively compared to the one from
Scéccola et al. (2004). However our CEB power spec-
trum is in average a factor of two larger in the case
of the constant field. This probably comes from the
difference in the choice of orientation of the PMF.
Indeed, if we consider a PMF with random orienta-
tion, the C?B spectrum, green crosses in the figure,
is featureless and tilted towards the low multipole.
This shows that a full comparison of the results is
not possible unless the same orientation of the PMF
is considered (for the kind of PMF orientation pro-
posed by Scéecola et al. (2004) this is out of the scope

of this paper). However, our simulations and the
Scéecola et al. (2004) results prove that for ordered
PMFs the resulting C’?B preserves the structure in
the input CF*¥ spectrum while for random ones the
structure is wiped out.

4. SIMULATIONS

Using the above scheme, we can produce both
Faraday rotated I, @ and U maps and power spectra
of the CMB for any given PMF intensity, orientation
model and observation frequency.

From left to right, Figure 2 presents the CMB
C’?B power spectrum from scalar perturbations Fara-
day rotated by both randomly and orientated paral-
lel to the line-of-sigth PMFs as well as the CMB
C?B power spectrum from tensor perturbations, re-
spectively. The PMF Faraday rotated C?B spectra
are computed from maps at the HEALPIX resolution
Ngige = 128 and for an observation frequency of 30
GHz, where the effect is maximal for Planck. We
consider different values of the current intensity of
the PMF, ranging from 1 to 10 nG. In the tensor
perturbation case we consider values of r ranging
from 107° to 3-101.

First, we can see that in the randomly oriented
PMF case, the CETB spectra have white-noise like
shape with total power proportional to the current
PMF intensity (e. g at £ = 100, £- (£ + 1) -
CPP/2m = 6.0-107" uKgyp for By = 1 nG and
C-(L+1)-CPP /2w =52-1072 pKgyp for By =10
nG). In the case of a PMF oriented parallel to the
line-of-sight, the C’ECB spectra inherit the shape of
the CFE spectra with total power also proportional
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to the current intensity of the PMF (e.g. at ¢ = 100,
C-(0+1)-CPP 2w = 2.4-1073 pKyp for By = 1 nG
and £- (£ +1)-CPP /2m = 0.21 pKgyp for By = 10
nG). Nevertheless we can notice that the the max-
imum of the power in this case is not significantly
larger than in the randomly oriented case.

Finally, we can compare the C’fB spectra pro-
duced by PMF Faraday rotation to the CfB spectra
produced by tensor perturbations. We observe that
at 30 GHz and for PMF today intensities of the or-
der of a few nG, the total power around ¢ = 100
is comparable to that coming from tensor perturba-
tions with r around 0.1.

We do not present in here how Faraday rotation
by a PMF modifies the CF'* and C'® power spectra
as the effect is not as obvious as for CPB. However,
as the CMB C/F power spectrum has been precisely
measured at large angular scales by WMAP, we use
it in the following section to set upper limits on the
current intensity of the PMF.

5. COMPARISON TO THE WMAP DATA

The Faraday rotation of the CMB polarization by
a PMF is of cosmological interest. On the one hand,
it could be considered a contaminant to the detec-
tion of primordial B polarization modes produced
by tensor perturbations. On the other hand, it pro-
vides a unique way to detect a PMF which may be
considered as an additional cosmological parameter.

The WMAP satellite all-sky observations (Page
et al. 2007) provide the most precise measurements
of the CMB polarization angular power spectra
at large angular scales up-to-date. In particular,
WMAP has accurately measured the CFE power
spectrum in a wide range of multipoles from ¢ = 2 to
¢ = 400. Currently, the CF°F and CPB power spectra
are dominated by instrumental noise. The WMAP
CEE power spectrum is plotted in Figure 3 for each
multipole £ as black crosses with their associated er-
ror bars.

To constrain the intensity of the PMF using the
WMAP data, we have simulated, using the technique
described in this paper, PMF Faraday rotated CMB
maps. We have considered different values of the
PMF amplitude ranging from 1 to 120 nG with a
2 nG step. We have then computed the C’EE an-
gular power spectrum by averaging 100 independent
simulations. The simulations have been performed
at the two observation frequency bands, Q and V
(41 and 61 GHz), used by the WMAP team to es-
timate the CI¥ angular power spectrum (Page et
al. 2007). To be able to compare to the WMAP
data, we have averaged the two simulated frequency-
bands CEE power spectra and binned them in /¢ in
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Fig. 3. C{® spectrum as measured by WMAP (black,
Page et al. 2007), in pKZyg. C{T spectra computed
by our method, in the case of a constant PMF are also
displayed for several current values of the PMF ranging
between 1 nG (red) and 120 nG (green).

the same way that the WMAP data. The simulated
CJ'¥ spectra for the different values of the PMF are
overplotted in Figure 3 as colored solid lines.
Finally, we have obtained the best-fit model to
the data by x? minimisation. As we have not taken
into account late reionization in our model the fit has
been performed on the multipole bins in the range
15 < ¢ < 300. From this fitting procedure, we can set
an upper limit on the PMF intensity of By < 27 nG
(95% CL) and By < 15 nG (68% CL). The complete
likelihood function is displayed in Figure 4.

6. SUMMARY AND CONCLUSIONS

We have developed a simple Monte Carlo tech-
nique to estimate the Faraday rotation of the CMB
polarization induced by a PMF present at the time
of decoupling and avoiding the full resolution of the
photon evolution equations. This technique is based
on two main hypotheses: tight coupling and weak
PMF. The latter is justified by observations if we
consider the PMF as the seed of current galactic
magnetic fields of the order of 1 uG and therefore
with amplitudes of the order of few nG. Under these
two hypotheses and in the case of scalar perturba-
tions, Faraday rotation by a PMF transforms a frac-
tion of the CMB E modes into B modes. The Fara-
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Fig. 4. Cummulative P(x?) of the fit of the CJ¥ spec-
trum as measured by WMAP (Page et al. 2007) for sev-
eral current values of the PMF ranging between 1 nG
and 120 nG.

day rotation effect depends both on the PMF inten-
sity and geometry, and on the frequency of observa-
tion with a ¥~2 dependence.

We have compared the results obtained using our
technique to the analytical resolution of the Boltz-
mann equations proposed by Scéccola et al. (2004).
For this we concentrated in the C’?B power spectrum
although the other polarized power spectra are also
modified. A direct comparison is difficult as the ori-
entation of the PMF plays a major role both in the
shape and amplitude of the CP® power spectrum.
However, our results qualitatively agree with the an-
alytical ones. Furthermore, we observe that ordered
PMF preserve the structure of the primordial C’}EE
power spectrum while random ones wipe the struc-
ture out.

We have observed that both for random and
ordered PMF the amplitude of the resulting CPP
power spectrum around ¢ = 100, for observations
at 30 GHz and for reasonable values of the PMF
intensity of few nG, is comparable to the that ex-
pected from primordial tensor perturbations assum-
ing a tensor to scalar ratio r ~ 0.1. We then con-
clude that Faraday rotation of the CMB photons by
a PMF can be observed in future CMB polarization
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experiments like Planck and is of cosmological in-
terest. Indeed, it would provide a way to measure
the PMF amplitude and orientation. Furthermore,
it could be a contaminant to the detection of primor-
dial gravitational waves from the analysis of the CPB
CMB power spectrum. As Faraday rotation presents
a clear dependence with observation frequency in
v~2, component separation methods in polarization
(e.g Aumont & Macias-Pérez 2007) could be used to
separate both effects.

Finally, we have inferred an upper limit on the
PMF intensity, By < 27 nG (95 % CL), by compar-
ing our simulations of the modified CF® spectra to
the WMAP C’ZT E data. To date, upper limits on the
PMF intensity have been set only by a few works
(e.g. Barrow et al. 1997; Yamazaki et al. 2006) and
ours is the first one arising from the CMB polariza-
tion study.
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