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The observed pattern of linear polarization of the cosmic microwave background photons is a sensitive
probe of physics violating parity symmetry under inversion of spatial coordinates. A new parity-violating
interaction might have rotated the plane of linear polarization by an angle  as the cosmic microwave
background photons have been traveling for more than 13 billion years. This effect is known as “cosmic
birefringence.” In this paper, we present new measurements of cosmic birefringence from a joint analysis of
polarization data from two space missions, Planck and WMAP. This dataset covers a wide range of
frequencies from 23 to 353 GHz. We measure f§ = 0.342°f8"8§f: [68% confidence level (CL)] for nearly
full-sky data, which excludes # = 0 at 99.987% CL. This corresponds to the statistical significance of 3.6¢.
There is no evidence for frequency dependence of . We find a similar result, albeit with a larger
uncertainty, when removing the Galactic plane from the analysis.

DOI: 10.1103/PhysRevD.106.063503

I. INTRODUCTION

Photons of the cosmic microwave background (CMB),
the afterglow of the primordial fireball Universe [1], are
linearly polarized [2]. One can decompose the observed
pattern of linear polarization into eigenstates of parity
called £ and B modes, which transform differently under
inversion of spatial coordinates [3,4]. This property can
be used to probe new physics beyond the standard model
of elementary particles and fields that violates parity
symmetry [5].

A pseudoscalar “axionlike” field, ¢, that couples to
electromagnetism is an example of such new physics.
Consider a Lagrangian density given by [6,7]

1 2 I, «a -

L= =5 O0) = Vg)~ 4 P = LaFF. ()
where (d¢)* = ¢**0,,¢0,¢ with the metric tensor ¢**, V()
is ¢’s potential, F> = ¢" ¢/ F,,F s, FF = F ,,¢"*V'F ;,,/
(2,/=9),and a and f are a dimensionless coupling constant
and the so-called axion decay constant, respectively. Here,
F, =09,A,—0d,A, is the antisymmetric electromagnetic
tensor with the vector potential A, eV is a totally
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minant of the metric tensor.

The last term in Eq. (1) is familiar in particle physics,
as it appears in the low-energy effective action of
quantum chromodynamics [8]. A pion is a pseudoscalar
[9] and a neutral pion decays into two photons via this
term with @ and f determined precisely by experiments.
In cosmology, ¢ is a new pseudoscalar and a candidate
for dark matter and dark energy [10,11] with a/f being a
free parameter.

When ¢ depends on spacetime, the plane of linear
polarization of photons rotates [12-14] by an angle
p(n) :%[Cb(ﬂo) — ¢(n., ri)], where fi is the direction
of an observer’s line of sight, 7, and 7, are the conformal
times of observation and emission of photons, respec-
tively, and r =1, — 5, is the conformal distance to the
emitter. We take the speed of light to be unity throughout
this paper.

This effect is often called “cosmic birefringence,” and
is best probed by analyzing the oldest polarized light in
the Universe, that is, the CMB (see Ref. [15] for a
review). Discovery of a nonzero value of  would have
profound implications for the fundamental physics behind
dark energy [16,17], dark matter [18,19], and quantum
gravity [20,21].

When analyzing CMB data, one decomposes the Stokes
parameters for linear polarization as [3,4]

=1, and g is the deter-
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where E,,, and B, are the spherical harmonics coeffi-
cients of the E and B modes, respectively, ,,Y” (fi) are the
spin-2 spherical harmonics, and 7,,, is the maximum
multipole used for the analysis.

The coefficients transform under inversion of
spatial coordinates, A — —f, as E,, — (—1)"E,, and
By, — (=1)Y*1B,,,. The cross-power spectrum of E and
B modes, CE8 = (2¢+1)"'3", Re(E;,Bj,), has odd
parity and is sensitive to S [5]. When the plane of
linear polarization rotates uniformly on the sky by an
angle f, the observed E and B modes become EY, =

E;,cos(2f) — By, sin(2f) and  BY,, = Ez, sin(2f) +
By, cos(2f3), respectively. One thus finds that [22-26]
tan(4p) . _er BB cr?
CEB.O — C ,0 _ C ,0 4 , 3

where the last term is the intrinsic EB correlation at the time
of emission, and CEF and C55 are the auto-power spectra of
E and B modes, respectively. We adopt the sign convention
such that # > 0 is a clockwise rotation of the plane of linear
polarization on the sky.

However, miscalibration angles will arise if one does not
know precisely enough how the polarization-sensitive
orientations of detectors on the focal plane of a telescope
are related to the sky coordinates and how polarization of
the incoming light is rotated by optical components
[27-30]. These angles will be degenerate with the cosmic
birefringence angle . We will from now on denote
miscalibration angles by a, which should not be confused
with the coupling constant in Eq. (1). Hence, the observed
EB power spectrum measured by an instrument gets an
extra rotation contribution from its miscalibration angle «,
inducing a total rotation of a + . Without knowledge of a,
one can only determine the sum of the two angles, a + f.

The sky contains not only the CMB, but also the polarized
emission of interstellar gas, called the Galactic foreground
emission. Photons of the foreground emission do not travel
for a long distance, receiving only a negligible amount of j
when ¢ varies slowly in spacetime; thus, the foreground
polarization is rotated only by the miscalibration angle a
[26]. The foreground emission might possess a nonvanishing
intrinsic EB correlation, which needs to be taken into
account.

These considerations lead to

{Eﬂ B [cosua) —sin<2a>} {Ef}

BS, sin(2a)  cos(2a) | [ BfE
cos(2a +2p) —sin(2a +2p) ] [ ESMB
[ sin(2a +2f)  cos(2a + 2p) } {B%AB ]
(4)

for a single channel. Here, “fg” and “CMB” denote the
foreground and CMB, respectively. One finds that [26]

tan(4a) CEB e
CEB,O — CEE,O _ CBB,O ‘
2 (G et cos(4a)
sin(44) (CEECMB _ (BB.CMBY
2 cos(4a) ‘
cos(4f) _rp.cms (5)
cos(4a) ¢

This equation allows us to determine a and f simulta-
neously, independent of the E- and B-mode auto-power

spectra of the foreground, C5' and C5%'8,

Equation (5) still requires knowledge of CEB e

and

CgB CMB Discovery of the latter would be similarly
revolutionary in cosmology; however, we ignore this term
in this paper because the current data are not yet sensitive

enough to detect it.

We take into account the effect of CEB 2 As the

foreground helps us constrain «a, neglectlng any nonzero
CEB 2 in the analysis can bias the measurement of a. A
blased a will necessarily bias # since the CMB highly
constrains the sum, a + f.

After being verified on simulations with multiple fre-
quency channels [31], the method was applied to the high
frequency instrument (HFI [32]) maps of the Planck Public
Release 3 (PR3) in Ref. [33]. The authors measured f =
0.35° £ 0.14° for nearly full-sky data. We quote the 68%
confidence level (CL) intervals throughout this paper. The
method was then applied to the Planck PR4 HFI data [34],
yielding # = 0.30° & 0.11° [35]. The low frequency instru-
ment (LFI [36]) maps of the Planck PR4 were included in
the analysis of Ref. [37], which found # = 0.33° £+ 0.10°.
The statistical significance exceeds 3o.

Reference [37] also measured the frequency depen-
dence of the signal by fitting a power-law model,
B(v) v, finding n = —0.357)-5. This is consistent with
a frequency-independent signal predicted by the axionlike
field, Eq. (1).

These authors [33,35,37] initially ignored C5* in the
analysis. As the foreground is dominated by polarized
thermal dust emission at the HFI frequencies [38], they
noted that the positive dust 7B and TE correlations found
from Planck [38] would suggest C5™'8 ~ CEBSt 5
which would make the measured value of pa lower bound.
This expectation was confirmed by Ref. [35], which found
a larger value, f = 0.36° £ 0.11°, from nearly full-sky data
of the Planck HFI PR4 assuming CEB4"t/CEEASt o
C;B,dust / C;E,dust [39].

When C?B dust 49 ignored, the inferred value of p
decreases as the Galactic plane is masked and removed

from the analysis via the impact of CEP®' on the
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determination of a [35]. Although one finds similar values
of f from the Planck data regardless of the sky fraction
used for the analysis when a = 0, that is, the EB signal of
a + p ~0.3° is isotropic in the sky, the inferred value of a
depends on the sky fraction via CE54*, This was foreseen
in the work by Ref. [39], which argued that there should be
a mostly positive C?B Aust for smaller sky fractions (larger
Galactic masks). This would bias a measurement of S
towards a lower value whenever CE%"" is ignored.

The authors of Ref. [35] suggested an ansatz to model
C?B’dm based on the results of Refs. [39,40]. Including

their ansatz to the equations confirmed that C£%%*" was the
cause of the decline of f for lower sky fractions. Including
CEB 4ot i the inference gave robust positive measurements
of f at all sky fractions.

Therefore, the results so far indicate the presence of an
isotropic and frequency-independent signal of cosmic
birefringence in the Planck data with a statistical signifi-
cance of 30. The detailed study [35,41] using the simu-
lations of PR4 [34] shows that the impact of the known
systematics of the Planck HFI on f is negligible compared
with the statistical uncertainty.

In this paper, we continue to search for the isotropic f by
including the polarization data of the Wilkinson microwave
anisotropy probe (WMAP) 9-year observations [42] in a
joint analysis with the polarized Planck channels. The
polarization data of WMAP have a lower signal-to-noise
ratio than those of the Planck HFI, but the inclusion of the
WMAP channels gives rise to many cross-power spectra
with both itself and the Planck LFI and HFI channels. This
allows us to increase the precision of . As there is no
evidence [43-46] for fluctuations in £(fi), we focus on the
isotropic f.

The rest of the paper is organized as follows. We describe
the data and the analysis method in Sec. II. We present the
results in Sec. III and conclude in Sec. IV.

II. DATA AND ANALYSIS METHOD

We use the WMAP 9-year maps for each differen-
cing assembly, which contain 1, 1, 2, 2, and 4 maps at
v =123, 33, 41, 61, and 94 GHz, respectively [42]. As in
Refs. [35,37] we also use the Planck PR4 (often called
NPIPE-reprocessed data [34]) maps at v = 30, 44, 70, 100,
143, 217, and 353 GHz. The NpipE pipeline divided
detectors of a given frequency band into two groups, hence
creating 2 detector split maps for each band. However, as
there were not enough detectors to make 2 maps for each of
30 and 44 GHz bands, we use the so-called half-mission
maps for these bands. This means that the 30 and 44 GHz
bands have 1 miscalibration angle each, whereas the others
have 1 miscalibration angle per detector split map.

The analysis method we use in this paper is similar to
those presented in Refs. [33,35,37], which we summarize
here. The multichannel generalization of Eq. (5) is

CE,EJ-A,O
EBjo _ l
C,”" =R (e, )R N ar,a) | 5,
c,”
+ [R(a; + Bisaj + B;) = R (o, )R~ (o, @)
CFECVB
R(a; + s+ )|, 1 (6)
N AN B;B;CMB |’
G,
where
cos(26;) cos(260;) sin(26;) sin(20;
R0, = [05COEs) sn(a0)sn20) ]
sin(26;) sin(260;)  cos(26;) cos(26;)

cos(26;) sin(20;
copana) 1

R(0:.6;) [— sin(26;) cos(26);)
Here, a; is the miscalibration angle for a given fre-
quency band and data split, i. As we also allow f to
depend on frequency, f#; denotes the value of f(v) atv = v;.
We group the cross-power spectra of different combina-
tions of maps into the observed power spectra vector

> EE;0 BBj.o EB,,

Cy :C[I\(/i‘g’ .y /coﬁxlgf 7", The CMB power spectra,
EE;, B,B;,

c, and C,"’ , are computed from the Boltzmann

solver CAMB [47]" with the best-fitting cosmological para-
meters given in Ref. [48]. We beam-smooth them using
the beam transfer functions, bf,f , and pixel window func-
tions, w;ix,

EECAMB , E; 1 Ej j
CACDM _ ¢y by b, Wik Woix >
2 =

BB.CAMB B, B; i ] ' ©)
¢, b,'b, Whix,Wpix.£
where CgE CAMB and CgB CAMB are the power spectra from
CAMB. As not all the official transfer functions of WMAP
reach up to £, = 1490 used in our analysis, we set b% = 0
for Z in which transfer functions are not available.
Following Refs. [35,39,40], we model CEB sdust by
assuming that the dust EB is proportional to the observed
dust TB, that iS, CgB,dust/CgE,dust - C;B.dust/cﬁE,dust'
Specifically, we use

CEBASt — A, CEEAStgin (4yr,), (10)

where A, > 0 is a free amplitude parameter and
CTB.dust
> . (11)

1 4
Ve = —arctan (7TE.(1 -
2 Cf ,dust

We calculate y, from smoothing each of the symmetrized
TB and TE spectra of the 353 GHz A and B split maps

"https://github.com/cmbant/CAMB.
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using a one-dimensional Gaussian filter. The parameter A,
is expected to depend on # weakly. Following Refs. [35,37],
we sample A, for4 rangesin 51 <7 <130, 131 < 7 <210,
211 £ <510, and 511 <7 <1490 with flat positive
priors.

Unlike Refs. [35,37], we do not relate Eq. (10) to the
effective angle of the foreground EB, y, [cf. Eq. (2) of
Ref. [35]]. We instead use Eq. (10) directly in our analysis.
This procedure is more reliable because it does not require
a small-angle approximation or multiplying a noisy factor

CERAst (CEEAst — cBBASY taken from the 353 GHz
channels.
We define matrices

Asii=[-Al(a;, a))A7 (a;.a)), 1], (12)

B, = [R"(a; + fina; + ;) — AL (. a;)A; (o )

‘R(a; + Bi.a; + B;)l. (13)
where
As(a;. a;) = R(a;, a;) +D(a;, a;)F, (14)
Al(a;,a;) = R (a;, ;) + D" (o, ;) F, (15)
—cos(26;) sin(26;) —sin(26;) cos(26;)

D(6:.9;) = [ sin(20;) cos(20,)  cos(20;) sin(20,) ]

(16)
c0s(26;) cos(26;)

D(:.6;) = [—Sin(ZQi)sin(ZQj)}’ (7)
Ff = Af Sil’l(4l//f) |:i g:| . (18)

Here, the matrix F is defined differently from that given in
Refs. [35,37] to simplify the expression.

We bin the observed power spectra with a bin size
A¢Z = 20, and limit the range of multipoles to £, < ¢ <
Cmax With £ = 51 and £, = 1490. We thus use Ny, =
72 bins. The bin size and multipole range are the same as in
the previous work [33,35,37,49]. The results are robust
against changes in #p;, and & .

To find the posterior distributions of the sampled
parameters (;, f;, Az), we use a Metropolis Markov
Chain Monte Carlo sampler to evaluate

1 Nyin
InL = 'EZ (¥IM;'%, + In|M,,
b=1

) (19)

where b is the bin number, M, is the binned covariance

matrix, and 77 =AC) - BC,"™. The unbinned

covariance matrix is given by M, = ACov(CS, C2)AT.
We bin Cov(C%, C?9) as [31]

1
Cov(C}Y, CFY) =5 > _Cov(CH', C7Y),  (20)
ceb

where we use an approximate covariance for each 7,

XZ,0 YW, XW.,0 ~YZ,
Cf ch 0 + Cf ch (V)
(Zf + 1)fsky

Cov(C¥Y,Co") = (21)

with fg, being the fraction of sky used for the analysis.
We avoid using EB terms in the right-hand side of

Eq. (21) due to the statistical fluctuations of C5”°. We thus

set Cov(C?Bf , C?PB") = Cf’E” C?’B" /1(2€ 4 1)f 4y where

i, j, p, q denote different maps. We also do not use off-
diagonal elements in the covariance matrix of Eq. (21).
We use POLSPICE” [50] to get the observed power spectra

in CS. We use 14 Planck and 10 WMAP maps, which
give 24 -23 =552 cross-power spectra, whereas auto-
power spectra are excluded.

Our baseline result is based on the largest, nearly full-sky
coverage mask used in Ref. [37]. This mask excludes pixels
in which the intensity of a carbon-monoxide (CO) line is
stronger than 45Kg; kms™'. The CO emission is not
polarized, but it could induce intensity-to-polarization
leakage. Although the CO line exists only in some of
the HFI maps, we apply the same CO mask to all the maps
to simplify the analysis. The mask also excludes the
locations of known polarized point sources. Specifically
we use the union of the point-source masks of all the
polarized Planck maps.

We calculate the sky fraction using [51,52]

Npix 2
fsky - N ’ ( )
Npix 3.0 wi

where N, is the number of pixels and w; is the weight of
the apodized mask at the ith pixel. We find f, = 0.92 for
the baseline CO and point-source mask.

To explore the dependence of «; and C?B’d““ on the
mask, we also use a 30% Galactic mask in union with the
CO and point-source masks. The sky fraction is
Sy = 0.62. These two masks correspond to the largest
and smallest fg, used in Ref. [37].

The code to reproduce the results of this paper is publicly
available.’

2http://WWWZ.iap.fr/users/hivon/ software/PolSpice/.
*https://github.com/LilleJohs/Cosmic_Birefringence.
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TABLE 1.

Measurements of the cosmic birefringence angle, . The baseline result is shown in bold font. For

“a; # 0” we jointly sample f, the miscalibration angles, «;, and the dust EB amplitude, A, [Eq. (10)], whereas for
“a; = 0” we only sample . The numbers in the third and seventh row (Planck HFI, a; # 0) are taken from

Ref. [35].
Sy =092 Sy =0.62
With the filamentary dust £B model
Planck HFI a; #0 0.36°£0.11° 0.29° £ 0.28°
Planck HFI + LFI + WMAP a; #0 0,342°j3-gg;‘: 0.37°£0.14°
Without the filamentary dust EB model
Planck HFI a; =0 0.288° 4 0.032° 0.330° £ 0.035°
a; #0 0.30°+0.11° -0.25°4+0.23°
Planck HFI + LFI + WMAP a;=0 0.298° £ 0.032° 0.343° £+ 0.035°
a; #0 0.288° £ 0.091° 0.18°+0.14°

III. RESULTS

First, we assume a; =0 and measure f = 0.288° +
0.032° and 0.330° 4 0.035° from the Planck HFI data
for fgy = 0.92 and 0.62, respectively (see the 6th row in
Table I). We find similar results for other f,. As the CMB
can only determine the sum of £ and miscalibration angles,
this result shows that the EB signal is isotropic in the sky,
and we robustly measure a + f ~ 0.3° regardless of Sskys
where & is some suitable average value of a; for the HFI.
This result is not affected by CEB’fg and is consistent with
the Planck team’s result performed on foreground-cleaned
maps [49]. The foreground emission is not responsible for
this signal.

Using all the WMAP and Planck polarization data and
still assuming o; = 0, we measure f = 0.298° + 0.032° and
0.343° £0.035° for fy, =0.92 and 0.62, respectively
(second-last row). The statistical power of the data is
sufficient to make a significant detection of f, provided that
we know a;.

As both the WMAP and Planck have flown and ended
the missions already, we cannot precisely measure the
miscalibration angles of their detectors anymore. We thus
rely on the foreground to measure «; as done in
Refs. [33,35,37]. When CfB’fg is ignored in the analysis,
the WMAP and Planck data yield = 0.288° & 0.091° for
Sy = 0.92. This is more precise than the Planck HFI
result, f=0.30°+£0.11° [35], showing the additional
information gained from the LFI and WMAP data.

Still ignoring CZ*8, we find that the Galactic mask
reduces the value of  to 0.18° & 0.14° for fgy, = 0.62, but
not as much as to —0.25° 4+ 0.23° found for the Planck HFI-
only result [35]. The inclusion of the cross-power spectra
with low frequency bands, in which the intensity of
polarized dust emission is much weaker, reduces the impact
of CgB st and significantly increases the measured value of
p. The Planck LFI 4 HFI analysis reported in Ref. [37]
gave = 0.14° £ 0.17° for fgy = 0.62. The inclusion of

the WMAP channels further increases the mean value and
tightens the uncertainty of f.

We now account for C};B'fg. The foreground emission in
the Planck LFI bands and similar frequency bands of
WMAP is dominated by synchrotron rather than by dust.
Unlike for dust, there is no evidence for the intrinsic EB
correlation of synchrotron emission [53]. We thus ignore

CEP M putuse CEB4! presented in Eq. (10) to model the
dust EB correlation and apply it only to the HFI maps of
Planck and the 94 GHz maps of WMAP.

Jointly sampling a frequency-independent f, 22 mis-
calibration angles «;, and the dust EB amplitudes A, in 4
ranges of ¢, we measure fj = O.342°f8.'899i‘: and 0.37° £
0.14° for fyy = 0.92 and 0.62, respectively (the 4th row in
Table I). The former is our baseline result, which excludes
p =0 at 99.987% CL. The latter agrees with the former
within 1o and excludes f = 0 at 99.5% CL.

In Figs. 1 and 2 we show the posterior distributions of
and A, in 4 bins for fy, = 0.92 and 0.62, respectively. The
dust EB amplitudes are consistent with zero except for the
first multipole bin (51 < ¢ < 130) for fg, = 0.62.

In Fig. 3 we show the one-dimensional marginalized
posterior distributions of 22 miscalibration angles, «;, for
the baseline result. The distributions for the WMAP and
Planck LFI are broader than those of the Planck HFI, as
expected from the signal-to-noise ratio. The measured «;
are in agreement with the reported calibration uncertainties,
1.5° for WMAP [29] and 1° for Planck [54].

We now introduce a frequency-dependent cosmic bire-
fringence signal as f(v) = fy(v/150 GHz)" [37]. Using
the WMAP and Planck data and accounting for CE5"' we
find 8, = 0.30° & 0.10° and n = —0.204s. Our measure-
ments are thus consistent with a frequency-independent
cosmic birefringence signal predicted by the axionlike
field.

These results support the following hypothesis.
Synchrotron emission has little to no intrinsic EB corre-
lations that could bias the measurement of 5, whereas dust
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Ap = 0.032002

Ay = 0.0115012

Ay = 0.02470%

Ay = 00774008

$ & OB 9
A RSN RN} NN

FIG. 1. Posterior distributions of the cosmic birefringence
angle, f, and the dust EB amplitude, A, [Eq. (10)], in 4 bins
for nearly full-sky data (fy, = 0.92; the 4th row in Table I). The
miscalibration angles, «a;, are jointly sampled with  and A, but
not shown here. See Fig. 3 for the 1D marginalized posterior
distribution of a;.

contains EB correlations which bias the measurement
when not accounted for, especially for smaller fg,.
Although no synchrotron EB has been found so far [53],
more evidence is needed to rule out synchrotron EB as one
of the culprits. The C-BASS and QUIJOTE experiments

Ay =0.097092

Ay = 0.04008

Ay = 0.041003

Ag = 0.06100

> @ O DO DD
TP TIPS SIS

I Ay Ay Ay Ay

DL O
REENGEENCNG

» & NV &
Q v
NN NN

FIG. 2. Same as Fig. 1 but for fy, = 0.62.
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Hl
>
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g o 4
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=4
T A
(3]
0
<]
o
—

FIG. 3. Marginalized posterior distributions of 22 miscalibra-
tion angles, a;, for the baseline result. The distribution of /3 (thick
black line) is the same as in the top-left corner of Fig. 1.

will give us a better understanding of synchrotron in the
near future [55,56].

Finally, we show the average of the observed EB power
spectra (“stacked observed EB power spectrum’”) with the
uncertainty in Fig. 4 and Fig. 5 for fg, = 0.92 and 0.62,
respectively. We calculate the inverse-variance weighted
average of the observed EB power spectra from

1-M;!-3,
E(CEB'O) = % N (23)
b -1
1-M;! -1
«10-3 Stacked observed EB power spectrum

4

} foky = 092

2

| )
R

T Cosmic birefringence
—— Miscalibration angle

-2
—_—

EB power spectrum, (CEP [uK?]
0

| mw— Best-fit total

4

T T T T T T T
200 400 600 800 1000 1200 1400

. x1073 Residual with respect to the model

’éﬂ‘ B

S e sl bt +I|H t +|.1“..+1. Litndi + 4t

ER A AL LA TR LA R
i t

= 200 400 600 800 1000 1200 1400

Multipole, ¢

FIG. 4. Stacked observed EB power spectrum (upper) and
residuals with respect to the best-fitting model (lower) for nearly
full-sky data (fgy = 0.92). The beam transfer and pixel window
functions are not deconvolved. The blue and red shaded areas
show the 1o bands for the cosmic birefringence and miscalibra-
tion contributions, respectively. The green solid line shows the
total best-fitting model.
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FIG. 5. Same as Fig. 4 but for fy, = 0.62.
and the variance from
1
Var(CEB®) = ————. 24
() = (24)

We use ; = 0 and f = 01in ), to get the stacked EB power
spectrum shown in the black points with error bars in the
upper panels of Fig. 4 and Fig. 5. We find similar stacked
EB power spectra for both sky fractions, which are
expected because similar values of f are found when
assuming a; = 0 (see the 4th row of Table I).

The blue 1o bands show the EB power spectra as
predicted by the baseline cosmic birefringence angle, f =
0.342°1000% for fy, = 0.92, and B = 0.37°£0.14° for
Sy = 0.62. We fix a; = 0 in the covariance matrix, My,
for this case. The red 16 bands show the contributions from
a; where a; is included in M,,. The smaller sky fraction
increases the uncertainty on the contribution from «;, but
still yields consistent results.

In the lower panels we show the residual with respect to
the best-fitting A,, a; and # model. The y? for the degree of
freedom of 72 is 65.3 and 65.8 for fg, = 0.92 and 0.62,
respectively. We thus conclude that the residuals are
consistent with null.

IV. CONCLUSIONS

We have presented new constraints on the cosmic
birefringence angle, f, from a joint analysis of the EB
power spectra of the WMAP 9-year maps [42] and the
Planck PR4 LFI and HFI maps [34], which cover a wide
range of frequencies from v = 23 to 353 GHz. We used the
method based on Refs. [35,39,40] to account for the
potential impact of the intrinsic EB correlation of polarized
dust emission on the determination of instrumental mis-
calibration angles, «;, for v > 94 GHz. Marginalizing over

TABLE II. Previous measurements of cosmic birefringence at
nearly full-sky that adopts the method of Refs. [26,31]. The right
column indicates if the filamentary dust model of CE%*
[Eqg. (10)] was applied to the high-frequency maps where dust
is the dominating foreground contribution. The last row displays
this work.

Datasets p Dust EB model
Planck PR3 HFI [33] 0.34° £ 0.14° No
Planck PR4 HFI [35] 0.30°£0.11° No
Planck PR4 HFI [35] 0.36°£0.11° Yes
Planck PR4 HFI + LFI [37] 0.33°+£0.10° No
Planck PR4 + WMAP 0. 342°+8 gg;‘ Yes

a; and the dust EB amplitudes, we measure f =
0. 342°f8 83?: (68% CL) for nearly full-sky data, excluding
zero at 99.987% CL. This is consistent with, and more
precise than, the previous results from the Planck data
[33,35,37], and corresponds to the statistical significance
of 3.60.

The consistent results of the joint analysis reinforce
the conclusion of the Planck HFI analysis [35,41] that
errors due to instrumental systematics are smaller than
statistical errors. In Table II we show previous measure-
ments of cosmic birefringence where there is a clear trend
of increased statistical significance when new datasets are
added or a filamentary dust model for EB is included.

If we remove the Galactic plane from the analysis, we
find = 0.37° £0.14° for fgy, = 0.62, excluding zero at
99.5% CL. We thus find consistent signals of cosmic
birefringence for both sky fractions. We also find that
adding the cross-power spectra with lower frequency data
from WMAP and Planck LFI reduces the impact of
polarized dust emission on «; compared to the HFI-only
analysis [37]. We have not accounted for the intrinsic EB
correlation of synchrotron emission which dominates at
low frequencies because there is no evidence for it [53,57].

We find no evidence for frequency dependence of f5. For
B(v) x 1", we measure n = —0.20"034 when accounting

for CEB dust This is consistent with n = 0 predicted by the
axionlike field [Eq. (1)] but disfavors, for example, n = -2
predicted by the Faraday rotation effect from the interga-
lactic (including primordial) or interstellar magnetic field.

A better understanding of the foreground emission is
needed to completely rule out the foreground EB as the
culprit. However, the best way forward is to improve upon
the calibration work rather than relying on the foreground
emission to determine ;. If the calibration accuracy
reaches £0.06°, f# can be reliably detected with a statistical
significance of > 5¢. We also need confirmation from more
independent datasets to completely rule out the (unknown)
systematics of WMAP and Planck.

To this end, both on-going and future ground-based
[58—66], balloon-borne [67,68], and space-borne [69,70]
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experiments are expected to lead to a convincing discovery
(or otherwise) of cosmic birefringence. If proven to be a
cosmological signal, isotropic cosmic birefringence would
have a profound impact on cosmology, particle physics,
and quantum gravity [71-81].
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