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We search for evidence of parity-violating physics in the Planck 2018 polarization data, and
report on a new measurement of the cosmic birefringence angle, 8. The previous measurements are
limited by the systematic uncertainty in the absolute polarization angles of the Planck detectors.
We mitigate this systematic uncertainty completely by simultaneously determining 8 and the angle
miscalibration using the observed cross-correlation of the E- and B-mode polarization of the cosmic
microwave background and the Galactic foreground emission. We show that the systematic errors are
effectively mitigated and achieve a factor-of-2 smaller uncertainty than the previous measurement,
finding 8 = 0.35+0.14 deg (68% C.L.), which excludes 8 = 0 at 99.2% C.L. This corresponds to the

statistical significance of 2.40.

INTRODUCTION

Violation of symmetry in a physical system under par-
ity transformation is sensitive to new physics beyond the
standard model (SM) of elementary particles and fields.
So far, parity violation has been observed only in the
weak interaction [Il 2]. In the SM of cosmology, called
the A cold dark matter (ACDM) model, the energy bud-
get of the present-day Universe is dominated by uniden-
tified dark matter and dark energy [3]. If dark matter
and energy originate from new physics beyond the SM,
do either or both of them violate parity?

Polarization of the cosmic microwave background
(CMB) is sensitive to parity-violating physics. Combi-
nations of the Stokes parameters of linear polarization
measured in a direction of 2, Q(R) £ iU (), transform as
a spin +2 quantity under rotation of n. We can use the
spin-2 spherical harmonics to decompose these into the
so-called E- and B-mode polarization as Q(7) £iU(n) =
—> o (Eem £ Brm) +2Yem (1) [ 5]. Under parity trans-
formation 7 — —n, the coefficients transform as Fy,,, —
(-=1)¢Egy, and By, — (—1)“t'By,,. When defining an-
gular power spectra as Cf4" = (20+1)"'Y ApnA'j,
with A = {E, B}, then CF¥ and CP? are invariant un-
der parity transformation, whereas the cross-power spec-
trum, CEP| changes the sign. Therefore, nonzero values
of CEP indicate parity violation [6].

Pseudoscalar, “axionlike” fields, ¢, can act as dark
matter, energy, or both (see [7, [§] for reviews). A Chern—
Simons coupling of a time-dependent ¢(t) to the electro-
magnetic tensor and its dual, ig(M(i)FM,FW, in the La-
grangian density rotates the plane of linear polarization
of photons [9HIT]. This effect, called the “cosmic birefrin-
gence,” rotates the CMB linear polarization by an angle

8= % . ttLOss dt gf), and yields a nonzero observed EB

spectrum as C, 7 = 1sin(4B)(CPF — CPB) [6, 12-14],

where the subscript “0” denotes the observed value, the
spectra on the right-hand side the intrinsic FE and BB
spectra at the last scattering surface (LSS), and ¢y and
trss the times at present and LSS, respectively.

To determine [, we must know the polarization-
sensitive directions of detectors at the focal plane with re-
spect to the sky coordinates. This requires accurate cali-
bration of the polarization angles. Any remaining miscal-
ibration angle, «, leads to the same effect as isotropic S,
i.e., § and « are degenerate in CMB [I5HI7]. Recent de-
terminations include o + 8 = —0.36 + 1.24 deg from the
Wilkinson Microwave Anisotropy Probe (WMAP) [I8],
0.31 £ 0.05 deg from the Planck mission [19], —0.61 +
0.22 deg from POLARBEAR [20], 0.63 + 0.04 deg from
the South Pole Telescope (SPTpol) [21I], and 0.12 +
0.06 deg [22] and 0.09 £ 0.09 deg [23] from the Atacama
Cosmology Telescope (ACT) (also see [24] for a summary
of other experiments). Here the error bars show the 68%
confidence levels (C.L.) for the statistical uncertainty. To
isolate 8, an independent estimation of « is required. For
WMAP and Planck the ground calibration yields the sys-
tematic uncertainty of ogys () = 1.5° and 0.28°, whereas
the estimates of systematic uncertainty are not yet avail-
able for POLARBEAR, SPTpol, and ACT.

There is no evidence for nonzero § so far. For the
Planck measurement ogys () = 0.28° is the dominant
source of uncertainty for 5. How do we make progress
in distinguishing between 8 and a? In Refs. [25H27] we
showed that we can simultaneously determine « and
if we use the CMB and Galactic foreground emission, as
both are rotated by «, whereas only the CMB is rotated
by 8. Our method thus relies on the different frequency
and multipole dependence of the CMB and foreground
polarization power spectra. In this Letter, we use this
new method to recalibrate the Planck high frequency in-
strument (HFI) detectors [28] and measure the cosmic



birefringence angle, 8, with a smaller total uncertainty.
To this end, we assume that there was no intrinsic £B
correlation of CMB at the LSS. However, the intrinsic
CMB EB can be accounted for if necessary; as such,
intrinsic CFP usually has very different ¢ dependence
(e.g., [29]). For the baseline result we also assume that
there is no intrinsic £ B correlation of the foreground, but
we relax this assumption towards the end of the Letter.

MAPS TO CROSS POWER SPECTRA

We use Planck maps from the third public release,
referred to as “PR3”. We analyze the polarization
maps in four polarized Planck HFI channels: v €
{100, 143,217,353} GHz. We also use the temperature
maps when we correct the temperature-to-polarization
(I — P) leakage effect due to beams. We cross-correlate
four frequency maps from different half-mission (HM)
maps, HM1 and HM2, to reduce the correlated system-
atics and bias from the auto correlation noise.

To reject spurious signals, we apply three types of
masks. (1) Bad pixels: we remove the pixels that were
not observed by any detectors. (2) Bright CO emission:
the Planck team used the bandpass templates to correct
for CO emission, which were generated at Ngge = 128 in
the HEALPix format [30]. The difference between this
and the native resolution of the HM maps (Ngige = 2048)
causes a bias, which is significant in bright CO emission
regions. To reduce the bias, we follow Planck team’s sug-
gestion and mask the bright CO regions where the bias
level is larger than 1% of the noise level [28]. We have ap-
plied this mask to all channels except for 143 GHz chan-
nel, to which no CO bandpass template was applied. (3)
Bright point sources: we use the point-source mask pro-
vided by the Planck team, which removes sources with
polarization detection significance levels of > 99.97%.

We apply the combined masks to the HM maps.
We then estimate observed power spectra, Céx Y’O, with
XY € {TT,EE,BB,TE,ET,EB,BE} from 16 com-
binations of the masked HM maps using the NA-
MASTER package [31].  When estimating C;**"° we
apodize the combined masks with 0.5deg using the
“Smooth” method of NAMASTER. The fractions of
sky used for the analysis are calculated as fouy =
Zf\]:pi" w?/Npix, where w; is the value of (non-integer)
smoothed mask and Npix = 12N52ide is the number of

pixels of the HM maps. We find (fs'/k’iﬂvu7 S{;IMz) =
{(0.97,0.95), (0.94, 0.90), (0.82,0.77), (0.92,0.89) } for v €
{100, 143,217, 353} GHz, respectively.

To remove the I — P leakage, we use the beam win-
dow matrix, WZX Y’X/Y/, produced by the “QuickPol”
method [32]. The matrix describes how the observed
XY power spectra are related to the input ones with

X'Y'" e {TT,EE, BB, TE}. Since our power spectra in-

clude both the CMB and foregrounds, we do not have a
prior knowledge of the input power spectra. Therefore,
we approximately use the observed power spectra divided
by the diagonal elements of the beam window matrix as
the input. In summary, the observed power spectra after
the leakage subtraction are given by

XY, 0 _
Cp 7= (1)
_ XYXY AXY o
CEXY,O _ szlx,XY Z 4 4

P, XY 1, XY, XY
X'Y'#XY Wy Wy

where C’éX Y is a power spectrum before the leakage sub-
traction, and W} XY g a pixel window function for the
XY power spectrum. Because QuickPol assumes that
the signal is statistically isotropic on the sky, the leakage
from ET is equal to that from T F; thus, we use the mean

of TE and ET as an input for X'Y' = TE.

ESTIMATION OF a AND g

We estimate one global cosmic birefringence angle, 3,
and independent miscalibration angles, «,,, at four fre-
quencies. When the intrinsic EB power spectra of the
CMB at LSS and the Galactic foregrounds vanish, we
can relate the observed power spectra and the best-fitting
ACDM CMB power spectra [33] at each ¢ as [27]

ACY —-BCMP™ — o, (2)

where C} is an array of the observed power spectra,

T
E:Ej,0 ~BiB;jo ~EiB;j, S -
(Cz RN O O/ O) , with 4,7 in 32 combina-

tions, égMB’th is an array of the best-fitting ACDM CMB

E,E;,CMB,th,E; E;,E; E; 11 ,pix,E; E;
power spectra, (Ce‘ ’ W, JWEP B

CfiBj,CMB,thWZBiBj,BiB]»Wl})ix,BiBj T
sponding beam window matrix, A is a block diagonal
matrix of (—R7(a;, ;)R (aj,a;) 1), and B is

(R (ai + 8.0+ B)
—ET(ai, aj) )R e, )R + B, o + B)) Here, R

, with the corre-

a block diagonal matrix of

and R are the rotation matrix and vector defined in
Eq. (8) and (9) of Ref. [27], respectively. We have 32
independent equations from 16 combinations of maps, as
we have two different equations for Cf iB5:° and Cf iBio
In practice, we estimate o, and § by maximizing the

log-likelihood function [27]:

Limax
1

T ~—1 =
InL = —56;. Uy C, "y, (3)

where
ACov(

7% = ACy — BCMP™ and €, =
})7 HE’T)AT. We use a publicly available



Markov chain Monte Carlo sampler EMCEE [34] to
obtain posterior distributions of «, and [ with this
likelihood and flat priors on «, and 5. As we estimate
the covariance matrix from the observed power spectra,
we use binned power spectra with A¢ = 20 to reduce
the statistical fluctuation in the covariance matrix.
We follow the definition of Cov(C9,C9T) given in
Egs. (12)-(15) of Ref. [27], but with a slight modification
to account for the effect of mask. Specifically, we divide

eff _ a4/ ri J P q with

the covariance matrix by fg. = sky L oky Fky fsky

Uiy being facy for the ith map.

Our covariance matrix formula is valid for approxi-
mately Gaussian random fields; however, non-Gaussian
effects from, e.g., the foreground, may become non-
negligible at low multipoles. To find a suitable minimum
multipole, fnin, we vary fmin, from 2 to 200 and esti-
mate o, and 5. We obtain stable results for £;,;, ~ 50.
Specifically, we find 8 = 0.71 £ 0.14 and 0.48 + 0.14 deg
for fmin = 25 and 41, respectively, but then find a sta-
ble value of 8 = 0.35 deg to within the uncertainty for
lmin 2, 50; thus, we use £, = 51, which coincides with
the value adopted by the Planck team [19].

As for the maximum multipole, £,,.x, we use the same
lmax = 1500 as in the Planck analysis [19].

VALIDATION WITH THE FULL FOCAL PLANE
SIMULATION

To validate our pipeline, we first use the maps from
Planck’s end-to-end full focal plane 10 (FFP10) simula-
tion [28]. Since the FFP10 simulation does not have fore-
ground maps convolved with realistic beam effects such
as the I — P leakage, we only consider CMB and noise
realizations of the HM maps.

As the maps do not include the foreground, we can
only estimate the combination «, 4+ 8. Thus, we esti-
mate (i) «, by setting 8 = 0 deg and (ii) 8 by setting
a,, = 0 deg for 10 realizations. We expect to recover (i)
a,, = 0 and (ii) 8 = 0, as the FFP10 simulation does not
include angle miscalibration or the cosmic birefringence.
The means and standard deviations of the recovered an-
gles are (i) o, = {—0.008 & 0.047,0.013 &+ 0.033,0.017 +
0.065,0.14 + 0.41} deg for v € {100,143,217,353} GHz
and (i) 8 = 0.010 £0.030 deg. We thus find no evidence
for a spurious «, or 8 from the instrumental effects, to
the extent that is implemented in the FFP10 simulation.

RESULTS

First, we assume that the polarization directions of the
Planck detectors are perfectly calibrated, i.e., a, = 0,
and estimate 8. This case is similar to the Planck anal-
ysis [19], except that they measured § from foreground-

TABLE I. Cosmic birefringence and miscalibration angles
from the Planck 2018 polarization data with 1o (68%) un-
certainties

Angles Results (deg)
I} 0.35 +0.14
Q100 —0.28 £0.13
Q143 0.07 £ 0.12
Q217 —0.07+£0.11
Q353 —0.09 +0.11

cleaned maps. We find f(a, = 0) = 0.289 £ 0.048 deg,
which is consistent with the Planck team’s result, 0.29 +
0.05 (stat.) + 0.28 (syst.) from CFB, within the statisti-
cal uncertainty. When C7 2 is added they find 0.31 deg.
The second error bar of the Planck measurement is the
systematic uncertainty in o from the ground calibration.
Our goal is to estimate «,, simultaneously to eliminate
this uncertainty. Nevertheless, it is reassuring that we
obtain consistent results under a similar setup.

Next, we estimate 8 and «,, simultaneously. We report
our baseline results in Table [} and the posterior distri-
butions of the angles in Fig.[l} It shows that «, and
are anticorrelated, since the CMB determines «,, + 3 and
the degeneracy is broken by the foregrounds [25]. We find
that the miscalibration angles are consistent with zero to
within 1o at 143, 217, and 353 GHz, and is a 20 level at
100 GHz. All the values are within the systematic un-
certainty of the ground calibration, ogysi (o) = 0.28 deg.
Our baseline result is § = 0.35+0.14 deg, which excludes
the null hypothesis by 99.2% C.L. The uncertainty no
longer contains the ground calibration uncertainty, as we
simultaneously determine «, and g. Our measurement
is consistent with the Planck team’s result quoted above,
with a factor-of-2 smaller total uncertainty.

We show the fitted EB power spectra of 143 and
217 GHz, which have the smallest error bars, in Fig. [2|
The measured data points with error bars should be
compared with the sum of CF¥ — CPP terms of —AC_’}’
(red) and B@fMB’th (blue). To guide eyes, we note that
the 217 GHz-HM1x143 GHz-HM2 panel shows the EB
power spectrum with a hint of the acoustic oscillation
matched by the CMB E-mode power spectrum. Similar
trends are seen in some of the other panels, explaining a
2.40 hint for a nonzero value of 5.

While it is perfectly consistent with the quoted sys-
tematic uncertainty of the ground calibration, one may
wonder if ajgp = —0.28 £ 0.13deg is the cause for a
nonzero value of 5. One potential source of worry is
the EB correlation of synchrotron radiation which may
become important at lower v. The intrinsic EB cor-
relation of synchrotron, if any, may create the bias.
To test this, we exclude the 100 GHz channel and re-
peat the analysis. We find 8 = 0.40 + 0.15 deg and
a, = {0.05 £ 0.12,—0.13 + 0.12,—0.10 £ 0.11} deg for
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FIG. 1. Posterior distributions of 3 (the first column) against
the miscalibration angles a,. The solid contour lines in the
2D histograms show 1o (39.3%) and 20 (86.5%) of each area.
The dashed lines in the 1D histograms show 1o (from 16% to
84%) quantiles of each area.

v € {143,217,353} GHz, which agree with the baseline.

We test the effect of the I — P leakage by es-
timating «, and [ without the leakage subtraction.
We find § = 0.35 £ 0.14 deg and o, = {-0.25 %
0.14,0.07 £ 0.12,—0.05 + 0.11, —0.07 £ 0.11} deg for v €
{100, 143,217,353} GHz, which agree with the baseline;
thus, the results are robust against the leakage.

EB CORRELATION FROM THE GALACTIC
FOREGROUND

So far, we have assumed that the intrinsic EB power
spectrum of the foreground emission vanishes. In this
section we relax this assumption. In the previous section
we have shown that dropping the 100 GHz channel does
not affect the result for 8 [35]. Therefore, we focus on
the dust emission, which is the dominant foreground in
the Planck HFI channels.

As discussed in Refs. [25] 26], we can parameter-
ize the dust EFB power spectrum by a frequency-
dependent rotation angle, ~(v), as CEB’d“St

75111[4;(1/)] (C’fE’duSt - CfB’dUSt). The sign of the EB

. . EE

correlation is the same as < because C, dust
BB,dust . .

C,/ 7" [36]. In the worst case scenario v is indepen-

dent of frequency, which would make it indistinguishable
from . Then, our result can be reinterpreted as the
combination of angles 5 — v = 0.35 + 0.14 deg. Because

both the TE and T'B cross power spectra of thermal dust
emission are positive [36], a positive EB, hence v > 0, is
expected; thus, our baseline result assuming v = 0 gives
a lower bound for .

What if v < 07 If all of the signal we see in 5 is due
to the dust emission, it implies v = —0.35 £ 0.14 deg.
In this case, assuming ¢ = CZBB’dU‘St/C'fE’duSt
0.5 [36, B7], we find a correlation coefficient of f. =

CZEB,dust/\/CZEE,dustCeBB,dust ~ (=86 + 3.5) x 103,
whose absolute value corresponds to the lowest value of
fe discussed in Ref. [37].

~

SUMMARY AND DISCUSSION

In this Letter, we have applied the new method of si-
multaneously determining the cosmic birefringence an-
gle § and miscalibration angles of detectors a, to the
Planck 2018 data. The method was developed originally
in Ref. [25] for autofrequency power spectra measured
over the full sky, and has been extended to include a
partial sky coverage [26] and cross-frequency spectra [27].
The idea is simple: while «, rotates linear polarization
of both the CMB and Galactic foreground emission, (3
rotates only the CMB. We find that all of a,, in the po-
larized Planck HFI channels are consistent with zero to
within the quoted systematic uncertainty of the ground
calibration of the Planck bolometers [19].

We measure 8 = 0.35 £ 0.14 deg (68% C.L.), which
excludes zero by 99.2% C.L. This corresponds to the sta-
tistical significance of 2.4¢. This value is consistent with
the Planck team’s result assuming «, = 0, but with a
factor-of-2 smaller total uncertainty because our result is
no longer subject to the ground calibration uncertainty.

We can constrain various models of new physics which
produce a spatially uniform §. Let us consider a La-
grangian density including a Chern—Simons coupling be-
tween axionlike particles and photons (see, e.g., [38]):

1 -
LD 19¢7¢FMVFW , (4)

where g4 is a coupling constant, ¢ is an axionlike pseu-
doscalar field, and F},, and F uv are the electromagnetic
tensor and its dual. The difference of the value of ¢ be-
tween the LSS and the location of the observer (“obs”)
rotates the plane of linear polarization of CMB photons
by B = 394 (dons — PLss + 0dobs) [6, BHI4, B9], where
¢ and §¢ denote the mean and fluctuation of the field
value, respectively. Then our measurement gives

Gy (Pobs — PLSS + Idhobs) = (1.2 £ 0.5) x 10~ %rad. (5)

We can use this to constrain models (see, e.g., [39]).

If our measurement of § is confirmed with higher sta-
tistical significance in future, it would have a profound
implication for fundamental physics. To further test and
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improve our measurement, one can apply our method to

both the ongoing [23, [40H43] and future [44H48] CMB

polarization experiments.
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