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Cosmic Birefringence from the Planck Data Release 4
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We search for the signature of parity-violating physics in the cosmic microwave background, called
cosmic birefringence, using the Planck data release 4. We initially find a birefringence angle of
£ =0.30°£0.11° (68% C.L.) for nearly full-sky data. The values of  decrease as we enlarge the
Galactic mask, which can be interpreted as the effect of polarized foreground emission. Two independent
ways to model this effect are used to mitigate the systematic impact on f for different sky fractions. We
choose not to assign cosmological significance to the measured value of f until we improve our knowledge

of the foreground polarization.
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Introduction.—Dark matter and dark energy in the
Universe [1] may be a parity-violating pseudoscalar field,
¢, which changes sign under inversion of spatial coor-
dinates [2,3]. This field can couple to the electromagnetic
tensor F,, and its dual tensor F* via a Chern-Simons term
in the Lagrangian density, z—l‘g(m,qﬁF WF”” [4,5], which
makes the phase velocities of right- and left-handed
states of photons different; thus, the plane of linear
polarization rotates clockwise on the sky by an angle
p=— % Gy | dtOg/0t, where gy, is the coupling constant
[6-9]. The space filled with ¢ therefore behaves as if it
were a birefringent material. For this reason, such an
effect is often called “cosmic birefringence.”
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Linear polarization of the cosmic microwave background
(CMB) photons is sensitive to f [10]. The polarization
pattern on the sky can be decomposed into parity-even E
modes and parity-odd B modes [11,12]. The correlation
functions of polarization fields (or the power spectra C, in
spherical harmonics space with angular wave number 7)),
contain two parity-even EE and BB autospectra, and one
parity-odd EB cross-spectrum. Cosmic birefringence
then yields C.%° = 1lsin(4p)(CEF — CEB), even when
the intrinsic polarization contains no EB [10,13-16].
Here, the superscript “o0” denotes the observed value,
whereas the EE and BB power spectra on the right side
are the ones before undergoing the cosmic birefringence.

Recently, a weak signal of f = 0.35° £ 0.14° (68% C.L.)
was reported with a statistical significance of 2.4¢ [17],
using analysis of CE® data from the European Space
Agency Planck mission high-frequency instrument (HFI)
public release 3 (PR3) [18]. References [19-26] discuss
possible cosmological implications of this particular meas-
urement, and Refs. [27-33] give previous constraints on /.

Published by the American Physical Society
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In this Letter, we apply the analysis method of Ref. [17] to

the Planck public release 4 (PR4), the so-called “NPIPE”
reprocessing of the Planck data [34], to further investigate
the origin and robustness of this signal with respect to the
known systematics in the Planck datasets and data cuts,
as well as to the EB correlation intrinsic to the polarized
Galactic emission. Throughout this Letter, we quote
uncertainties at the 68% confidence level (C.L.).

The NPIPE data.—Details of the NPIPE reprocessing of
the Planck data are reported in Ref. [34]. Here, we briefly
summarize the key aspects relevant to our analysis. The
NPIPE pipeline processes raw, uncalibrated detector data
into polarized frequency and detector-set maps in the
HEALPix format [35]. It is the only Planck pipeline that
is designed to work with both low-frequency instrument
(LFI) [36] and HFI [18] data.

The NPIPE reprocessing achieved smaller noise by
(1) including more data acquired during each 4-min
repointing maneuver (which makes up 9% of the mission)
between each of the 45-min scans; and (2) better modeling
the data via a short (167 ms) baseline offset model for
noise, suppressing degree-scale noise residuals. HFI PR3
data were fitted with pointing period (between 35 and
75 min long) offsets. A multifrequency polarization model
used in calibration greatly reduces large-scale polarization
uncertainty but introduces a pipeline transfer function that
suppresses CMB polarization power at # < 20. Finally, a
second-order analog-to-digital conversion nonlinearity
(ADCNL) model is used.

The net effect of these differences is a scale-dependent
reduction in the total uncertainty of EE and BB: (1) About
50% lower noise power spectrum (N,) at £ ~ 10; (2) 20%—
30% lower N, at £ ~ 100; and (3) 10%—-20% lower N, at
¢ ~ 1000 (this applies to temperature as well).

Much like the HFI PR3, NPIPE fits and corrects for gain
fluctuations, ADCNL, bolometric transfer-function resid-
uals, and bandpass mismatch by fitting time-domain
templates while solving for the polarized map. The release
is accompanied by 600 total (signal, noise and systematics)
simulations, each with realistic beam and pipeline transfer
functions and improved noise consistency.

Analysis method.—Our analysis pipeline is based upon
Refs. [37-39], built independently by four groups (JRE,
PDP, YM, MT): JRE, YM, and MT follow the original
implementation but with different C, estimation codes
[40-42], while PDP uses an alternative implementation
based on the small-angle approximation [43].

If we relied only on CEB of the CMB, it would not be
possible to distinguish between f and miscalibration of the
instrumental polarization angle, @; thus, f and a would
be degenerate [44—47]. However, since f is proportional to
the path length of photons, the polarized emission from
our Galaxy is only negligibly affected by . We can use
this property to break degeneracy between f and a [37].
Specifically, CEB of the CMB yields the sum a+ fj,

whereas foreground emission yields « in the absence of
EB intrinsic to the foreground.

We use four polarization-sensitive channels of the HFI
at central frequencies of v = (100, 143,217,353) GHz.
We split the detector sets on the focal plane into A and
B sets following the definition given in Ref. [34]. There are
eight miscalibration angles, a;, with i = 1004, ..., 353B.
We then exclude the autopower spectra of the same maps,
e.g., 100A x 1004, to avoid contamination of possible
correlated noise. There are 28 unique pairs of A and B
sets for CEE and CB5, and 56 unique pairs for CE5.

We use a set of four Galactic masks removing respec-
tively 5%, 10%, 20%, and 30% of the sky. Each mask is
constructed by thresholding the 353-GHz polarization
and total intensity maps smoothed with a Gaussian with
a full-width-at-half-maximum (FWHM) of 10°, to avoid
polarized foreground residuals and potential intensity-to-
polarization (I — P) leakage residuals.

We also exclude pixels in which the carbon monoxide
(CO) line is bright. While CO is not polarized, the
mismatch of detector bandpasses creates a spurious polari-
zation signal via I — P leakage. We exclude pixels where
CO is brighter than 45 Kg; kms~!. The Galactic and CO
masks are apodized with a 1° FWHM Gaussian taper.
While the CO strength varies over frequencies and there is
no CO at 143 GHz, we use a common CO mask for all
frequencies to simplify the analysis because the CO mask
removes less than 5% of the sky, essentially on the Galactic
plane where we expect the foreground model to fail
anyway. Finally, a common mask for point sources is
constructed from the union of the Planck point-source
masks at 100, 143, 217, and 353 GHz.

The effective sky fraction in the covariance matrix of C,

is given by fg, = N;&(Zjvz"‘f wi)?/( j.v:"if w), where w; is
the value of the (noninteger) apodized mask [48,49] and
Nyix 18 the number of pixels. Our combined masks yield
fay = 0.93, 0.90, 0.85, 0.75, and 0.63 for 0%, 5%, 10%,
20%, and 30% Galactic masks, respectively.

We compute C, using PolSpice (JRE) [40,50], NaMaster
(PDP and YM) [41,51], and Xpol (MT) [42,52]. The EB
power spectra at low (£ < 10) and high multipoles are
sensitive to cosmic birefringence up to the epochs of
reionization (a redshift of z~10) and decoupling
(z ~ 1090), respectively [53,54]. We follow previous work
[17,29] and focus on the high-# data, and bin C, from
Cmin = 51 t0 £ = 1490 with a spacing of AZ = 20. The
number of bins is Ny;,, = 72.

JRE, YM, and MT use a Markov chain Monte Carlo
to evaluate —21In L = )" (5M;'%, + In|M,|), and
obtain the posterior distributions of f and «;, while
PDP minimizes —21InL analytically in the small-angle

approximation [43]. Here, b is the index for bins, and 7, =

p=d ~CMB,th . > E,Ei,o ~B;Bi,o ~E;B:o0
AC; - BC, with Cy = (C,”7°C,”°C,™)T an

E'EMB’th being the beam-smoothed and binned theoretical
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TABLE 1. Cosmic birefringence and miscalibration angles in units of degrees with 16(68%) uncertainties after correcting for the
foreground EB correlation. The foreground EB amplitudes, A,, in four multipole bins are also shown.

Soky 0.93 0.90 0.85 0.75 0.63

B 0.36 £0.11 0.26 £0.14 0.14 +£0.17 0.10+£0.21 0.29 +£0.28
Q1004 -0.32£0.13 -0.17 £0.16 -0.07 £0.19 —0.01 £0.23 -0.21 £0.29
Q1008 -0.43 £0.13 -0.32+£0.16 -0.20£0.19 -0.14 £0.22 -0.28 £0.29
1434 0.03 £0.11 0.13£0.14 0.29 £0.18 0.40 £0.21 0.22 £0.28
1438 0.15+0.11 0.25+0.14 0.37+0.18 0.39 +£0.22 0.21+0.28
Ar174 -0.06 £ 0.11 0.10+0.14 0.22 +£0.17 0.21 £0.21 0.02+0.28
178 -0.07 £0.11 0.07 £0.14 0.23 +£0.17 0.23 +0.21 0.003 £0.28
3534 -0.19 £0.10 —0.08 £0.13 0.124+0.17 0.03 +£0.21 —0.09 £ 0.28
a353p -0.23 £0.11 —0.10 £0.13 0.10+0.17 0.02+£0.21 -0.02 £0.29
10%A51_130 2.55% 57433 34448 18.8780 14.173%
10%A 131210 0.8%2 43737 9.8%42 43734 26172
10%A5;1-510 1553 73149 51533 16173 31557
10%As; 11490 6.2137 42132 6.2187 49137 58733

A cold dark matter (ACDM) best-fitting CMB spectra [55].
The covariance matrix, M,, is binned from M, =
Acov(C2, CST)AT, and we divide M, by fsky to account
for the mask. Both A = A(q;, ;) and B = B(a;, a;, ) are
block-diagonal matrices defined in Refs. [17,39].

The NPIPE simulation.—Not only «;, but also other
instrumental systematics can create spurious 7B and EB
correlations [45,56]. To quantify the impact of the known
systematics on f3, we use realistic simulations of the NPIPE
processing, which include beam systematics, gain calibra-
tion and bandpass mismatches, ADCNL and the transfer-
function correction, among others [34].

We use the A and B sets of CMB + noise + foreground
realizations, with the foreground being the COMMANDER
sky model [57]. To isolate the systematics coupled to the
CMB, we remove the beam-smoothed COMMANDER maps
from the simulations. The foreground-removed map still
contains systematics coupled to the foreground, such as
spurious polarization from the bandpass mismatch.

Without foregrounds we can determine either a; or f,
assuming that the other vanishes. We find f = —0.009° +
0.003° for fgy = 0.93, where the uncertainty is that of
the mean of 100 realizations. Therefore the impact of the
known systematics on S is negligible compared to the
statistical uncertainty of the measurement, 0.11°, reported
in Table I. From the simulations we also find a; = 0.188°+
0.009°, —0.305°£0.007°, 0.047°+£0.006°, 0.039°+
0.005°, —0.063°+0.008°, 0.020° £ 0.008°, 0.01° % 0.03°,
and —0.06° = 0.04° for i = 100A, ..., 353B. These values
do not need to agree with those of the data because the
(unknown) miscalibration of the instrumental polarization
angles and the cross-polarization response of beams are not
included in the simulations.

The I — P leakage gives CE® o« CIT, whereas the cross-
polarization effect gives C£# o« CEE. We find that CE® of
100A and 100B resembles CZE of the CMB; thus, a4 and

ay00p detected in the simulations are due to the cross-
polarization effect. Because the impact on f is small, we do
not correct the values of «; for these systematics.

Results.—We show the measured values of f in Fig. 1.
The results of the four pipelines agree, and we quote the
results of the JRE pipeline throughout this Letter, unless
otherwise noted. When we use all the data with
fay = 0.93, we find # = 0.30° 4 0.11°. When we remove
one frequency channel at a time, we find § = 0.34° £+ 0.12°
(without 100 GHz), 0.38° 4 0.12° (143 GHz), 0.27° £
0.13° (217 GHz), and 0.08° 4 0.21° (353 GHz). The
cross-power spectra with 353 GHz make the largest
contribution.

We observe a decreasing f for smaller fg. This shift
of f goes along the degeneracy line of a; + # = constant.

Eﬁ -+:}- Commander EB fg —}— PDP Ignore EB fg
3, 0.81 -4- Modeling EB fg —— YM Ignore EB fg
= g6l —t JREIgnoreEBfg  —t— MT Ignore EB fg
s O
E:
< 044
[}
2
g 0.2
£
Q?:’ 0.0
£
o =02
&
o —
3 0.4
0.6 0.7 0.8 0.9

Sky fraction used for the analysis, fky

FIG. 1. Constraints on # for various values of fg, with and
without accounting for the foreground EB correlations. For the
former, the dashed and dotted lines show corrections using the
filament model [Eq. (2)] and the COMMANDER sky model,
respectively. For the latter, the results of four pipelines (JRE,
PDP, YM, MT) are shown.
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A possible explanation for this trend is an EB correlation
intrinsic to the polarized dust emission [17,37,38,58].
When the foreground EB power spectrum C‘;B TG exists,
we have the relation C£#F9° =1sin(4a) (CEFFY — CBPFO) 4

CgB’F S cos(4a) for a single channel [59]. We can formally
rewrite this as

CEBFGO = ([ T2 + (CEPTO) sin(da + 4y,), (1)

where J, = (C?E’FG - C?B‘FG)/Z and tan(4y,) = CEB'FG/Jf.
Here, y, is an effective angle for the foreground EB. For
CgB FG g ¢» Yo becomes independent of 7, y, =y, and is
degenerate with a. In this limit and |y| < 1, the foreground
does not yield a but o + y, and we measure 3 —y [37]. The
sum, a + f, is not affected.

As both positive TE and TB correlations are found for
polarized dust emission in the Planck data when the
Galactic plane is masked [60,61], we expect CgB dust 0
for the same mask [62]. This is also confirmed by an
independent analysis using the distribution of filaments of
neutral hydrogen atoms [58]. From the ratio of CZ# and
CZE at 353 GHz, y, ~y > 0 is inferred for £ < 500 when
the Galactic plane is masked with fg, ~ 0.7 [58]. On the
other hand, y, oscillates around zero for nearly full-sky
data. Therefore, we expect the observed f (which measures
some average of f — y, over £) to decrease as we enlarge
the Galactic mask, as observed.

We estimate y = rEBAst E/[2(1 — £)] [37], where
rEBdust is the dust EB cross-correlation coefficient and & =
CgB odust / C?E’du“ ~ 0.5 [63]. Reference [58] suggests that
rEB,dust — 4|rTB,dusl|lI/dust with rTB,dusl ~0.05 [60] and
wdt ~ 5° as a model for the signed upper bound on
rEBst with fo. ~0.7. This gives y < 0.7°. The observed
shift in # from nearly full-sky data to fg, ~0.7 is 0.5°,
consistent with the estimate.

Modeling the impact of the foreground EB correlation.—
We apply two independent approaches to assess the fore-
ground impact. The first model for CE54™ is based on
filaments of hydrogen clouds producing the thermal dust
emission and polarization [58,62]. We use this model
because it is the only physical model for the foreground
EB available today. When the filaments and the magnetic
field lines are perfectly aligned, the model produces a
positive TE but no TB or EB correlations. When they
misalign by a small angle w9, TB and EB correlations

emerge with the same sign. We thus use the ansatz C EB’d“S‘ =

A CEEMS sin(4ydst)  with 0<A, <1 and i =
Larctan(CLP/CLF9"Y). In the model of Ref. [58] A, —

|r;B,dust| and CI;"E.dust - CgE,dustCl;Bdust; however, we

treat A, as a free parameter here, and use C?E’d““ because
the data suggest CEE®' o« CEBI™! and taking the square

root of noisy data is not numerically stable. When the angles
are small, we obtain

EE dust
A,CE

T B,dust
)y = < (2)
‘= CEE.dust _ CBB,dust CTE.dust :
3 14 14

We use this model to account for the possible impact of the
dust EB correlation.

We specifically modify A and B in =2 InL as A =
(-KTA'.1) and

B = (ﬁT(ai +ﬂ, aj +ﬂ) —/_\)}:AEIR((!Z' +[}, aj +ﬂ) )7
(3)

where R and R are defined in Egs. 8 and 9 of Ref. [39],
respectively. We define the new matrices, A, = R(a;, ;) +

D(a;,a;)F, and A} = ﬁT(ai,aj) + BT(ai,aj)F,g, where

- <—COS<2a,~> sin(2a;)

—sin(2a;) cos(2a;)
sin(2a;) cos(2a;) ) @

cos(2a;) sin(2a;)
—2Vf,j >
2y,

(5)

We retain the possibility that y,; may depend on the ith
frequency channel.

We compute the ratios of in Eq. (2) using the
353 GHz data. To reduce the scatter, we smooth CX¥ by
applying a one-dimensional Gaussian filter before comput-
ing the ratios. Since the dust spectral energy distribution
(SED) cancels, these ratios can be used to fit the cross-power
spectra of all the other frequency channels. In this model, we
expect A,, hence y,, to be independent of frequencies. We
confirm that allowing for frequency-dependent A, yields
similar results; thus, we use the same A, for all the frequency
combinations. To account for possible dependence on Z, we
split A, into four bins (51 <7 <130, 131 <7 <210,
211 £ ¢ <510, and 511 < Z < 1490).

In Fig. 1, we show f from the simultaneous fit of «;, f3,
and y,. The model brings  back to positive values for all
fsky» confirming that the declining f is caused by cEBAs,
We report the numerical values in Table I.

We also try another, completely different approach to
assessing the foreground impact using the NPIPE simu-
lation of the COMMANDER sky model [57] based on power-
law synchrotron and one-component modified blackbody
(MBB) dust SED. When the angular resolution of the
foreground model is higher than that of the target frequency
channel, the foreground component is smoothed to match
the QuickPol [56] beam specific to the NPIPE dataset. To
avoid divergence in the deconvolution, the Gaussian beam

- cos(2a;) cos(2a; 2y,
N G N

—sin(2a;) sin(2a;) 270,

XY dust
Cf
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of 5 FWHM present in COMMANDER’s dust component is
maintained at 217 and 353 GHz. We measure C5%C from
the simulations and include it in the PDP pipeline with a free
amplitude D, which is fit simultaneously with f and «a; [64].

The measured C?B G does not represent a signal-
dominated template for the foreground EB, but is dominated
by the statistical fluctuation with the variance proportional to
CgE’FGng’FG/(Zf + 1). Thus, using this in the fit requires
great care; since the COMMANDER sky model was taken from
the data, CgB FG fluctuates in  the same way
as the data, resulting in surprisingly tight constraints on
the parameters. We find amplitude parameters of D =
1.03 £ 0.01, 1.02£0.01, 1.03 £0.01, 1.01 +0.04, and
1.13 £0.05 in descending order of fgy. This does not
mean that we detect the foreground EB with high statistical
significance, but merely shows that the data are consistent
with CgB FG taken from the simulation on a mode by
mode basis.

In Fig. 1, we show that the behavior of f is qualitatively
similar to that from the filament model. The values
are f=0.16°£0.05°, 0.15°+0.05°, 0.19°+£0.06°,
0.12° £0.13° and 0.34° 4+ 0.19° in descending order of
fsky» which agree well with those of the filament model
except for fg, = 0.93. This discrepancy could be due to
the complexity of the foreground emission near the
Galactic plane that is not captured by the power-law
synchrotron and MBB dust SED in the COMMANDER
model. The derived uncertainties in # are smaller because
CgB FG is correlated well with the data, including the
statistical fluctuations, hence reducing (somewhat artifi-
cially) the covariance in the likelihood.

Let us comment on another limitation of this approach.
The existence of ¢; inevitably yields a spurious C?B G in
the COMMANDER map. If a; varies over frequency channels
i, the foreground SED of polarization fields in the sky
assumed for COMMANDER is no longer adequate for
describing the data, further yielding a spurious EB.
Therefore we must be careful when interpreting CEB PG
in the COMMANDER map. The modeling approach [Eq. (2)]
does not suffer from this issue, but the model itself may be
limited. These two approaches are complementary, and it is
encouraging that they yield similar results. We adopt f from
the filament model as our baseline results.

Conclusions.—In this Letter, we searched for the signal
of cosmic birefringence in the Planck PR4 data. First,
we applied the methodology of Ref. [17], finding f =
0.30° £ 0.11° for nearly full-sky data. This agrees with, and
is more precise than, the previous estimate from the PR3
dataset [17].

We then expanded the methodology and explored the
dependence of f on Galactic masks. We found a trend of
decreasing f for smaller f,, which can be understood as

the effect of CgB dust 11737 38.58]. Accounting for this

effect in two independent ways, we found that § was
positive for all f,. Which f, value should we choose for
the most robust determination of #? We cannot provide a
definitive answer until we improve our understanding of the
foreground EB.

If confirmed as a cosmological signal, this would
provide evidence for physics beyond the standard model
of elementary particles and fields, with profound implica-
tions for fundamental physics. To make progress, we must
search for f# in independent datasets of on-going [65-70]
and future [71-75] experiments. Since the largest statistical
significance is seen for nearly full-sky data, a full-sky
mission such as LiteBIRD [75] will play an important role.

An overarching goal of many planned CMB experiments
is to find the signature of primordial gravitational waves in
B-mode polarization [76], which drives requirements for
experimental design. The EB science may provide addi-
tional requirements for, e.g., cross-polarization coupling
and beam systematics. Equally important is the need for
high-fidelity end-to-end simulations, with the EB science
in mind.
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