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ABSTRACT

Cosmic birefringence is a parity-violating effect that might have rotated the plane of the linearly polarized light of the cosmic mi-
crowave background (CMB) by an angle β since its emission. This angle has recently been measured to be nonzero at a statis-
tical significance of 3.6σ in the official Planck PR4 and 9-year WMAP data. In this work, we constrain β using the reprocessed
BeyondPlanck LFI and Cosmoglobe DR1 WMAP polarization maps. These novel maps have both lower systematic residuals
and a more complete error description than the corresponding official products. Foreground EB correlations could bias measurements
of β, and while thermal dust EB emission has been argued to be statistically nonzero, no evidence for synchrotron EB power has been
reported. Unlike the dust-dominated Planck HFI maps, the majority of the LFI and WMAP polarization maps are instead dominated
by synchrotron emission. Simultaneously constraining β and the polarization miscalibration angle, α, of each channel, we find a best-
fit value of β = 0.35◦ ± 0.70◦ with LFI and WMAP data only. When including the Planck HFI PR4 maps, but fitting β separately for
dust-dominated, β>70 GHz, and synchrotron-dominated channels, β≤70 GHz, we find β≤70 GHz = 0.53◦ ± 0.28◦. This differs from zero with
a statistical significance of 1.9σ, and the main contribution to this value comes from the LFI 70 GHz channel. While the statistical
significances of these results are low on their own, the measurement derived from the LFI and WMAP synchrotron-dominated maps
agrees with the previously reported HFI-dominated constraints, despite the very different astrophysical and instrumental systematics
involved in all these experiments.

Key words. cosmic background radiation – cosmology: observations

1. Introduction

The standard model of cosmology, Λ cold dark matter (CDM),
predicts no parity-violating physics on cosmological scales.
There are, however, extensions of the standard model that allow
it, one example being an ultra-light axion-like field, φ, that cou-
ples to the electromagnetic field tensor, Fµν,

L ⊃ −
1
4
gγφφFµνF̃µν, (1)

where L is the Lagrangian density, gγφ is a coupling con-
stant, and F̃µν is the Hodge dual of Fµν (see, for instance, a

recent review by Komatsu 2022). This term effectively causes
the plane of the linear polarization of electromagnetic waves
to rotate as they propagate through empty space (Carroll et al.
1990; Carroll & Field 1991; Harari & Sikivie 1992). The pre-
dicted rotation angle, β, as a function of the direction of the line
of sight, n̂, is

β(n̂) =
1
2
gγφ

[
φ(ηo) − φ(ηe, rn̂)

]
, (2)

where ηo and ηe are the conformal times at observation and emis-
sion of the photons, respectively, and r ≡ ηo−ηe is the conformal
distance from the observer to the emitter.
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The cosmic microwave background (CMB) is the oldest
polarized light in the Universe and therefore among our most
sensitive probes of a light axion-like field. Raw CMB polariza-
tion measurements are typically provided in terms of the Stokes
parameters, Q and U, that measure two orthogonal modes of lin-
ear polarization in a given coordinate system. When using such
measurements to constrain cosmic birefringence, it is convenient
to transform them into coordinate-independent E and B modes
following Kamionkowski et al. (1997) and Seljak & Zaldarriaga
(1997). In this representation, cosmic birefringence rotates the
intrinsic E and B modes emitted at the last scattering surface into
the Eo and Bo modes we observe today (Lue et al. 1999). Assum-
ing that the cosmic birefringence angle is isotropic and adopting
the convention that a positive β defines a clockwise rotation of
the plane of linear polarization on the sky, these rotations are
given as[
Eo
`m

Bo
`m

]
=

[
cos(2β) − sin(2β)
sin(2β) cos(2β)

] [
E`m
B`m

]
. (3)

Defining the angular power spectrum as CXY
` = 1

2`+1
∑

m X`mY∗`m,
one can show that (Feng et al. 2005)

CEB, o
`

=
tan(4β)

2

(
CEE, o
`
−CBB, o

`

)
+

CEB
`

cos(4β)
· (4)

The last term is the intrinsic EB power spectrum of the CMB,
which is predicted to be zero in ΛCDM, and we accordingly
neglect it in this work.

No instrument is perfect. All polarization-sensitive CMB
detectors have an intrinsic miscalibration angle, α, which rep-
resents the difference between the true polarization angle of the
detector and that assumed in the analysis. This angle induces a
spurious rotation of the plane of the polarized electromagnetic
waves and is therefore, for a single frequency channel, fully
degenerate with β. To account for this instrumental systematic
in an estimate of cosmic birefringence, one needs to replace the
β in Eq. (4) with α+β. The calibration uncertainty in α will then
induce a corresponding systematic uncertainty in β.

A novel method for breaking the α + β degeneracy was
introduced by Minami et al. (2019) and Minami & Komatsu
(2020a), who proposed exploiting the differing multipole behav-
ior between CMB and polarized foreground emission to
self-calibrate the miscalibration angles. In this approach, an
important assumption is that cosmic birefringence would have
a negligible impact on the photons originating from our Galaxy,
while substantially impacting only the CMB photons that have
traveled much farther. Minami & Komatsu (2020b) applied this
method to the Planck Public Release 3 (PR3) polarization data
and find a best-fit value of β = 0.35◦ ± 0.14◦, which nominally
disfavors β = 0◦ at a statistical significance of 2.4σ.

This analysis on the High Frequency Instrument (HFI) chan-
nels was further improved by Diego-Palazuelos et al. (2022),
who applied the same method to the Planck Public Release 4
(PR4) data, often called “NPIPE” (Planck Collaboration Int. LVII
2020). This data set has a higher signal-to-noise ratio than PR3
due to the inclusion of more data, and it has lower systematic
uncertainties. The updated analysis yielded a birefringence angle
constraint of β = 0.30◦ ± 0.11◦, corresponding to a 21% smaller
uncertainty than the original analysis.

Neither of these measurements explicitly accounted for the
intrinsic EB correlation in polarized thermal dust emission, as
it has not been directly measured. Planck did, however, detect
parity-odd dust T B correlations (Planck Collaboration XI 2020).

The origin of the measured T B correlations has been hypothe-
sized to be due to a misalignment between local magnetic fields
and dust filaments (Huffenberger et al. 2020; Clark et al. 2021),
which would also give rise to an intrinsic EB power spectrum of
dust emission.

Using an ansatz inspired by the filamentary model of
Clark et al. (2021), Diego-Palazuelos et al. (2022) find that the
statistical significance of the cosmic birefringence increases to
3.3σ with β = 0.36◦ ± 0.11◦. However, they also note that this
model slightly affects the value of β as a function of sky fraction.

In a follow-up paper, one of the authors of our work
included the rest of the Planck polarization data by incorpo-
rating the Planck Low Frequency Instrument (LFI) bands of
Planck PR4 (Eskilt 2022). These frequencies are dominated by
synchrotron emission, for which no evidence of an intrinsic
EB correlation has been presented to date (Martire et al. 2022;
Rubino-Martin et al. 2023). A positive measurement of β using
synchrotron-dominated maps alone could suggest that CEB, dust

`
is not the cause of the recent nonzero measurements of isotropic
cosmic birefringence. Indeed, even without including the fila-
mentary dust EB model for the HFI channels and assuming
CEB, synch
`

= 0, the inclusion of the LFI maps alone increased the
statistical significance of a nonzero cosmic birefringence angle
to 3.3σ at β = 0.33◦ ± 0.10◦.

The strongest constraint on synchrotron EB comes from
Planck and WMAP (Martire et al. 2022), where the authors
modeled CEB, synch

`
as a constant and CEE, synch

`
as a power law

in multipole space in the range 30 . ` . 300. They report
that CEB, synch

`
is consistent with zero at a range of sky fractions,

and they find the ratio CEB, synch
`

/CEE, synch
`=80 = 0.002 ± 0.005 at

fsky = 0.94. But as CEB, synch
`

was modeled as being constant in
multipole space, one should be careful to extrapolate this bound
to higher multipoles, and hence, an upper bound on the fore-
ground bias on β is hard to quantify and could be large.

Eskilt (2022) also analyzed the frequency behavior of the
birefringence signature and find that it is consistent with being
frequency-independent, which is precisely the prediction of an
ultra-light axion that couples to electromagnetism. At the same
time, an explanation based on the Faraday rotation of magnetic
fields is disfavored because of its strong frequency dependence,
β ∝ 1/ν2, where ν is frequency. Recently, Eskilt et al. (2023)
have shown that the signal is not consistent with early dark
energy coupling to photons.

An analysis of possible systematic effects that could bias
measurements of β in the HFI channels was performed by
Diego-Palazuelos et al. (2023). The authors show that the posi-
tive measurement of β is robust against beam leakage, intensity-
to-polarization leakage, and cross-polarization effects. However,
they warn that foreground EB could potentially bias a birefrin-
gence measurement, as also reported by Diego-Palazuelos et al.
(2022).

Finally, Eskilt & Komatsu (2022) also included the 9-year
WMAP measurements between 23 and 94 GHz in the cosmic
birefringence analysis. Even though the WMAP observations
have a low signal-to-noise ratio with respect to β by themselves,
cross-correlating these channels with LFI and HFI channels pro-
vides slightly smaller error bars on β. Specifically, the baseline
result yielded β = 0.342◦+0.094◦

−0.091◦ using nearly full-sky data, which
is a 3.6σ measurement of a nonzero birefringence angle. They
also find a consistent result, β = 0.37◦±0.14◦, with a much larger
mask, for which thermal dust EB correlations have been argued
to be mostly positive (Clark et al. 2021; Diego-Palazuelos et al.
2022).
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As of today, there are no other useful public CMB satellite
polarization data available to include in this particular analysis
framework, and even the amount of ground-based or suborbital
data is limited. The reason for this is that the estimator devel-
oped by Minami et al. (2019) and Minami & Komatsu (2020a)
requires a sufficient amount of polarized foreground emission to
break the degeneracy between α and β, but ground-based tele-
scopes tend to point their instruments away from foreground-
dominated parts of the sky to maximize their CMB sensitivity.
In addition, none of the public ground-based telescope data
can guarantee a miscalibration angle that is small compared to
β ∼ 0.3◦. Therefore, we expect little to be gained from including
these data sets as they are now (see, however, Cornelison et al.
2022 for accounts of recent attempts at calibrating the BICEP3
instrument to achieve a precision of <0.1◦).

While the amount of new data is currently limited, sys-
tematic uncertainties from both astrophysical foregrounds and
instrumentation remain an important issue regarding these cos-
mic birefringence measurements. In that respect, we note that
there has been a major effort in the community to build a
single coherent end-to-end CMB Bayesian analysis framework
that simultaneously accounts for instrumental, astrophysical, and
cosmological parameters. This work originally started within the
Planck Collaboration (Planck Collaboration X 2016) as an effort
to establish a coherent model of the astrophysical sky through
Bayesian analysis. This method was later generalized to also
account for instrumental effects by the BeyondPlanck Col-
laboration (BeyondPlanck Collaboration 2023, and references
therein), who also used this novel framework to derive Planck
LFI sky maps with lower systematic residuals than the official
products (Basyrov et al. 2023).

Cosmoglobe1 is a global open science initiative that aims
to simultaneously apply this framework to all available state-
of-the-art data sets and build one coherent model of the radio,
microwave, and submillimeter sky based on all these observa-
tions. The first major Cosmoglobe data release (called DR1)
is described in a suite of four papers and includes the first joint
end-to-end processing of the WMAP and Planck LFI data sets.
The main results, as defined by frequency maps and prelimi-
nary astrophysical and cosmological results, are summarized by
Watts et al. (2023a); perhaps the most striking outcome from this
work is a set of WMAP polarization maps with significantly
lower large-scale instrumental systematics than the official
products.

Our paper focuses on birefringence measurements from the
reprocessed Cosmoglobe WMAP and BeyondPlanck LFI
maps. Not only are these maps cleaner in terms of instrumen-
tal effects than previous products, but most of their particular
frequencies are also dominated by polarized synchrotron emis-
sion. A constraint on cosmic birefringence derived from WMAP
and LFI alone is therefore intrinsically interesting because it will
be associated with very different astrophysical uncertainties than
the previous results from HFI and thermal dust-dominated maps.
A third advantage of the new products is that they are associ-
ated with a large ensemble of posterior-based samples, each cor-
responding to a different realization of instrumental systematic
uncertainties. This novel product allows for a much more com-
plete uncertainty estimation than previous traditional pipelines.
In particular, the WMAP maps produced by Watts et al. (2023a)
significantly improve the statistical treatment of poorly con-
strained transmission imbalance modes, and they allow for a

1 https://cosmoglobe.uio.no

direct unbiased estimate of the polarized sky without explicit
post-processing.

The rest of the paper is organized as follows. Section 2
describes the BeyondPlanck and Cosmoglobe data sets, and
Sect. 3 gives a brief review of the cosmic birefringence method-
ology. We present our main results in Sect. 4, and we draw con-
clusions in Sect. 5.

2. BeyondPlanck and Cosmoglobe data

In this paper, we focus primarily on the reprocessed
Cosmoglobe DR1 WMAP (Watts et al. 2023a),
BeyondPlanck LFI (BeyondPlanck Collaboration 2023),
and Planck PR4 HFI (Planck Collaboration Int. LVII 2020)
polarization sky maps, although we also analyze some com-
binations of the legacy 9-yr WMAP (Bennett et al. 2013)
and Planck PR4 LFI (Planck Collaboration Int. LVII 2020)
data. The BeyondPlanck and Cosmoglobe products are
derived using the end-to-end Gibbs sampler implemented in the
Commander32 code base (Galloway et al. 2023). This method
draws samples for each band’s calibration and noise parameters
while conditioning on a sky model. Then the sky model is
sampled while conditioning on the same calibration and noise
parameters. This iterative process maps out the joint posterior
distribution, accounting for correlations between instrumental
and sky parameters in a statistically coherent framework (see,
e.g., Geman & Geman 1984; Brilenkov et al. 2023, for further
discussion of the Gibbs sampling methodology and philosophy).

As discussed by Basyrov et al. (2023), the reprocessed LFI
maps resulting from this procedure provide better control of
gain uncertainty than the PR3 and PR4 analyses. For these rea-
sons, we consider the BeyondPlanck Commander3 approach
to yield the most accurate and best characterized Planck LFI
maps to date. In particular, the 44 GHz map, which was plagued
by null test failures even after the PR4 analysis, is now of suf-
ficient quality to be used for cosmological analyses. For exam-
ple, Colombo et al. (2023) and Paradiso et al. (2023) used these
maps to make robust measurements of the large-scale polarized
CMB and reionization optical depth τ.

The BeyondPlanck project was a pathfinder that focused
specifically on Planck LFI. Now Cosmoglobe aims to apply
this unified framework to jointly analyze as many state-of-the-art
data sets as possible. The first major application to a new data set
is WMAP, as first described by Watts et al. (2023b). The WMAP
experiment (Bennett et al. 2013) observed the microwave sky
with ten polarization-sensitive differencing assemblies at multi-
ple frequencies, including K-band (23 GHz), Ka-band (33 GHz),
Q-band (41 GHz), V-band (61 GHz), and W-band (94 GHz).
As presented in a companion paper by Watts et al. (2023a),
a joint analysis of WMAP and Planck LFI time-ordered data
within the Cosmoglobe framework has now yielded maps that
are essentially free of poorly measured transmission imbalance
modes, resulting in the best consistency between Planck LFI and
WMAP to date.

Cosmoglobe DR1 provides updated maps for both WMAP
and LFI, and in principle, we could therefore have used also
the Cosmoglobe DR1 LFI maps in the current birefringence
analysis. However, as noted by Minami & Komatsu (2020b)
and Diego-Palazuelos et al. (2022), it is generally advanta-
geous to exploit only cross-correlation spectra in order to
maximize the overall signal-to-noise ratio of the estimator in
question. Since the BeyondPlanck data release provides

2 https://github.com/Cosmoglobe/Commander/
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half-mission split maps for all LFI channels, while
Cosmoglobe DR1 currently only provides co-added
full-mission maps (Basyrov et al. 2023), we used the
BeyondPlanck half-mission LFI maps in the following.
Furthermore, Watts et al. (2023a) show that the Cosmoglobe
LFI maps are very similar to the BeyondPlanck LFI maps,
differing only by 1−2 µK on large angular scales. Specifically,
for LFI we used 200 half-mission BeyondPlanck Gibbs sam-
ples for each channel, while for WMAP we used the first 200
samples of the first Cosmoglobe DR1 main chain3 (Watts et al.
2023a). This Gibbs chain only sampled the V-band and W-band
maps once every two and four Gibbs iterations, respectively,
due to the high cost of map making for these bands, resulting
in a total of 100 V-band samples and 50 W-band samples to be
processed in the following.

For Planck HFI, we used the latest official Planck PR4
products for all frequency channels. In terms of ancil-
lary data, we used the official beam profiles provided by
the WMAP and Planck Collaborations (Bennett et al. 2013;
Planck Collaboration IV 2016).

3. Method

In this section we provide a brief review of the method-
ology introduced and developed by Minami et al. (2019),
Minami & Komatsu (2020a) and Diego-Palazuelos et al. (2022).
As noted above, the fundamental assumption of Minami et al.
(2019) is that cosmic birefringence would have a negligible
impact on polarized foreground emission from our own Galaxy
and significantly impacts only the CMB photons that have trav-
eled for almost 14 billion years. The plane of linear polarization
of the foreground emission is therefore rotated only by the mis-
calibration angle α, while the CMB photons are rotated by α+β.
We can therefore write the observed E and B modes as[
Eo
`m

Bo
`m

]
=

[
cos(2α) − sin(2α)
sin(2α) cos(2α)

] [
Efg
`m

Bfg
`m

]
+

[
cos(2α + 2β) − sin(2α + 2β)
sin(2α + 2β) cos(2α + 2β)

] [
ECMB
`m

BCMB
`m

]
+

[
En
`m

Bn
`m

]
,

(5)

where “fg”, “CMB”, and “n” denote the foreground, CMB, and
noise components, respectively.

We define the ensemble-averaged power spectrum as
〈CXY

` 〉 = δ``′δmm′〈X`mY∗`′m′〉. When computing this for the
observed E and B modes defined in Eq. (5), one finds
(Minami et al. 2019)〈
CEB, o
`

〉
=

tan(4α)
2

(〈
CEE, o
`

〉
−

〈
CBB, o
`

〉)
+

sin(4β)
2 cos(4α)

(〈
CEE,CMB
`

〉
−

〈
CBB,CMB
`

〉)
+

1
cos(4α)

〈
CEB, fg
`

〉
+

cos(4β)
cos(4α)

〈
CEB,CMB
`

〉
. (6)

This equation allows us to break the degeneracy between α and β
by using the polarized foreground emission to calibrate α. How-
ever, α might be biased if we do not include the intrinsic EB cor-
relations of the foreground emission. The CEB, fg

`
was not directly

measured for synchrotron or dust, but there is substantial indirect
evidence that it is nonzero, at least for dust (Clark et al. 2021;
Diego-Palazuelos et al. 2022; Vacher et al. 2023).

3 Available at https://cosmoglobe.uio.no

This paper focuses on synchrotron-dominated channels,
in part because there has been no detection of a nonzero
EB correlation for this component (Martire et al. 2022;
Rubino-Martin et al. 2023). In the following, we therefore
assume that CEB, fg

`
= 0 for synchrotron channels, while for

dust-dominated channels, we adopt the filamentary thermal dust
model for estimating the EB correlation as explained below.

Lambda CDM predicts no parity violation at the last scatter-
ing surface; hence, we set CEB,CMB

`
= 0. One could wonder if the

recent measurements of cosmic birefringence could be explained
by this term. However, Fujita et al. (2022) conclude that primor-
dial chiral gravitational waves, which give rise to intrinsic EB
correlations of the CMB, cannot cause a cosmic birefringence
measurement of β ∼ 0.3◦ due to an overproduction of BB power
relative to observational constraints.

By extending the analysis to multiple frequency chan-
nels, labeled i and j, respectively, one can show that
(Minami & Komatsu 2020a)
〈
CEiE j, o
`

〉〈
CBiB j, o
`

〉 = Rα
i j


〈
CEiE j, fg
`

〉〈
CBiB j, fg
`

〉 + Dα
i j


〈
CEiB j, fg
`

〉〈
CBiE j, fg
`

〉
+ Rα+β

i j


〈
CEiE j,CMB
`

〉〈
CBiB j,CMB
`

〉 + δi j


〈
CEiE j, n
`

〉〈
CBiB j, n
`

〉 , (7)

and

〈
CEiB j, o
`

〉
=

(
Rα

i j

)T

〈
CEiE j, fg
`

〉〈
CBiB j, fg
`

〉 +
(
Dα

i j

)T

〈
CEiB j, fg
`

〉〈
CBiE j, fg
`

〉
+

(
Rα+β

i j

)T

〈
CEiE j,CMB
`

〉〈
CBiB j,CMB
`

〉 , (8)

where

Rθ
i j =

[
cos(2θi) cos(2θ j) sin(2θi) sin(2θ j)
sin(2θi) sin(2θ j) cos(2θi) cos(2θ j)

]
, (9)

Dθ
i j =

[
− cos(2θi) sin(2θ j) − sin(2θi) cos(2θ j)
sin(2θi) cos(2θ j) cos(2θi) sin(2θ j)

]
, (10)

Rθ
i j =

[
cos(2θi) sin(2θ j)
− sin(2θi) cos(2θ j)

]
, (11)

Dθ
i j =

[
cos(2θi) cos(2θ j)
− sin(2θi) sin(2θ j)

]
. (12)

The different frequencies in these expressions may actually
be different frequency channels from either the same or dif-
ferent experiments, or they may be different splits of the
same frequency channel, for instance half-mission maps (e.g.,
Planck Collaboration II 2020). In the latter case, we assume that
both split maps have the same miscalibration angle αi, while in
the former case, we assume that they are different.

In addition, we allow β to depend on data sets, and we
denote the corresponding birefringence angle βi. This allows
us to derive independent constraints on cosmic birefringence
by specific frequency channels, while still being able to exploit
information in complementary channels to constrain foreground
contributions and the miscalibration angles. Thus, a given result
will be characterized by an overall analysis configuration that
defines which data sets are included in the overall analysis, as
well as a specification of which channels are used to constrain β.
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Equations (7) and (8) can be combined into one equation as
follows,〈
CEiB j, o
`

〉
=

(
Rα

i j

)T (
Rα

i j

)−1

〈
CEiE j, o
`

〉〈
CBiB j, o
`

〉
+

[ (
Rα+β

i j

)T
−

(
Rα

i j

)T (
Rα

i j

)−1
Rα+β

i j

] 
〈
CEiE j,CMB
`

〉〈
CBiB j,CMB
`

〉 ,
(13)

where, for now, we set the foreground EB correlation to
zero. We combine the equations for all combinations of (i, j)
into vectors, and define both a vector of observed spec-

tra, Co
` =

[
CEiE j, o
`

,CBiB j, o
`

,CEiB j, o
`

]T
as well as a vec-

tor of beam-smoothed theoretical ΛCDM spectra, CΛCDM
` =[

CEiE j,ΛCDM
`

,CBiB j,ΛCDM
`

]T
. In all these expressions, we exclude

intra-channel auto-correlations (i, i) in order to avoid noise biases.
We next wanted to constrain αi and βi using Eq. (13) for dif-

ferent combinations of (i, j). In practice, we reorganized these
equations into a vector uT` , which can now be written in the fol-
lowing matrix form,

uT` ≡ ACo
` − BCΛCDM

` = 0, (14)

where

Ai j =

[
−

(
Rα

i j

)T (
Rα

i j

)−1
, 1

]
, (15)

Bi j =

[(
Rα+β

i j

)T
−

(
Rα

i j

)T (
Rα

i j

)−1
Rα+β

i j

]
.

This vector has an associated covariance matrix that reads
(Minami et al. 2019; Minami 2020; Minami & Komatsu 2020a)

M` = ACov(Co
` ,C

o
` )A

T , (16)

where we take the covariance of the observed spectra to be

Cov(CXY, o
`

,CZW, o
`

) =
CXZ, o
`

CYW, o
`

+ CXW, o
`

CYZ, o
`

(2` + 1) fsky
, (17)

and fsky is the fraction of sky used for the analysis. As in previous
works, we avoided including terms of the form CEB, o

`
CXY, o
`

on the
right-hand side of Eq. (17) due to the large statistical fluctuations
of CEB, o

`
(Minami & Komatsu 2020a).

As discussed by Minami et al. (2019) and Minami & Komatsu
(2020a), it is reasonable to assume uT` to be approximately
Gaussian distributed, and one can then define the following
likelihood,

lnL = −
1
2

∑
b

uTb M−1
b ub + ln Mb

 , (18)

where uTb depends on αi and βi while Mb only depends on αi. We
additionally binned both the vector and covariance matrix over
∆` to reduce statistical fluctuations,

ub =
1

∆`

∑
`∈b

u`, (19)

Mb =
1

∆`2

∑
`∈b

M`. (20)

To actually derive the posterior distribution for these parameters
with either one or multiple channel-dependent β, we used the

publicly available Markov chain Monte Carlo sampler emcee
(Foreman-Mackey et al. 2013), coupled to this likelihood. We
adopted uniform priors on both αi and βi in the following.

The observed power spectra were computed using
PolSpice4 (Chon et al. 2004). We applied a mask similar to in
previous work (Diego-Palazuelos et al. 2022; Eskilt & Komatsu
2022) that removes pixels in which the intensity of the carbon-
monoxide (CO) line is stronger than 45 KRJ km s−1. We also
excluded polarized point sources using the official Planck point
source masks. We define the effective sky fraction coverage as
(Hivon et al. 2002; Challinor & Chon 2005)

fsky =
1

Npix

(∑Npix

i=1 w2
i

)2

∑Npix

i=1 w4
i

· (21)

Here, Npix is the number of pixels and wi is the weight of the
apodized mask at pixel i.

Unlike previous LFI-based analyses that used the official
Planck half-mission maps for 30 and 44 GHz and detector
split maps for 70 GHz (Planck Collaboration Int. LVII 2020;
Eskilt 2022; Eskilt & Komatsu 2022), we used BeyondPlanck
half-mission maps for all channels in this paper, since no
BeyondPlanck detector split maps are available at this
time (BeyondPlanck Collaboration 2023). The second Planck
half-mission split map has a few unobserved regions of the
sky, which are masked. Because of this, we find that the
sky fraction drops from fsky = 0.92, as used in previous
work (Diego-Palazuelos et al. 2022; Eskilt & Komatsu 2022), to
fsky = 0.90.

We employed CAMB5 (Lewis et al. 2000) to compute the the-
oretical ΛCDM power spectra, using the cosmological param-
eters from Planck 2018 (Planck Collaboration VI 2020). We
smoothed these spectra with the Planck PR4 and 9-year WMAP
beam transfer function matrices, bX

` , respectively, together with
the HEALPix6 (Gorski et al. 2005) pixel window functions,
wpix,`, such that

CΛCDM
` =

CEE, CAMB
`

bEi
`

bE j

`
wi

pix,`w
j
pix,`

CBB, CAMB
`

bBi
`

bB j

`
wi

pix,`w
j
pix,`

 . (22)

To include the effect of EB correlations from ther-
mal dust emission, we adopted the ansatz proposed by
Diego-Palazuelos et al. (2022), which was inspired by the work
of Clark et al. (2021). Specifically, we related the dust EB power
spectrum to the Planck measured dust T B and T E correlations
as follows (Planck Collaboration XI 2020),

CEiB j, dust
`

= A`C
EiE j, dust
`

sin(4ψ`). (23)

Here A` ≥ 0 is represented as four free parameters in the multi-
pole ranges 51 ≤ ` ≤ 130, 131 ≤ ` ≤ 210, 211 ≤ ` ≤ 510, and
511 ≤ ` ≤ 1490 with flat positive priors, while ψ` is the mis-
alignment angle between local magnetic fields and the long axis
of filamentary structures averaged over some multipole range.
The misalignment angle is given by Clark et al. (2021)

ψ` =
1
2

arctan
CT B, dust
`

CT E, dust
`

· (24)

4 http://www2.iap.fr/users/hivon/software/PolSpice/
5 https://github.com/cmbant/CAMB
6 http://healpix.jpl.nasa.gov
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We found ψ` by smoothing the observed T B and T E spectra
from the Planck PR4 353 GHz channel for the sky mask used
in the analysis. We applied the ψ` from 353 GHz channel to all
dust-dominated maps, namely the HFI channels and the W-band
from WMAP. To incorporate this model into the analysis, we
followed Diego-Palazuelos et al. (2022) and Eskilt & Komatsu
(2022) by defining the matrices

A`,i j =

[
−

(
Λα
`,i j

)T (
Λα`,i j

)−1
, 1

]
, (25)

B`,i j =

[(
Rα+β

i j

)T
−

(
Λα
`,i j

)T (
Λα`,i j

)−1
Rα+β

i j

]
,

where

Λα`,i j = Rα
i j + Dα

i jF`, (26)(
Λα
`,i j

)T
=

(
Rα

i j

)T
+

(
Dα

i j

)T
F`, (27)

F` = A` sin(4ψ`)
[
1 0
1 0

]
. (28)

These modified matrices A` and B` replace the A and B matrices
in Eqs. (14) and (16). It should be noted that we did not apply
this dust EB model to cross-correlations that include at least
one synchrotron-dominated map. More specifically, we make the
assumption that CEdustBsynch

`
= CEsynchBdust

`
= CEsynchBsynch

`
= 0.

To derive the final constraints, we modified the publicly
available code7 presented by Eskilt & Komatsu (2022) to include
the BeyondPlanck and Cosmoglobe channels rather than the
9-yr WMAP and LFI PR4 maps. Although the main focus of
this paper is to measure cosmic birefringence from synchrotron-
dominated maps, we also performed a joint analysis with the HFI
channels, which are all dust-dominated, and we also included the
WMAP W-band, which, with the new Cosmoglobe DR1 pro-
cessing, appears usable for cosmological analysis (Watts et al.
2023a).

Following previous analyses (Minami & Komatsu 2020b;
Diego-Palazuelos et al. 2022; Eskilt 2022; Eskilt & Komatsu
2022), we used the multipole range `min ≤ ` ≤ `max, where
`min = 51 and ∆` = 20. For all of LFI and WMAP-based analy-
ses, we used `max = 990, and when also including HFI data, we
extended the upper range to `max = 1490.

We applied this machinery to each individual sample in the
BeyondPlanck and Cosmoglobe frequency map ensembles,
and not the corresponding posterior mean maps. This allowed us
to propagate both systematic and statistical uncertainties to the
final error budgets for α and β. We find the distribution of β to be
closely approximated by a Gaussian distribution, and we there-
fore found the combined uncertainty of β over Gibbs samples by

adding the two terms in quadrature, σβ =
√
σ2

syst. + σ2
stat., where

σ2
syst. is the variance measured between Gibbs samples and σ2

stat.
is the white noise uncertainty for a single realization.

4. Results

4.1. WMAP+LFI analysis

We first present results derived from Planck LFI and
WMAP only, both as processed by the BeyondPlanck and
Cosmoglobe framework. We begin with the case of fitting one
global birefringence angle, β, across all frequencies. Markov
chain trace plots for this case are shown in Fig. 1, in which panels

7 https://github.com/LilleJohs/Cosmic_Birefringence
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Fig. 1. Measurements of cosmic birefringence over Gibbs iterations.
The black line shows β with a gray 1σ band. The dashed lines show
the central value of the measurement made with the corresponding
9-yr WMAP or Planck PR4 maps, which we find to have the same
white noise uncertainty as a single Cosmoglobe or BeyondPlanck
realization.

from top to bottom show WMAP-only, LFI-only, and WMAP-
plus-LFI results. The scatter in the central values from sample to
sample illustrates the systematic uncertainties due to variations
in instrumental and astrophysical parameters, while the statisti-
cal error bars (indicated as gray 1σ bands) are due to uncorre-
lated instrumental noise. We find these to be indistinguishable
from sample to sample. Since the W channel is only processed
every fourth main Gibbs iteration in the CosmoglobeDR1 data
set (Watts et al. 2023a), we also performed this measurement
only every fourth Gibbs iteration for WMAP. Overall, we see
in this figure that the systematic uncertainties account for a rela-
tively small fraction of the total scatter for WMAP, primarily due
to the higher white noise level, while they are more important
for the LFI and combined analyses, which have higher signal-to-
noise ratios. We report our results using the mean, the statistical
uncertainty, and the systematic uncertainty throughout.

The solid line in Fig. 1 indicates β = 0◦, while the dotted
line shows β = 0.34◦, corresponding to the best-fit joint analysis
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Table 1. Summary of posterior mean cosmic birefringence angles, β, as
derived for various data combinations.

Analysis configuration Fit channels βreproc [deg] βofficial [deg]
fsky = 0.90 fsky = 0.92

WMAP All 0.81 ± 2.43 1.58 ± 2.40
LFI All 0.47 ± 1.00 −0.70 ± 0.95
HFI All · · · 0.36 ± 0.11
LFI+WMAP All 0.35 ± 0.70 −0.07 ± 0.64
LFI+HFI 30 −0.07 ± 0.75 · · ·

44 0.10 ± 0.74 · · ·

70 0.85 ± 0.44 · · ·

LFI 0.52 ± 0.37 · · ·

HFI 0.22 ± 0.11 · · ·

All 0.24 ± 0.11 0.39 ± 0.10
LFI+HFI+WMAP WMAP −0.12 ± 0.46 · · ·

LFI 0.53 ± 0.31 · · ·

≤70 GHz 0.53 ± 0.28 · · ·

>70 GHz 0.23 ± 0.10 · · ·

HFI 0.26 ± 0.10 · · ·

All 0.26 ± 0.10 0.34 ± 0.09

Notes. The first column indicates all data sets included in a given anal-
ysis, while the second column indicates the frequencies that are actu-
ally used to constrain β. The third column lists the values derived in
this paper using the reprocessed Planck LFI and WMAP data, and the
fourth column lists the corresponding values derived from the official
products. All uncertainties indicate 68% errors; for results derived from
the reprocessed products, these include both statistical and systematic
contributions, while for the results derived from the official products,
they only include statistical contributions.

of Planck PR4 and WMAP 9-yr result (Eskilt & Komatsu
2022). The dashed lines show the corresponding measurements
from the 9-yr WMAP and PR4 LFI data sets in each panel.
Their statistical error bars are similar to the measurement from
Cosmoglobe and BeyondPlanck and not shown. We note
that the 9-yr WMAP gives a similar result to the Cosmoglobe
WMAP channels, while the BeyondPlanck LFI measure-
ments of β are roughly 1σ higher than the same measurements
from Planck PR4 LFI data. This is likely due to the fact that
BeyondPlanck fixed the null test failures that plagued the offi-
cial Planck LFI channels.

We conservatively discard the first ten samples in each
Markov chain as burn-in, but note that we have not seen any
effect that indicates a significant nonstationary period. Averag-
ing over all post-burn-in samples, we find β = 0.81◦±2.40◦(stat.)
±0.42◦(syst.) for WMAP; β = 0.47◦ ± 0.93◦ ± 0.36◦ for LFI;
and β = 0.35◦ ± 0.66◦ ± 0.23◦ for the joint analysis of both LFI
and WMAP. These results are tabulated in Table 1, where the
statistical and systematic uncertainties are added in quadrature.

We also show the combined measurements in Fig. 2, where
the histograms show the scattering of the central values, while the
red and blue lines show the measurements with the statistical and
total uncertainty, respectively. Here we note that the instrumental
systematic uncertainties ofβ are much lower than statistical uncer-
tainties from noise for both WMAP and LFI. Specifically, we find
σsyst./σstat. = 39% for LFI andσsyst./σstat. = 17% for WMAP. At
the same time, the total uncertainties are too large to shed inde-
pendent light on the HFI-based result of β ∼ 0.35◦.

The corresponding miscalibration angles, α, are tabulated in
Table 2 and plotted in Fig. 3. Overall, we see that these are gen-
erally consistent with zero, with the WMAP K-band showing
the largest deviation at 2.6σ for the WMAP+LFI-only analysis.
However, this result is not robust with respect to data selection.
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Fig. 2. Probability density of the measurements from Fig. 1. The black
histograms show the scatter in the central values, and the red lines show
the statistical uncertainties. The blue lines show the total uncertainties.
The black dotted line shows β = 0.34◦.

4.2. LFI+HFI analysis

Next, we performed a joint analysis between the BeyondPlanck
LFI and Planck PR4 HFI maps. In this analysis, we include the
dust filamentary model for HFI, and we sample jointly two cos-
mic birefringence angles βi, eleven miscalibration angles αi, and
four dust amplitude parameters A`. Since we are including more
data and the dust filamentary model for dust EB is computation-
ally more expensive, we sample β for every fifth Gibbs iteration.
Figure 4 shows the resulting constraints on β separately for the
LFI and the HFI channels.

We note that we only have access to one set of maximum-
likelihood Planck PR4 HFI maps, and it is therefore harder
to assess the impact of instrumental systematic effects than it
is with the BeyondPlanck and Cosmoglobe maps. How-
ever, Diego-Palazuelos et al. (2023) considered a wide range of
effects, and found these to have a limited impact on β.

We find βLFI = 0.52◦ ± 0.34◦ ± 0.13◦, which gives a com-
bined uncertainty of 0.37◦. This corresponds nominally to a
nonzero birefringence angle of 1.4σ. To understand which
channels drive this value, we fit β individually for each LFI
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Table 2. Summary of posterior mean miscalibration angles, α, for each
Planck LFI and WMAP frequency channel, using either only LFI and
WMAP data for fitting the model (second column) or LFI and WMAP
plus HFI data (third column).

α [deg]
Channel LFI+WMAP LFI+WMAP+HFI

LFI 30 GHz 0.02 ± 0.29 −0.47 ± 0.22
44 GHz 0.47 ± 0.36 −0.03 ± 0.27
70 GHz 0.20 ± 0.39 0.22 ± 0.25

WMAP K 0.74 ± 0.29 0.13 ± 0.22
Ka 0.56 ± 0.38 0.05 ± 0.30
Q1 −0.09 ± 0.55 −0.66 ± 0.40
Q2 −0.33 ± 0.57 −0.76 ± 0.41
V1 −1.09 ± 0.71 −0.47 ± 0.43
V2 −0.16 ± 0.69 −0.81 ± 0.43
W1 −0.06 ± 0.74 −0.20 ± 0.45
W2 0.58 ± 0.75 −0.55 ± 0.48
W3 0.79 ± 0.76 0.87 ± 0.47
W4 0.12 ± 0.75 −0.27 ± 0.49

Notes. All uncertainties are 68% errors and include both statistical and
systematic contributions.

30 44 70 K Ka Q1 Q2 V1 V2 W1 W2 W3 W4

1
0

1
 [d

eg
]

WMAP + LFI
WMAP + LFI + HFI

Fig. 3. Miscalibration angles measured in WMAP (red) and Planck LFI
(blue). The semi-transparent lines show the measurements equivalent to
the lower panels of Figs. 1 and 2, while the opaque lines correspond to
the β measurement in Fig. 7. The error bars include both statistical and
systematic uncertainties.

channel. This is shown in terms of posterior distributions in
Fig. 5, and posterior summary statistics are tabulated in Table 1.
As usual, we additionally sampled a separate birefringence angle
for HFI, βHFI, miscalibration angles, αi, and dust EB amplitudes,
A`, which are not shown.

In Fig. 5 we see that the positive value is dominated by the
70 GHz channel, with β70 = 0.85◦ ± 0.42◦ ± 0.13◦, which cor-
responds to a total uncertainty of 0.44◦. This formally disfa-
vors β = 0◦ at a statistical significance of 1.9σ. In contrast,
the 30 and 44 GHz channels show no evidence for a posi-
tive value, but their uncertainties are also significantly larger,
with posterior summary values of β30 = −0.07◦ ± 0.69◦ ± 0.29◦
and β44 = 0.10◦ ± 0.70◦ ± 0.25◦, respectively. We also note that,
while β44 and β70 are consistent with the Planck PR4 LFI analysis
described by Eskilt (2022), which used a similar mask, the 30 GHz
channel measurement from BeyondPlanckdata has dropped by
more than 1σ as compared to the Planck PR4 LFI maps.
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Fig. 4. Probability density of cosmic birefringence for every fifth Gibbs
iteration of the BeyondPlanck LFI maps. This is analyzed jointly
with the Planck PR4 HFI detector split maps. One birefringence angle
is additionally sampled for the LFI channels and another for the HFI
channels. The error bars include both statistical and systematic uncer-
tainties from LFI. The dashed vertical line shows β = 0◦, and the dotted
line shows β = 0.34◦.

One might wonder if the large measurement of β in the
70 GHz channel could be caused by polarized dust EB emis-
sion. This channel contains more polarized synchrotron than dust
emission, but the latter is not negligible as the channel is close
to the foreground minimum where synchrotron and dust emis-
sion are roughly equal (Planck Collaboration IV 2018). We did
not apply our dust filamentary model to this channel, but we note
that from earlier work the birefringence angle always increases
when accounting for this effect (Diego-Palazuelos et al. 2022),
and therefore the quoted value of β70 represents a conservative
lower limit.

For the HFI channels, we find βHFI = 0.22◦ ± 0.11◦ ± 0.02◦,
where the systematic uncertainty indicates only the variation due
to LFI marginalization. This value is slightly lower than previ-
ously reported values, and parts of this is likely due to the some-
what more conservative mask used in the current analysis, due to
missing pixels in the half-mission split (Diego-Palazuelos et al.
2022; Eskilt 2022; Eskilt & Komatsu 2022). We also find that the
CT B
` /CT E

` power ratio is higher in the 353 GHz channel at smaller
multipoles for the mask used in this work. This is a tracer of polar-
ized dust emission that is known to be highly mask-dependent
(Clark et al. 2021; Diego-Palazuelos et al. 2022), and this might
suggest a larger dust EB amplitude that might not be fully encap-
sulated by the dust model. Diego-Palazuelos et al. (2022) showed
that the dust filamentary model is mostly able to mitigate the effect
of dust, but one would still expect a slight weakening of the signal
of β for masks with a sky coverage around fsky . 0.90.

4.3. WMAP+LFI+HFI analysis

Finally, we analyzed the combination of all three main data sets,
namely the Cosmoglobe WMAP, BeyondPlanck LFI, and
Planck PR4 HFI channels. The main results from this analysis
are summarized in Fig. 6, where β is measured separately for
WMAP, LFI, and HFI. Only every 16th Gibbs sample is pro-
cessed in this analysis, due to a high computational cost.

For WMAP, we find that βWMAP = −0.12◦ ± 0.46◦ ± 0.06◦,
where the systematic error term denotes the systematic
uncertainties arising only from LFI and WMAP, and not HFI.
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Fig. 5. Same as Fig. 4, except one β is sampled individually for the 30,
44, and 70 GHz channels. One β is additionally sampled for HFI but not
shown. We show the total uncertainties from both LFI systematics and
statistical uncertainties.
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Fig. 6. Same as Fig. 4 but jointly with the CosmoglobeWMAP chan-
nels for every 16th Gibbs iteration. An additional β is sampled for the
WMAP channels.

For LFI, we find βLFI = 0.53◦ ± 0.31◦ ± 0.08◦, which is inconsis-
tent with β = 0◦ at a 1.6σ statistical significance. Finally, for HFI
we find βHFI = 0.26◦ ± 0.10◦ ± 0.01◦. We note that even though
the central value of βWMAP itself is negative, the addition of the
WMAP channels slightly increases the statistical significance of
both βLFI and βHFI by providing more information through cross-
correlations.

To further probe the impact of channels that are dominated
by either synchrotron or thermal dust emission, we split β into
two groups; one for synchrotron-dominated channels, β≤70 GHz,
and another for thermal dust-dominated channels, β>70 GHz. The
results from this calculation are summarized in Fig. 7 and Table 1.

For the synchrotron-dominated channels, we find
β≤70 GHz = 0.53◦ ± 0.27◦ ± 0.06◦, which disfavors β = 0◦
at a 1.9σ statistical significance. This signal is mostly driven by
the 70 GHz channel. However, as noted above, the addition of
WMAP does increase the statistical significance of βLFI, which,
with the exception of the W-band, belong to the channels with
frequency ≤70 GHz.

While the dust filamentary model of Clark et al. (2021) is not
applicable to synchrotron emission, it is possible that a different
mechanism gives rise to an intrinsic synchrotron EB power spec-

0.5 0.0 0.5 1.0 1.5
 [deg]

0
1

2
3

4
Pr

ob
ab

ili
ty

 d
en

sit
y

70GHz = 0.53 ± 0.28
> 70GHz = 0.23 ± 0.10

Cosmoglobe WMAP
 + BP LFI + NPIPE HFI

Fig. 7. Same as Fig. 6 but we sample β separately for synchrotron-
dominated channels, β≤70 GHz, and dust-dominated channels, β>70 GHz.

trum. Negative synchrotron EB correlations would bias β to be
larger and could be the cause of the signal. Another possibility
is EB correlations between polarized synchrotron and dust emis-
sion. Knowing that synchrotron and dust emission are correlated
(Choi & Page 2015; Planck Collaboration XI 2020), we cannot
rule out the existence of CEdustBsynch

`
or CEsynchBdust

`
. Lastly, the dust-

dominated channels yield β>70 GHz = 0.23◦ ± 0.10◦ ± 0.01◦.
Finally, we compute one global β angle for the joint

analysis of all three data sets. These results are listed in
Table 1, and compared with those found in earlier analyses
(Diego-Palazuelos et al. 2022; Eskilt & Komatsu 2022). Joint
analysis of β is driven by the HFI channels, so the signal is sen-
sitive to dust EB, which is modeled with the dust filamentary
ansatz. The discrepancy of β between the left and right columns
of the lower half of Table 1 is most likely due to the masking
sensitivity of the filamentary dust model.

5. Conclusions

We have analyzed the reprocessed BeyondPlanck LFI and
Cosmoglobe WMAP polarization maps with respect to
isotropic cosmic birefringence. These channels shed new light
on the previously reported measurement of a nonzero birefrin-
gence angle, β, from Planck HFI, as they both have very different
systematics from HFI and are dominated by synchrotron emis-
sion, for which no significant EB correlations have been mea-
sured (Martire et al. 2022; Rubino-Martin et al. 2023). While
there has been no direct measurement of the EB correlations
of thermal dust emission, there are indications of its existence
(Huffenberger et al. 2020; Clark et al. 2021).

The uncertainty on β from LFI and WMAP alone is too large
to allow robust independent evidence for cosmic birefringence,
with a best-fit combined value of β = 0.35◦ ± 0.70◦, where the
error bar includes both systematic and statistical uncertainties.
This uncertainty is more than six times larger than that for
HFI alone. However, when performing a joint analysis with
Planck PR4 HFI, which provides additional valuable informa-
tion regarding the foregrounds and miscalibration angles, we do
find a value of β = 0.53◦ ± 0.28◦ in the synchrotron-dominated
maps that include channels up to and including 70 GHz. This is
positive at a statistical significance of 1.9σ and is consistent with
the β = 0.342◦+0.094◦

−0.091◦ from the joint analysis of the public 9-year
WMAP and Planck PR4 data (Eskilt & Komatsu 2022).
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The measurement from the synchrotron-dominated channels
is driven by the 70 GHz channel, which is notable for at least two
reasons. Firstly, this channel has the lowest foreground contribu-
tion of any channel considered in this line of work. Secondly, it
is the LFI channel with the highest sensitivity and lowest instru-
mental systematics, which is why it has formed the basis of
almost all cosmological results from LFI.

We have assumed that CEB, synch
`

= 0 in our analy-
ses as it has been found to be statistically consistent with
zero (Martire et al. 2022), but we still cannot rule out syn-
chrotron EB as the cause of a signal in the LFI and
WMAP channels. As discussed in Minami et al. (2019) and
Diego-Palazuelos et al. (2022), we can parameterize the fore-
ground EB as CEB, fg

`
=

sin(4γ`)
2

(
CEE, fg
`

−CBB, fg
`

)
, where γ` is

the effective foreground rotation. If it is independent of mul-
tipole, γ` = γ, and |γ| � 1, the bias on β will be γ,
meaning that we do not measure β but β − γ if we neglect
foreground EB in the analysis. Assuming CEB, synch

`
is con-

stant in multipole space, Martire et al. (2022) found the ratio
CEB, synch
`

/CEE, synch
`=80 = 0.002 ± 0.005 when fsky = 0.94, which,

together with CBB, synch
`=80 /CEE, synch

`=80 = 0.20 ± 0.01, we find γ`=80 =
0.07◦±0.18◦. We note that γ` > 0 would bias the observed β to be
smaller than its real value (the total bias would be some average
of γ` over the multipoles). But with the unrealistic assumption
that CEB, synch

`
is constant and does not decay for higher multi-

poles, one should be careful at extrapolating γ`. Hence, we can-
not rule out synchrotron EB as the cause of the signal in the LFI
and WMAP maps.

Nor can we rule out possible correlations between the E and
B modes of synchrotron and dust emission, namely CEdustBsynch

`

and CEsynchBdust

`
, which we have not found reported constraints on

in the literature. This could bias our measurements since we also
measure birefringence in synchrotron channels through cross-
power spectra with the dust-dominated HFI channels.

While our analysis suggests that the current instrumental
model adopted in the Cosmoglobe framework does not play
a dominant role regarding the final uncertainties, accounting for
typically only about 10% of the total uncertainty, it is impor-
tant to emphasize that the polarization angle has not yet been
sampled over directly in this framework. Adding support for
that degree of freedom could be important for decreasing these
uncertainties further, for instance using Tau A as a calibration
source at the map level. This should be considered a high-
priority issue for next-generation processing for both Planck and
WMAP.

Future CMB experiments should, however, focus their efforts
on precise on-ground calibrations of their polarization angles,
which is no longer possible for WMAP and Planck. Negligi-
ble miscalibration angles make this analysis more robust against
foreground EB as we do not have to break the α + β degeneracy
(see Cornelison et al. 2022, where the authors achieve a polar-
ization angle uncertainty of <0.1◦ for BICEP3).

If cosmic birefringence is demonstrated to be of cosmolog-
ical origin, it would be a revolutionary window on high-energy
physics and cosmology (Agrawal et al. 2022; Fujita et al. 2021;
Komatsu 2022) and could possibly shed light on the dark sector
of the Universe.
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