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ABSTRACT: Cosmic birefringence is the in-vacuo, frequency independent rotation of the
polarization plane of linearly polarized radiation, induced by a parity-violating term in the
electromagnetic Lagrangian. We implement a harmonic estimator for the birefringence field
that only relies on the CMB E to B mode cross-correlation, thus suppressing the effect
of cosmic variance from the temperature field. We derive constraints from Planck public
releases 3 and 4, revealing a cosmic birefringence power spectrum consistent with zero at
about 20 up to multipole L = 1500. Moreover, we find that the cross-correlations of cosmic
birefringence with the CMB T-, E- and B-fields are also well compatible with null. The latter
two cross-correlations are provided here for the first time up to L = 1500.
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1 Introduction

The Cosmic Microwave Background (CMB), a radiation that marks the transition from an
opaque to a transparent Universe, is a key observable for investigating cosmological physics.
For decades, CMB experiments [1-4] mainly focused on the temperature field of the CMB
radiation, whose information was extracted almost completely by the Planck satellite [5] up
to few arc-minute scale. Much of the current and future experimental effort is devoted to
measuring the polarization part of the CMB radiation [6—11] which is linearly polarized at
the 1 — 10% level due to Thomson scattering. The polarization field is usually decomposed
into two linear polarization modes: the E-mode, which is parity-even and couples to both
scalar and tensor perturbations, and the B-mode, which is parity-odd and exclusively couples
to tensor perturbations [12]. In the standard scenario, the polarization pattern of the CMB
is described by the Maxwell’s electromagnetism, which preserves parity symmetry. In such

a case the electromagnetic Lagrangian is described by

1
LM — = FwF" (1.1)



where F),, is the electromagnetic tensor that contains the electric and magnetic fields. Since
eq. (1.1) satisfies parity symmetry, it is possible to show that the CMB cross-correlations
TB and EB are expected to be zero.

However, there are recent claims of deviations from null of the latter cross-correlations [13—
16], which are consistent with the Cosmic Birefringence (CB) effect [17], i.e. the rotation of
linear polarisation plane of photons during propagation. Specifically these papers, which
are based on Planck data and make use of a new technique [18-20] able to disentangle the
instrumental polarization angle from the CB effect,! hint at a detection of a CB angle 5 ~ 0.3°
at the level of 2.5-30. The latter CB angle is also called isotropic, meaning that it does not
depend on the direction of observation. There is also an anisotropic CB effect, which instead
depends on the direction of observations, that is currently found to be well compatible with
null [23-27]. See also [28] for a review of the CB effect from CMB observations.

If not due to systematic effects of instrumental or astrophysical origin [29-31], these
analyses hinting at an isotropic CB effect, suggest the need to extend the electromagnetic
sector of the standard model EGS% with a parity-violating term Lcog

1 A 5
Lom =LM 1 Lo = —ZFWF“” - ng) F, Fm, (1.2)

known as a Chern-Simons term [32].2 In eq. (1.2), A/f is a coupling with the dimension
of the inverse of an energy, ¢ is a new scalar (or pseudo-scalar) field and FM is the dual
electromagnetic tensor. With such an extension, it is possible to describe an isotropic CB
effect, and consequently a CMB EB cross-correlation compatible with observations, when
¢ is taken to be homogeneous [35, 36]. Fluctuations of ¢ around its homogeneous part, are
instead able to produce anisotropic CB [37-39]. Hence, the CB effect can be seen as a tracer
of the existence of a new cosmological field ¢ (typically referred as an axion) acting as dark
matter or dark energy [40-43] which might also play a role in alleviating the Hubble tension,
see e.g. [44, 45] and reference therein. See also [46-50].

Other works, e.g. [36, 51], have constrained the axion’s parameters through the CMB EB?
power spectrum or the isotropic CB effect. However, these models can be put on additional
tests considering also the anisotropic CB and the cross-correlations between the anisotropic
CB and the CMB field, see e.g. [52]. Therefore it is essential to provide updated constraints
on the latter observables. For this reason in this work, we focus on the anisotropic CB effect
implementing a harmonic estimator based on the approach presented in [53] and [25]. The
aim is to apply this estimator to the most recent Planck data, namely PR3 [5] and PR4 (also
known as NPIPE) [54], and to provide new constraints on the CB power spectrum and the CB
cross-correlation with the CMB fields. In particular the cross-correlation between anisotropic
CB and the CMB E- and B-fields are given here for the first time up to L = 1500 (previously
in [27], considering a different technique, those were provided only at very low multipoles).

!Otherwise the uncertainty of the instrumental polarization angle has to be assessed independently in the
total error budget, see e.g. [21, 22].

2For other extensions, see e.g. [33, 34].

3Current detections of the isotropic CB effect are based on the CMB cross-correlation EB and not TB,
since the latter has a lower signal to noise ratio, at least a factor of 2 for Planck [22].



This paper is organized as follows. In sections 2 and 3, we present the methodology
employed to estimate the CB power spectrum, describing the structure of the estimator for
the spherical harmonic coefficients and the de-biasing procedure necessary to obtain the final
estimate. In section 4, we describe the CMB data and simulation sets utilized in this study.
In section 5, we present the results of applying our pipeline to Planck CMB polarization
maps and the cross-correlations of the CB and the CMB temperature and polarization fields.
Furthermore, in section 6, we forecast the sensitivity of forthcoming CMB experiments, such
as the LiteBIRD satellite, the Simons 0Observatory, and CMB-34 to the EB cross-correlation.
We conclude in section 7. The full calculations leading to the final expression of the estimator
can be found in appendix A, and validation tests for our pipeline are presented in appendix B.

2 Harmonic estimator

This section introduces the impact of CB on CMB observations, in order to provide the
structure of the harmonic estimator used in this work.

The primary effect is that the observed CMB polarization field carries the information
of the rotation field [38]. Consequently, we do not observe the primordial E-modes and
B-modes, denoted as aifn, instead we observe their sum with the rotation-induced modes,
5@55,, Here X = E, B for E- and B-modes respectively:

FEtot FE E

Appy = Ao + 5a€m7 (21)
B,tot B B B

a, " = ap, + dag, ~ dag,, (2.2)

where the second equivalence in equation (2.2) holds since we are assuming that the B-modes
generated on the last scattering surface are null.* The expressions for the rotation-induced
E-modes and B-modes, as derived in [38], are given as:

B E LM L
5a€m =2 Z Z OéLMag/m/é-emg/m/ngl, (23)
LM ¢'m/
6CLZEm =2 Z Z aLMa[E’m’géln%’m’HfléH (24)
LM ¢'m/!

where equation (2.3) is different from zero for £+ ¢ + L even, equation (2.4) is different from
zero for £ + ¢’ + L odd, ar)s are the spherical harmonic coefficients of the CB field, and
5},%,71/ and H ZLK' are defined in terms of Wigner-3j symbols as follows:

Elmrm = (—1)m\/ (2“1)(%4;: D@e +1) (_fn ]\Z f;) : (2.5)
(L
HE = (2 5 _2> : (2.6)

The rotation-induced modes generate correlations between ¢ — ¢’ pairs with £ # ¢/, leading
to, as anticipated in section 1, parity-violating cross-correlations. These non-standard cross-
correlations caused by CB can be characterized by the following general structure:

X,tot X' tot, ’
(g ap, ™) =2 anmZiy & Hip, (2.7)
LM

In this study we present the calculations and the results based on this assumption. However, the entire
analysis can be generalized to the case of non-zero B-modes on the last scattering surface.



where X = {T, E, B} and Z; " contains the information about the primordial spectra before
the rotation (see table 1 of [53]). Another way to write equation (2.7) is in terms of the

rotational invariants (i.e. quantities independent of m) [38], DELZVI’XX/:
X, tot X tot, LM.XX'¢
<a€mo O * ZDZZ/ Zme/m/, (28)
where,
LM XX’
Dﬂf' ’ == 20[LMZ€£/ Hze/ (29)

The starting point to get an expression for the estimator are the rotational invariants, indeed.
Their definition in equation (2.9) refers to the primordial signal, thus when moving to
observations we have to account for the window function, approximated with a Gaussian
symmetric beam, Wy, so that [53]:

DZ{W,XX/,map = Déj/‘LXX WEWg/ == 205LMZ£Z/ HM/WgWg/ (210)

where we use the superscript “map” to denote quantities recovered from CMB maps.

Having the analytical definition of the observed rotational invariants, we can now provide
for two different expressions of the associated estimators. In this work we use an over-
hat symbol to indicate estimated quantities. The first expression is directly derived from
equation (2.10):

ALM,XX', A XX r7L
DZZ’ map — 2OZLMZ€£/ Ha/WgWg/, (211)
and the other is the inverse variance weighting average estimator from [55]:
LM, XX' X, X' ke LM
De[/ map Gggl Z (L map(le, AP, * ml'm! (212)

where Gy is defined as:

G = Z (Elmirm)® =

mm/

(20+1)(2¢0 +1)
47 '

(2.13)

The first expression of the estimates for the oy coefficients for a fixed ¢ — ¢’ pair is obtained
inverting equation (2.11) and substituting the expression of the estimator for the rotational
invariants of equation (2.12):

Xmap X map,
DLM,XX',map GM’ Z ay fémf’ !

(aLM)ZZ’ - £ L.XX/' - T XX/ y (214)
FZ@’ FM/

where we defined F, ZZ}XX/ = 273X HE, W, Wy [38]. Note that we are not using the over-hat
symbol since, before ending up with the final estimates of the apas coefficients, we have
to encode for a de-biasing procedure.

The final expression of the harmonic estimator before the de-biasing procedure at the level
of the spherical harmonic coefficients, has been obtained applying the definition of the inverse
variance weighting average to the (@par) i " defined in equation (2.14), ending up with:

Z(O‘LM)ig/Xl/(O'L)ﬁ/X/

. ! Ee/
> /(0]

124




where (07)%~ is the analytic variance associated to each (@rar)er estimate and can be
obtained after a proper re-scaling of the variance of the rotational invariants (see eq. (2.11)

for the re-scaling):

. - (216)
OL)ww = A LA 2.16
Geo Fy Fyg

where A represents the considered cross-correlation, i.e. X X', and C%‘, is the entry AA’
of the covariance matrix of the rotational invariants (see equation 33 of [53] for the full
expression of the covariance matrix).

In this study, we employ the analytic variance to normalize the estimator. While it
is important to note that the analytic variance is rigorously justified under the conditions
of full-sky observations with homogeneous noise, our investigation has demonstrated that
even for cut-sky observations, the analytic expression approximates the true variance of
the estimator effectively.

After obtaining the initial estimates for the ay s coefficients, we follow the approach
outlined in [24], which encodes for a de-biasing procedure to derive the final estimates of the
spherical harmonic coefficients of the CB field. Having the de-biased o s coefficients allows
us to evaluate the CB power spectrum (section 3) and the map of the CB field (section 5.4).

To end up with the un-biased estimates of the ay s we have to subtract the mean field
bias. The mean field is a contribution, at the level of maps, coming from mask effects, not
homogeneous noise, and other signals of the map different from the CB field.

The evaluation of the mean field bias entirely relies on simulations:

bias,MF _ ,—

O‘Lljé\i/;7 = <aLM>Sim7 (217)

where the @y s are the spherical harmonic coefficients of the CB field evaluated over the

simulations of the CMB maps from equation (2.14), and averaged over the entire simulation set.
Thus, the final estimates of the ay s coefficients have been obtained as:

~ — bias,MF
QLM = QLM — Qraf - (2.18)

Next, we will focus specifically on the EB cross-correlation.

2.1 EB-estimator

In the following, we are going to focus on the EB cross-correlation only, showing how the
information contained in the CMB polarization field can be used to develop an estimator
for the spherical harmonic coeflficients of the CB field.

The EB cross-correlation is induced by a rotation of the primordial EE power spectrum,
while the TB cross-correlation is generated from the rotation of the primordial TE power
spectrum. Observations involving the CMB temperature field are affected by the cosmic
variance. For the Planck satellite, as well as for the forthcoming CMB experiments, the
signal-to-noise ratio for the EB signal is larger than the one for TB. For this reason, in this
study we implement the estimator based on the information coming from the EB signal only.

Furthermore, in section 3, starting from the estimates of the spherical harmonic coefficients
of the rotation field, we present the procedure to estimate the CB power spectrum.



The EB cross-correlation, assuming that B-modes on the last scattering surface are null, is:

afnfotagéo’t’*> = <(a€Em + 5aZEm)6aeBi;:/> =

= <afm5aﬁ’;,> + <5afm5a§;:b,> o~ <agEm5agq’;,>, (2.19)

where the last equivalence holds since the term <6afm5a§;§,> is second order and we neglect
it. From equation (2.19) we see that the EB cross-correlation is determined by the rotated
B-modes, thus it is different from zero if £ + ¢/ + L is even (see equation (2.3)).

Equation (2.7) for the specific case of the EB cross-correlation now reads:

<a€En71tOta€Bi;tn?t7*> =2 Z aLMCZEEgl{;%’m’HELlZU (220)
LM
where CF'P refers to the Z5X' term (eq. (2.7)) when XX’ = EB.
Following the logical steps previously described, the first expression of the estimator for
the aupps coefficients before the subtraction of the mean field bias (eq. (2.15)) is calculated as:

— EB EB
Z(QLM)M /(UL)M’
aEB o
aryp = ) (2-21)
> 1/(o i
o

and the expression for the inverse variance of the estimator for the EB cross-correlation is:

. 1 (Fy™")? (F"")?
o = g;/(l + (562') GM’{ CeEE,mapc?B,map + OgBB mapCEE map } (2.22)

Focusing only on the numerator in equation (2.21) (meaning the unnormalized estimator, UN):
FZLZ;EB aZEmmapag ﬂ;bap, gémé/

—UN mm/
OLM = EE,map ~BB,map ’ (2'23)
174 CZ CZ’

and exploiting properties of Wigner-3j symbols, it is possible to re-write equation (2.23) as:®

E,map, B,map,

_UN dAY: Z CEEagm e Wi oY Z Qyr ot WZ’ 2 Yoty
Ay = nrpm CEE’map CBB map

Im J4 'm/!

EE E map, B,map,*
+ Z WiroYom Z Qyr ot Wy oYy (2 24)
EE ,map BB ,map ) '
X X,map

where 42Y7,, are spin-2 spherical harmonics and C; indicates the analytical expression

for the power spectrum recovered from CMB maps, evaluated as:
cxrmer — cXXy2 4 NXX (2.25)

with CZXX the cosmological signal, W, the window function, and NEXX the noise power
spectrum. Note that we are using the superscript UN to indicate that we refer to the first
estimate of the estimator (eq. (2.21)) without its normalization (eq. (2.22)).

5Details about the calculations are provided in appendix A.



Following the approach of [25], it is possible to re-write the expression of the estimator
in a way so that the computational time is remarkably reduced, defining the two following
new objects:

QF £iUP =3 (CFFa)’) 1oYim, (2.26)
m

QP £iUP =" (iay,)s2Yem, (2.27)
m

. B — B, .
with @, " and @, defined as:

aEmmp,*

_Ex _ Yom

Qg = W, (2.28)
CZ
aB,map,*

a,’ =y, (2.29)

Im Cf’B,map

By making use of equations (2.26) and (2.27), the unnormalized estimator for the arns
coeflicients can be written as:

ayl) = / daYru[2(QPUB — UEQP)). (2.30)
At this point we define the quantity inside the square brackets as a “map-like” object:
m/(a) = 2(QPUP —UPQP), (2.31)

and, after performing the complex conjugate of equation (2.30), we obtain:

QN _ / dRYFyym'* () = / ARy ym' (@), (2.32)

where the second equivalence holds since maps are real objects, i.e. m™*(a) = m/(«a). We
need to perform the complex conjugate of equation (2.30) since otherwise we do not have the
correct relation that allows to move from the map to the spherical harmonic coeflicients.

The above equation is what allows the reduction of the computational time since, having
defined the map-like object m’(«) in eq. (2.31) the computation of the associated spherical
harmonic coefficients is straightforward.

A word of caution before proceeding. Equation (2.32) provides for the complex conjugate
of the unnormalized ay s estimates, thus the estimates of the ap s coefficients before the
de-biasing procedure are obtained as:

apy = ——. (2.33)

To end up with the final estimates of the spherical harmonic coefficients of the CB field,
i.e. &z, we have to subtract the mean field bias (eq. (2.17)) from equation (2.33), as
presented in equation (2.18).



3 Angular power spectrum and de-biasing procedure

Having the estimates of the ap s coefficients, the aa power spectrum can be written as:

A4 1 1

Coh = _~ NG a 3.1
L fsky2L+1%:aLMaLM’ (3.1)

where fq, is the sky fraction of the mask used for the analysis.
The estimate of the CB power spectrum in equation (3.1) is intrinsically biased, that
C¢% o 9. The bias comes from the diagonal contribution of £ — ¢ pairs with £ = ¢/
when combining together the two estimates of the az s coefficients and from the off-diagonal
contribution from sources different from the rotation induced by CB. We thus encode for a
de-biasing procedure [56], now at the level of the power spectrum, to, first, select the diagonal
contribution (i.e. the contribution from ¢ — ¢ pairs with ¢ = ¢’) and, second, among the off-
diagonal contributions, select the contribution coming only from the rotation induced by CB:

Cox = 04 — obias, (3.2)

The bias term accounts for two different contributions:

bias,iso

« the isotropic bias term, C , which is an analytic bias term calculated on data, so

that it selects the diagonal contribution coming from the £ — ¢’ pairs with £ = ¢/;

e the Monte Carlo bias term, CEiaS’MC. This term is based on Monte Carlo simulations,
in order to describe the off-diagonal signal coming from other contributions different
from CB, such as not homogeneous noise, cut-sky effects and the contribution coming
from lensing. At the level of the spherical harmonics coefficients of the CB field, lensing
has no contribution since CB and lensing are orthogonal effects ([57]). However, at the
power spectrum level, this assertion does not hold true. Therefore, we include a bias
term to account for and subtract the contribution of lensing.

For this specific case, meaning for the application of the pipeline to Planck data, the de-biasing
procedure to obtain the final estimate of the power spectrum can entirely rely on simulations,
without the need of the analytic computation of the bias. Despite that, in this work we
present the general de-biasing procedure that encodes for the analytic bias term too.

The isotropic bias term is defined as:

CP™ = (Apard ) (3.3)
From a general point of view, the estimator (eq. (2.23)) probes three disconnected Wick
contractions [56]: EE-BB, EB-EB, and EB-BE. The cross-correlation terms (i.c. EB-EB
and EB-BE) are negligible with respect to the auto-correlation terms (i.e. EE-BB), both
with and without a rotation signal induced by CB. Under this assumption, the equation
for the isotropic bias term reduces to:

L,EB\2 AEE map ABB,map
Cbias,iso . Z 1 + S G , (FM’ ) Ce C, +
L o I a— M 144 CBB,mapCEE,mapCBB,mapCEEvmaP
L oL >0 V4 ¢ e l

. (FEQ,BE)QCEE,mapCKBB,map (3 4)
CEBB mapCEE mapCBB,mapCKL;?’E,map



where CA’z(X’map with XX = {FFE, BB} are the power spectra estimated from the CMB
polarization maps, and corrected by the 1/ fg, of the applied mask (see section 4 for details

CéXX’map (without the over-

about the masks employed in this analysis). Instead, we use the
hat symbol) for the analytic expression of the power spectrum including both the cosmological
signal and the noise contributions (see equation (2.25)).

The Monte Carlo bias term is based on simulations with the aim of evaluating the
off-diagonal signal induced by not homogeneous noise, cut-sky effects and lensing. For this
reason, the C’EiaS’MC is computed over a set of simulations that resemble the data, masked
with the fiducial analysis mask used for data themselves, and which do not contain a rotation

signal induced by CB:
CEias,MC _ <C%& _ C})/ias,iso>sjms' (35)

Here the brackets indicate the average computed over the simulations. Since, by construction,
all the simulations do not have off-diagonal contributions coming from CB and the diagonal
contribution is erased by the isotropic bias term for each simulation, the only off-diagonal
signal has to come from the correlations induced by not homogeneous noise, cut-sky effects
and lensing.

The full expression for the bias term in equation (3.2) has to encode for both the isotropic
and Monte Carlo bias terms (egs. (3.4) and (3.5)):

CEias _ Czias,iso + CEiaSvMC' (36)

This methodology has been validated and the results of this validation are reported in
appendix B. Furthermore, in appendix C we perform jack-knife tests on Planck data to
test for the robustness against the presence of systematic errors. In the following sections
we present the dataset used for the analysis and the application of the aforementioned
pipeline to Planck data.

4 Data set and simulations

In this section we describe the data products employed during this work. The results that
will be presented in the following have been obtained on the Public Release 3 (PR3) [5]
and the Public Release 4 (NPIPE) [54] data products of the Planck satellite, which contain
CMB data and simulation maps at the HEALPix% [58] resolution of Ngq.= 2048. The CMB
maps employed for the main results have been cleaned using the official Planck component
separation method Commander [59]. However, we also present a comparison between the
different component separation methods as SEVEM, SMICA and NILC.

Planck NPIPE has 400 CMB polarization+noise simulations and 100 CMB tempera-
ture+noise simulations for the component separation method Commander, and 600 CMB+noise
simulations for the component separation method SEVEM; all for full mission data and for
the two data splits, A and B.

The available simulations in PR3 are CMB-only and noise simulations. The former
accounts for 1000 CMB Monte Carlo simulations obtained using the Planck ACDM best-fit

Shttp://healpix.sourceforge.net.
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Mas}< NPIPE Mask standard

I

Figure 1. Different masks used in this work. From left to right: Planck NPIPE standard mask which
retains 78% of the sky; Planck PR3 standard mask which retains 75% of the sky; NPIPE standard plus
galactic mask with 20% of sky coverage; NPIPE standard plus galactic mask with 40% sky coverage;
NPIPE standard plus galactic mask with 60% sky coverage.

model. For what concerns noise, there are 300 noise simulations for the half-mission 1, 300
for the half-mission 2 and 300 for the full mission. The simulation set used in this work is
divided in three subsets, obtained adding the CMB Monte Carlo simulations and the 300
noise simulations for the two half missions and for the full mission.

The CMB maps employed for the main analysis of Planck NPIPE data products are
masked with the Planck fiducial analysis mask corresponding to a sky fraction of fg, = 78%
(first mask in the first row of figure 1), while the mask used for Planck PR3 data products is
characterized by a sky fraction of fqo, = 75% (second mask in the first row of figure 1). As
presented in section 5.3, we also test for different sky coverages, meaning for different masks
applied to CMB data and simulations. Figure 1 shows the masks used in this work.

5 Results

We now present the application of our pipeline to Planck full mission data and to different
choices of data splits. Our primary findings have been obtained from Planck NPIPE and PR3
data products, cleaned with the component separation method Commander. Furthermore,
we present a consistency check comparing the CB power spectra obtained from full mission
data products cleaned with the other component separation methods, i.e. SEVEM, SMICA and
NILCfor Planck PR3 and only SEVEM for Planck NPIPE. Subsequently, with the obtained
ary estimates, we discuss the procedure and present the results to end up with the map of
the CB field and its cross-correlations with the CMB temperature and polarization fields.

From now on, we use [A], [B] superscripts to indicate whether a quantity has been
evaluated from split A or B of Planck NPIPE data splits, respectively, and [1/ and [2/
superscripts to distinguish among the half-mission 1 or half-mission 2 of Planck PR3. If no
superscript is present, it means that the quantity has been evaluated from full mission data.
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All the following results that are presented have been obtained using CMB polarization
maps at the full resolution of Ngge= 2048. Furthermore, unless otherwise stated, we exclude

from our analysis the first 50 CMB multipoles (¢¢}M5 = 50) and the maximum multipole
included in the analysis is (S22 = 2000. The CB power spectrum has been evaluated from
LEEB = 0 up to LEE. = 1500.

The main steps of the analysis are the following:

¢ evaluate the first estimates of the spherical harmonic coefficients of the CB field
(eq. (2.33)) from all the CMB maps, i.e. both data and simulations;

o compute the mean field bias (eq. (2.17)) averaging the @ s coefficients estimated from

simulations only;

o subtract the mean field bias from all the @y ;s estimates, both the ones from data and

that from simulations;

« calculate the C9% (eq. (3.1)) and the C}™™ (eq. (3.4)) for both data and simulations
of Planck data products;

o split the C¢% and the C’Eias’iso evaluated from simulations only, into two equally sized
sets:
— Set A, used for the evaluation of the Monte Carlo bias term (eq. (3.5));

— Set B, used to obtain a final set of fully de-biased simulations. In particular, for
each simulation of this set, we evaluate the unbiased CB power spectrum, C’go‘,

subtracting the isotropic bias term, Cgias’iso evaluated from the same set, and the
Monte Carlo bias term, CEIaS’MC, calculated from set A;

¢ subtract the isotropic bias term evaluated from data, C]]—jias’iso, and the Monte Carlo bias
term evaluated from set A, CEIaS’MC, from the biased aa power spectrum calculated on
Planck data, in order to obtain the estimated CB power spectrum, C’ga (eq. (3.2)).

5.1 Full mission

We present the application of our pipeline in case of a CB power spectrum obtained combining
together ay s coefficients estimated from Planck NPIPE full mission data.

The equation for the v power spectrum before the de-bias is the same of equation (3.1),
where f., is the sky fraction of the mask (first mask in the first row of figure 1) applied to
CMB polarization maps, both data and simulations, and corresponding to fs, = 0.78.

In figure 2 we plot the power spectra of the different terms. The black and green curves
represent the biased cax power spectrum and the isotropic bias term, respectively, evaluated
using the ar s estimates from Planck NPIPE data, while the orange curve represents the
Monte Carlo bias term, computed by averaging the de-biased acv power spectra evaluated
over the first 200 CMB+noise simulations, that is, evaluated from the simulation set A.
Even though we show the estimate of the aa power spectrum in figure 3, we display it
with the gray curve also in figure 2.
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Figure 2. Power spectra evaluated from full mission NPIPE data and simulations: aa power
spectrum before the de-biasing procedure, evaluated from Planck data (black curve); isotropic bias
term evaluated from Planck data (green curve); Monte Carlo bias term evaluated from the simulation
set A (orange curve); aa power spectrum after the de-biasing procedure (gray curve).
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Figure 3. Results evaluated from full mission NPIPE data. Upper panel: de-biased acv power
spectrum (black line), with the 1o (dark green area), 20 (light green area) and 3o (gray area) confidence
levels. Lower panel: de-biased aa power spectrum after binning with 100 multipoles per bin and
excluding the first 8 multipoles.
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The black curve in the upper panel of figure 3 is the aar power spectrum evaluated for
each multipole after the de-biasing procedure (eq. (3.2)). The shaded areas represent the 1o,
20 and 30 confidence intervals, obtained after the computation of the variance of the fully
de-biased aa power spectra evaluated over the simulation set B. In order to better visualize
the results, in the lower panel of figure 3 we also plot the de-biased CB power spectrum after
binning with 100 multipoles per bin, excluding the first 8 multipoles; the error bars are at 1o.

In figure 2 the rotation signal induced by CB before the de-biasing procedure, i.e. C’g‘d,
is different from zero. We can understand the reason of this strong deviation from zero since
the single estimate for the ayjs coefficients goes as:

~ E,map B,map,*
ar v X aem a/z/m/ 3 (51)

and when combining two estimates to obtain the power spectrum before the de-bias, we
end up with:

AL E map B,map,x* E map,x B,map
CL® o< (g Oymy Ny gy ) (5.2)

The only non negligible contributions come from:

E,map E map,* EE map

Apimy Aegms ~ Cél s 5.3
B,map B,map,* BB,map
£2m2 Cama ~ CEQ . (54

The observed EE and BB power spectra encode for two contributions; the cosmological signal,
i.e. C’fE and CfB, and the noise contribution, i.e NfE and NfB, so that:

C;omP = CFF + NFE, (5.5)

cytmer = PP 4 NPP. (5.6)
In case of aif;lmap observed from the same data set, the noise auto-correlates. For the Planck
sensitivity the dominant contribution to the observed EE and BB power spectra comes
from the noise itself, and the bias in figure 2 is dominated by the auto-correlation of the
noise. Nevertheless, it is worth stressing that even in a signal dominated regime the de-bias
procedure is necessary for removing the signal auto-correlation.

The CB power spectrum after the de-biasing procedure obtained applying our pipeline
to full mission Planck NPIPE data is compatible with zero with a Probability To Exceed
(PTE) of 84.35%. This was determined from the x? of the null hypothesis computed in
harmonic space, considering a covariance matrix evaluated from a set of fully debiased
binned simulations.

To further quantify the implications of our findings, we estimated an upper limit on the
amplitude, Acp, of a scale-invariant CB power spectrum in Dy, = L(L 4+ 1)Cr/2=. This
was done by minimizing the gaussian likelihood evaluated using the same covariance matrix
utilized for the computation of the x? described above. This analysis yielded an upper bound
of Acp < 0.09deg?, which is compatible with [27].

Our results, indicating a null detection of anisotropic CB, are in concordance with those
obtained from ACT-Pol ([25]) and SPT-Pol ([24]) analyses. Furthermore, [25] and [24] also
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Figure 4. Left panel: de-biased aa power spectrum after binning with 100 multipoles per bin and
excluding the first 8 multipoles using Planck NPIPE full mission data. We compare the different
component separation methods; Commander in red and SEVEMin green. Right panel: same as the left
panel, but for Planck PR3 data and for the four component separation methods available for PR3; in
blue we show the power spectrum obtained using SMICA component separation method, in orange
NILC, in green SEVEM and in red Commander.

reported constraints on the amplitude of a scale-invariant CB power spectrum, setting upper
limits of Acp < 0.033 deg?. Our upper bound is less stringent than the ones evaluated from
ACT and SPT, remaining however robust against foregrounds thanks to the component
separation analysis. Furthermore, it is important to notice that, even though their estimates
are favoured by the lower noise, especially at small scales, Planckresults are competitive
with ACT-Pol and SPT-Pol due to the wider sky fraction covered.

In the left and right panels of figure 4 we show the de-biased aa power spectrum
evaluated from full mission Planck NPIPE and PR3 data products respectively, for the
different component separation methods. In the left panel of figure 4 we show the de-biased
power spectrum after binning with 100 multipoles per bin and excluding the first 8 multipoles,
evaluated from Planck NPIPE data products, for the two component separation methods
available, i.e., for Commander, in red, and for SEVEM, in green. The estimated CB power
spectrum is consistent among the different component separation methods. In the right panel
of figure 4 we show the same de-biased aa power spectrum evaluated from Planck PR3 data
products for the four component separation methods, meaning SMICA (blue), NILC (orange),
SEVEM (green) and Commander (red). The CB power spectrum estimated from Planck PR3
Commander is compatible with zero with a PTE of 6.61%. This low PTE reflects the behaviour
observed in the data at large multipoles (see right panel of figure 4), where there appears to
be an excess of power. We speculate that this could be addressed to a mismatch between the
noise in the CMB simulations and the one of data of Planck PR3 data products.

In the left and right panels of figure 5 we also show the correlation matrix evaluated
from the aar power spectra estimated from the 400 CMB+noise simulations of Planck NPIPE
and from the 300 CMB+noise simulations of Planck PR3, respectively, after binning with
100 multipoles per bin. The multipole Lg,: reported in the axes of the matrix is the
center of the multipole bin. The correlation coefficients reported in figure 5 are expressed

in terms of percentage.
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Figure 5. Left panel: correlation matrix evaluated from the 400 CB power spectra estimated from the
simulations of Planck NPIPE data products. Right panel: correlation matrix evaluated from the 300
CB power spectra estimated from the simulations of Planck PR3 data products. All simulations are
binned with 100 multipoles per bin. The correlation coefficients are expressed in terms of percentage.

5.2 Data splits

We summarize the results of the application of our pipeline to different combinations of data
splits. In particular, we show the CB power spectrum obtained:

 auto-correlating o ps coefficients estimated from data split A (half mission 1) of Planck
NPIPE (PR3) data products;

o auto-correlating oy s coefficients estimated from data split B (half mission 2) of Planck
NPIPE (PR3) data products;

o cross-correlating a s coefficients evaluated from data split A (half mission 1) and data
split B (half mission 2) of Planck NPIPE (PR3) data products.

A word of caution concerning the case of the cross-correlation (since both auto-correlations
follow exactly the same pipeline of the full mission case). The main differences with respect
to the previously described case are the following:

o the calculation of the cv power spectrum before the debias (eq. (3.1)), as well as the one
of the isotropic bias term (eq. (3.4)), involves estimates of the ay s coefficients coming
from the two data splits (or from the two half-missions, if we work with Planck PR3
data products);

e . . . . . L.EB L,BE
« all quantities involving window functions and noise curves, i.e. Fy;;~ ", F,;~ " and the

X,map

analytic power spectra, CZX , must be evaluated separately for each data split (or

each half-mission).
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Figure 6. Left panel: de-biased acv power spectrum after binning with 100 multipoles per bin,
excluding the first 8 multipoles from the analysis, obtained auto-correlating «p s estimates from data
split A (blue), data split B (orange) and cross-correlating estimates from the two data splits (green)
of Planck NPIPE data products. Right panel: same as the left panel, for the auto-correlation of ayp, s
estimates from half mission 1 (blue), half mission 2 (orange) and for the cross-correlation from the
two half missions (green) of Planck PR3 data products.

Thus, the biased power spectrum of equation (3.1) is now calculated as:

1 1 Al . IBl.x
ST AP aarapa (5.7)

aé

And, since we are combining together estimates coming from two different data sets, the
normalization of the &p s coefficients is different depending on whether we are dealing with
data split A (half-mission 1) or data split B (half-mission 2) estimates. The distinction follows
the same notation, i.e. we indicate the inverse variance from the data split A (half-mission 1)
as (o.M ((o7?)M) and as (o7 H)B! ((o72)1) the one from the data split B (half-mission 2).

The same modification applies to the isotropic bias term (3.4), which now reads as:

P = (afl e, (5.5)
In the left panel of figure 6 we show the de-biased CB power spectrum after binning with
100 multipoles per bin, excluding the first 8 multipoles, for the different combinations of
data splits of Planck NPIPE; the error bars are at 1o. More precisely, the presented results
show the aar power spectra obtained auto-correlating «y s estimates from split A (blue),
auto-correlating estimates from split B (orange) and cross-correlating «ps estimates from
both split A and split B (green).

In the right panel of figure 6 we show the application of the pipeline to the different
choices of data splits of Planck PR3 data products; the auto-correlation from half mission 1
(blue), the auto-correlation from half mission 2 (orange) and the cross-correlation between
half mission 1 and half mission 2 (green).

The results presented in figure 6 have been obtained using the Planck NPIPE and PR3
data products cleaned with the component separation method Commander. In this section
we present the results for Commander only since our analysis shows consistency among the
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NPIPE Commander | PR3 Commander

aalA | 71.01% | aMalt! | 75.95%
aBlalBl | 777% | ool | 50.48%

alAlalBl | 83.08% | allal | 31.88%

aq 84.35% oo 6.61%

Table 1. Probability To Exceed for the CB power spectra estimated for the different data splits
presented in figure 6. For completeness, in the last row we also report the PTEs for the CB power
spectra estimated from Planck NPIPE and Planck PR3 full mission data products.

different component separation methods (see left and right panels of figure 4). The CB
power spectra estimated for the different data splits are compatible with zero with the
PTE reported in table 1.

Regarding the low PTEs associated with a@al? and alflalPl| it is crucial to recognize
that they correspond to distinct types of data splits. In the case of Planck PR3, the splits
are time-based, whereas for Planck NPIPE we are working with detector-based data splits.

Regarding the lowest PTEs listed in table 1, specifically those associated with a2 a2
and alPlalBl it is crucial to recognize that they correspond to distinct types of data splits.
In the case of Planck PR3, the splits are time-based, whereas for Planck NPIPE we are
working with detector-based data splits.

5.3 Consistency checks

In the following, we consider the specific case of full mission Planck NPIPE data products
and we go through three consistency checks. In particular, we compare the de-biased aa
power spectrum:

o for four different choices of the minimum CMB multipole included in the analysis,
considering the cases where (CMB =10, ¢CMB — 30, ¢CMB — 50 and (CMB = 100;

min min min min

o for three different choices of the maximum CMB multipole included in the analysis,
encoding for /CMB — 1500, ¢CMB —= 2000 and ¢(¢MB = 2500,

max max max

o for different masks applied to Planck NPIPE CMB polarization maps, corresponding to
the sky-fractions of fq, = 78.0%, 59.2%, 39.7%, 20.3%.

With reference to figure 7, it is possible to conclude that the obtained results exhibit consistency
across various choices of minimum and maximum CMB multipole included in the analysis.

The CB power spectrum results consistent also for the different masks applied to CMB
data and simulations, as displayed in figure 8. It is worth noting that, despite the results
showing strong consistency across different masks, the entire analysis normalized the estimator
using its analytic variance instead of the true variance. As we observe a smaller portion of
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Figure 7. CB power spectrum evaluated from Planck NPIPE full mission data products, binning
with 100 multipoles per bin and excluding the first 8 multipoles. Left panel: power spectra for different
values of /CMB included in the analysis and /M5B = 2000 for all cases. We indicate in blue the

min max
; in pfCMB _ ; in p)CMB _ ; ;
power spectrum obtained with ¢ " = 10, in orange the one with ¢ ;7" = 30, in green the one with

(CMB — 50 and in red the one with (SMB =100. Right panel: power spectra for different values of

(CMB included in the analysis and £SMB = 50 for all cases. We indicate in blue, orange and green
the CB power spectra obtained including CMB multipoles up to ¢¢MB = 1500, /SMB = 2000 and

(CMB — 9500, respectively.
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Figure 8. CB power spectrum evaluated from Planck NPIPE full mission data products, binning over
100 multipoles per bin and excluding the first 8 multipoles, for different masks applied to Planck maps.
In blue we show the power spectrum obtained with the standard mask, corresponding to a fey, = 78.0%;
in orange, green and red we show the power spectrum obtained applying masks corresponding to
foky = 59.2%,39.7%, 20.3% respectively.

the sky, the difference between the analytic and the true variance becomes more pronounced.
Specifically, we start observing a deviation from the analytic variance when applying the

galactic mask of fgy = 20%.

5.4 CB cross-correlation

In this section, we present the CB field map, derived using the de-biased estimates of
its spherical harmonic coefficients (eq. (2.18)). This map is illustrated in figure 9. We
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a map - Planck PR3 commander

Figure 9. CB map with a 1deg smoothing evaluated from Planck NPIPE data products on the left,
and the one evaluated from Planck PR3 data products on the right.

then delve into the cross-correlation analysis between this field and the CMB temperature
and polarization fields. Figures 10 detail these results, showcasing data from both the
Planck NPIPE (in green) and PR3 (in red) datasets.

The CB maps evaluated from Planck NPIPE (left panel in figure 9) and PR3 (right
panel in figure 9) data products are processed using a 1° FWHM Gaussian beam smoothing.
This processing follows the subtraction of the mean field term from the «apjs estimates,
based on both Planck NPIPE (map on the left) and PR3 (map on the right) data. The
final maps have been masked using the standard masks of Planck NPIPE (first mask in
figure 1) and Planck PR3 (second mask in figure 1). A notable feature in both CB maps is
the correlation of smaller angle multipoles (yellow regions) with the Planck scanning strategy,
as documented in [60].

For the analysis of the cross-correlation between CB and CMB temperature and polariza-
tion fields, we employed the Pymaster Python package [61], which facilitated the calculation
of the cross-spectra. In figure 10, the upper panel illustrates the cross-correlation between
CB and the CMB temperature field (o) displayed in band-powers, for both Planck NPIPE
(green points) and PR3 (red points) datasets. The lower panels display the cross-correlation
of the CB field with the CMB polarization fields («F and aB). The power spectra displayed
in figure 10 are binned with 100 multipoles per bin, excluding the first 8 multipoles and the
error bars have been evaluated from simulations. Note that the o1 power spectrum is not
represented in the units used for aFf and aB, rather it is showed in band-powers to allow
for a more direct comparison with the a7 power spectrum presented in [24].

Table 2 presents the Probability To Exceed (PTE) values for the cross-correlation power
spectra between the CB and CMB fields. Notably, the aB power spectrum from NPIPE,
illustrated in the lower right panel of figure 10, exhibits minimal scatter and this is reflected
in its high PTE value (98.75%).

6 Sensitivities of future experiments

In this section we present forecasts for forthcoming CMB experiments. The numerical compu-
tation of the variance of the estimator is crucial. Not only because it enables the calculation
of the ay s coefficients, but also serves as a rapid tool for forecasting future CMB experi-
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Figure 10. Cross-spectra between the CMB fields (temperature and polarization) and the CB field
for NPIPE, in green, and PR3, in red, data products. Upper panel: oI cross-spectrum in band-powers;
Lower left panel: aF cross-spectrum; Lower right panel: aB cross-spectrum.

NPIPE Commander | PR3 Commander
oT 8.27% 18.71%
aF 79.37% 16.31%
aB 98.75% 56.15%
a 84.85% 6.61%

Table 2. Probability To Exceed for the cross-spectra of the CB field with the temperature and
polarization CMB fields. For completeness, in the last row we also report the PTEs for the aa
auto-spectrum evaluated in the previous sections, for Planck NPIPE and PR3 data products.
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CMB experiments specifications
or op 0 fwhm
Experiment (uKaremin) | (uKarcmin) | (arcmin)
Planck 40 56.57 5
LiteBIRD 2.2 3.26 30
Simons ObservatoryLAT 6 8.49 1.4
CMB-54 3 4.24 1

Table 3. Instrumental specifications of the considered CMB experiments.

ments. By assessing o7, (eq. (2.22)), which reflects the sensitivity of an experiment to specific
cross-correlations, we can identify the most promising avenues for detecting CB signatures.

We present forecasts for the LiteBIRDsatellite [9], the Simons Observatory [10] and
CMB-S4 [11]. Together with the sensitivities of these forthcoming CMB experiments, we
also plot the one associated to the Planck satellite in order to provide a straightforward
comparison. In the following, we briefly list the instrumental specifications used for the
evaluation of the o; for each experiment.

The LiteBIRDsatellite, whose launch is predicted for the late 2020s, is composed of
three telescopes which cover a total frequency range of 34-448 GHz. Its expected total
sensitivity is ~ 2.2uK - arcmin with an angular resolution of 30 arcmin. The ground-based
Simons Observatory will cover the frequency range 27-280 GHz and is composed by the
Small Aperture Telescopes (SATs) and the Large Aperture Telescope (LAT). In this
work we focus on the Large Angular Telescope [62]. Simons Observatory LAT is expected
to have a total sensitivity of 6uK - arcmin and an angular resolution of 1.4 arcmin. CMB-S4
is composed of 21 telescopes, 3 are large aperture telescopes and 18 are small aperture
telescopes, and it will cover the frequency range 30-300 GHz. Its predicted total sensitivity is
of 3uK - arcmin with an angular resolution of 1 arcmin. All the instrumental specifications,
relevant for the analysis presented here, are summarised in table 3.

Figure 11 shows the improvement of the LiteBIRDsatellite with respect to Planck.
Further improvements will be granted by ground based experiments. It is worth also to notice
that the sensitivity that characterizes each experiment is not the only factor entering in the
computation of oy, but also the angular resolution plays an important role. This can be seen
comparing LiteBIRD and Simons ObservatoryLAT (as well as LiteBIRD and CMB-S4). Of
course, experiments with higher resolution will grant access to smaller angular scales.

7 Conclusions

In this study we have built an estimator for the spherical harmonic coefficients of the CB
field which implements the method described in [53] and exploits the information contained
in the CMB EB cross-correlation. Based on the latter, we have built a pipeline aimed at
extracting the angular power spectrum of CB from CMB polarization maps. We applied it to
both Planck PR3 and NPIPE data products, considering full-mission data and different data
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Figure 11. Variance of the estimator evaluated with the instrumental specifications of the four CMB
experiments reported in table 3.

splits. In all cases, our analysis consistently found that the CB power spectrum is compatible
with zero at a significance level of approximately 20. As expected, Planck NPIPE full mission
data are slightly more constraining than the corresponding PR3 products.

Our findings agree with the CB power spectrum estimated from other analysis of Planck
data [23, 26, 27] and various other experiments, including ACT [25], POLARBEAR [63],
BICEP2/Keck Array [8] and SPT [24]. Moreover, we carried out a series of consistency checks
reinforcing the reliability of our analysis, which we showed to be robust against: 1) the different
component separation methods considered; 2) the different choices of minimum and maximum
CMB multipoles included in the analysis; 3) the different masks applied to CMB maps.

Additionally, we employed the spherical harmonic coefficients of the CB field estimated
from our pipeline to cross-correlate with the CMB temperature and polarization fields,
producing o1, aF, and aB power spectra up to L = 1500. Of these, the first two are
predicted to be non-null in several models providing a further mean to constrain axion
parameters, see e.g. [50, 64].

We have also presented forecast for future CMB experiments showing that they will
achieve sensitivities to anisotropic CB order of magnitudes better than what is currently
available. In particular, the LiteBIRD satellite will reach a factor of ~ 25 improvement
with respect to the Planck at power spectrum level, while CMB-84 [11] will be able to reach
an improvement of a factor of ~ 1000.

The code and the pipeline developed for this work are publicly available,” along with
products employed.® Upon requests we can provide additional products such as birefringence
maps or apjys coefficients.

"The code is available on GitHub at https://github.com/paganol/alpha_ lm.
8CB spectra from Planck PR3 and NPIPE, as well as its cross-correlations with the CMB T-, E- and
B-fields are available on GitHub at https://github.com/giorgiazagatti/CB_ Planck__maps_ spectra.git.
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A Construction of the estimator

In section 2.1 we re-write the part of equation (2.33) without its normalization (i.e., without

or ) that we indicate as agﬁ, in order to reduce the computation time.

L EB E,map B,map,*
ge/ Z Gy Qprom? §€m£’m’
—UN -1
QLM = Z (1 + 5MI> EE ;map ~BB,map +
o> Cg CZ/

L BE B,map FE map,*
ee, Z a ae, / gémé’ ’

mm/
+ CBB,mapCEE,map : (Al)
E ’

In this appendix we show the calculations to obtain the implemented expression of the
harmonic estimator for the CB field.

Since the second term inside the summation is equal to the first one with £ — ¢’ inverted,
an equivalent expression of (A.1), making the expression of the F, ZL@,EB term explicit, is:

EE E map B map,
2H££/C€ WZWZ/ Z a gémé’m’

—UN mm’
LM = CEE mapCBB map : (A2)
o L

In the following, we re-write the 2H eLefgsz%m/ term. Specifying the expression of f@LT%/m'
we end up with:

2H&/\/(2£+1)(2L+1)(2€’+1) ( ¢ L e’>7 A3)

A7 —-m M m’

and, exploiting the definition of H}, and the properties of the Wigner-3j symbols, recalling
that ¢ + L + ¢ must be even in the case of the EB cross-correlation induced by CB, it is
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also possible to write:

¢ LV (L
2HL/:
o <+2 0 —2> + <—2 0 +2>’

so that we can use the definition of the triple integral to re-write the product (A.3) as:

€L€’+EL€’ ¢ LY
+2 0 -2 -2 0 +2 —m M m/

= [ RYias (@) -Yim ()42 () + 42 Ve m(3) -2 Yo ()] (A4)

\/(zz +1)(2L + 1)(20' + 1)
41

Therefore, the estimator can be written as:

CEPE(_1ymeEmaryy, Ly, S oY
ayly = /dﬁYLMlZ () “MLZ% L

CEE,map BB ,map
Im ¢
— )" " Wer2Yeom <~ G ”7“”"’ Wi Yirm
+ Z CEE map Z BB ,map <A5)
4
. CEE Emap, Wi—oYom %, /a Wg/ N7
= /dnYLM [Z CEE,map Z BB ,map (AG)
fm / /
EE Emap, 1% Y, B,map,* 1% Y,
{42 0m Qprpr =21 0rm/
+ Z EE ,map Z BB ,map ‘| ’ (A7)
where the second equivalence follows from (a)X )* = (—1)™a;)* .
At this point we define two new objects:
QF £iUF =3 (CFFa") soYom, (A.8)
Im
QF £iUP =Y (xidy, ) +2Yem (A.9)
Im
with @E’* and ae * defined as:
Uy, = CEE mapWe, (A.10)
14
Een’z == %Wg. (All)
14
Re-writing equation (A.7) in terms of (A.8) and (A.9), we obtain:
all = /dﬁYLM[2(QEUB - UFQP)). (A.12)

Performing the complex conjugate of the above equation and recognizing a “map-like” object
in the term inside the square brackets, we obtain:

a N = / dnY;ym' (). (A.13)
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This final expression is particularly useful since, having defined m/(a/) in terms of the real Q-
like and U-like objects from (A.8) and (A.9), we can directly obtain the associated spherical
harmonic coefficients.

A word of caution before proceeding. This procedure allows us to obtain an estimate
for the compler conjugate and unnormalized oy s coefficients. We recover the final estimate
for the ayps coefficients as:

oM = LM (A.14)

B Validation tests

In this appendix we show some validation tests for our pipeline. In particular, we show that
the application of the implemented estimator to a rotated CMB polarization map recovers
the same input rotation. On the contrary, we also test the de-biasing procedure, showing
that the pipeline produces a CB power spectrum compatible with zero in case of un-rotated
input CMB polarization maps.

All the presented results have been obtained using a set of 100 CMB full-sky simulations

COMB = 512, 0 yhm = 30 arcmin, o2,

noise

at a resolution of Ngge= 512, with £
P T
and Onoise — \/io-noise'

= 1uKarcmin

B.1 Validation with a rotation signal

In order to validate the pipeline in case of a non-zero rotation signal in the input CMB

polarization maps, we use a CB power spectrum that is scale invariant in band powers:

L(L+1)
27

After a proper choice of the amplitude, A = 0.006 deg?, we can end up with the fiducial CB

D = A= cse.

power spectrum used for the test of the estimator, by inverting the previous relation:

; 21 A
aa, fid _ B.1
L L(L+1) (B-1)

At this point we generate 100 realizations of CMB maps from the fiducial power spectrum
and we rotate each CMB realization accordingly to the associated CB field realization. We
are generating different CB realizations for each simulation, each one obtained from the
same input aa power spectrum. Once we have the rotated CMB maps, we convolve for
the beam and add the noise to each realization.

Having the set of rotated CMB+noise simulations, we apply the pipeline described in
this work to the simulated maps, evaluating the aa power spectrum before the de-biasing
procedure, C%%, and the isotropic bias term, C’Eias’iso. Since for the validation part we are
working in the ideal case of full-sky and white noise, only the computation of the isotropic
bias term is needed.

In the upper panel of figure 12 we compare the input signal and the average of the
estimated CB power spectra computed over the simulations. In the lower panel we show the
difference between the estimated and the input power spectra. The difference is compatible
with zero at 20.
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Figure 12. Validation with rotation signal: Upper panel: input power spectrum (red curve), average
of the estimated a« power spectra (black curve), the 1o, 20 and 30 confidence intervals are the dark
green, light green and gray areas, respectively. Lower panel: difference between the input and the
recovered power spectrum.

B.2 Validation without a rotation signal

For this second part of the validation we apply our pipeline to the 100 full-sky CMB
polarization maps without rotating them.

In figure 13 we compare the average of the e power spectra computed over the simulations
(black curve) with the expected zero rotation signal (red curve). The shaded areas are the
lo, 20 and 30 confidence intervals. The average de-biased power spectrum is compatible

with zero at 2o.

C Jack-knife tests

In this appendix, we detail the outcomes of two different jack-knife tests conducted on
Planck NPIPE data.

For the first test, we consider the maps obtained from the difference between split A
and B, for both data and simulations:

myjg = ma —mp, (Cl)

and we extract the CB spectrum applying the pipeline presented in this study on this new
set of maps. Ideally, m g should contain only noise and therefore its CB spectrum should be
compatible with zero. However, in case of systematics, deviations from null might show up.
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Figure 13. Average of the estimated aa power spectra (black curve) from simulated CMB realizations
without rotation. The 1o, 20 and 3¢ confidence intervals are the dark green, light green and gray
areas, respectively.

In the left panel of figure 14, we show the CB power spectrum estimated from the set of
m i, which is found to be consistent with a null hypothesis, exhibiting a PTE of 33.13%. From
this analysis, we do not find a significant impact of systematic effects on the presented results.
The second jack-knife test consists in the estimation of the CB power spectrum from

a set of ay)s obtained as:
G = Aar — i (C2)

where a[L‘4]\]4 and oz[LB]\14 are the estimates of the spherical harmonic coefficients evaluated from

Planck NPIPE data splits A and B, respectively.

The pipeline followed to end up with the final estimate of the CB power spectrum is the
same described in this work, with the only exception on how the isotropic bias term, C}-zias’iso
(see eq. (3.3)), has been evaluated. Specifically, the starting point for its evaluation is:

[JK] A [JE] %

CEias,iso _ dLM ayly >’ (03)

K]

and, since the & i] v estimates have been obtained in terms of the estimates from each NPIPE
data split (eq. (C.2)), we can express the isotropic bias term needed for the debiasing procedure
for this test, in terms of the one evaluated from the slpitA x splitA, splitB x splitB and

splitA x splitB cases, as:

bias,iso __ ,~bias,iso,AXA bias,iso,A x B bias,iso,BxB

In the right panel of figure 14 we show the binned CB power spectrum obtained from the
new set of spherical harmonic coefficients, dgﬁ}. Also for this case, the CB power spectrum

is compatible with zero with a PTE of 29.83%.
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Figure 14. Jack-knife tests. Left panel: CB power spectrum estimated from a new set of maps,
myg, obtained subtracting the CMB maps of splitB from the ones of splitA. Right panel: CB power
spectrum estimated from a new set of spherical harmonic coefficients estimates, d[L‘]AI;], obtained as
the difference of the estimates from splitA and splitB.
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Figure 15. Left panel: correlation matrix for the first jack-knife test. Right panel: correlation matrix
for the second jack-knife test. The correlation coefficients are expressed in terms of percentage.

In figure 15 we report the correlation matrices associated to the first and the second
jack-knife tests presented in this study, in the left and right panel, respectively. Even though
by eye we do not expect a better PTE associated to the first jack-knife test (power spectrum
showed in the left panel of figure 14), we can explain it observing its correlation matrix. In
fact, it is possible to appreciate a higher degree of correlation.

— 928 —



References

1]

[12]
[13]

[14]

[15]

[16]

[17]

J.C. Mather et al., A preliminary measurement of the Cosmic Microwave Background spectrum
by the Cosmic Background Explorer (COBE) satellite, Astrophys. J. Lett. 354 (1990) L37
[INSPIRE].

W.C. Jones et al., A measurement of the angular power spectrum of the CMB temperature
anisotropy from the 2003 flight of BOOMERANG, Astrophys. J. 647 (2006) 823
[astro-ph/0507494] [INSPIRE].

S. Hanany et al., MAXIMA-1: a measurement of the cosmic microwave background anisotropy
on angular scales of 10 arcminutes to 5 degrees, Astrophys. J. Lett. 545 (2000) L5
[astro-ph/0005123] [INSPIRE].

WMAP collaboration, Nine-year Wilkinson Microwave Anisotropy Probe (WMAP) observations:
cosmological parameter results, Astrophys. J. Suppl. 208 (2013) 19 [arXiv:1212.5226] [INSPIRE].

PLANCK collaboration, Planck 2018 results. I. Overview and the cosmological legacy of Planck,
Astron. Astrophys. 641 (2020) Al [arXiv:1807.06205] [INSPIRE].

ACT collaboration, The Atacama Cosmology Telescope: DR4A maps and cosmological parameters,
JCAP 12 (2020) 047 [arXiv:2007.07288] [INSPIRE].

SPT-3G collaboration, Measurement of the CMB temperature power spectrum and constraints
on cosmology from the SPT-3G 2018 TT, TE, and EE dataset, Phys. Rev. D 108 (2023) 023510
[arXiv:2212.05642] [INSPIRE].

BICEP and KEcCK collaborations, Improved constraints on primordial gravitational waves using
Planck, WMAP, and BICEP/Keck observations through the 2018 observing season, Phys. Rev.
Lett. 127 (2021) 151301 [arXiv:2110.00483] INSPIRE].

LITEBIRD collaboration, Probing cosmic inflation with the LiteBIRD cosmic microwave
background polarization survey, PTEP 2023 (2023) 042F01 [arXiv:2202.02773] [INSPIRE].

SIMONS OBSERVATORY collaboration, The Simons observatory: science goals and forecasts,
JCAP 02 (2019) 056 [arXiv:1808.07445] [INSPIRE].

K. Abazajian et al., CMB-54 science case, reference design, and project plan,
arXiv:1907.04473 [INSPIRE].

S. Dodelson, Modern cosmology, Academic Press, Amsterdam, The Netherlands (2003) [INSPIRE].

Y. Minami and E. Komatsu, New extraction of the cosmic birefringence from the Planck 2018
polarization data, Phys. Rev. Lett. 125 (2020) 221301 [arXiv:2011.11254] INSPIRE].

P. Diego-Palazuelos et al., Cosmic birefringence from Planck public release 4, in the proceedings
of the 56" Rencontres de Moriond on cosmology, (2022) [arXiv:2203.04830] [INSPIRE].

J.R. Eskilt, Frequency-dependent constraints on cosmic birefringence from the LFI and HFI
Planck data release 4, Astron. Astrophys. 662 (2022) A10 [arXiv:2201.13347] [INSPIRE].

J.R. Eskilt and E. Komatsu, Improved constraints on cosmic birefringence from the WMAP and
Planck cosmic microwave background polarization data, Phys. Rev. D 106 (2022) 063503
[arXiv:2205.13962] INSPIRE].

S.M. Carroll, G.B. Field and R. Jackiw, Limits on a Lorentz and parity violating modification of
electrodynamics, Phys. Rev. D 41 (1990) 1231 [INSPIRE].

— 29 —


https://doi.org/10.1086/185717
https://inspirehep.net/literature/29735
https://doi.org/10.1086/505559
https://arxiv.org/abs/astro-ph/0507494
https://inspirehep.net/literature/687914
https://doi.org/10.1086/317322
https://arxiv.org/abs/astro-ph/0005123
https://inspirehep.net/literature/541359
https://doi.org/10.1088/0067-0049/208/2/19
https://arxiv.org/abs/1212.5226
https://inspirehep.net/literature/1208272
https://doi.org/10.1051/0004-6361/201833880
https://arxiv.org/abs/1807.06205
https://inspirehep.net/literature/1682875
https://doi.org/10.1088/1475-7516/2020/12/047
https://arxiv.org/abs/2007.07288
https://inspirehep.net/literature/1806985
https://doi.org/10.1103/PhysRevD.108.023510
https://arxiv.org/abs/2212.05642
https://inspirehep.net/literature/2613468
https://doi.org/10.1103/PhysRevLett.127.151301
https://doi.org/10.1103/PhysRevLett.127.151301
https://arxiv.org/abs/2110.00483
https://inspirehep.net/literature/1938051
https://doi.org/10.1093/ptep/ptac150
https://arxiv.org/abs/2202.02773
https://inspirehep.net/literature/2029403
https://doi.org/10.1088/1475-7516/2019/02/056
https://arxiv.org/abs/1808.07445
https://inspirehep.net/literature/1689432
https://arxiv.org/abs/1907.04473
https://inspirehep.net/literature/1743173
https://inspirehep.net/literature/640063
https://doi.org/10.1103/PhysRevLett.125.221301
https://arxiv.org/abs/2011.11254
https://inspirehep.net/literature/1832523
https://arxiv.org/abs/2203.04830
https://inspirehep.net/literature/2049190
https://doi.org/10.1051/0004-6361/202243269
https://arxiv.org/abs/2201.13347
https://inspirehep.net/literature/2022812
https://doi.org/10.1103/PhysRevD.106.063503
https://arxiv.org/abs/2205.13962
https://inspirehep.net/literature/2088623
https://doi.org/10.1103/PhysRevD.41.1231
https://inspirehep.net/literature/26310

[18] Y. Minami et al., Simultaneous determination of the cosmic birefringence and miscalibrated
polarization angles from CMB experiments, PTEP 2019 (2019) 083E02 [arXiv:1904.12440]
[INSPIRE].

[19] Y. Minami, Determination of miscalibrated polarization angles from observed cosmic microwave
background and foreground EB power spectra: application to partial-sky observation, PTEP 2020
(2020) 063E01 [arXiv:2002.03572] [INSPIRE].

[20] Y. Minami and E. Komatsu, Simultaneous determination of the cosmic birefringence and
miscalibrated polarization angles II: including cross frequency spectra, PTEP 2020 (2020) 103E02
[arXiv:2006.15982] [INSPIRE].

[21] L. Pagano et al., CMB polarization systematics, cosmological birefringence and the gravitational
waves background, Phys. Rev. D 80 (2009) 043522 [arXiv:0905.1651] INSPIRE].

[22] PLANCK collaboration, Planck intermediate results. XLIX. Parity-violation constraints from
polarization data, Astron. Astrophys. 596 (2016) A110 [arXiv:1605.08633] [INSPIRE].

[23] D. Contreras, P. Boubel and D. Scott, Constraints on direction-dependent cosmic birefringence
from Planck polarization data, JCAP 12 (2017) 046 [arXiv:1705.06387] INSPIRE].

[24] SPT collaboration, Searching for anisotropic cosmic birefringence with polarization data from
SPTpol, Phys. Rev. D 102 (2020) 083504 [arXiv:2006.08061] INSPIRE].

[25] T. Namikawa et al., Atacama Cosmology Telescope: constraints on cosmic birefringence, Phys.
Rev. D 101 (2020) 083527 [arXiv:2001.10465] [INSPIRE].

[26] A. Gruppuso, D. Molinari, P. Natoli and L. Pagano, Planck 2018 constraints on anisotropic
birefringence and its cross-correlation with CMB anisotropy, JCAP 11 (2020) 066
[arXiv:2008.10334] [INSPIRE].

[27] M. Bortolami et al., Planck constraints on cross-correlations between anisotropic cosmic
birefringence and CMB polarization, JCAP 09 (2022) 075 [arXiv:2206.01635] [INSPIRE].

[28] E. Komatsu, New physics from the polarized light of the cosmic microwave background, Nature
Rev. Phys. 4 (2022) 452 [arXiv:2202.13919] [NSPIRE].

[29] S.E. Clark, C.-G. Kim, J.C. Hill and B.S. Hensley, The origin of parity violation in polarized
dust emission and implications for cosmic birefringence, Astrophys. J. 919 (2021) 53
[arXiv:2105.00120] [INSPIRE].

[30] A.J. Cukierman, S.E. Clark and G. Halal, Magnetic misalignment of interstellar dust filaments,
Astrophys. J. 946 (2023) 106 [arXiv:2208.07382] [INSPIRE].

[31] P. Diego-Palazuelos et al., Robustness of cosmic birefringence measurement against galactic
foreground emission and instrumental systematics, JCAP 01 (2023) 044 [arXiv:2210.07655]
[INSPIRE].

[32] S.-S. Chern and J. Simons, Characteristic forms and geometric invariants, Annals Math. 99
(1974) 48 [INSPIRE].

[33] G. Gubitosi et al., A constraint on Planck-scale modifications to electrodynamics with CMB
polarization data, JCAP 08 (2009) 021 [arXiv:0904.3201] [INSPIRE].

[34] M. Lembo et al., Cosmic microwave background polarization as a tool to constrain the optical
properties of the universe, Phys. Rev. Lett. 127 (2021) 011301 [arXiv:2007.08486] [NSPIRE].

[35] K. Murai, F. Naokawa, T. Namikawa and E. Komatsu, Isotropic cosmic birefringence from early
dark energy, Phys. Rev. D 107 (2023) L041302 [arXiv:2209.07804] [INSPIRE].

— 30 —


https://doi.org/10.1093/ptep/ptz079
https://arxiv.org/abs/1904.12440
https://inspirehep.net/literature/1731887
https://doi.org/10.1093/ptep/ptaa057
https://doi.org/10.1093/ptep/ptaa057
https://arxiv.org/abs/2002.03572
https://inspirehep.net/literature/1779504
https://doi.org/10.1093/ptep/ptaa130
https://arxiv.org/abs/2006.15982
https://inspirehep.net/literature/1803681
https://doi.org/10.1103/PhysRevD.80.043522
https://arxiv.org/abs/0905.1651
https://inspirehep.net/literature/819974
https://doi.org/10.1051/0004-6361/201629018
https://arxiv.org/abs/1605.08633
https://inspirehep.net/literature/1466115
https://doi.org/10.1088/1475-7516/2017/12/046
https://arxiv.org/abs/1705.06387
https://inspirehep.net/literature/1600193
https://doi.org/10.1103/PhysRevD.102.083504
https://arxiv.org/abs/2006.08061
https://inspirehep.net/literature/1801217
https://doi.org/10.1103/PhysRevD.101.083527
https://doi.org/10.1103/PhysRevD.101.083527
https://arxiv.org/abs/2001.10465
https://inspirehep.net/literature/1777623
https://doi.org/10.1088/1475-7516/2020/11/066
https://arxiv.org/abs/2008.10334
https://inspirehep.net/literature/1813059
https://doi.org/10.1088/1475-7516/2022/09/075
https://arxiv.org/abs/2206.01635
https://inspirehep.net/literature/2091452
https://doi.org/10.1038/s42254-022-00452-4
https://doi.org/10.1038/s42254-022-00452-4
https://arxiv.org/abs/2202.13919
https://inspirehep.net/literature/2039713
https://doi.org/10.3847/1538-4357/ac0e35
https://arxiv.org/abs/2105.00120
https://inspirehep.net/literature/1861788
https://doi.org/10.3847/1538-4357/acb0c4
https://arxiv.org/abs/2208.07382
https://inspirehep.net/literature/2136657
https://doi.org/10.1088/1475-7516/2023/01/044
https://arxiv.org/abs/2210.07655
https://inspirehep.net/literature/2165798
https://doi.org/10.2307/1971013
https://doi.org/10.2307/1971013
https://inspirehep.net/literature/95448
https://doi.org/10.1088/1475-7516/2009/08/021
https://arxiv.org/abs/0904.3201
https://inspirehep.net/literature/818410
https://doi.org/10.1103/PhysRevLett.127.011301
https://arxiv.org/abs/2007.08486
https://inspirehep.net/literature/1807451
https://doi.org/10.1103/PhysRevD.107.L041302
https://arxiv.org/abs/2209.07804
https://inspirehep.net/literature/2152952

[36]

[37]

[38]

[39]

[40]

[41]

[42]
[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

J.R. Eskilt et al., Constraints on early dark energy from isotropic cosmic birefringence, Phys.
Rev. Lett. 131 (2023) 121001 [arXiv:2303.15369] [INSPIRE].

M. Li and X. Zhang, Cosmological CPT wviolating effect on CMB polarization, Phys. Rev. D 78
(2008) 103516 [arXiv:0810.0403] INSPIRE].

M. Kamionkowski, How to de-rotate the cosmic microwave background polarization, Phys. Reuv.
Lett. 102 (2009) 111302 [arXiv:0810.1286] [INSPIRE].

G. Gubitosi et al., Using CMB data to constrain non-isotropic Planck-scale modifications to
electrodynamics, JCAP 11 (2011) 003 [arXiv:1106.6049] [INSPIRE].

S.M. Carroll, Quintessence and the rest of the world, Phys. Rev. Lett. 81 (1998) 3067
[astro-ph/9806099] [INSPIRE].

S. Panda, Y. Sumitomo and S.P. Trivedi, Azions as quintessence in string theory, Phys. Rev. D
83 (2011) 083506 [arXiv:1011.5877] [INSPIRE].

D.J.E. Marsh, Azion cosmology, Phys. Rept. 643 (2016) 1 [arXiv:1510.07633] [INSPIRE].

E.G.M. Ferreira, Ultra-light dark matter, Astron. Astrophys. Rev. 29 (2021) 7
[arXiv:2005.03254] [NSPIRE].

L.M. Capparelli, R.R. Caldwell and A. Melchiorri, Cosmic birefringence test of the Hubble
tension, Phys. Rev. D 101 (2020) 123529 [arXiv:1909.04621] INSPIRE].

E. Di Valentino et al., In the realm of the Hubble tension — a review of solutions, Class. Quant.
Grav. 38 (2021) 153001 [arXiv:2103.01183] INSPIRE].

F. Finelli and M. Galaverni, Rotation of linear polarization plane and circular polarization from
cosmological pseudo-scalar fields, Phys. Rev. D 79 (2009) 063002 [arXiv:0802.4210] [INSPIRE].

M.A. Fedderke, P.W. Graham and S. Rajendran, Axzion dark matter detection with CMB
polarization, Phys. Rev. D 100 (2019) 015040 [arXiv:1903.02666] [INSPIRE].

H. Nakatsuka, T. Namikawa and E. Komatsu, Is cosmic birefringence due to dark energy or dark
matter? A tomographic approach, Phys. Rev. D 105 (2022) 123509 [arXiv:2203.08560]
[INSPIRE].

M. Galaverni, F. Finelli and D. Paoletti, Redshift evolution of cosmic birefringence in CMB
anisotropies, Phys. Rev. D 107 (2023) 083529 [arXiv:2301.07971] [InSPIRE].

A. Greco, N. Bartolo and A. Gruppuso, Probing axions through tomography of anisotropic cosmic
birefringence, JCAP 05 (2023) 026 [arXiv:2211.06380] [INSPIRE].

A. Greco, N. Bartolo and A. Gruppuso, A new solution for the observed isotropic cosmic
birefringence angle and its implications for the anisotropic counterpart through a Boltzmann
approach, arXiv:2401.07079 [INSPIRE].

R.R. Caldwell, V. Gluscevic and M. Kamionkowski, Cross-correlation of cosmological
birefringence with CMB temperature, Phys. Rev. D 84 (2011) 043504 [arXiv:1104.1634]
[INSPIRE].

V. Gluscevic, M. Kamionkowski and A. Cooray, De-rotation of the cosmic microwave background
polarization: full-sky formalism, Phys. Rev. D 80 (2009) 023510 [arXiv:0905.1687] [INSPIRE].

PLANCK collaboration, Planck intermediate results. LVII. Joint Planck LFI and HFI data
processing, Astron. Astrophys. 643 (2020) A42 [arXiv:2007.04997] INSPIRE].

— 31 —


https://doi.org/10.1103/PhysRevLett.131.121001
https://doi.org/10.1103/PhysRevLett.131.121001
https://arxiv.org/abs/2303.15369
https://inspirehep.net/literature/2646182
https://doi.org/10.1103/PhysRevD.78.103516
https://doi.org/10.1103/PhysRevD.78.103516
https://arxiv.org/abs/0810.0403
https://inspirehep.net/literature/798296
https://doi.org/10.1103/PhysRevLett.102.111302
https://doi.org/10.1103/PhysRevLett.102.111302
https://arxiv.org/abs/0810.1286
https://inspirehep.net/literature/798827
https://doi.org/10.1088/1475-7516/2011/11/003
https://arxiv.org/abs/1106.6049
https://inspirehep.net/literature/916633
https://doi.org/10.1103/PhysRevLett.81.3067
https://arxiv.org/abs/astro-ph/9806099
https://inspirehep.net/literature/472059
https://doi.org/10.1103/PhysRevD.83.083506
https://doi.org/10.1103/PhysRevD.83.083506
https://arxiv.org/abs/1011.5877
https://inspirehep.net/literature/879075
https://doi.org/10.1016/j.physrep.2016.06.005
https://arxiv.org/abs/1510.07633
https://inspirehep.net/literature/1400955
https://doi.org/10.1007/s00159-021-00135-6
https://arxiv.org/abs/2005.03254
https://inspirehep.net/literature/1794765
https://doi.org/10.1103/PhysRevD.101.123529
https://arxiv.org/abs/1909.04621
https://inspirehep.net/literature/1753422
https://doi.org/10.1088/1361-6382/ac086d
https://doi.org/10.1088/1361-6382/ac086d
https://arxiv.org/abs/2103.01183
https://inspirehep.net/literature/1849649
https://doi.org/10.1103/PhysRevD.79.063002
https://arxiv.org/abs/0802.4210
https://inspirehep.net/literature/780362
https://doi.org/10.1103/PhysRevD.100.015040
https://arxiv.org/abs/1903.02666
https://inspirehep.net/literature/1724176
https://doi.org/10.1103/PhysRevD.105.123509
https://arxiv.org/abs/2203.08560
https://inspirehep.net/literature/2053441
https://doi.org/10.1103/PhysRevD.107.083529
https://arxiv.org/abs/2301.07971
https://inspirehep.net/literature/2624670
https://doi.org/10.1088/1475-7516/2023/05/026
https://arxiv.org/abs/2211.06380
https://inspirehep.net/literature/2181190
https://arxiv.org/abs/2401.07079
https://inspirehep.net/literature/2747332
https://doi.org/10.1103/PhysRevD.84.043504
https://arxiv.org/abs/1104.1634
https://inspirehep.net/literature/895765
https://doi.org/10.1103/PhysRevD.80.023510
https://arxiv.org/abs/0905.1687
https://inspirehep.net/literature/819995
https://doi.org/10.1051/0004-6361/202038073
https://arxiv.org/abs/2007.04997
https://inspirehep.net/literature/1806508

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

A R. Pullen and M. Kamionkowski, Cosmic microwave background statistics for a
direction-dependent primordial power spectrum, Phys. Rev. D 76 (2007) 103529
[arXiv:0709.1144] [INSPIRE].

V. Gluscevic, D. Hanson, M. Kamionkowski and C.M. Hirata, First CMB constraints on
direction-dependent cosmological birefringence from WMAP-7, Phys. Rev. D 86 (2012) 103529
[arXiv:1206.5546] [INSPIRE].

V. Gluscevic, M. Kamionkowski and A. Cooray, De-rotation of the cosmic microwave background
polarization: full-sky formalism, Phys. Rev. D 80 (2009) 023510 [arXiv:0905.1687] [INSPIRE].

K.M. Gorski et al., HEALPiz — a framework for high resolution discretization, and fast analysis
of data distributed on the sphere, Astrophys. J. 622 (2005) 759 [astro-ph/0409513] [INSPIRE].

Pranck collaboration, Planck 2018 results. IV. Diffuse component separation, Astron. Astrophys.
641 (2020) A4 [arXiv:1807.06208] [INSPIRE].

PLANCK collaboration, Planck 2013 results. VIII. HFI photometric calibration and mapmaking,
Astron. Astrophys. 571 (2014) A8 [arXiv:1303.5069] [INSPIRE].

LSST DARK ENERGY SCIENCE collaboration, A unified pseudo-Cy framework, Mon. Not. Roy.
Astron. Soc. 484 (2019) 4127 [arXiv:1809.09603] [INSPIRE].

N. Zhu et al., The Simons observatory large aperture telescope receiver, Astrophys. J. Supp. 256
(2021) 23 [arXiv:2103.02747] [iNSPIRE].

POLARBEAR collaboration, POLARBEAR constraints on cosmic birefringence and primordial
magnetic fields, Phys. Rev. D 92 (2015) 123509 [arXiv:1509.02461] INSPIRE].

A. Greco, N. Bartolo and A. Gruppuso, Cosmic birefrigence: cross-spectra and cross-bispectra
with CMB anisotropies, JCAP 03 (2022) 050 [arXiv:2202.04584] INSPIRE].

C.R. Harris et al., Array programming with NumPy, Nature 585 (2020) 357 [arXiv:2006.10256]
[[NSPIRE].

J.D. Hunter, Matplotlib: a 2D graphics environment, Comput. Sci. Eng. 9 (2007) 90 [NnSPIRE].

A. Zonca et al., healpy: equal area pixelization and spherical harmonics transforms for data on
the sphere in python, J. Open Source Softw. 4 (2019) 1298 [INSPIRE].

K.M. Gérski et al., HEALPiz — a framework for high resolution discretization, and fast analysis
of data distributed on the sphere, Astrophys. J. 622 (2005) 759 [astro-ph/0409513] [INSPIRE].

- 32 —


https://doi.org/10.1103/PhysRevD.76.103529
https://arxiv.org/abs/0709.1144
https://inspirehep.net/literature/760284
https://doi.org/10.1103/PhysRevD.86.103529
https://arxiv.org/abs/1206.5546
https://inspirehep.net/literature/1119503
https://doi.org/10.1103/PhysRevD.80.023510
https://arxiv.org/abs/0905.1687
https://inspirehep.net/literature/819995
https://doi.org/10.1086/427976
https://arxiv.org/abs/astro-ph/0409513
https://inspirehep.net/literature/659804
https://doi.org/10.1051/0004-6361/201833881
https://doi.org/10.1051/0004-6361/201833881
https://arxiv.org/abs/1807.06208
https://inspirehep.net/literature/1682914
https://doi.org/10.1051/0004-6361/201321538
https://arxiv.org/abs/1303.5069
https://inspirehep.net/literature/1224734
https://doi.org/10.1093/mnras/stz093
https://doi.org/10.1093/mnras/stz093
https://arxiv.org/abs/1809.09603
https://inspirehep.net/literature/1695410
https://doi.org/10.3847/1538-4365/ac0db7
https://doi.org/10.3847/1538-4365/ac0db7
https://arxiv.org/abs/2103.02747
https://inspirehep.net/literature/1850021
https://doi.org/10.1103/PhysRevD.92.123509
https://arxiv.org/abs/1509.02461
https://inspirehep.net/literature/1392433
https://doi.org/10.1088/1475-7516/2022/03/050
https://arxiv.org/abs/2202.04584
https://inspirehep.net/literature/2030222
https://doi.org/10.1038/s41586-020-2649-2
https://arxiv.org/abs/2006.10256
https://inspirehep.net/literature/1818116
https://doi.org/10.1109/MCSE.2007.55
https://inspirehep.net/literature/1620084
https://doi.org/10.21105/joss.01298
https://inspirehep.net/literature/1807163
https://doi.org/10.1086/427976
https://arxiv.org/abs/astro-ph/0409513
https://inspirehep.net/literature/659804

	Introduction
	Harmonic estimator
	EB-estimator

	Angular power spectrum and de-biasing procedure
	Data set and simulations
	Results
	Full mission
	Data splits
	Consistency checks
	CB cross-correlation

	Sensitivities of future experiments
	Conclusions
	Construction of the estimator
	Validation tests
	Validation with a rotation signal
	Validation without a rotation signal

	Jack-knife tests

