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ABSTRACT: Cosmic birefringence (CB) is the rotation of the photons’ linear polarisation plane

during propagation. Such an effect is a tracer of parity-violating extensions of standard elec-
tromagnetism and would probe the existence of a new cosmological field acting as dark matter
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or dark energy. It has become customary to employ cosmic microwave background (CMB)
polarised data to probe such a phenomenon. Recent analyses on Planck and WMAP data
provide a hint of detection of the isotropic CB angle with an amplitude of around 0.3° at
the level of 2.4 to 3.60. In this work, we explore the Lite BIRD capabilities in constraining
such an effect, accounting for the impact of the more relevant systematic effects, namely
foreground emission and instrumental polarisation angles. We build five semi-independent
pipelines and test these against four different simulation sets with increasing complexity
in terms of non-idealities.

All the pipelines are shown to be robust and capable of returning the expected values of
the CB angle within statistical fluctuations for all the cases considered. We find that the
uncertainties in the CB estimates increase with more complex simulations. However, the trend
is less pronounced for pipelines that account for the instrumental polarisation angles. For the
most complex case analysed, we find that Lite BIRD will be able to detect a CB angle of 0.3°
with a statistical significance ranging from 5 to 13 o, depending on the pipeline employed,
where the latter uncertainty corresponds to a total error budget of the order of 0.02°.

KEYWORDS: CMBR experiments, CMBR polarisation, cosmological parameters from CMBR,
CMBR theory
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1 Introduction

Parity-violating extensions of the standard electromagnetism due to the coupling between
photons and a (pseudo-)scalar field, for instance, an axion, via a Chern-Simons term [1], can
be traced with the cosmic birefringence (henceforth CB) effect, i.e. the in-vacuo® rotation of
the linear polarisation plane of photons during their propagation [2-6]. Such a rotation is
expected to be null in the standard Maxwellian electromagnetism, so detecting a CB angle
different from zero would probe the existence of a new cosmological scalar field, possibly
acting as dark matter or dark energy [7, 8].

In particular, for ultra-light scalar fields, the Chern-Simons term predicts a CB rotation
proportional to the slowly-rolling distance travelled by the photons [3, 9, 10]. Since cosmic
microwave background (CMB) photons are linearly polarised at the last scattering surface
due to Thomson scattering, and have travelled the furthest possible distance through the
Universe, it has become customary to exploit polarised CMB data to probe for such an effect.

After COBE [11], WMAP [12], and Planck [13], LiteBIRD [14] is the next CMB space-
based mission aiming to measure the polarised signal at large angular scales with unprece-
dented precision. This work is part of a series of papers presenting the science achievable by
LiteBIRD space mission and expanding on the overview published in ref. [14]. In particular,
we focus on CB and forecast LiteBIRD’s capabilities in constraining this phenomenon, taking
into account realistic systematic effects of both instrumental and astrophysical origins.

Our present analysis is limited to the isotropic CB effect, where the rotation is constant
over the whole sky and over time. Hence, we do not consider here either the isotropic
CB effect with a time-varying rotation angle due to an oscillatory motion of the axion

'Here, with “in-vacuo” we mean from the point of view of the standard model.



background? [19, 20], or the anisotropic CB effect, where the rotation angle depends on
the direction of observation [21], and which has been found to be compatible with zero in
previous studies [22-28]. In this case, the CMB angular power spectra are rotated by the
isotropic CB angle § in the following way, see e.g. refs. [29-31],

CZ’T,obs _ CET7 (1.1)
Cél“E,obs — OTF cos(2), (1.2)
CeTprS = OFP sin(28), (1.3)
CfE,obs = OFF cos2(28) + CBP sin?(20), (1.4)
CPPo = OFPB cos?(28) + CFE sin?(28), (1.5)
CFBo = L (CFP — CPP)sin(ap), (1.6)

where the spectra with the “obs” label are observed and the spectra without the “obs” tag
are those that would be observed in the case of null CB. Egs. (1.3) and (1.6) ignore any
pre-recombination T'B and E'B signals, as we consider CB the only parity-violating extension
to the standard model (see e.g. ref. [32] for a review).

Unfortunately, CB investigations based solely on CMB data are limited due to a de-
generacy between the instrument polarisation angles () and the birefringence angle ().
This degeneracy is the main obstacle in performing such analyses, since the uncertainty
in « typically dominates the total error budget for most of the currently available CMB
observations [33, 34]. For example, the estimate of 5 provided by the Planck collaboration [35]
is compatible with the mentioned value of 0.3° but the instrumental uncertainty is of the
same order of magnitude, whereas the statistical part is at least 6 times smaller. The degree
of degeneracy depends on the mass of the axion [36-39]. However, as typically assumed in the
literature and supported by current data [40], in our analysis we will consider such degeneracy
to be complete. This would correspond to an axion mass small enough (m, < 10732eV) to
make the axion oscillate only after the reionisation epoch, see e.g. refs. [39, 41].3 See also
refs. [44, 45] for further theoretical interpretations of the EB Planck spectrum.

The most recent isotropic CB constraints, based on a novel technique [46-48] (hereafter the
Minami-Komatsu or MK technique), also exploit the information contained in the foreground
emission and simultaneously recover both the 5 and « angles. This new method was proposed
to break the degeneracy between  and «, finding hints of a detection of the isotropic CB
angle § ~ 0.3° [49-52] at a confidence level of 2.4 to 3.60. The MK technique represents a step
forward in the investigation of parity-violating extensions of electromagnetism. Unfortunately,
a deeper knowledge of the foregrounds themselves is necessary to provide a robust conclusion,
and current results may yet be plagued by unknown systematics [50, 53-55]. Nevertheless,
in ref. [56], using only reprocessed Planck-LFI and WMAP data, the authors still found
compatible with the previously reported value of approximately 0.3°, primarily derived from

2Such dark-matter axions with mass scales around 1072' eV < myg < 107'° 6V have been constrained by
the polarisation oscillation measurements of BICEP /Keck [15, 16], SPT [17], and POLARBEAR [18].

3See refs. [42, 43] for the dependence of the anisotropic birefringence effect on the axion mass also in the
cross-spectra or cross-bispectra with CMB fields.



Planck-HFI maps. It is interesting that this compatibility was found despite the very different
astrophysical and instrumental systematics present in these data sets. Recently [57] found
that their global polarization angle shows a 2.5 o departure from zero. See also ref. [58] for a
recent review of the latest constraints on the isotropic and anisotropic CB effects.

The paper is organised as follows. In section 2, we describe the simulations used, which
contain realistic systematic effects coming both from astrophysical signals and from the
instrument. We employ five different pipelines to estimate (3, described in section 3.

In particular, we divide them into two categories: in section 3.1, we present the techniques
that do not explicitly consider instrumental o, and, in section 3.2, we describe those that
simultaneously estimate 8 and «. Section 4 presents the results from employing the different
pipelines on the simulations and in section 5 we discuss the impact of foregrounds on our
results. In section 6 we compare and discuss the results obtained, and finish with the main
conclusions from this work.

2 Simulations

We consider four different sets of simulations, each with increasing complexity in terms
of non-idealities.

We call these sets “Phases” and label them from 1 to 4. For each phase, we have produced
2200 polarised maps, i.e., 100 for each of the 22 LiteBIRD frequency channels. These are
all provided at HEALPix* [59] resolution Ngge = 512 (which means that the number of
pixels needed to cover a CMB map is Npix = 12Ns2ide). We convolved each frequency map
with the Gaussian of its nominal beam width. See table 3 of ref. [14] for specifics of all
the LiteBIRD frequency bands. Moreover, we assume that each frequency map is obtained
with a Dirac delta function bandpass.

The simulated frequency maps dy, in CMB units, are expressed as

SCMB
dy = R () B(00) [R"™ (A Achn, Adust”, Ayne | | sause | +1p,  (21)

Ssync

where boldface quantities are spanning the I, (), and U Stokes parameters, and f labels the
frequency band (in the rest of the text, we use the quantity v for the frequency); R"*(« )
is a rotation matrix modeling the imperfect oy calibration, and R™°f(3) models the effect
of CB. Note that R is only applied to the CMB component scyp. For a given sky
component, R* is defined as:

1 0 0
R*(y) = | 0 cos(2y) —sin(2y) | with x € {inst, biref}. (2.2)
0 sin(2y) cos(27v)
f

beam and

B is a 3 x 3 diagonal matrix beam operator that takes as input the beam size 6
is applied to each frequency band and each Stokes parameter independently; Acwvi, Adust

and Agync contain the dust and synchrotron spectral energy densities (SEDs), parameterised

*http:/ /healpix.sourceforge.net
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Phase ay [deg] B |deg] Ba, Ta, PBs
1 0 0.0 Spatially constant (pysm d0s0)

2 0 0.0 Spatially varying (pysm d1s1)
3 Random for each band 0.0 Spatially varying (pysm d1s1)
4

Random for each band 0.3 Spatially varying (pysm d1s1)

Table 1. Properties of the various simulations phases, in terms of miscalibration () and birefringence
(8) angles, and foreground spectral parameters (84, Tg, and fs). In the case of Phase 3 and 4, the
random ay are drawn from uniform distributions ay € [~04,,04,] which widths are specified in
table 2 and derived in ref. [60].

by sets of non-linear parameters Bq, Ty (parameterizing a modified blackbody) and fq
(parameterizing the synchrotron’s power law). The analytical parameterization of the SEDs
in CMB units are given by

Adus(vio) =1,

v )ﬂdQ B, (Ty)

1
X _ —r\a/s
Adust(ya VO?BdaTd) - ( BVO(Td)’ (23)

u(v)
Al ) = (2))

u(v) \1g
where X € {I,Q,U}, B, is the Planck blackbody function, and u(v) = z%¢%/(e® — 1), with
x = hv/(kgTcms), is the unit conversion factor transforming from antenna temperature to

Vo

thermodynamic units. For a given frequency band f and a given Stokes parameter, Acms,
Aqust, and Agyne are simply three scalars. The quantity sy from eq. (2.1) are the component
maps for the CMB, dust, and synchrotron, defined at the reference frequency 1y = 150 GHz,
while n is the additional Gaussian white noise.

In the following, we describe these simulations in detail, with properties summarized
in table 1.

o Phase 1: these are made of CMB maps generated from the Planck2018 best fit [61],
combined with white noise based on the LiteBIRD latest instrument model [14], as
well as foreground emission based on the pysm® d0s0 model [62]. In this case, dust and
synchrotron are considered “simple” because their SEDs are spatially constant.

e Phase 2: these are similar to Phase 1 but this time the foreground emission is based
on the d1s1 model from pysm: the dust and synchrotron SEDs are spatially varying, as
estimated from the analysis of Planck’s total intensity data with Commander [63].

¢ Phase 3: these are built on top of Phase 2, with the inclusion of randomly distributed
instrumental miscalibrations following ref. [60]. Each of the 100 simulations corresponds
to independent realisations of the oy parameter that creates the rotation matrix
R in eq. (2.1). Similarly to ref. [64], the o values are drawn from independent
uniform distributions centered at zero and with a width oy € [~04,,04,], Where the
0a, for each frequency band is taken from “Case 2.3” summarized in table 3 of [60]

Shttps://github.com/galsci/pysm
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Figure 1. Average offset across frequency bands computed from the 100 simulations, before ((1/22) x
>y ay) and after (3, Wyray, with the W weights defined in section 3.1) component separation.

Instrument LFT | LFT | LFT | LFT | LFT | LFT | LFT | LFT | LFT | LFT | LFT
Frequency [GHz] 40 50 60 68a 68b 78a | 78b | 89a | 89b | 100 119
0o, [arcmin] 147.8 | 118.2 | 479 | 41.8 | 106.5 | 25.5 | 38.6 | 159 | 874 | 11.3 | 6.2

Instrument LFT | MFT | MFT | MFT | MFT | MFT | HFT | HFT | HFT | HFT | HFT
Frequency [GHz] | 140 | 100 | 119 | 140 | 166 | 195 | 195 | 235 | 280 | 337 | 402
Oay [arcmin] 5.6 7.6 3.4 4.3 3.3 5.3 11.6 | 12.3 | 20.1 | 50.9 | 237.6

Table 2. «a; requirements for all frequency bands in the Low-, Mid-, and High-Frequency Telescopes
(LFT, MFT, HFT) of LiteBIRD. These requirements on LiteBIRD’s absolute angle calibration per
band ensure an unbiased measurement of the tensor-to-scalar ratio when grouping detectors per
frequency and assuming that all frequencies are uncorrelated (Case 2.3 from table 3 of ref. [60]).

that we reproduce in table 2. For each simulation, the average miscalibration across
frequencies, (ay) ¢, gives a non-zero global offset to the whole instrument by a statistical
fluctuation roughly within the limits considered in table 2 of ref. [60]. Figure 1 shows
the distribution of average offsets before ((af) s = (1/22) x 3°f ay) and after component
separation ({ay)y = >y W yray, where the weights W will be defined in section 3.1)
across the 100 simulations. The smaller spread of the weighted (af) s shows how the
combination of frequency bands during component separation reduces the impact of

relative miscalibrations.
e Phase 4: these are built on top of Phase 3 with the inclusion of an isotropic 8 = 0.3°,

an amplitude that is representative of what was found in refs. [49-52].

We verified that, at the angular scales relevant for our analysis, pysm’s d0 and d1
models contain a small non-null EB signal that is roughly compatible with Planck’s dust



measurements within the statistical uncertainty of Planck polarisation data. Although enough
to introduce a noticeable bias in our analysis, such E B correlation is not purposely built into
d0 and d1 to reproduce the physical properties of dust emission. Hence, our simulations likely
underestimate the true foreground complexity that can arise from the coupling of magnetic
misalignments [53, 54, 65] and the spatial variation of the emission properties [66—69]. We
leave the study of more complex dust models (e.g., [70-73]) for future work.

3 Techniques employed

We employ five different pipelines to estimate 5 in the presence of foreground contamination
and systematic effects, as described in section 2. These pipelines are categorized into two
groups. The first category, detailed in section 3.1, includes two pipelines that neither
characterise nor control the effect of the instrumental ay. The second category, discussed
in section 3.2, comprises three pipelines: one that implements the MK technique and two
that fit oy while performing component separation.

In order to improve readability, before delving into the details of each technique, we
provide a concise description of the pipelines used to deliver the forecasts on CB. This is
done through figure 2, which highlights the main features of each pipeline. In the left part
of this figure, the inputs considered (shown in light grey) are divided into four different
sets of simulations (i.e., Phases). Each of these Phases has been analysed by five pipelines,
whose names are displayed in white boxes in figure 2. The pipelines in the blue area do
not account for oy, while those in the orange area do. The former are applied to the CMB
solutions provided by FGBuster, whereas the latter either extend their component separation
to handle a; or have no component separation at all since the method is applied directly to
the frequency maps. In figure 2, below each pipeline name, the section where the pipeline is
described in detail is indicated, while a brief description of the pipeline is provided next to it.

3.1 Pipelines without control of instrumental polarisation angles

These pipelines are both based on the CMB solution provided by the considered component-
separation layer, i.e. FGBuster,® a maximum-likelihood parametric map-based tool [74]. In
order to increase the signal-to-noise ratio of the CB effect, we need to access high CMB
multipoles. This is possible by neglecting the frequency channels that do not possess sufficiently
high angular resolution. However, this choice has to be balanced against our ability to remove
the foreground emission. The low-frequency channels have the lowest angular resolution, but
trace the synchrotron emission the best. Hence, as a trade-off, we consider only medium and
high-frequency channels with a full width at half maximum (FWHM) smaller than 30 arcmin.
In figure 3, we display the signal-to-noise ratio we expect from this choice. In figure 4, we
show that the bias induced by the synchrotron emission is subdominant in our results.
We proceed in two steps.

1. As in ref. [14], we degrade the resolution of the input, frequency-dependent maps,
eq. (2.1), to a common 80arcmin resolution. This procedure allows an unbiased

Shttps://github.com/fgbuster/fgbuster


https://github.com/fgbuster/fgbuster

w/o control on instrumental Input, simulated frequency

polarisation angles maps
J D-estimator Harmonic-based estimator applied

Name of the Pipeline Section 3.1.1 to CMB solution provided by the

Component Separation (CS) layer

Phase 1
Stacking of the CMB
CMB + wn + d0s0 Component Sep [FGBuster] |Plxe| based eStlmatorl Q&U maps provided
Section 3.1.2 by the CS layer
Phase 2
CMB + wn + d1s1 |Minami-Komatsu method|
Section 3.2.1  Harmonic-based technique that also
No component Sep employs the infor_mation present in the
Phase 3 + synch and dust templates foreground emission
CMB + wn + d1s1
+ a (inst pol angles) |BCAB-SeCRET method |
Section 3.2.2  Parametric pixel-based CS method that
includes the instrumental polarisation
Phg|\s/|e34 set Extended Component Sep angles and the birefringence angle
wn s T :
+a +E (O.3+deg) + prior info on instrumental J23 method
polarisation angles Section 3.2.3 Generalised FGBuster method that
ection S.c. includes the instrumental polarisation
Section 2 angles and the birefringence angle

Figure 2. Overview of the pipelines employed to estimate CB. On the left, “wn” stands for white
noise, d0s0 and dis1 represent the foreground models, and « indicates the instrumental polarisation
angles (see also section 2). On the right, the pipelines’ names are displayed in white boxes accompanied
by a brief description. We indicate below each pipeline the section where a full description can be
found. Pipelines in the blue block do not account for o, while those in the orange block do.
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Figure 3. Forecasted cumulative signal-to-noise on § from EB correlation (see eq. (1.6)) taking into
account cosmic variance, noise, and foreground residuals from Phase 1 as estimated from FGBuster.
The sky fraction is assumed to be foo, = 60%, and lymin = 50.

determination of the spectral indices, which would otherwise suffer from frequency-
dependent resolution. We then optimise the so-called spectral likelihood to estimate
the non-linear parameters of the synchrotron and dust SEDs, S5, 54 and Ty in eq. (2.1).

2. We build a weighting operator W = (ATNflA) ATN™!, estimated using the noise
covariance and the SEDs estimated in step (1), which we use to estimate the foreground-
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Figure 4. Significance of the averaged bias on the reconstructed angular power spectra. The
low significance of fluctuations confirms that the choices made (such as neglecting the synchrotron
contribution) are valid.

cleaned @ and U CMB maps Scup as well as foreground-cleaned CMB spectra. Using
the notation from eq. (2.1), the estimated sky signal can be written as

gi:gcs-clean = chfdkfa (31)
f

where djy corresponds to the input, noisy, and foreground-contaminated frequency
maps (not convolved to a common resolution), & denotes the Stokes parameter and ¢ is
the index of the sky components (CMB, dust, synchrotron). Similarly, the component-
separated spectra can be estimated as

NECI,fgs-clean _ Z WZngfIWC/f/, (32)
I

where le " are the frequency cross-power spectra estimated from the input maps. Note
that we apply the fqy, = 60% Galactic mask derived by the Planck collaboration” to
the foreground-clean maps, eq. (3.1), prior to the estimation of C{ ' Finally, we only
consider the CMB solutions to egs. (3.1) and (3.2), i.e. ¢ = ¢ = CMB.

The weights constructed in this approach are also applied to foreground-only, noise-only, and
foregrounds-+noise maps to estimate the noise and statistical-foreground-residuals bias [75]
present in the reconstructed, foreground-cleaned CMB map. In the case of real data sets, we
would rely on similar foreground + noise simulations or use data splits. As noted in ref. [76],
statistical foreground-residuals do not depend on the actual amplitude of foregrounds, but
rather on the number of degrees of freedom considered in the component separation, making
such an approach robust in the case of complex foregrounds.

The CMB solution 3¢l coming out from FGBuster is considered as the input of two
estimators, one is harmonic-based, using the so-called “D-estimator” defined on the observed
polarised spectra [77, 78] (section 3.1.1), and the other is pixel-based and consists of the

"HFI_Mask_GalPlane-apoO_2048_R2.00.fits from https://pla.esac.esa.int/#maps.
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stacking of @ and U maps at the location of the 7" and E peaks [35, 79, 80] (section 3.1.2).
Because of their different domains, in principle, these two independent estimators respond
to residual systematic effects differently. Hence, having these two compatible estimates is a
benefit from the point of view of the robustness of the analysis. However, in these pipelines,
the estimate of 3 is degenerate with ay. This means that the total error budget has to be
complemented with additional (and independent) information from the instrument calibration.
Reversing the argument, forecasts based on these pipelines provide a reference to assess
requirements on the knowledge of ay. This can be achieved by requiring that the uncertainty
on ay be subdominant with respect to the statistical uncertainty of 3.

3.1.1 Harmonic-based, D-estimator

To build the D-estimator, we need a model for the observed, foreground-cleaned CMB (see
eq. (3.2)). From egs. (1.2) and (1.3) and from egs. (1.4) to (1.6) we can build harmonic-based
estimators based on the observed T'B and E B spectra, respectively. Since the former has a
signal-to-noise ratio smaller than the latter [35, 78], throughout this work we employ only

Df B.obs " which is defined as

A A

DY (B) = CFPOPS cos(4f) — %(CKEE’ObS — €7 sin(46), (3-3)

where /3 is the estimate for the birefringence angle. The main property of DfB’ObS(B) is that
its expectation value goes to zero when B = g, i.e.,

(D2 (B =) =0, (3.4)

see e.g. ref. [78] for further details. Therefore, this suggests that it is enough to look for
the zeros of DZEB’ObS(B) to find 5 [35, 77, 78]. This is typically done through standard
x2-minimisation techniques.

In the following, we will consider the observed spectra to be the noise-debiased, estimated,

foreground-cleaned CMB spectrum:

XY,obs _ ~AXY, fgs-clean XY
¢y =(; - N, (3.5)

where Ny is the estimated noise bias combined with statistical foreground residuals, and
C’eXY’fgs'dean the CMBxCMB component-separated spectra defined in eq. (3.2), with X, Y €
{E, B}. In addition, we perform a complementary analysis without any noise and foreground

. L . XY,0b ~ XY fgs-cl
residual debiasing, i.e., assuming C; " °7° = C; O,

3.1.2 Pixel-based estimator

Our second estimator, which also does not attempt to remove any miscalibration angle, is a
pixel-based approach. This method consists of the stacking of () and U maps at the peak
location of the E-mode and temperature maps [22, 35, 79-81]. At each of the T" and E
extrema, we calculate the transformed Stokes parameters,

Qr(0) = —Q(0) cos(2¢) — U(0) sin(2¢) ,

. (3.6)
Ur(0) = Q(0) sin(2¢) — U(0) cos(24) ,



where ¢ is the angle from local east, with north pointing towards the Galactic north pole (anti-
clockwise), and 6 is a distance radially outward from the center of the extrema, introduced
in ref. [82]. These can be interpreted as a local E and B transformation, where the Q,(0)
measures the tangential and radial components of the polarisation at the radial distances
6 from the peaks, and U, (0) the polarisation at 45° to the tangential and radial directions.
The expected profiles of the transformed Stokes parameters are given for T extrema by

vde -~ e
(@O) =~ | S WIWS (b +bel?) Cf P (t0),
(3.7)
vde o
WUI)0) = — | S WEWE (b +5%) CF P 1 (46)
and for FE extrema by
E de Evwi/P (1 7 92 EE,obs
Q)O) =~ | S WIWE (b +0c%) CFF0o(t8)
(3.8)
lde . e
(UAN0) == | 5 -WEWE (b +be?) €72 1o 16)

where WZX with X = P,FE and T are the beam and window pixel functions for the P
polarisation (observed @ and U maps), E, and T maps respectively, J(¢) are the second-
order Bessel functions of the first kind, and b, and l;g are the scale-dependent bias parameters
as described in ref. [79]. The E-mode map is produced from the observed @ and U maps
at the same resolution as the T, ), and U maps. While this does not have to be the case,
we found no improvements with additional smoothing of the F-mode map, so we maintain
the input resolution. In the case of no parity-violating terms, we expect (UX)(6) to be zero
(as there is no C’fB or C’fB predicted by ACDM). However, with CB modifying the power
spectra as given in egs. (1.3) and (1.6), we instead have,

WI6) = —sin(26) [ 5

1 . Y214
UF)8) = 3 sin(4/3) o

WEWE (b, +b?) CTE1(00),
(3.9)
WEWE (b, + be2) (CFE — CFP) Jo(09),

which is different from zero for non-null 5. It is then simple to perform a least-squares
analysis on the resulting stacked profiles compared with the theory to obtain the final 5.
See refs. [22, 35, 81] for similar analyses and details.

3.2 Pipelines with control of instrumental polarisation angles
3.2.1 Template-based extension of the Minami-Komatsu estimator

This pipeline is based on the MK estimator introduced in refs. [46-48] and applied to data
in refs. [49-52]. As we mentioned in the introduction, thanks to the use of the information
contained in the foreground emission it is possible to estimate at the same time 8 and ay
corresponding to each frequency channel vy (with f = 1,...,22 in the case of LiteBIRD). This
technique is robust against several instrumental systematics [55], including the miscalibration
of oy and other systematic effects that produce spurious EB correlations (e.g., intensity-
to-polarisation leakage, beam leakage, or cross-polarisation effects [83-85]). However, it is
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sensitive to the EB correlation of Galactic foreground emission and its modelling [50, 53—
55, 70]. Hence, compared to the pipelines from section 3.1, this approach has the advantage
of being independent of additional knowledge of the instrument calibration, at the price of
needing a precise model for the EB correlation of the polarised foreground emission.

The MK pipeline is applied directly on frequency maps rather than the CMB solution
provided by the component-separation layer to exploit the information contained in foreground
emission. Taking foregrounds into account, the EB spectrum obtained from the cross-
correlation of the ¢ and j frequency channels is, within the small-angle approximation

(lay[ < 5% and [B] < 5°),

FE;B;,ob E;E;,ob B;B,,ob E;E; CMB B;B;,CMB
Ce JO S%2QJC£ JO S_2aZC£ JO S+2,8 (Cg 7 - g J )
FE; B, ,sync FE;B;,dust
sync iDj,8Y dust iDj,
+ AsvneC + Adust ] (3.10)
EéyHCB(_lust Ec_iustBS_yHC
+ Asyncxdust <CZ i j + Ce i j ) ’

where the superscripts indicate whether the spectra come from the correlation of the £ and B
modes of the observed frequency maps, the synchrotron and dust models, or the CMB spectra
in the case of null CB, multiplied by the beam and pixel window function of each channel. The
A* are multiplicative factors added ad hoc to control the amplitude of the synchrotron (A%"¢)
and dust (A9Y) contributions as well as their cross-correlation (AY"¢*4ust)  This constitutes
an extension of the methodology compared to previous works [50, 55] where neither the
synchrotron emission nor its cross-correlation with dust were considered. Although eq. (3.10)
is a general expression considering a potential EB contribution from both synchrotron and
dust, no significant synchrotron EB correlation has been found yet [86, 87] and we only have
moderate evidence of non-null dust £B correlation induced by the misalignment between
dust filaments and the Galactic magnetic field [53, 54, 65].

Following refs. [50, 55], we leave A* as a free amplitude parameter and obtain the
synchrotron and dust E'B spectrum from the templates produced in component-separation
analyses that fit parametric models to CMB data (e.g., Commander [88], FGBuster [74],
or B-SeCRET [89]). In particular, we use the d0s0 and dis1 foreground models provided
by pysm [62, 90]. We take A* as a single overall amplitude and use the SEDs provided
by the parametric models to scale the foreground template to the target frequencies. See
refs. [46, 47, 50, 51, 54, 70] for alternative ways to model the foreground EB correlation.

From eq. (3.10), we build a Gaussian likelihood to simultaneously fit (A*, 8, o) and find
the maximum-likelihood solution for all parameters following the semi-analytical iterative
algorithm presented in refs. [55, 91]. To emulate real analyses [49-52], we consider a minimal
mask covering extragalactic point sources and the regions of brightest CO emission that
leaves a sky fraction of fgo, = 93.2% free for the analysis after applying a 0.5° smoothing
apodisation. For brevity, we limit our study to only one mask, since a good correction of the
dust-E B bias is possible independently of the choice of mask when the foreground model
that generated the simulations is also used as the dust template in the MK estimator [55]. In
section 4.2.1, we also explore how our imperfect knowledge of foreground emission impacts
the efficiency of the MK estimator by using templates of a simpler sky model to describe
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a more complex sky. We use NaMaster® [92] to calculate the pseudo-Cy of the masked sky
and bin the power spectra into Ny = 21 uniform bins of A¢ = 20 in the range ¢ € [21,440].
In the presence of an unexpectedly high 1/f correlated noise contribution or an unreliable
dust £B model, the minimum multipole can be raised to fpin &~ 100 values with minimal
impact on the results presented in section 4.2.1. Extending the analysis to higher multipoles
does not report an advantage as the MK-estimator signal-to-noise on [ already saturates
around fyax &~ 400 for LiteBIRD’s instrumental configuration. See appendix A for more
details on the definition of the estimator.

3.2.2 CAB-SeCRET and SCAB-SeCRET

CAB-SeCRET is shorthand for Calibration Angles B-SeCRET, representing an extension of
the standard B-SeCRET method by incorporating a; into the component-separation pro-
cess. The component-separation analysis is performed using B-SeCRET (Bayesian-Separation
of Components and Residuals Estimate Tool) [89], an alternative parametric component-
separation approach to FGBuster. B-SeCRET utilizes an affine-invariant ensemble sampler
for Markov chain Monte Carlo (MCMC) to sample the posterior distribution, from which
we can recover the marginalized parameters’ posterior distribution. By integrating o into
the component-separation process, they are marginalized over, and their uncertainties are
propagated into the CMB maps, and hence into the estimation of 5. Instead of sampling
the entire posterior distribution simultaneously, we partition the parameter space into three
subspaces: amplitudes (A); spectral parameters (B); and rotation angles (C). We then sample
their conditional distributions. This iterative process continues until convergence is reached.

B-SeCRET is a Bayesian method hence prior information is applied. Specifically, multi-
variate Gaussian priors are employed for ay (N'(af, Cq,)). These priors are derived from
multi-frequency data by nulling the EB power spectra, as described in refs. [64, 91]. How-
ever, this method assumes 3 = 0. Consequently, if 3 is non-zero, the recovered ay become
ay + (. In such cases, oy estimates from the template-based MK estimator, as detailed
in section 3.2.1, are utilized as prior information. The former set of priors is denoted as
I(ay, B = 0), while the latter is denoted as II(ay, §). Alternatively, other prior information,
such as instrument calibration before launch, external calibration with Tau A, or an artificial
calibration source, could potentially be utilized.

Prior to conducting the component-separation analysis, the computational load for fitting
the maps at Ngqe = 512 is reduced by downgrading them to Ngqe. = 64. Additionally, all
maps are subjected to convolution with the same beam as follows.

(i) The original maps at Ngige = 512 are transformed into spherical harmonics coefficients.

(ii) Pixel window function and beam deconvolution is applied to each frequency channel
based on the beam’s FWHM, as specified in table 3 of ref. [14].

(iii) The spherical harmonic coefficients of each channel are convolved with a Gaussian
beam with FWHM = 2.2° and the corresponding pixel window function, and then
transformed into Ngqe = 64 maps. The FWHM corresponds to 2.4 times the effective
pixel size at Ngge = 64 to account for the pixel window function effects.

Shttps://github.com/LSSTDESC/NaMaster
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Additionally, we apply the same Planck fgo, = 60% Galactic-plane mask discussed in
section 3.1 to mitigate the influence of large residuals from foregrounds on other parameters.

We consider two cases of this pipeline, CAB-SeCRET, where ay are included in the
parametric model and [ is estimated from the cleaned CMB map, and SCAB-SeCRET, where
B is included as another parameter in C.

CAB-SeCRET. CAB-SeCRET includes only the ay as model parameters (C = {ay,Vf € N, })
as in ref. [91]. Hence, the signal is modelled as follows for a given pixel p:

Q0b5<f7am>> _<cos<2af>—sin<2af)> <Q<m>> _ Ria <Q(f,v)>
(Uob%f,am) = sinay) osap) ) \vGi) TN o) o B

where R(a¢) is the rotation matrix that accounts for the @) and U mixing due to non-perfect

calibration, v = A U B, and
QUMY _ a%MB> (Q) RAG (ff) 1 (fN\RT? By (Tw)
(U(f,7)>p (a%MB ar) un) (7) + (e ulf) (%) may
(3.12)

is the parametric model used to describe the astrophysical components considered in the
simulations, taking fs = 30 GHz and fq = 353 GHz as pivot frequencies for the synchrotron
and dust emission.

The amplitude parameters

A= U {agMB’aCMBaasvasaa(pad} (313)
pENpix

vary from pixel to pixel, while the spectral parameters

B=|J {8 Ba T}, (3.14)

ceN,

are considered uniform within specific sky regions (i.e., clusters of pixels). Additionally,
individual Gaussian priors are applied on B: 35 ~ N(-=3.1,0.3), 84 ~ N(1.56,0.1), and
Tq ~ N(21,3) [89, 91]. Reducing the number of parameters by clustering the B yields
significantly smaller statistical uncertainties for all parameters, including CB, although it
introduces biases in § when the assumption of constant B is invalid. Different clustering
strategies are investigated in section 4.2.2 using Phase 2 simulations where spatial variations
of the spectral parameters are present.

From the cleaned CMB maps, we determine CB as the residual rotation angle in the CMB,
following the approach outlined in ref. [64]. This involves finding the 8 value that minimises
the harmonic estimator derived from eq. (3.3). Initially, we calculate the angular power
spectrum and their covariance matrix using NaMaster. The power spectra are then binned
uniformly with a bin width of A¢ = 10 within the range ¢ € [12,191], employing the same
weighting scheme as ref. [64]. We choose to use all the available bins at Ngqge = 64, except
the first bin due to the high uncertainties recovered with a pseudo-Cy; method. Additionally,
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we apply apodisation to the mask using a C2 kernel with an apodisation scale of 22°, as
suggested in ref. [93].
The CB angle is obtained by minimising the following log-Gaussian distribution:

—2log £ = DFBoP ()M DEBS(8) 4 log M| + Ny, log (271) , (3.15)

where DFB°PS(3) is the vector of harmonic-based estimators in eq. (3.3) evaluated for each
multipole bin b, N}, is the number of multipole bins, |...| is the determinant operator, and

M = cos?(48) B FP 4 cos(43) sin(4) (BFPF PP — EBEE)

1 (3.16)
+ Z sin2(4ﬁ) (zEE,EE + EBB,BB _ 22EE,BB) ’
where X represents the covariance matrix of the cross-power spectra, i.e.,
S = (AG acE™"). (3.17)

We employ emcee” [94] to sample the likelihood in eq. (3.15). The median and standard
deviation of the resulting chains provide estimates for 3 and og, respectively.

BCAB-SeCRET. In this pipeline, CB is incorporated into the model as a parameter, i.e.,
C ={B}U{as,Vf e N,}. Thus, egs. (3.11) and (3.12) lead to

Qobs(ﬁb’,am)) _ . <a8M3> . (Q(f,7)> _(agMB>
(UObs(f757afv’Y) pr(ﬁ—i— ) agmB p+R( /) U(f,7) » agmB » - 318)

In this scenario, the cleaned CMB map undergoes no additional rotation, since any

rotation has been accounted for and removed during the component separation process.
Consequently,  is directly obtained from the component-separation step.

For SCAB-SeCRET, we utilise the results from the template-based MK estimator as prior
information, denoted as II(ay, ). It is important to note that this approach differs from the
template-based MK pipeline in that we simultaneously allow for variations in the foreground
model and CB. This simultaneous variation helps mitigate biases arising from potentially
incorrect modelling of foreground templates, as demonstrated in section 4.2.2.

3.2.3 Generalised pixel-based parametric component separation, J23

Similarly to the previous section, the pipeline presented here includes the effect of oy in its
data model. This allows us to fit them in the component-separation step, and therefore correct
their effects on the CMB map. This pipeline is a generalisation of FGBuster [74], which is
the method used to obtain the cleaned CMB maps employed in sections 3.1.1 and 3.1.2. The
method we use here is therefore pixel-based and parametric. The details of its generalisation
for the inclusion of oy and CB are described in ref. [95]. For conciseness, we will call this
pipeline J23. The data model used to describe the frequency maps dy,, is as follows:

dp, = Xhh’({af})Ah/o({Bda T4, Bs})sop + Nhp- (3.19)

Here p describes pixels. Index h spans both {@,U} Stokes parameters and frequency bands
(the number of h indices is then np = Ngtokes Nrequency). Similarly, o covers {Q,U} and
sky components (1, = nNgtokes Ncomponent)- Sop 1S the vector storing the {Q,U} maps for

“https://github.com/dfm/emcee
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each considered sky component: {CMB, dust, synchrotron}. X is an ngtokes Mrequency X
NStokes Nfrequency Plock diagonal matrix that encodes the effect of ay, each block being a
rotation matrix R™*(ar) acting on the {Q, U} maps at frequency f. Ay, is the mixing matrix,
encoding the frequency dependence of the different components, which is an ngiokes Mtrequency <
NStokes Mcomponent Matrix. We assume: (i) the frequency scaling to be the same between the
Q@ and U parameters of a given component; (ii) no intrinsic @Q-U mixing, making every other
element of a column equal to 0; (iii) that the CMB scaling is known and that we are working
in CMB units, thus the non-zero elements of the first two columns of A are all equal to 1;
and (iv) that the dust frequency scaling is a standard modified blackbody law parameterised
by the dust spectral index 54 and the dust temperature Ty, and that the synchrotron is a
power law with index (s (see eq. (2.3) for a description of those laws). Finally, np, is the
white Gaussian noise present in the frequency maps, same as in eq. (2.1). For conciseness,
we define Apo(B4,Ta, Bs; {ap}) = X ({ay}) Anro(Ba, Ta, Bs)-

Once we have the data model we can proceed to the analysis. The pipeline goes through
5+1 steps that are detailed below.

Step 0: pre-processing. Contrary to eq. (2.1), the data model in eq. (3.19) does not
explicitly include the effect of the beam. To deal with this, the frequency maps are first
deconvolved according to their respective beam (table 3 of ref. [14]) and convolved to the
same common Gaussian beam with FWHM of 80 arcmin used in ref. [14], as well as in the
standard FGBuster approach in section 3.1. This is done so that we do not suffer from
frequency dependence of the resolution. Furthermore, convolving to a smaller FWHM would
boost the noise of channels with the poorest resolution. Extending the data model to include
the beams at different frequencies is explored in ref. [96], and is a possible extension of this
method, but beyond the scope of the work presented here. The maps are also downgraded to
Ngige = 64, deconvolved by the pixel window function corresponding to the old Nggqe = 512,
and convolved with the new one. The data vector after pre-processing is denoted d. This
operation will notably affect the white noise, which is then denoted n. We apply Planck’s
Galactic masks with either fg, = 60% or fq, = 40% depending on the case, as will be
described in section 4.2.3.

Step 1: component separation. Unlike B-SeCRET, FGBuster and its generalisation
use a ridge-likelihood, called spectral likelihood, £, where the only free parameters are
{Ba, T4, Bs, {as}} encoding A. Here, we assume those parameters to be constant across the sky.

While it was already shown in ref. [95] that the J23 pipeline correctly retrieves the
relative angles between frequencies, the degeneracy between the global « offset and 5 remains.
To lift it, additional information must be added to the likelihood. Here, it takes the form of
Gaussian priors on the {ay} parameters added to the likelihood. The generalized spectral
likelihood that we use is then

— 21og(LP*({Brg, ay})) =

+ constant — Z tr <N1A (ATﬁ—lA)—l ATNl(_ipaIT)) N Z

p f af
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with constant being the constant ensuring the positivity of the right-hand side. We have
omitted the o and h indices for conciseness, and f spans the frequency bands. Although the
pre-processing correlates the initial white noise, here we still assume a white and scale-invariant
noise in our analysis. N is therefore a pixel-independent and diagonal ngiokes Nfrequency X
NStokes Nfrequency Matrix. The diagonal elements of N are computed from <ﬁﬁT>, where we
average over noise simulations and pixels. This approximate modelling of the noise properties
does not seem to introduce a significant bias in our results, which, as will be discussed in
section 4.2.3, are dominated by the approximations in foreground modelling.

The second term in eq. (3.20) corresponds to the Gaussian priors. We assume the
priors on each oy to be independent. The prior on the angle o is centred on & and has a
variance of o2 I Our approach here is to assume priors coming from an independent ground
or in-flight calibration. As such, we assume these priors match the current requirements
of the LiteBIRD mission and take o,, from table 2. The central values of the priors ay

are not chosen to be the true values of the input oy but drawn from a normal distribution
2 10
O(f °

To estimate {84, Ty, Bs, {a¢}} we must minimise eq. (3.20). In practice, we initialise

centred at zero with variance o

the minimisation by performing an MCMC sampling with emcee [94]. Once the MCMC
converges, we use the mean of the chains to initialise the minimisation of eq. (3.20), which is
performed using the L-BFGS-B method from scipy [97]. We denote Ba, T, Bs, {Gy} the best
estimates of the generalized spectral likelihood that are obtained at the end of this process.

Step 2: CMB map estimation. With the best estimate of spectral parameters and o
at hand, we can estimate the generalized mixing matrix Ay, = Aho(ﬁd, Ta, Bs, {&}). From
there, we can build a weighting operator W, and apply it to the data similarly as in eq. (3.1):

a ~ ——1 A -1 A —1
WOh == (A:)rh’Nh’h”Ah”O/> A-Or’h”’Nh’”h' (321)

This operator can be used to retrieve all three components’ maps, but we focus solely on its
CMB part, W%\AB, where the k index represents the {Q, U} Stokes parameters (WE,IL\/IB shape
is then Ngtokes X NStokes Nfrequencies)- 1he {@Q,U} CMB maps after generalised component
separation are then

afgs-clean _ +%7CMB 7
SCMB.kp = Wi dpp. (3.22)

Step 3: spectra estimation. Once we have the cleaned CMB maps, we can estimate
their angular power spectra using NaMaster. To do so, we use an apodised version of the
mask used for component separation, based on a “smooth” apodization with a 5° size. The
spectra are binned uniformly with A¢ = 2 in the range ¢ € [30, 125]. In this step, the common
beam of 80 arcmin is also corrected for. We denote the estimated CMB spectra Dy, with b
representing the multipole at the centre of a given bin. Dy is a 2 x 2 matrix with diagonal
elements storing the FE and BB auto-spectra and the off-diagonal £'B, assuming the EB
cross-spectrum is equal to the BE one.

9Tn ref. [95], the calibration measurements were averaged over, leading to an additional factor of 2 in the
variance and no bias in the prior.
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Step 4: noise post-component separation. To estimate the noise left in the angular
power spectrum after all those steps, one needs to take into account the weighting operator,
as well as the different beam convolution and deconvolution that have been applied to the
white noise. After cancelling the effect of the common beam in the spectra estimation step,
only the deconvolution is left. The noise power spectra in the CMB maps are then given by

Cpese = [WN, W] (3.23)

CMB’

where Nj is a 2 nfrequency X 2 Nrequency Matrix describing the noise power spectra for each
frequency band. It is diagonal because we assume no E — B correlation in the noise.
Furthermore, we assume the noise has the same characteristics in £ and B. We can therefore
describe the elements of N, with respect to its bin and frequency f as

Ny f = (wf)—er(b+1)FWHM§/8 log2 (3.24)

where (w f)_l is the sensitivity at frequency f in pK-rad and FWHM/ the full width at half
maximum of the beam of the same channel, in radians.

Step 5: cosmological likelihood. With the noise covariance post-component separation
at hand, we can build a model covariance for the data:

CbEE, prim 0

BB,lcns) Ril(ﬂ) + CgOise- (325)

Czhe“yw):R(ﬁ)( 0 o

The first term describes the CMB power spectra. We used the Planck-2018 best-fit power
EFE, prim

spectra for the primordial CMB EE power spectrum, C; , and for the lensed BB power
spectrum, C’f Bilens " Gontrary to ref. [95], the tensor-to-scalar ratio r is not allowed to vary

and is fixed to r = 0. The BB power spectrum is hence limited to the lensing, and we fix
Ajens = 1. We assume no intrinsic £B in the CMB, making the diagonal terms null. An EB
signal can however appear via the effect of CB through the R(3) operators.

We can then compare our data Dy to this model covariance using the following Gaussian
likelihood [98]:

~2l0g LM (B) = 3 Alfaq(2b+1) [CY T (B)Dy + log(|C Y (B)))] . (3.26)
b

We approximate the effective number of modes accessible after masking and binning with
the use of the Alfq (20 + 1) factor, therefore neglecting any mode coupling coming from
the analysis of a partial sky. We can then proceed similarly as for the generalised spectral
likelihood: first exploring the likelihood distribution with MCMC sampling, and then min-
imising eq. (3.26) starting from the mean of the converged MCMC chain. From there we
obtain the final best estimate of 3 for each simulation.
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4 Analyses

4.1 Pipelines without control of instrumental polarisation angles
4.1.1 D-estimator analysis

As mentioned in section 3.1.1, CB is estimated looking for the B angle that minimises the
following XQ(B):

XQ(B) _ ZDgEprS(B)M@EIIDKE/B’ObS(B); (41)
0.0

where My = (DFP°%(8) D} (B)) is the covariance matrix of Dy %" (3 = f), which is
defined in eq. (3.3). It is possible to show that the matrix M/? reduces to the EB covariance
matrix, i.e., without the CB effect included [78] when the noise of the £ and B CMB fields are
equivalent. Since this condition is always satisfied in all the cases we consider, we take My to
be the E B covariance. This covariance is built through simulations: we do that by performing
an aggressive harmonic binning because of the low number of simulations available (details
below). Moreover, for each of the simulations employed to sample the x? (3), the covariance
My is built from the remaining simulations (i.e., excluding the specific simulation considered
in DZEB’ObS). In the following, we discuss in detail the results obtained for each Phase.

e Phase 1: in figure 5, we show the spectra and the combination of the spectra needed
to build DfB’ObS. Blue and orange curves are for the simulations in which CMB +
noise + foregrounds and only noise + foregrounds are considered, respectively. Green is
for the simulations in which the spectra have been debiased with noise + foregrounds.
It is interesting to observe that the expected averages for these spectra are recovered
in both the debiased and unbiased cases. Moreover, the foreground residuals show
up at low multipoles, while the noise (coupled to the beam) presents itself at high
multipoles. In between these regions, around 20 < ¢ < 500, the EB correlation is
compatible with zero, which is expected in the absence of CB. For each simulation,
we estimate § and construct the histograms given in figure 6. These are obtained by
building the covariance through simulations, setting a harmonic binning A¢ = 100 in
the range [100, 700], displayed in orange, or [50, 750], displayed in blue. In the same
figure 6, we show histograms of 3 obtained through spectra with and without noise +
foregrounds debiasing. In particular, the latter are given with filled histograms, and
the former are provided with unfilled histograms. In all the cases, the average of 3 is
found to be compatible with zero with an uncertainty of 0.011° at 68% C.L.. Moreover,
approximating the covariance Myy to be diagonal, we find the same statistical efficiency
for all cases.

¢ Phase 2: considering the same setting adopted for Phase 1, we estimate 3 for each
simulation and construct the histograms given in figure 6. We find an uncertainty on
of 0.011° at 68% C.L. for all the cases considered. Again similarly to Phase 1, when we
approximate the covariance Myy to be diagonal, we find the same statistical efficiency
for all the cases considered.
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Figure 5. Upper panel: EB spectra. Lower panel: (EE — BB)/2 spectra after component separation

using FGBuster. In all the panels, Phase 1 simulations of CMB + noise + foregrounds are displayed

in blue and simulations of only noise 4+ foregrounds are shown in orange. The spectra debiased with

foreground and noise are given in green. The shaded regions represent the standard deviation of the
spectra across the 100 simulations.

¢ Phase 3: following the same approach considered above, we construct the histograms
given in figure 6. We find an uncertainty on 3 of 0.046° at 68% C.L. for all the cases
considered. Moreover, approximating the covariance My to be diagonal, we find a
general increase in the uncertainty on g of a factor of 1.6 to 1.7. This seems to indicate
that the inclusion of oy different from zero (albeit compatible with requirements)
provides an increase of the uncertainty of 5 compared to Phases 1 and 2, and also
non-negligible off-diagonal correlations, which, if not taken into account, make the
uncertainty even larger.

e Phase 4: in figure 7, we show the spectra needed to build DfB’Obs. As in the previous

cases, the averages of the recovered spectra are compatible with the fiducial spectra
(which, in this case, are rotated with respect to the ACDM case by 8 = 0.3°) for both
the noise + foregrounds debiased and the non-debiased cases. Employing the same
harmonic setting as above, we build the histograms shown in figure 6. When we consider
the harmonic range ¢ € [100, 700] we find 8 = 0.296° +0.045° and 8 = 0.295° +0.045° for
the non-debiased and debiased cases, respectively. We hence retrieve the fiducial value of
B4 = 0.3°. Similarly, for the harmonic range ¢ € [50, 750], we obtain 3 = 0.296°+0.047°
and 8 = 0.297° £ 0.047° for the non-debiased and noise + foregrounds debiased cases,
respectively. Moreover, as for the Phase 3 case, we note that considering a diagonal
matrix, we obtain an increase of the uncertainty on 5 of a factor of 1.6 to 1.7.
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Figure 6. Histograms of 5 with and without debiasing, as obtained for all simulation phases. For
each phase, we considered two harmonic ranges: [100, 700], shown in orange, and [50, 750], shown in
blue. Shaded histograms represent the case without debiasing, while empty histograms indicate the
case with debiasing.

4.1.2 Pixel-based analysis

To determine 3 using the pixel-based approach we begin by finding all the hot and cold
extrema using the nearest-neighbour method on both E maps (produced from noisy @ and
U), and the fiducial T" maps used to generate the LiteBIRD simulations (clean with no
noise). We chose a threshold of zero such that we only retain positive hot spots and negative
cold spots. Including all peaks comes at the cost of more noise peaks adding no additional
information to the analysis (increasing required computation time and slightly increasing
the error bar), whereas including fewer peaks (with a more constraining threshold) comes at
the risk of ignoring true peaks. Thresholds of zero have been used for previous analyses and
we find that more constraining thresholds do not improve our results.

From eq. (3.9), we take 6 out to 5°, where the profile converges towards zero. Higher
angular sizes tested did not change the results. Peaks within 5° of the mask are discarded
since they often lack enough pixels to both be identified as a peak and to correctly determine
the value for 8 (the sample of peaks near a masked region had poorer return of the fiducial
B and with much higher variance than other peak samples).
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Figure 7. Same as figure 5 but for the Phase 4 simulations.

Phase Ngqe Beam FWHM bf b’g bg bg
[arcmin]

1 64 80 0.226 2.85x10~* 0.0022 1.47x10°6

2 64 80 0.226 2.86x107% 0.0022 1.47x10°¢

3 128 40 0.157 2.67x107° 0.0018 4.06x10~7

4 128 40 0.157 2.66x107° 0.0018 4.06x10~7

Table 3. Stacking theory bias parameters for various data sets. Note that the bias parameters
are very dependent on the map features (such as the beam, window function, and Nggq.), and the
underlying power spectrum in the map (including the noise).

For each peak, m, we obtain an estimate of the angle (3,,, and a goodness of fit a?;m
using a standard least-squares analysis fit. First, we calculate the theoretical value U;X (6p),
X ={T, E}, for all the pixels at § < 5° from the central peak, using eq. (3.9). The values
for the bias parameters from the final maps used can be found in table 3, and the final

theory profiles are shown in figure 8.

Next, we compute ﬁr(GpiX) at the location of the T or E peak on the () and U maps,
using eq. (3.6). The peak values are calculated using

13, UT(OP)UTX(GP)

O T TX (0,)0%(6,) .
o 1 Y, (U0) — 28U (6,))? '

T TN-1 Y, UX0,)0X0,)
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Figure 8. Theory profile for E and T peaks for different Ngiqe, used in the pixel-based analysis.
Phase 1 and 2 have Ngq. = 64 and Phase 3 and 4 have Ngq. = 128. Note that the theory profiles are
shown here assuming 3 = 0.3°, otherwise theory profiles for (UX)(6) would be consistent with zero.

where N is the total number of pixels in the sum, and agm is the sum of the squares of the
residuals and gives a goodness of fit to each peak calculation. Note that eq. (4.2) implicitly
assumes that the noise covariance matrix around each peak is diagonal and independent of
0,,. This approximation is enough to describe the statistics of the peaks’ surroundings in
early simulation Phases but becomes insufficient for later Phases, and especially higher map
resolutions, where component separation introduces more complicated residuals and pixel
correlations. The construction of a more optimal estimator is left for future work.
We weight the 3, using the residuals to obtain the final map result:

_ X Fm/95,
- Xal/og,

These results are calculated on maps provided using the FGBuster method at Nggq. = 64
with an FWHM beam of 80 arcminutes for all Phases, at Ngqe. = 128 with an FWHM beam
of 40 arcminutes for Phase 3 and 4, and at Ngqe = 512 with an FWHM beam of around
26 arcminutes (this is an approximation because the true beam for the highest resolution

B (4.3)

data is not a perfect Gaussian) also for Phases 3 and 4, as well as on the CAB-SeCRET
maps at Ngqe = 64 with a beam of FWHM of 132 arcminutes for all Phases. The Galactic
plane mask with fg, = 60% was applied to the data (as in pipeline CAB-SeCRET and the
harmonic approach).

Results for each of these maps are summarised in figure 9. The maps producing the
best results came from the FGBuster method, for Phases 3 and 4 the Ngq. = 128 results
outperformed the Nggqe = 512 results. Simple tests show that in maps with similar noise
properties, increasing the resolution leads to better constraints on the results, however, in
this case the Ngqe = 512 maps have more complex noise properties. To combine the various
frequency maps (with their distinct resolutions and beam functions) the method for producing
the Ngige = 128 and the Ngge = 512 maps using FGBuster are very different.!’ As a result, the

HWhile the Nyjqe = 128 component maps were obtained from a regular run of FGBuster in pixel space, the
Nsige = 512 maps were estimated by applying the W operator (eq. (3.21)) in harmonic space in order to have
an optimal weighting of each frequency map by its associated beam.
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Figure 9. Comparison of the pixel-based results using different FGBuster runs at different resolutions,
and results using the CAB-SeCRET maps. CAB-SeCRET maps are used at Ngqge = 64 with a beam
FWHM of 132 arcminutes. The fiducial angle (‘Fid’) is zero for Phases 1, 2 and 3, and 0.3° for
Phase 4. ‘Est. is the central value of the estimated B from the 100 simulations, the error bars are
given by the standard deviation from the 100 simulations. The best results were achieved using
FGBuster Ngjqe = 64 for Phases 1 and 2, and FGBuster Nggq. = 128 for Phases 3 and 4. The Ngiqge
128 resolution FGBuster maps outperformed the highest resolution maps due to the additional noise
complexity in the highest resolution maps.

Ngide = 512 maps perform less well for the stacking approach in particular. Other component
separation techniques may have improvements at the Ngge = 512 resolution in future work.
The large beam of the CAB-SeCRET maps reduces the ability of the peak-stacking method to
estimate the final result with high accuracy. Histograms showing the results for the FGBuster
Phase 1 and 2 at Ngge = 64, and Phase 3 and 4 at Ngqe = 128 are presented in figure 10.

As shown in table 4, most of the constraining power from the stacking method comes
from the extrema in the F maps, with a small boost from the extrema in the T" maps. This is
expected because the F peaks correspond to the E'B signal from the power spectrum, whereas
the T peaks correspond to the T'B signal from the power spectrum. The justification for the
higher signal-to-noise of B with respect to T'B can be derived from the Fisher information
matrix [35, 99]. The consistency of 3 estimates can be assessed by stacking only hot or only
cold peaks and the comparison of the various data splits can help ascertain to what degree
foregrounds may be affecting results, since foregrounds might be expected to change cold or
hot peaks differently. Furthermore, the local nature of the estimator can be used to test the
isotropy of the signal by targeting peaks in different regions of the sky.

4.2 Pipelines with control of instrumental polarisation angles

4.2.1 Template-based Minami-Komatsu estimator

As mentioned in section 3.2.1, the accuracy of the template-based MK estimator depends on
our ability to model the E'B correlation of Galactic foreground emission. Therefore, we focus
our discussion on studying the impact that foreground modeling has on our measurement of
CB. Here, we limit our analysis to s0, s1, d0, and d1 models and leave the study of further
synchrotron and dust models to future work.
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Figure 10. Results for 100 LiteBIRD simulation maps from the pixel-based analysis, generated using
FGBuster. Details regarding each phase may be found in the text and numerical averages in table 4.

T cold peaks T hot peaks FE cold peaks FE hot peaks All
Phase B [deg] B [deg] B [deg] B [deg] B [deg]
1 —0.024 +£0.104 —0.008 +0.096 0.001 £0.046  —0.003 +0.048 —0.003 4+ 0.030

2 —0.027£0.121 —0.005£0.110 —0.002 £0.057 —0.003 £0.060 —0.005=+£ 0.037
3 0.000 £ 0.094 0.001 £ 0.103 0.011+£0.076  —0.005+0.066  0.002 &+ 0.040
4 0.285 £ 0.101 0.294 £ 0.101 0.285 £ 0.076 0.272 £ 0.063 0.281 +0.040

Table 4. Comparison of the pixel-based results for the best data set from each phase (i.e., FGBuster,
Nside 64 for Phases 1 and 2, and FGBuster Nyqe 128 for Phases 3 and 4), showing the average results
from hot and cold spots for the F and T peaks (see eq. (4.3) for calculation). Results between each
of the data splits should be consistent with one another. Inconsistencies would be an indication of
effects due to uncontrolled systematics, such as foreground contamination.

We start our discussion with Phase 2 simulations (where 3, ay = 0) because this is the
case that allows us to isolate the contribution of the foreground EB. Table 5 shows the
mean CB and template amplitudes recovered with the MK estimator when the foreground
EB correlation is ignored or modelled through different templates. The corresponding oy
are shown in figure 11. Error bars correspond to the 68% C.L. uncertainties calculated

from the values’ dispersion. As described in ref. [50], we expect foreground emission to bias

CEB,fgS/(CEEE,fgs . CZBB’fgS).

our estimates to B ~ (4 — ~, and af =~ a?d + ¢, where vy = C,
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Foreground template B [x10~2deg] Asyne Asynexdust Adust AAIC

AX=0 —1.12 +6.42 618

Adust (40) —0.29 4+ 1.22 e e 0.9997 + 0.0006 343
Adust (d1) —0.24 +1.61 s . 1.0002 4 0.0005 252
Asyne 4 Adust (40s0) —0.35+£1.21 0.93+0.05 . 0.9998 +0.0006 315
Asyne - Adust (q151) —0.16 £1.59  0.97 +0.06 . 1.0001 +0.0005 214

Asyme o gsynexdust 4 gdust (30g50)  —0.39 £1.22  0.94+0.06 1.01+£0.02 0.9998 4+ 0.0006 211
Asyne o geynexdust o qdust (g151)  —0.1541.66  0.99£0.08 1.0040.02 1.0001 £ 0.0005 0

Table 5. Mean CB angle and template amplitudes recovered from Phase 2 simulations. Uncertainties
are calculated as the standard deviation over 100 simulations (68% C.L.). At every row, we only fit
for the amplitudes indicated in the first column. Note the sign change compared to figure 11, which
shows g = (0 — 3) = —(53). We use the Akaike information criterion (AIC) to compare the goodness
of fit of the different models, evaluating AAIC = AIC; — AIC,.s with the A%"¢ 4 Asynexdust 4 dust
(d1s1) case as reference.

Note that & + /3 remains unaffected, since we are trying to use foregrounds to break the
degeneracy between both rotations. Hence, the small C’f Bfes ~ 0 found in the s0, s1, 40,
and d1 models produces the 3 < B4 and & > ofid biases seen in figure 11. Similar biases
were also found in refs. [50, 55].

When neglected (A4St gsyne gsynexdust — () ip eq. (3.10) and “Ay = 0” entries in table 5
and figure 11), the EB correlation in d1 produces a bias of d5 = (814 — 3) = 0.011° (0.17¢
bias). This bias is lower than the dg ~ 0.05° to 0.15° biases reported in almost-full-sky
analyses of Planck data'? [50], partially because of the simplified setup of our simulation
framework, but also thanks to the configuration of Lite BIRD itself. The numerous cross-
correlations between dust- and synchrotron-dominated bands possible within Lite BIRD’s 22
frequency channels help suppress the impact of dust EB [51, 52]. Neglecting dust FB also
biases a ¢ estimates [55, 91]. Due to their higher noise levels and lower resolutions [14], o
estimation on the LFT’s lower frequencies relies mostly on foreground-contaminated scales,
leading to the larger biases and uncertainties seen in those bands [91].

Providing a dust template (At £ 0 while AW?C, ASynexdust — ) ip eq. (3.10) and “ A4t
(d1)” entries in table 5 and figure 11) is enough to reduce the dust-£B bias to dg = 0.0024°
and bring both the 8 and o angles of dust-dominated frequency bands in to agreement with
zero at the 0.12 to 0.260 level. As discussed in ref. [55], the mode-by-mode subtraction of the
foreground signal produced by the template also leads to an overall reduction of uncertainties.
For the lower frequencies of the LFT, oy estimation remains dominated by the instrumental
configuration, since the dust template does not provide additional constraining power at
the frequencies where dust is subdominant.

We expect synchrotron radiation to have a negligible impact on the MK estimator [51, 52]
since no significant synchrotron E'B has been found to date [86, 87]. This is confirmed by

> 90%), we expect the local misalignments between different dust

~

2For almost-full-sky analyses (faxy
filaments and the Galactic magnetic field to average out along the line of sight and give a small global EB
correlation [53]. Depending on the dust model, a g ~ 0.05° to 0.15° bias is expected for this fsy [50, 51]. Far
from the Galactic plane, a larger spatial and angular coherence is seen in the misalignment of dust filaments
and magnetic fields [54], leading to ds =~ 0.55° biases for fay &~ 60%.
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Template-based MK results
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Figure 11. Average difference between the input and estimated angles from Phase 2 simulations when
the foreground E'B correlation is ignored or modelled with different templates. Uncertainties show
the 1o dispersion over simulations. Providing a dust template suffices to obtain an unbiased estimate
of 8, and MFT’s and HFT’s « at the 0.120 to 0.260 level (depending on the frequency band). Extra
information from a synchrotron template is needed to correctly recover « at the lower LFT frequencies.
The EB correlation in d0 is a good enough approximation of that in d1 to effectively correct the dust
E B bias. In contrast, sO proves an insufficient description of s1, limited in its improvement on the
calibration of «.

the small impact including a synchrotron template (AY"¢, A4t £ ( while A%1exdust —
in eq. (3.10) and “A%"¢ 4 A4t (d151)” entries in table 5 and figure 11) has on the CB
measurement once we include a dust template. Nevertheless, the additional information
provided by the synchrotron template helps to characterise the large angular scales of
the observed signal, allowing a better estimation of aug, asg, ago, aesa, and aggp despite
the LFT’s limited angular resolution. Likewise, providing additional information on the
correlation between dust and synchrotron emission (AW?C, Adust gsynexdust — () ip eq. (3.10)
and “.Asyne 4 gsynexdust 1 gdust (4151)” entries in table 5 and figure 11) further improves the
estimate of ay in the LFT’s low-frequency bands. With the observed signal and o better
constrained, more information about 8 can be gathered from low-frequency bands. Thus,
providing a synchrotron template improves the overall performance of the estimator and
reduces the foreground-induced bias to dg = 0.0015°.

An accurate estimation of § = 0.3° is still possible under a small mismodelling of
foreground emission, like assuming d0sO templates to describe an dis1 sky. Models d0 and
d1l are based on the same dust template derived from Planck 2015 data, but scaled with
different SEDs: a fixed 8q = 1.54 and Ty = 20K for d0; and the spatially varying Ty and
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B4 obtained by Commander from the analysis of Planck 2015 data [100] for d1. Likewise, sO
and s1 share the synchrotron template derived from Haslam and WMAP data [101, 102],
but are scaled with different SEDs: a fixed 83 = —3.0 for s0; and the spatially varying (s
obtained by [103] from the analysis of Haslam and WMAP data for s1. See refs. [62, 90]
for further detail. At the angular scales used in our analysis, only 5% to 15% differences
are found between the E'B spectra of d0 and di, and sO and s1.

Qualitatively, d0 offers a good enough description of d1 to satisfactorily correct its EB
correlation as the minor increase in the d3 bias and the good agreement of AUt with unity
show in table 5 (“.A9%t (40)” entries). On the contrary, in our joint analysis of dust and
synchrotron templates, sO proves insufficient to describe s1 (“A%™¢ + A9t (40s0)” and
“ASYDC o gsynexdust 1 gdust (9050)” entries in table 5 and figure 11): modeling s1 with s0
significantly increases the dg bias, gives A%"° values incompatible with unity within 1o, and
no longer improves the estimation of oy at synchrotron-dominated frequencies. In addition
to increasing the bias on § and oy, assuming simplified synchrotron and dust models in
the calculation of the covariance matrix also leads to roughly a 25% underestimation of
uncertainties.

Since it is based on a maximum-likelihood algorithm, our MK estimator allows the
assessment of the goodness of fit and the comparison of different foreground models through
statistics like the Akaike information criterion (AIC). We complement our discussion by
showing the AAIC values obtained with different foreground templates in table 5. The
recovered AAIC reflect the inadequacy of neglecting foreground EB and confirm A%Y"¢ +
Asynexdust 4 gdust a9 the best description of the foreground emission present in the simulations.

As figure 12 and table 6 show, these conclusions qualitatively hold when moving to the
more general scenario of Phase 4 simulations, where 8 and oy take non-zero values. In this
case, the observed signal is more complex than in Phase 2 simulations, since the £ and B
modes of Galactic foregrounds are rotated into each other. The complexity of the covariance
matrix describing such a signal also increases, gaining numerous terms that depend on the
cross-correlations between observations and foreground templates (see appendix A). In this
more realistic scenario, providing an accurate foreground template is crucial. Without one,
the estimated 3 would suffer a bias of dg = 0.1164° (1.80 bias).

With a foreground template, the MK estimator accurately measures 8 =~ 0.3° with a
small bias of g ~ 0.008° (40% of the statistical uncertainty). Additionally, we recover a stable
dg value for all the sky models considered, since now the inaccuracy of the approximations
made in the likelihood dominates over the effects of foreground mismodelling. Those approxi-
mations consist of assuming that the statistics of angular power spectra follow a Gaussian
distribution and using an approximate covariance matrix derived from the observed signal on
a realisation-by-realisation basis. We further simplify the covariance matrix by neglecting
{-to-¢' correlations; assuming that the spherical harmonic coefficients of CMB, noise, and
foreground signals are Gaussian and isotropic; and discarding some of the more noisy and
unstable E'B terms of the observed signal. While these approximations proved sufficient for
the simpler framework of Phase 2, they fall short for Phase 4 simulations. For instance, the
d"C~'d product of C; data vector and covariance matrix that followed the expected >
distribution for Phase 2 simulations, no longer does so for Phase 4. In practice, this means
that, although sufficient to provide an unbiased estimate of 3, the implementation of the MK
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Figure 12. Same as figure 11, but for Phase 4 simulations. For Phase 4, providing a dust
template allows an unbiased estimate of 8, and MFT’s and HFT’s « at the 0.19¢ to 0.290 level.
Similar conclusions on the need for a synchrotron template to accurately calibrate LFT’s a and the
(in)adequacy of (s0) d0 models are obtained for Phase 4.

Foreground template B [x1072 deg] Asyne Asynexdust Adust
A% =0 18.36 + 6.62 .

Adust (40) 29.20 + 1.81 . . 1.002 + 0.003
Adust (d1) 29.25 + 1.98 s e 0.998 + 0.002
AYne - Adust (40s0) 29.10+1.88  0.92+0.06 . 0.999 £ 0.004
Asyne o gdust (g151) 29.28 +£2.11  0.96 + 0.09 . 0.999 4 0.001
Asyne o geynoxdust 4 gdust (4050) 2923 +£1.46  0.9240.07 0.994+0.03  0.999 & 0.004
Asyne o geynoxdust 4 gdust (q151) 2927 +£2.24  0.9640.13 0.99+0.04 0.999 4 0.002

Table 6. Same as table 5 but for Phase 4 simulations. Although sufficient to provide an unbiased CB
estimate, the current MK estimator is not suitable for model comparison through statistics like the
Akaike information criterion in the more complex scenario of Phase 4.

estimator presented here is not suitable for model comparison through statistical estimators
like AIC in the high signal-to-noise regime offered by LiteBIRD. Therefore, we must explore
extensions of the estimator beyond the Gaussian likelihood (see, e.g., ref. [104]) and a more
robust calculation of its covariance matrix if we want to reliably asses the goodness of fit of
different foreground models once Lite BIRD data arrive. We leave that study to future work.
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Phase Method Prior NB.. ds/os o0p [deg] 6%40 / ag/lc J};AC [deg]
1 | CAB-SeCRET | I(ay,3=0)| 0 —0104 00336 —0124  0.0282
2 CAB-SeCRET | II(ay, B =0) 0 —2.378  0.0357 —2.891 0.0294
2 | CAB-SeCRET |I(a;,3=0)| 8 0420 00341 0407 0.0352
2 CAB-SeCRET | II(ay, B =0) 64 —0.218 0.0840 —0.279 0.0656
3 CAB-SeCRET | II(ay,B =0) 8 0.483 0.0349 0.479 0.0352
4 | CAB-SeCRET | I(ay,p) 8§ 8414 00373  10.056  0.0312
4 | BCAB-SeCRET | II(ay, ) 8§  —0.160 0.0359 —0.167  0.0345

Table 7. Biases and uncertainties for each phase obtained using either CAB-SeCRET or SCAB-SeCRET.
The biases are expressed in terms of the uncertainty on 8. g and Ug/lc represent, respectively, the
standard deviation calculated from simulations and from the MCMC chains obtained by minimiz-
ing eq. (3.15).

Finally, these results demonstrate that Lite BIRD is capable of self-calibrating instrumental
oy and measuring isotropic CB at the same time, as long as a reasonable foreground model
is provided. With the help of synchrotron and dust templates, we can recover unbiased
estimates of oy with uncertainties of around 2 arcmin for all frequency bands, fulfilling the
requirements needed to achieve an unbiased measurement of the tensor-to-scalar ratio with
LiteBIRD [60]. This study extends previous results presented in refs. [46, 48, 64, 91].

4.2.2 CAB-SeCRET

In this section, we discuss the results obtained with CAB-SeCRET and SCAB-SeCRET, focusing
on the subtleties intrinsic to this pipeline. First, we present the results obtained for each
phase using CAB-SeCRET and discuss the impact of mismodelled spectral parameters and
biased priors on ay. Then, we compare the Phase 4 results recovered with CAB-SeCRET
and SCAB-SeCRET.

CAB-SeCRET results. This pipeline takes into account the effect of nonzero o in the
component-separation analysis, as inaccuracies in ay calibration can introduce substantial
biases in CB detection. Figure 13 shows the average difference between the input and
recovered 8 and oy obtained with CAB-SeCRET for each phase. We apply the II(ay, 3 = 0)
priors for Phases 1 to 3 and switch to II(ay, §) for Phase 4. Had we employed II(ay, 3)
for Phases 1 to 3 as well, we would have observed a slight increase in ocg. However, this
increase is deemed insignificant upon comparing the uncertainty observed in Phase 4 to that
of the preceding Phases, as illustrated in table 7.

Subsequently, we examine the outcomes for each phase, in order of ascending complexity.

e Phase 1: for Phase 1, we assume that the B parameters are uniform across the entire
observable sky after applying the fq, = 60% Planck Galactic mask. This modelling
approach reproduces that of the simulated foregrounds, ensuring that we do not obtain
biased results due to incorrect modeling of the sky. Our findings indicate that the
ay overall align with the values injected in the simulation, i.e., ay = 0, as shown in
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Figure 13. Average difference between the input and estimated angles obtained with CAB-SeCRET.
Note that o are calculated at the component-separation step, while 3 is calculated from the cleaned
CMB map. Blue diamonds, orange pluses, and green circles correspond, respectively, to Phase 1,
Phase 2, and Phase 3 results obtained using the II(ca, 8 = 0) priors. Red squares show the Phase 4
results when we apply the II(ay, 3) priors. Uncertainties correspond to the standard deviation of the
simulations (68% C.L.). Note the difference in the y-axis scale between the top and bottom panels.

figure 13. Furthermore, we demonstrate that the § left in the clean CMB map is
consistent with zero, with an uncertainty of g ~ 0.034° and a bias of dg =~ —0.103.

e Phase 2: for this simulation set, the assumption of uniform B parameters no longer
holds. Relaxing this condition implies the addition of more free parameters, increasing
the uncertainty of all model parameters, including 5. Thus, we need to find a trade-off
between a tolerable dg and the o3 necessary to achieve a detection if 3 is of the order
of 0.3°. We consider three different cases.

i. As for Phase 1, we assume that B parameters are uniform, meaning the resolution
of B is Nslfde =0.
ii. We allow B to vary from pixel to pixel (N5, = 64). This case aligns the most
with the fiducial foreground model, hence, we expect negligible biases.
iii. An intermediate case, where B are assumed to be uniform in superpixels of
Nslfde = 8. Here, we incorporate spatial variations of B but with fewer parameters,
approximately a factor of 3 x 64 fewer than in the previous one.

As anticipated, the value of U};AC increases with the number of B parameters (N%,.).
Explaining the value of o is more challenging, since it accounts for both the dispersion

due to a larger number of B parameters and the bias resulting from imperfect modelling
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Figure 14. Left: distribution difference between the estimated vyt for all Lite BIRD channels and
the input o (blue line histogram), and the input a ¢ plus the injected 3 angle (orange filled histogram)
when we fit using the II(ay, 8 = 0) priors. Right: distribution of the estimated 8 when we apply the
priors assuming 5 = 0 (blue line histogram) and with no constraints on 8 (orange filled histogram).
The dashed grey line indicates the input S value.

of the foreground emission. Regarding the bias, if Nsl;”de = 0 like in the previous Phase,

we recover a biased value of 45 = —2.37903 due to imperfect modelling of contaminants.
When including all possible parameters at the current resolution, i.e., Ngde = 64,

allowing the model to capture the complexity of the spatial variations of spectral
indices, the uncertainty increases to og = 0.084°, corresponding to a 3 detection of

3.60, similar to current constraints. With Ngde = 8, we find a compromise between
bias, dg = 0.42003, and competitive uncertainty, og = 0.0341°. We use Ngde = 8 in the

following phases.

o Phase 3: figure 13 demonstrates that the estimates for both oy and 8 match the input
values when non-zero o are introduced in the simulations. Furthermore, we observe
that dg and og from Phase 3 closely resemble the values from Phase 2 (NB. =8),
confirming a robust marginalisation over a;.

e Phase 4: in this set of simulations, 8 is no longer zero, rendering the method to
estimate oy from ref. [91] inaccurate as it estimates the combined angle &y = oy + .
Since 3 represents a common rotation across all frequency channels, & also provides a
reasonable fit to the data. Consequently, the recovered oy are biased. This is evident
from the left panel of figure 14, where we compare the distribution of the difference
between the recovered &y and, firstly, the injected ozifn in the simulations, and secondly,
of + B. The former distribution peaks around 0.3°, corresponding to the input 5 value,
while the latter peaks around zero.

To address this issue, one can use prior information regarding « calibration. In
particular, we use the AWNC 4 Agsynexdust . fdust (4151) case from section 4.2.1 in
the following. It is important to highlight that we do not explicitly incorporate any
f constraints from the MK estimator. We only make use of the information on ay
calibration that could otherwise be provided by any other absolute calibration method.
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Method dg/og  op [deg]
Template-based MK | —0.262  0.0214
CAB-SeCRET 0.160 0.0359
SCAB-SeCRET —0.037  0.0617

Table 8. Biases and uncertainties from Phase 4 obtained using the template-based MK (A" +
Asynexdust 4 Adust with d1s1), CAB-SeCRET, and SCAB-SeCRET methods. The biases are expressed
in terms of the uncertainty on 5. The quantity oz represents the standard deviation obtained from
simulations.

Additionally, in this approach, we simultaneously marginalise over the foreground
model parameters and a . Thus, we alleviate any potential biases associated with the
mismodelling of the foreground templates in the MK estimator.

With these priors, we obtain oy and 3 values that are consistent with the input
values, as depicted in figure 13, and right panel of figure 14. Although the uncertainty in
the recovered oy increases due to the less stringent priors, we find that the uncertainty
in the recovered [ is similar to that of the other phases. This is because ( is derived
from the cleaned CMB, whose noise is minimally affected by changes in the o prior.
However, we observe a slight reduction in the dg bias, despite the astrophysical model
being incorrect, as in the other Phases 2 and 3.

Comparison of CAB-SeCRET and SCAB-SeCRET. In this section, we compare the
results from Phase 4 obtained by applying the CAB-SeCRET and SCAB-SeCRET. Notice that,
in both cases, we use the results from the template-based MK AY"¢ 4 Asynexdust 4 gdust
(d1s1) estimator as prior information (II(as, 3)). In CAB-SeCRET, we use only the information
from ay, while in SCAB-SeCRET we also incorporate the information from . The results are
summarised in table 8 and illustrated in figure 15, where we also include the prior estimates
for comparison. When comparing the results from CAB-SeCRET with respect to SCAB-SeCRET,
we observe an increase in the uncertainty on 3 and a reduction in the dg bias.

The primary distinction between CAB-SeCRET and JCAB-SeCRET lies in their treatment
of 3: in the former, 3 is conditioned on both oy and the astrophysical component parameters,
while in the latter, 8 is marginalised over them. Consequently, the results from SCAB-SeCRET
are more robust and unbiased, as demonstrated in table 8. Furthermore, it is noteworthy that
although the uncertainty in § obtained with SCAB-SeCRET is larger, it remains competitive,
especially if 8 ~ 0.3°, as it would result in a detection of 4.9¢.

Similar conclusions arise from comparing the results of CAB-SeCRET and SCAB-SeCRET
with those from the template-based MK estimator used as prior information. Both CAB-SeCRET
and SCAB-SeCRET simultaneously marginalise over astrophysical model parameters and o,
unlike the template-based MK estimator. This marginalisation results in smaller biases
but larger uncertainties. Consequently, the two pipelines can complement each other. For
instance, one can utilise the results from the template-based MK estimator to constrain
the C parameters and recover § with SCAB-SeCRET or CAB-SeCRET, and then employ the
foreground templates derived from the latter in the template-based MK estimator to mitigate
biases arising from incorrect foreground templates.
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Figure 15. Left: distribution of the estimated [ from Phase 4 simulations using three methods:

CAB-SeCRET; BCAB-SeCRET; and the template-based MK results (ASYR€ 4 Asynexdust 4 gdust with q1s1)

used as prior information in SCAB-SeCRET. Right: average difference between input and estimated 3.

4.2.3 Pipeline J23

In this section, we discuss the results obtained by the J23 pipeline, going phase by phase and
discussing the possible shortcomings and extensions to the pipeline in view of its response to
the different levels of complexity of each phase. All error bars discussed here correspond to
the standard deviation over the set of simulations: o, (68% C.L.) for parameter x.

Phase 1: the foreground cleaning in this Phase should be close to optimal, as the
simulations correspond to the data model used in the component separation (eq. (3.19)).
Furthermore, the absence of ay miscalibration should lead to a reduced og compared
to phases with miscalibration.

Figure 16 shows the results of the MCMC sampling of the generalised spectral
likelihood (eq. (3.20)) for one given simulation, corresponding to step 1 in section 3.2.3.
The orange contours correspond to the 68% and 95% contours from the MCMC sampling,
while the purple dashed ones represent the Gaussian priors from calibration. Note that,
as explained in section 3.2.3, the priors’ central values are chosen at random for each
simulation, hence they are not centred at the true values of parameters denoted by the
dotted grey lines. We only display a; of three frequency channels, appr 684, @MFT,100,
and aprT 235, as showing the full triangle plot with 22 angles would lack clarity. We
can see that the foreground parameters are estimated correctly and seem uncorrelated
to ay, as expected from ref. [95]. Thanks to the combination of prior information
between frequencies and the internal calibration against the foregrounds SED, the
statistical error bars associated with o estimates are smaller than the initial precision
of the priors (which are oq; .y gs. = 0.7%, Taypr 100 = 0-13°, and Gaypy 435 = 0.21°) and
best-fit values are closer to the true input angle. Although off-centred priors can bias
ay, the mean bias on the absolute offset will tend to average out to zero thanks to
the randomness of the priors’ centres. This can already be partially seen in the figure,
with the first angle being biased positively while the two others are negatively biased.
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Figure 16. MCMC sampling of the generalised spectral likelihood (eq. (3.20)) for one Phase 1
simulation for pipeline J23. Out of the total 22 ay, only orrr.68a, OMFT,100, and HFT,235 are
displayed for clarity. Orange contours represent the 68% and 95% contours. Purple dashed contours
represent the Gaussian priors applied to the angles, as explained in section 3.2.3 (Step 1) the central
value of the priors are drawn randomly for each simulation. True input values are displayed as the
grey dotted lines.

Furthermore, the case presented in figure 16 only represents one simulation and thus
does not encompass the full posterior and, in particular, the variance associated with
the random prior centres.

Therefore, we must look at the results over the 100 simulations. Figure 17 shows
the results for the estimation of 3 and ay. Central values correspond to the average
over simulations of the estimated parameters, and error bars to o,. We can see that all
ay are retrieved without significant bias, with the error bars on oy ranging from 0.028°
to 0.085°. This leads to an estimation of § = —0.002° £ 0.042°, hence demonstrating
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Figure 17. Average difference between the input and estimated angles over Phase 1 simulations
obtained with pipeline J23. Here, ay are estimated in the component-separation step (section 3.2.3,
Step 1), while g is obtained using the cosmological likelihood with the angular power spectra of the
foreground-cleaned CMB map (section 3.2.3, Step 5). Error bars represent the standard deviation of
the values retrieved over the 100 simulations (68% C.L.).
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Figure 18. From left to right, distribution of Phase 1 results for 84, T4, and S for pipeline J23.
Grey dashed lines represent the true input parameters used in the simulations.

that, in this set of simple simulations, the J23 pipeline can correctly retrieve CB and
ay. The histograms of best-fit values shown in figure 18 demonstrate that foreground
parameters are also retrieved correctly, with average values of 8q = 1.5401 4+ 0.0028,
Tq =19.99 £ 0.10, and B = —3.0001 £ 0.0039.

e Phase 2: to handle the more complex case of spatially varying spectral parameters,
CAB-SeCRET and SCAB-SeCRET allow for parameters to vary across superpixels during
component separation. Contrary to these other pipelines, the current implementation of
J23 does not have yet a way to handle cases with spatially varying spectral parameters
and is therefore more susceptible to the biases caused by more complex foregrounds.
Ref. [95] explored complex foregrounds (including dis1 and d7s3,'3), but the smaller

1347 uses a non-parametric dust frequency scaling based on dust population modelling [105]. s3 uses a
power law with a curved index for the frequency scaling, where the index map is the same as for s1.
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Figure 19. Similar to figure 17, but comparing Phase 2 with the standard fq, = 60% mask (in blue)
to Phase 2 with a larger mask fa., = 40% (in orange) for pipeline J23.

survey footprint of a Simons Observatory SAT-like survey (fgy ~ 10%) limits the
impact of spatially varying foregrounds. This work is therefore the first to test this
method on the bigger sky fraction typical of space missions.

Figure 19 summarises the Phase 2 results, showing that o at low frequencies are
biased. In particular, the estimation of ayg, the lowest frequency band, is biased by
almost 50. The bias on ay reduces as the frequency increases, potentially indicating
that this method is sensitive to spatially varying synchrotron emission. However, the
estimation of ay without a significant bias at middle and high frequencies partially
compensates for the low-frequency bias, leading to an estimation of 5 = —0.033°£0.047°.
Hence, even without a way to handle complex foregrounds, the bias is below lo
at (5/5 = 0.708 0.

To confirm that the spatial variability of spectral parameters is indeed the reason
for this bias, we perform a second analysis on Phase 2 simulations. In this case, we use
a larger mask corresponding to fe., = 40%, since the smaller sky fraction should limit
the impact of the foregrounds’ spatial variation. The results are displayed in orange in
figure 19 and in table 9. The bias on low-frequency «a; is indeed greatly reduced, with
the bias on a49 now being < 1o, and resulting in a CB estimate of 5 = —0.010° +0.055°.
The smaller sky fraction leads to a slight increase in oz of about 15% and a drop in the
bias to dg = 0.179 0.

Reducing the sky fraction to deal with complex foregrounds gives us insight into
our analysis, but it should be treated as a diagnosis tool rather than an analysis tool.
While having statistically consistent results on § between fuy = 60% and fs, = 40%
is promising, the large variation observed in the estimated ay is a clear indication that
complex foregrounds need to be dealt with. Possible extensions to the framework include
the multi-patch approach [14, 106], which allows for spatial variability of foreground
parameters, or foreground marginalisation [106, 107], using the spectra of the foreground
maps estimated by the component separation in the cosmological likelihood. These
extensions are beyond the scope of this paper and are left for future work.

For completeness, we also performed the analysis at fay = 40% on Phase 1
simulations, including the results in table 9. The smaller sky fraction leads again to an
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Phase | foky B [deg] dg/og

1 0.6 | —0.002 £0.042 0.049
0.4 | —0.003 +£0.051 0.051
0.6 | —0.033 £0.047 0.708
0.4 | —0.010+£0.055 0.179
0.6 | —0.041 £0.048 0.849
0.4 | —0.018+£0.056 0.320
0.6 | 0.258 £0.049  0.852
0.4 0.282 + 0.056 0.322

=R W W NN N

Table 9. Summary of the results on S obtained by pipeline J23 across the different phases and sky

fractions.
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Figure 20. Similar to figure 19, comparing results of Phase 3 with fg, = 60% (blue) and feky = 40%
(orange) for pipeline J23.

increase of around 20% in og, but there is no significant difference in the bias thanks
to the absence of spatial variability in these simulations.

Phase 3: for this phase we proceed similarly, with a version of the analysis performed
with the fiducial mask at fgy = 60% and another with fg, = 40%. Results are
displayed in figure 20 in blue and orange, respectively, and are summarized in table 9.
Note that, since figure 20 shows the mean and standard deviation of the difference
between true and estimated angles. Overall, this results in an increase of 3.3% of the
error bar on 3 compared to the Phase 2 result for the fqy, = 60% case, and 1.7% for
the fay = 40% cases. The retrieved mean value of /3 is also affected, increasing by 22%
(foky = 60%) and 77% (fsky = 40%) going from Phase 2 to 3. Results are still within
the 1o limit, with relative bias going to dg = 0.849 05 (foky = 60%) and d3 = 0.320 0g
(fsky = 40%). Hence, in the presence of additional systematic effects, pipeline J23
seems to give robust results. However, the discussion in Phase 2 about requiring the
extension of the pipeline to handle complex foregrounds holds here.
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Figure 21. Similar to figures 19 and 20, comparing results of Phase 4 with fa., = 60% (blue) and
fsky = 40% (orange) for pipeline J23.

e Phase 4: finally, for Phase 4, we display the results in figure 21 and in table 9. Results
are similar to Phase 3, with no significant impact on the estimation of ay. CB is
retrieved with 5 = 0.258° £ 0.049° (feky = 60%) and = 0.282° £ 0.056° ( foy = 40%),
corresponding to dg = 0.85203 and dg = 0.322 0, respectively, and demonstrating the
capacity of pipeline J23 to detect 5 = 0.3° at the 50 level.

These results show that Lite BIRD, with the use of pipeline J23, is capable of measuring £
with a precision of about 0.05°. This is possible thanks to our knowledge of the foreground
SEDs and provided the requirements on absolute a ¢ calibration are met. However, while those
results are promising and seem robust against complex foregrounds and systematic effects,
they also show the limits of the simple spatially constant foreground SED used. Indeed, results
from Phase 2 onward show clear biases in a at low frequencies caused by the foregrounds’
complexity. The estimation on  is not significantly biased thanks to the compensation by
precise o calibration at higher frequencies. Assessing the stability of systematic, foreground,
and cosmological parameters across different sky fractions can serve as a robustness test
against spatial variations in future uses of this pipeline. However, this demonstrates the
need for an extension to the method which includes spatially variable foreground parameters
to handle more complex foregrounds in the future. In particular, since J23 is based on
FGBuster, a multi-patch like extension [106] constitute a natural next step. Indeed, it has
been used in ref. [14] for LiteBIRD forecasts as well as for the estimation of the component
separated maps used for the D-estimator and the pixel-based estimator in this paper. Other
extensions capable of handling more complex foregrounds and systematic effects can be added
to parametric methods in general although at the price of higher statistical uncertainty.

5 Discussion about the impact of foreground contamination

Our current understanding of Galactic emission is inherently limited by the data presently
available, and a comprehensive grasp of the sky’s true complexity will remain elusive until
new data emerges. See ref. [108] and references therein, for example refs. [69, 109, 110],
where new models of polarised Galactic dust and synchrotron emission at CMB frequencies
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have been developed drawing on the latest observational constraints. We acknowledge the
limitations of our simulations, particularly concerning the foreground models included since
pysm’s d0 and d1 models do not account for the line-of-sight variations in the dust SED,
which can induce frequency-dependent changes in the polarisation angle as has been observed
in Planck data [66, 67]. This frequency decorrelation may impact component separation
methods and the characterization of primordial signals, including the EB spectrum [68,
73]. Regarding the synchrotron models sO and s1, they show less spatial variability than
what has been observed in ground-based measurements [111, 112]. Nevertheless, current
constraints on the synchrotron EB signal are consistent with zero, suggesting a smaller impact
compared to thermal dust [86, 87]. However, synchrotron emission remains relevant for
accurately characterising polarisation angles. While our analysis does not explicitly model
these complexities, our conclusions remain robust within the limitations of the foreground
models considered. Future work should explore more sophisticated sky models (e.g., those of
refs. [69-73]) as well as other instrumental effects due to, e.g., a non-ideal half-wave plate [113],
to refine our understanding of these astrophysical and instrumental effects.

However, we expect that these additional foreground complexities will not substantially
alter the estimated isotropic birefringence angle presented in this work. The main argument
supporting this statement is the following: independently of their complexity, foreground
models are expected to primarily impact the lowest multipoles. We have, however, shown
for two out of the five pipelines presented here that our results are weakly dependent on the
lowest fs. Regarding the D-estimator, we excluded the first 50 or 100 multipoles from the
analysis in section 4.1.1 (see figure 6). Of course, this statement assumes that the component
separation layer effectively handles foregrounds at multipoles larger than 100 and smaller
than 750, thereby minimising their impact on our results within this range, which we believe
to be reasonable. Similarly, although the MK estimator (see section 3.2.1), benefits from
accessing the foreground signal at large angular scales to break the degeneracy between CB
and polarisation angles, it can still tolerate the exclusion of the lowest multipoles if the
foreground model is not reliable. We tested that an £, =~ 100 cut leads to only < 0.7 ¢ shifts
in 8 compared to the results presented in section 4.2.1. Furthermore, we have seen that an
incorrect modeling of the dust EB correlation could bias the CB angle measured with the

EB,dust
o, " models can

MK estimator. However, ref. [70] showed that the difference between
be partially absorbed by the extra degrees of freedom the A amplitudes provide, resulting
in <10 shifts in § as long as a reasonable template for EB is provided. Alternative ways
to estimate the dust B contribution from measurements of the magnetic misalignment
angle also exist [53, 54].

In general, the component separation layer employed to provide the input for the methods
in section 3.1 and all the techniques presented in section 3.2 can be extended to parametrize
the foreground complexity. Of course, the increase in the number of parameters employed
comes along with an increase in their statistical uncertainties which needs to be quantified.
Ultimately, a robust assessment will require end-to-end simulations incorporating realistic
noise properties, scanning strategy, and a representative level of instrumental systematics.
Such simulations will be essential to draw firm conclusions regarding the impact of foreground
complexity on the measurement of the birefringence angle which can be the subject for
future analyses.
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Pipeline Phase 1 Phase 2 Phase 3 Phase 4
B [x1072deg] B [x1072deg] B [x1072deg] B [x1072deg]
D-estimator 0.2+1.0 0.1+1.0 0.4+4.6 29.7+4.7
Pixel-based estimator —-0.3+3.0 —-0.5£3.7 0.2+4.1 28.1+4.0
Template-based MK —-0.2+1.5 —0.2+1.7 —-0.3+2.1 29.3 + 2.2
CAB-SeCRET —04+34 1.4+£34 1.7£3.5 29.4+3.6
J23 —0.2£5.1 —1.0£5.5 —1.8+5.6 28.2+5.6

Table 10. Summary of the average performances of the five pipelines. Error bars show the standard
deviation over simulations.
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Figure 22. Summary of this paper’s results, showing the constraints derived from the five pipelines
against the 4 phases of simulations.

6 Conclusion

We generated four sets of 100 simulations, each containing CMB, foregrounds, and noise, with
increasing complexity, as summarised in table 1. These simulations include cases with constant
and spatially varying spectral indices of the foregrounds, with and without instrumental oy
rotation, and with and without a non-zero isotropic CB (see section 2 for details). Using five
different pipelines, we recovered the mean § summarised in table 10 and shown in figure 22.

Our results show that the constraints on 5 are consistent across the four sets of simulations
and all estimators, without significant bias from the instrumental or astrophysical systematic
effects included in the simulations. More specifically, in most cases, the expected value for
is recovered within 3 standard deviations of the mean. However, for certain specific pipelines
and phases, we observe deviations ranging from 3 to almost 5 standard deviations of the mean,
which correspond, in the worst case, to approximately 50% of the statistical uncertainty. Note
that in Phases 3 and 4, the inclusion of non-zero oy meets the requirements presented in
ref. [60] and introduces both relative miscalibrations between frequency channels and a small
global offset across all frequencies. Given the small value of the global offset, pipelines without
control over oy remain unbiased but reflect an increased uncertainty in 3 due to the relative
miscalibrations compared to Phases 1 and 2, which do not include these systematic effects.
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The statistical efficiency with which we recover CB depends on the complexity of the
simulations considered and the pipeline used. In general, we find that, for each pipeline,
the error bar increases with the complexity of the simulations, with the uncertainty of g
ranging between 0.01° to 0.06° depending on the case considered. However, this effect is
more pronounced for pipelines that ignore ay. Specifically, when we consider Phase 4, i.e.,
the case with § = 0.3° motivated by recent observational hints [50], the five pipelines reach a
detection with a significance from 5 to 13¢. This is a remarkable result, since these estimates
have been obtained considering realistic conditions containing the relevant systematic effects,
see also discussion in section 5. To improve our grasp of these astrophysical and instrumental
effects, it will be crucial for future research to investigate more advanced sky models (e.g.,
those by refs. [69-73]) and consider other instrumental influences, including those from a
non-ideal half-wave plate [113].

Still focusing on Phase 4, we note that, among all the pipelines, the one providing the
tightest constraints is the method based on the Minami-Komatsu approach (see sections 3.2.1
and 4.2.1). Compared to the D-estimator, which is also defined in harmonic space, the statisti-
cal power of the MK estimator comes from exploiting the cross-correlations between frequency
bands instead of constraining S from the cleaned CMB EB spectrum. It also achieves
smaller error bars than the (3)CAB-SeCRET and J23 pipelines as it does not marginalise
over the uncertainties in foreground modeling. Although the MK, (3)CAB-SeCRET, and
J23 pipelines explicitly depend on our choice of foreground model (the D-estimator and
stacking analysis indirectly do so through the previous component-separation step), they have
so far adapted satisfactorily to the measurement of CB in realistic skies. We expect their
performance to improve in the future as we continue to improve our knowledge of polarised
foreground emission and implement clustering or foreground marginalisation techniques to
adapt to more complex skies.

This MK technique, along with (8)CAB-SeCRET and J23, demonstrates the capability to
calibrate oy and simultaneously detect CB under realistic conditions as those considered in
the present analysis. The inclusion of information from instrumental calibration, whether
from astrophysical sources [114] and laboratory or space-based instruments as proposed in
refs. [115, 116], could improve the statistical efficiency of these methods and unambiguously
break the degeneracy between isotropic CB and absolute miscalibration angles. It would also
make the techniques that do not control for this systematic effect more robust.

Having five semi-independent pipelines aimed at estimating £ that produce consistent
results is highly beneficial for ensuring the robustness of the analysis. This is because these
pipelines respond differently to systematic effects, reducing the likelihood that a specific
artefact affects all of them in the same way. Consequently, even though the pipelines have
varying levels of statistical efficiency (see table 10), running all of them is essential for
ensuring consistency and cross-validating the results. This approach significantly enhances
the reliability of the analysis and the robustness of the results.
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A Definition of the template-based Minami-Komatsu estimator

‘In this work, we have extended the formalism presented in ref. [55] to include both synchrotron
and dust templates. From eq. (3.10), we can build a Gaussian likelihood (introducing our
eq. (3.10) into equation (A2) from ref. [55]) and simultaneously calculate the maximum-
likelihood solution for all x; = (AY"e, Asynexdust | gdust 3 ) parameters in a semi-analytical

“https://scipol.in2p3.fr/
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iterative approach. The algorithm assumes that the x; parameters in the covariance matrix
are known and fixed, starting at (1,1,1,0,0) values. We then obtain a system of linear
equations to analytically calculate the maximum-likelihood solution by differentiating the
log-likelihood with respect to each parameter. This first estimate is used to update the
covariance matrix and recalculate a new best-fit solution, starting an iterative process that
converges after only a few iterations.

For brevity, we introduce the sin(x) = s, and cos(x) = ¢, notation and the ‘0’, ‘s’, ‘d’, and
‘s x d’ shorthand for ‘obs’, ‘sync’, ‘dust’, and ‘syncxdust’ superscripts in the remainder of this
section. Except for eq. (A.7), all foreground and CMB power spectra are implicitly convolved
by the instrumental beam and pixel window functions associated with each frequency band.
In the following equations, the ‘CMB’ angular power spectra correspond to the ACDM
prediction for the CMB EE and BB spectra in the absence of CB.

The minimisation of the log-likelihood built from eq. (3.10) leads to a linear system of
the form A%, = by,. The Ay, system matrix is symmetrical, with diagonal elements

Es B3
— Z J P—q
Ags= > C cwqbcb ,

b
1,574
D,q7#p

ESBd BsBd Ede
— § 17 pq B p By B J pPq

b
1,570
D,q7#p

dBd
Aga= Zcz ’Cy;

i,jséi
P,gF#p

d pd
CEqu
zgqu b ’

C- 1

ECMBECI\/IB BCMBBCI\/IB
P q o
ijpqb Cy G

Aﬁﬁ_zxZ(Cﬁ g

1,3 #i
D,qF#p

( ECMBECMB BCl\{BBCMB)
p q
)

(A1)

and off-diagonal terms

E2BS
(] 1
As sxd = Z Cb Cszqb

EsB4 EdBs
(Cbp Q+CbP 4)7

iJsﬁi
P,q#DP

SBS
E i
s d = C Cszqbc

i,#i
D,q#p

E@B‘

ECMBECI\/IB BCMBBCI\/IB
'L .7 p q p q
Agp=2 § ¢, ek, (Cb e ,

i,j#i
D,q#Dp

Ason 22[ c," - o e, L,

mqu mqu

z;én
D,q#D

— 43 —



EdBd EsBd EdpBs
pTq p—aq
Agxdd = § Cy' 7 Crinap (C +C,

J#Z
P.q#Dp
EsBd S ECMBECMB BCMB gCMB
= vy E; P _ P q
Asxap =2 Z (C + C > Cszqb <C Cb )
b
1,574
P,q#p
— EPER =1 ; E5Bg B3 BY
Asxd,an =2 Z (Cb Cinqu - C anqu) (C + C
b
D,q#p
ECMBECI\/IB BCMBBCMB
_ B J P P q
Aas=2 % oo (c e )
i,#i
D,q#p
E°E? BC B EdBd
J— [3 n P nq P—q
Ad’a" =2 Z |:Cb mquc C Cmqucb :| )
b
i#n
D,q#p
_ E‘?Eg o EgMBECMB BZ()JMBB(?MB
Apa, =4 > (¢ Ch, -6 et ) (o —C
b
D,q#Dp
E°E? B° B°
J— n J m=j
A'am:an =4 Z [Cb ' znjmbc + Cb Cmmgbcb ]
b
izn
J#Fm
BOBF’ BO _ E°E°
n J m ] 1
—4 Z [Cb ! nzymbc Cb ijinb b ! :| :
b
Jj#Fm
The elements of the independent term b, are
E5 B8
'L -7 p—q
S - Z C Cz]qucb ’
,J#l
P,q#p
EOBO E Bs EsBd
pq p—q
SXd - Z C ijqb (C + C )
,J#l
P,q#p
E°B°
T J P
Z Cb szqbc
b
1,71
D,q#Dp
ECB? ECMBECMB BCMB gCMB
J— g ] p p q
bs =2 Z Gy wqu (C — G ) ’
b
1,571
D,q#Dp
_ EVEn o EpBg BS,BY ~—1 ESBY
bam =2 Z [Cb zmquc ) mipgb b }
b
i#Em
P,q#Dp

— 44 —

(A.2)

(A.3)



We exclude frequency auto-spectra (i = j and p = ¢) from all summations on A,,,, and
b,, to avoid noise bias.

In our likelihood, we use an approximate covariance matrix derived from the observed
signal on a realisation-by-realisation basis. For each combination of 4, j, p, and ¢ frequency
bands, the covariance can be divided into terms that depend only on the observed, foreground,
and CMB spectra, and on their cross-correlations:

1

Ci; — Coxo Cfg*fg _ Cfg*o CCMB*CMB CCMB*O A
P21 1) fay { + + + )

ijpgl ijpgl ijpgl ijpgl ijpgl

where we have neglected any potential chance correlations between foreground and CMB
signals (C'*CMB = () and included a sky-fraction factor (fsy) to account for partial sky
coverage. We make the following approximations when calculating the covariance matrix:
we use observed power spectra instead of theoretical models; we neglect ¢-to-¢' correlations,
even in the presence of a mask; we assume that the spherical harmonic coeflicients of CMB,
noise, and foreground signals are Gaussian and isotropic; and we discard the C’fB terms
suppressed by sin(z)™ with n > 1, since they rapidly fluctuate around zero and make the
covariance matrix unstable.

The covariance of the observed signal is calculated as
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where the combination of frequency bands is specified through the different beam and pixel
window functions, b@ and wpix ¢, respectively.

In turn, the covariance associated with both foreground templates can be divided into
four terms,
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which are calculated from the frequency cross-spectra of synchrotron and dust templates,
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and their cross-correlations,
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Finally, the cross-correlation between the observations and both foreground templates

is given as
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