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Abstract: The rotation of the linear polarisation plane of photons during propagation, also
known as cosmic birefringence, is a powerful probe of parity-violating extensions of standard
electromagnetism. Using Planck legacy data, we confirm previous estimates of the isotropic
birefringence angle, finding β ≃ 0.30±0.05 [deg] at 68% CL, not including the systematic error
from the instrumental polarisation angle. If this is a genuine signal, it could be explained by
theories of Chern-Simons-type coupled to electromagnetism, which could lead to a harmonic
scale-dependent birefringence signal, if the hypothesis of an ultra-light (pseudo) scalar field
does not hold. To investigate these models, we pursue two complementary approaches: first,
we fit the birefringence angle estimated at different multipoles, βℓ, with a power-law model
and second, we perform a non-parametric Bayesian reconstruction of it. Both methods yield
results consistent with a non-vanishing constant birefringence angle. The first method shows
no significant dependence on the harmonic scale (up to 1.8σ CL), while the second method
demonstrates that a constant model is favored by Bayesian evidence. This conclusion is
robust across all four published Planck CMB solutions. Finally, we forecast that upcoming
CMB observations by Simons Observatory, LiteBIRD and a wishful CMB-Stage 4 experiment
could reduce current uncertainties by a factor of approximately 7.
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1 Introduction

The cosmic birefringence (CB) effect, also known as cosmic polarisation rotation (CPR), is
the rotation of the linear polarisation plane of photons in vacuum [1–4]. Parity-violating
extensions of standard electromagnetism can produce this effect; the most notable example is
Chern-Simons (ChS) theory [1]. Note that this rotation is expected to be zero in the standard
Maxwellian scenario, see also refs. [5, 6]. Since the cosmic microwave background (CMB)
radiation is (1) linearly polarised to a few percent level due to Thomson scattering at the last
scattering surface, and (2) the most distant known source of linear polarisation in nature, it
has become customary to constrain the CB through observations of the CMB polarisation [7].

From an observational point of view, the CB effect induces a mixing between E- and
B-mode polarisations, which in turn switches on correlations that would not otherwise
exist. Specifically, CB affects the observed CMB angular power spectra (APS), CX

ℓ with
X = T, E, B, as follows [8–10]

CT T,obs
ℓ = CT T

ℓ , (1.1)

CT E,obs
ℓ = CT E

ℓ cos(2β) , (1.2)

CT B,obs
ℓ = CT E

ℓ sin(2β) , (1.3)

CEE,obs
ℓ = CEE

ℓ cos2(2β) + CBB
ℓ sin2(2β) , (1.4)

CBB,obs
ℓ = CBB

ℓ cos2(2β) + CEE
ℓ sin2(2β) , (1.5)

CEB,obs
ℓ = 1

2
(
CEE

ℓ − CBB
ℓ

)
sin(4β) , (1.6)

– 1 –
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where CX,obs
ℓ are the observed CMB APS (i.e. those containing the effect), while on the

right-hand side there are the unrotated ones, CX
ℓ , that would be observed if the birefringence

angle β was null. It is important to note that eqs. (1.2)–(1.6) are strictly valid under the
assumption that no parity-violation signals are present at the last scattering surface and that
the birefringence angle β is constant, see refs. [11–13] for generalisations. As expected, note
also that CT T,obs

ℓ is not sensitive to the CB effect, as this only affects the CMB polarisation.
The Planck collaboration constrained the CB angle to be β = 0.31±0.05 (stat)±0.28 (sys)

[deg], where the systematic uncertainty, due to the instrumental polarisation angle (henceforth
denoted as α) uncertainty, was found to dominate the total error budget [14]. Specifically,
α affects the CMB APS in the same way as described in eqs. (1.2)–(1.6) [15]; therefore, a
degeneracy exists between this systematic effect and the cosmological CB effect (see the
discussion below). To break this degeneracy, a new technique, now known as the Minami-
Komatsu method, was proposed in refs. [16, 17] and applied to Planck data in ref. [18]
and ref. [19, 20], suggesting a detection of β around 0.3 [deg] with a statistical significance
close to 3σ confidence level (CL). In particular, WMAP and Planck data were analysed
jointly in ref. [21], leading to the exclusion of β = 0 at a significance level of 3.6σ. See
also ref. [22] for a review of recent constraints on the CB effect. Furthermore, we note
that the ACT collaboration has recently suggested an estimate of the birefringence angle,
βACT = 0.20 ± 0.08 [deg], based on DR6 data [23]. In their analysis, they make use of a
detailed optical modelling.1 See also ref. [24] for recent estimates of the CB angle from Planck
Public Data Release 4 data employing a pixel-based estimator.

These estimates are typically interpreted by extending standard electromagnetism.2 In
the context of ChS extensions [2], the photon is coupled to a (pseudo) scalar field χ, also
called axion or axion-like particle (ALP) depending on the specific potential of the field χ,
through the following interaction term

Lint = g χ F̃µν F µν , (1.7)

where g is a coupling constant with dimensions of [energy]−1, Fµν is the electromagnetic
tensor and F̃µν is its dual. It can be show that the eqs. (1.2)–(1.6) are recovered by the
ChS theories when χ is almost constant in time during the recombination epoch [26]. This
occurs when the mass of the field is sufficiently small for a fixed coupling constant g. This
qualitative behaviour appears to be largely independent of the potential considered for χ [27].
On the contrary, if the mass is larger, χ exhibits a time-evolution (characterized by a decay
followed by damped oscillations) that modifies these relations. As a consequence, in ChS
extensions of standard electromagnetism, the degeneracy between α and β is exact when the
mass of the ALP is ultra-light (10−33 eV ≲ m ≲ 10−28 eV, see e.g. [27, 69]), otherwise such a
degeneracy is broken, see also refs. [28–30]. In ref. [31] the dependence on the mass of the
ALP is studied through a related effect, the anisotropic birefringence.

From an observational perspective, the degeneracy is maximised when β is independent of
the harmonic scale. Previous analyses of Planck measurements [32] suggest that this scenario

1While this ACT constraint is noteworthy, it is obtained without a dedicated component separation step,
and also does not account for pointing uncertainty, which is of the order of 0.03 [deg], see again ref. [23].

2See also ref. [25] for an interpretation based on non-trivial spatial topology, which leaves standard
electromagnetism unchanged.

– 2 –
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is currently favoured by the data. Similar conclusions are obtained in [33], where constraints
on the ALPs parameters are derived from the full shape of the Planck EB spectrum. In this
work, we propose a new test to assess whether β is indeed independent of the harmonic scale.
We use Planck Public Data Release 3 (henceforth PR3) [34] to estimate the birefringence
angles at different harmonic scales, hereafter denoted as βℓ, and we test their consistency
across the entire harmonic range.3 This is performed in two different ways, as detailed below:

1. In the first approach, we fit the estimated angles at different angular scales using
a two-parameter power-law model, (β0, n), defined as βℓ = β0 (ℓ/ℓ0)n, where ℓ0 is a
suitable harmonic pivot scale.4 In this approach, the power n is the key parameter, as
it quantifies the consistency of a constant birefringence angle across the entire harmonic
range under consideration.

2. In the second approach, we fit βℓ using a non-parametric Bayesian reconstruction for a
given number of moving knots [35–37]. In this case, the best-fit curve is statistically
evaluated against constant behavior in ℓ.

We anticipate that the first method indicates that the CB angle is independent of the
harmonic scale up to 1.8σ CL. A consistent result is obtained with the second approach, i.e.
the non-parametric method, where a constant birefringence angle is preferred in terms of
Bayesian evidence against more flexible models that require a larger number of parameters.

The paper is organised as follows. In section 2, we describe the Planck data and the
corresponding simulations used in our analyses. In particular, we compute the CMB spectra
for both simulations and data, and assess the statistical significance of the deviation of the
EB spectrum from zero. In section 3, we test the harmonic-scale dependence of the CB
angle. Specifically, in section 3.2, we estimate the birefringence angles in different harmonic
ranges, βℓ, and characterise their covariance using simulations. These βℓ values are then fitted
with a power-law model in section 3.3, and interpolated using a non-parametric approach
in section 3.4. In section 4 we provide forecasts for future CMB experiments. Finally, in
section 5, we present our conclusions, along with a statistical assessment of the results.

2 Planck data and simulations

In this work, we employ Planck PR3 data and simulations [34]. Specifically, we make
use of the official Planck CMB maps obtained through four component-separation (CS)
methods: Commander [38, 39], NILC [40], SEVEM [41], and SMICA [42, 43]. These methods
process multi-frequency observations to extract the CMB signal, cleaned from foreground
emissions [44, 45]. In order to statistically characterize the data, we exploit the official
Planck PR3 simulations. For each CS method, the simulation set consists of 1000 CMB
Monte Carlo simulations generated using the Planck ΛCDM best-fit model (also referred
to as the fiducial model) [45] including a beam modeling,5 along with 300 noise simulations

3Note that the goal of this paper is not to address the degeneracy between β and α directly. However, the
proposed test may help to distinguish between the two.

4As will become clear in the following sections, the power-law functional is actually employed in a slightly
different form, where the harmonic dependence is expressed in terms of band powers.

5In polarization this is equivalent to an effective Gaussian beam of 5 arcmin, see refs. [46, 47].
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PR3 common + HM missed pixel intensity mask

0 1

PR3 common + HM missed pixel polarization mask

0 1

Figure 1. Masks used in this work. Both the intensity (left panel) and polarization (right panel)
masks have an effective sky fraction of fsky ≃ 75%.

for the first half-mission (HM1) and 300 for the second half-mission (HM2). The Planck
PR3 simulations include residuals from several systematic effects, such as beam leakage,
analog-to-digital converter (ADC) non-linearities, thermal fluctuations, and others [48, 49].
All product used here are publicly available on the ESA Planck Legacy Archive6 and are
used at Nside = 2048, where Nside is a parameter of the Hierarchical Equal Area isoLatitude
Pixelization of a sphere (HEALPix) pixelisation scheme [50],7 which is related to the number
of pixels, Npix, through Npix = 12N2

side.

2.1 Angular power spectra

For each CS method, we build two data splits by co-adding the 300 HM1 and the 300
HM2 noise simulations with the first 300 CMB simulations. These splits are then used to
estimate the CMB APS in cross-mode, which is known to provide auto-spectra that are less
sensitive to noise details and residual systematic effects [45]. The APS are computed using the
NaMaster Python package [51],8 which implements the so-called pseudo-Cℓ approach [52, 53].
This computation takes into account the Planck PR3 common masks for intensity and
polarisation, as well as the masks covering unobserved pixels in HM1 and HM2, see figure 1.
No mask apodization or purification [54–56] is applied. See also ref. [46] though employing
different sky coverage and band powers. Figures 2 and 3 display DEB

ℓ ≡ ℓ(ℓ + 1)CEB
ℓ /2π

and D(EE−BB)/2
ℓ ≡ ℓ(ℓ + 1)

[
(CEE

ℓ − CBB
ℓ )/2

]
/2π, respectively. This specific APS choice is

motivated by the analysis pipeline described in section 3.2. Each of these figures contains four
panels, one for each CS method, presenting the binned APS with bandpowers of ∆ℓ = 20 up to
a maximum multipole ℓmax ≃ 1550. In each panel, we illustrate the data APS with error bars
(estimated from the simulations) in black, the ΛCDM fiducial spectrum in dotted gray, and the
mean with one σ dispersion from the simulations in orange. The lower part of each panel shows
how well the simulations are compatible with the expected fiducial APS, denoted by DX,fid

ℓ ,
where X = {EB, (EE − BB)/2}. To achieve this, we plot standardised APS, defined as:

∆DX
ℓ · (C̄X)−1/2

ℓℓ′ ,

6http://pla.esac.esa.int/pla
7https://sourceforge.net/projects/healpix/
8https://namaster.readthedocs.io
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where, ∆DX
ℓ = ⟨DX

ℓ − DX,fid
ℓ ⟩ represents the mean difference from the fiducial spectrum. The

term (C̄X)−1/2
ℓℓ′ is the Cholesky decomposition of the inverse of the mean covariance, C̄X

ℓℓ′ .
The latter is calculated as CX

ℓℓ′/300, where CX
ℓℓ′ is the covariance of X. These quantities

are assumed to be approximately normal distributed with zero mean and unitary standard
deviation at each harmonic bandpower, and therefore expected to lie mostly within ±3σ. The
covariances CX

ℓℓ′ are computed using an analytical approach provided by the NaMaster code,
which includes the fluctuations of signal and noise, as well as the mode coupling induced
by the sky masking, see again ref. [51].

The lower panels of figures 2 and 3 show that the simulation average deviates by less than
3.5σ from the fiducial for all the considered CS methods. This indicates that the residuals
present in the official Planck simulations do not exhibit any significant systematic behaviour.
The sole outstanding exception is observed for SMICA in DEB

ℓ around ℓ ≃ 300, where a
fluctuation of ∼ 5σ is found. However, such a deviation corresponds to only around 30% of
the APS statistical uncertainty at those angular scales. Therefore, we do not expect this
excess to significantly impact our results. Moreover, to reinforce this point, the corresponding
SMICA estimates are well consistent with those derived from the other CS methods, even
around ℓ ≃ 300 where the simulations of the other CS methods do not exhibit any significant
deviation from the expected statistical fluctuations.

In summary, we find excellent consistency of the APS estimates for both DEB
ℓ and

D(EE−BB)/2
ℓ at better than 2σ level across all the CS methods. Moreover, a harmonic χ2-

analysis9 reveals an excess for DEB
ℓ , while it exhibits very good agreement for D(EE−BB)/2

ℓ

across all CS methods. Specifically, the value of the χ2
data for DEB

ℓ ranges from 96 to 115
(depending on the CS method), whereas the expected χ2 value is 73, corresponding to the
harmonic range [42, 1501]. These values indicate a compatibility of the EB spectrum with
zero (expressed as the probability to exceed) ranging from 0.2% for Commander, 0.3% for
NILC, 0.1% for SEVEM, and 0.7% for SMICA.

3 Testing the harmonic-scale dependence of the isotropic cosmic
birefringence

In this section, we first introduce the CB estimator from the CMB APS and the estimator
we use to evaluate the CB at different angular scales. We then present our findings based
on Planck data.

3.1 Estimators

Starting from eqs. (1.1) and (1.6), it is possible to construct two harmonic-based estimators
for β, known as D-estimators [14, 57, 58]

DT B,obs
ℓ (β̂) ≡ CT B,obs

ℓ cos(2β̂) − CT E,obs
ℓ sin(2β̂) , (3.1)

DEB,obs
ℓ (β̂) ≡ CEB,obs

ℓ cos(4β̂) − 1
2

(
CEE,obs

ℓ − CBB,obs
ℓ

)
sin(4β̂) , (3.2)

9χ2 =
∑

ℓ,ℓ′ DX
ℓ CX

ℓℓ′
−1DX

ℓ′ , with X = {EB, (EE − BB)/2}.

– 5 –
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Figure 2. DEB
ℓ ≡ ℓ(ℓ + 1)CEB

ℓ /2π [µK2] versus ℓ from Planck PR3 data binned with ∆ℓ = 20. The
panels are organised by CS method: upper left panel for Commander, upper right for NILC, lower left
for SEVEM, and lower right for SMICA. In each panel, the upper part shows the APS with error bars
(black), the ΛCDM fiducial spectrum (dotted gray), and the mean with one σ dispersion of the mean
from the simulations (orange). The lower part shows the fluctuation of the mean of the simulations
relative to the fiducial spectrum in units of the standard deviation of the mean.

– 6 –



J
C
A
P
0
9
(
2
0
2
5
)
0
7
5

0.0

2.5

5.0

7.5

10.0

12.5

15.0

`(
`

+
1)
C

(E
E
−
B
B

)/
2

`
/2
π

[µ
K

2
]

simulations mean

ΛCDM

Commander

250 500 750 1000 1250 1500
`

−2.5

0.0

2.5

∆
D
`
C̄
−

1/
2

``
′

0.0

2.5

5.0

7.5

10.0

12.5

15.0

`(
`

+
1)
C

(E
E
−
B
B

)/
2

`
/2
π

[µ
K

2
]

simulations mean

ΛCDM

NILC

250 500 750 1000 1250 1500
`

−2.5

0.0

2.5

∆
D
`
C̄
−

1/
2

``
′

0.0

2.5

5.0

7.5

10.0

12.5

15.0

`(
`

+
1)
C

(E
E
−
B
B

)/
2

`
/2
π

[µ
K

2
]

simulations mean

ΛCDM

SEVEM

250 500 750 1000 1250 1500
`

−2.5

0.0

2.5

∆
D
`
C̄
−

1/
2

``
′

0.0

2.5

5.0

7.5

10.0

12.5

15.0

`(
`

+
1)
C

(E
E
−
B
B

)/
2

`
/2
π

[µ
K

2
]

simulations mean

ΛCDM

SMICA

250 500 750 1000 1250 1500
`

−2.5

0.0

2.5

∆
D
`
C̄
−

1/
2

``
′
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ℓ ≡ ℓ(ℓ + 1)[(CEE

ℓ − CBB
ℓ )/2]/2π [µK2] versus ℓ from Planck PR3 data binned

with ∆ℓ = 20. The panels are organized by CS method: upper left panel for Commander, upper right
for NILC, lower left for SEVEM, and lower right for SMICA. In each panel, the upper part shows the
APS with error bars (black), the ΛCDM fiducial spectrum (dotted grey), and the mean with one σ

dispersion of the mean from the simulations (orange). The lower part shows the fluctuation of the
mean of the simulations relative to the fiducial spectrum in units of the standard deviation of the
mean.
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where β̂ is the estimate of the CB angle β. It can be shown, see e.g. [58], that

DY,obs
ℓ (β̂ = β) = 0 , (3.3)

for Y = TB or EB. Eq. (3.3) suggests that β can be found identifying the zeros of the
D-estimators. In the following, we base our analysis on DEB,obs

ℓ (β̂), which is known to have
greater constraining power than DT B,obs

ℓ (β̂) for Planck [14].10

3.2 Estimates of the βℓ

The first part of our analysis consists of recovering previous results already present in the
literature. We estimate the CB angle by minimising the following χ2(β̂)

χ2(β̂) =
∑
b,b′

DEB,obs
b (β̂)(CEB)−1

bb′ D
EB,obs
b′ (β̂) , (3.4)

considering the whole range of multipoles, where b, b′ = 1, . . . , 73, corresponding to the
harmonic range [42, 1501], which is equally spaced with ∆ℓ = 20, and with CEB

bb′ being
the analytical covariance matrix for EB computed through NaMaster, see section 2.1. As
also done in previous analyses, see e.g. [14], we exclude the lowest multipoles to mitigate
possible residual of systematic effects (including those of astrophysical origin). For each CS
method, we compute β for each simulation and for the corresponding Planck CMB solution.
These values were used to construct figure 4, where the histograms represent the expected
distribution from simulations for each CS method, and the vertical bars indicate the observed
CB angle. In each panel, we also display a Gaussian distribution, whose mean and standard
deviation are derived from the corresponding histogram. This normal distribution is used
to compute the significance of the observed value, which is also reported above the arrow
connecting the mean of the histograms to the estimated angle. The probabilities associated
with the observations range from 5σ of the SMICA solution to 6.2σ of NILC, whereas we find
5.4σ and 5.3σ for Commander and SEVEM, respectively. The estimated means and standard
deviations of the βs are reported in table 1, along with the residual CB angle βres = ⟨βi⟩i∈sims
computed on the simulations. Note that the latter corresponds to a fraction of the statistical
uncertainty associated with the β and is therefore not responsible for the overall measured
CB effect. However, it can be interpreted as a source of systematic uncertainty.

We then evaluate the CB angle, βB, over four harmonic bins, b, by minimizing the
following χ2

B(β̂B)

χ2
B(β̂B) =

∑
b,b′

DEB,obs
b (β̂B)(CEB)−1

bb′ D
EB,obs
b′ (β̂B) , (3.5)

where B labels four aggregated consecutive bins b in order to cover the multipole range
[42,1481].11 In this way B ∈ [1, 18] is mapping b ∈ [1, 72]. For each CS method and for each

10This statement is strictly true when the full available harmonic range is considered. It is possible that for
very specific subranges the two estimators have closer statistical efficiency. We plan to return to this point in
future investigations.

11We excluded the last bin, b = 73, to make the total number of bins divisible by four. Additionally, we
have found that the estimate of β on the aggregated bins corresponding to the multipole range ℓ ∈ [2, 41],
carries an uncertainty approximately 10 times larger than that obtained from the same analysis conducted on
the aggregated harmonic bins in ℓ ∈ [42, 1481].
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Method β [deg] βres [deg]
PR3 Commander 0.30 ± 0.05 0.02
PR3 NILC 0.32 ± 0.05 0.01
PR3 SEVEM 0.31 ± 0.06 0.01
PR3 SMICA 0.27 ± 0.05 0.02

Table 1. Values of β obtained over the harmonic range [42,1501] for the four CS methods considered
in this work. In the third column, we report the mean value of the CB angle estimated from the
simulations, βres.
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Figure 4. Estimated β for all the CS methods: upper left panel for Commander, upper right for
NILC, lower left for SEVEM and lower right for SMICA. In each panel, the histogram (in gray), built
with simulations, represents the expected distribution for β, the vertical bar (in black) stands for
the observed value. The curve (in green) is a Gaussian distribution, whose mean and standard
deviation are derived from the corresponding histogram. This normal distribution is used to calculate
the significance of the observed value (also reported above the arrow connecting the mean of the
histograms to the estimated angle).
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of the 300 corresponding simulations, we have computed the values βB that correspond to
the minimum of eq. (3.5). We have then estimated their covariance from simulations as

Cβ
BB′ =

〈
(βB − ⟨βB⟩) (βB′ − ⟨βB′⟩)

〉
, (3.6)

where ⟨βB⟩ is the mean over the simulations for each bin B. Using the same procedure, we
estimate βB from Planck data. Results are displayed in figure 5. For each panel in the figure,
we illustrate the compatibility of ⟨βB⟩ with the null hypothesis in the lower tiles. This is
shown through the quantity ⟨βB⟩

[
H · (Cβ

BB′)−1
]1/2

(solid orange lines), which is expected to
lie mostly within ±3σ for each bin B. The inverse covariance matrix is corrected using the
Hartlap factor H to account for the limited number of effective degrees of freedom in the
simulation-based covariance estimate [59]. Note also that, as before, with the power of 1/2
applied to a given matrix, we mean the Cholesky decomposition of the same matrix. We also
perform the same calculation using only the diagonal elements of Cβ

BB′ , this time without
applying the Hartlap correction (dashed lines). As can be seen in figure 5, the off-diagonal
terms contribute negligibly to the total uncertainty. This test reveals only partial compatibility
of the Planck simulations processed with Commander, NILC, and SMICA, as evidenced by excess
power around ℓ ≈ 300 for all three CS methods, and additionally around ℓ ≈ 500 and 700 for
NILC and SMICA. To address this, we applied a debiasing procedure, subtracting the constant
residual value βres — see table 1 — from each βB, separately for each CS method. We then
re-evaluated the standardised quantities and present the results — now debiased — in the
same lower tiles of figure 5, using indigo lines to indicate the corrected curves. This procedure
restores full compatibility with the null hypothesis for Commander, whereas it only mildly
mitigates the residual excess for NILC and SMICA. SEVEM exhibits full compatibility regardless
of the debiasing procedure. We will comment on the impact of the residual excess in the
analysis section. Nevertheless, we note that all estimates obtained from the different CS
methods are in very good agreement, with relative fluctuations typically around 1σ level.12

3.3 Fitting βℓ with a power-law like functional

In this section, we estimate the birefringence angles βB across angular scales using a two-
parameter power-law model defined as

β(B) = β0

(
ℓB

ℓB0

)n

, (3.7)

where β0 is the amplitude, n is the power (or slope) that characterizes the harmonic scale
dependence at a reference pivot scale ℓB0 . Since the power-law form in eq. (3.7) is sensitive
to the choice of pivot, we fix B0 to the bin which minimises the correlation between β0 and n,
while also providing the smallest systematic uncertainty coming from βres. This corresponds
to the sixth bin, with ℓB0=6 ∈ [442, 522], which is consistent across all four CS methods, see
section A for details. The power index n is the key parameter in this analysis, as it quantifies
deviations from a constant birefringence angle across multipoles.

We developed the following pipeline in order to test the power-law model in eq. (3.7):
12This is not true in the excluded multipole range [2,41].
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Figure 5. Estimated βB for all the CS methods: upper left panel for Commander, upper right for
NILC, lower left for SEVEM, and lower right for SMICA. In each panel we report the values of βB from
data (black) with errorbars computed from the numerical covariance Cβ

BB′δBB′ and the mean value,
⟨βB⟩, with its 1σ area from the corresponding simulations (orange); grey dashed lines indicate the
value of β computed on the whole multipole range. In the lower tile we show the fluctuation of the
simulations’ mean with respect to the null hypothesis before removing the constant value of βres at
each multipole (orange) and after (indigo), and considering the full dense covariance matrix corrected
by the Hartlap factor (solid) or only its diagonal (dashed).

1. we construct a two-dimensional grid (β0, n) centered at (0, 0). It consists of 1000 × 1000
points, spanning the ranges β0 ∈ [−1, 1] deg and n ∈ [−1.5, 2.5];

2. we then evaluate the value of a 2-dimensional χ2 at each value of the grid (β0, n),
assuming the theoretical power law in eq. (3.7);

3. we minimize the 2-dimensional χ2 to find the best-fit values (β0, n).
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Par. Data Commander NILC SEVEM SMICA

β0 [deg]
βB 0.28 ± 0.05 0.31 ± 0.05 0.30 ± 0.06 0.26 ± 0.05

βres 0.019 ± 0.003 0.013 ± 0.003 0.013 ± 0.003 0.017 ± 0.003

βB − βres 0.26 ± 0.05 0.29 ± 0.05 0.29 ± 0.06 0.25 ± 0.05

n

βB 0.60+0.34
−0.31 0.29+0.31

−0.29 0.57+0.33
−0.31 0.52+0.36

−0.34

βres 0.00+0.35
−0.31 0.00+0.45

−0.41 0.00+0.49
−0.41 0.00+0.38

−0.33

βB − βres 0.62+0.36
−0.33 0.30 ± 0.31 0.59+0.34

−0.32 0.54+0.38
−0.35

Table 2. Best-fit values and 1σ errors for (β0, n) from different CS methods, and different inputs:
data βB , bias βres, and debiased data βB − βres.

The χ2(β0, n) has the following expression

χ2(β0, n) =
18∑

B,B′

[
β(B) − βB

] (
Cβ

)−1

BB′

[
β(B′) − βB′

]
, (3.8)

where χ2(β0, n) quantifies the goodness of fit for each point on the grid. This procedure has
been applied to βB as obtained from each CS methods, to βres to propagate the systematic
effect to the parameters, and to the debiased dataset, βB − βres.

We display the marginal distributions for (β0, n) in figure 6, and report in table 2 the
constraints on β0 and n. The constraints on the input βres represent a systematic effect that
contributes only to β0 at the level of ∼ 40% of the statistical uncertainty. In particular, the
systematic uncertainty on n peaks at zero and therefore possible residuals from the Planck
analysis pipeline do not represent a significant limitation to our analysis. Our estimates of n

are compatible with zero within the total error budget at the level of 1.8σ for Commander, 1.0σ

for NILC, 1.7σ for SEVEM, and 1.5σ for SMICA. However, when we build templates for NILC
and SMICA in order to cope with the excess found at ℓ ≈ 300, 500 and 700, see again figure 5,
we obtain β0 = 0.30 ± 0.05 [deg] and n = 0.40 ± 0.33 for NILC and β0 = 0.25 ± 0.05 [deg] and
n = 0.68 ± 0.36 for SMICA. This means that the shift in the power index, n, is −0.11 for NILC
and −0.16 for SMICA, corresponding to fractions of a standard deviation of 0.36σ and 0.51σ,
respectively. This suggests a non-negligible interplay between foreground contamination and
systematic residuals; accounting for this yields updated estimates of the power index that
are compatible among the different CS methodologies within one σ. The templates are built
using the means of βB computed from simulations (without debiasing, see the orange lines
in figure 5), selecting only those fluctuations above 3.5σ. We then estimate β0 and n on
the dataset after subtracting the template.

3.4 Fitting βℓ with a non-parametric Bayesian reconstruction

To model the data in a way that avoids theoretical biases, we adopt a model-independent
reconstruction approach based on a flexible representation using moving nodes or knots.
This method provides a versatile framework that allows the data to guide the shape of

– 12 –



J
C
A
P
0
9
(
2
0
2
5
)
0
7
5

0.00 0.15 0.30 0.45
β0 [deg]

0.0

0.8

1.6

n

0.0 0.8 1.6
n

0.00 0.15 0.30 0.45
β0 [deg]

0.0

0.8

1.6

n

0.0 0.8 1.6
n

0.00 0.15 0.30 0.45
β0 [deg]

0.0

0.8

1.6

n

0.0 0.8 1.6
n

0.00 0.15 0.30 0.45
β0 [deg]

0.0

0.8

1.6

n

0.0 0.8 1.6
n

Figure 6. Triangular plots illustrating the power-law constraints for all four CS methods using DEB

estimator: upper left panel for Commander, upper right for NILC, lower left for SEVEM, and lower right
for SMICA. The ⋆ represent (β, 0) with β given in table 1.

the reconstructed function without relying on a specific parametric model, as we did in
the previous section.

Reconstruction is performed by placing a set of nodes along the domain of the data. The
amplitudes and positions of these nodes are treated as free parameters to be inferred from
the data performing a Bayesian analysis. The function between the nodes is interpolated
using a linear spline. This approach, commonly known as FlexKnot model [60], allows the
reconstruction to flexibly adapt to the underlying data structure. To ensure the robustness
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Method β [deg]
PR3 Commander 0.30 ± 0.05
PR3 NILC 0.32 ± 0.05
PR3 SEVEM 0.31 ± 0.06
PR3 SMICA 0.28 ± 0.05

Table 3. Mean values of β and uncertainties at 68% CL obtained with PolyChord considering one
node (N = 1).

and generality of the reconstruction, the two endpoints of the domain are fixed at ℓmin = 42
and ℓmax = 1481, while the intermediate nodes are allowed to vary in a sorted manner, i.e.
ordered such that ℓi < ℓi+1 for any node i to avoid encountering in a non-physical form. The
number of nodes is increased incrementally, starting with one node (N = 1), corresponding to
a constant amplitude, and progressively adding more nodes (N = 2, 3, 4, . . . ). This iterative
approach allows us to assess the trade-off between model complexity and quality of fit.

Inference is performed using the nested sampling algorithm implemented in
PyPolyChord [35, 36]13 with 800 live points. We consider the isotropic birefringence an-
gle estimates as obtained in section 3.2 for all the four CS methods. The log-likelihood
function, i.e. eq. (3.8), incorporates the observed data and their uncertainties, while the
priors are chosen to reflect reasonable physical constraints on the node amplitudes and
positions. Amplitudes have been sampled with a uniform prior between [−20◦, 20◦] and
positions have been sampled with a uniform prior between [ℓmin, ℓmax] applying a forced
identifiability prior transformation [36, 61]. For each configuration of the number of nodes,
the posterior distributions of the parameters are obtained and the model evidence is com-
puted. The Bayesian evidence provides a quantitative metric for comparing reconstructions
with different numbers of nodes, allowing us to identify the optimal balance between model
simplicity and explanatory power. The posterior distributions of the reconstructed functions
are visualized using the fgivenx package [62],14 which provides a clear representation of
the uncertainty in the reconstruction.

Figure 7 shows the reconstructed function obtained with the four CS methods, assuming
N = 4. The shaded regions represent the credible intervals derived from the posterior
samples. We compare the reconstructed βℓ spectra for N = 4 with the results obtained in
the single-node case, i.e. N = 1, displayed as grey shadow region in figure 7, and reported in
table 3. While all four CS methods yield consistent results, broadly agreeing with a constant
CB angle, small deviations at 68% CL appear at large angular scales (ℓ ≲ 350) for Commander,
SEVEM, and SMICA, where the results are more compatible with a vanishing angle.

In section B, we collect the results obtained from this pipeline varying the number of
nodes compared to the results showed here for N = 4 as well as the Bayes factor calculated
with respect to the case with one node.

13https://github.com/PolyChord/PolyChordLite
14https://github.com/handley-lab/fgivenx
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Figure 7. Reconstruction of the angular isotropic cosmic birefringence angle plotted using iso-
probability credibility intervals in the (βℓ, ℓ) plane, with their masses converted to σ values via an
inverse error function transformation, obtained from the EB-based estimator applied to the Commander,
NILC, SEVEM, and SMICA maps, assuming four nodes (N = 4). The grey band correspond to the
result obtained with N = 1 collected on table 3. The grey shadow regions correspond to the 68% CL
obtained performing the same analysis with one node (N = 1).

4 Forecasts for future CMB experiments

In this section, we present forecasts on our ability to recover β0 and n using upcoming CMB
experiments. In particular, we focus on the following experiments: LiteBIRD (LB) [63, 64],
Simons Observatory - Large Aperture Telescope (SO-LAT) [65, 66], and CMB Stage 4
(CMB-S4) [67, 68].

For each experiment, we produce 500 simulated datasets, with the same underlying
cosmological parameters, including a scale-invariant angle β of 0.3 deg, but with different
noise phases with the experimental configurations as reported in the upper block of table 4.
We then apply the analysis pipeline presented in section 3.3 to constrain β0 and n. We
use the same pivot scale as in the Planck analysis to make the estimate of n from the
forecasts to be comparable with the one from the analysis in this work.15 The forecasts
for β0 and n are presented in table 5. The uncertainty on β0 is up to 5 times lower than

15This choice does not necessarily represent the optimal choice for different experimental set-ups.
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Parameter LiteBIRD SO-LAT CMB-S4
beam [arcmin] 30 1.4 1
Q, U sensitivity [µK · arcmin] 3.26 8.49 4.24
sky fraction 70% 40% 2%
Nside 1024 1024 2048
ℓmin 11 11 51
ℓmax 811 3011 3011

Table 4. Summary of the experimental specifications for the considered upcoming CMB surveys
(upper block), and the set-up for the analysis pipeline (lower block).

Par. LiteBIRD SO-LAT CMB-S4

β0 [deg] 0.30 ± 0.01 0.30 ± 0.01 0.30 ± 0.02

n 0.00 ± 0.07 0.00 ± 0.05 0.00 ± 0.07

Table 5. Forecasted best-fit values and 1σ errors for (β0, n) from upcoming CMB experiments.

that obtained with Planck data, and the error on n can be up to ∼ 7 times lower than
the larger error found with Planck data.

5 Conclusions

In this work, we use the Planck PR3 data and simulations to constrain the dependence of
the cosmic birefringence angle β on the harmonic scale ℓ. Such a dependence might stem
from ChS models if the mass of the pseudo-scalar field is not sufficiently small. In this case,
the main observational signature is represented by the EB spectrum that is not a perfect
rescaling of (EE − BB)/2, a condition that would break the degeneracy between the CB
isotropic angle and the instrumental polarisation angle.

Using the data and simulations as described in section 2, we confirm the presence of
an excess of EB signal across all four CS methods, whose origin remains unclear. We find
that the estimated β over the whole harmonic range, i.e. [42,1501], is consistent with the
literature [18, 19] regardless of the impact of the instrumental polarisation angle.

We have studied the harmonic dependence of this excess, through two different methods:
a parametric approach, where we fit the data using the power law in eq. (3.7), and a non-
parametric approach based on the FlexKnot model. The excess is found to be independent
from the harmonic scale, at the ≲ 2σ level, for all CS methods. Using the non-parametric
approach with the FlexKnot model we find a strong preference for a constant β angle across
the harmonic range (see figure 10).

The main outcome of this work ultimately lies in the Planck data preference for a constant
value of the CB angle across the harmonic scales [26, 32, 33]. Future CMB experiments will
further reduce Planck uncertainties up to a factor of 7. If the effect is due to new physics,
these findings would provide strong constraints on the ultra-light nature of the axion field
with even better perspectives for future probes.
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Par. Pivot scale
Data considered: βB

Commander NILC SEVEM SMICA

β0 [deg]
3rd bin 0.19+0.07

−0.06 0.26 ± 0.07 0.20+0.07
−0.06 0.19+0.07

−0.06

6th bin 0.28 ± 0.05 0.31 ± 0.05 0.30 ± 0.06 0.26 ± 0.05

10th bin 0.39 ± 0.07 0.36 ± 0.07 0.41 ± 0.08 0.36 ± 0.07

n

3rd bin 0.53+0.33
−0.31 0.23+0.30

−0.29 0.51+0.32
−0.30 0.44+0.35

−0.33

6th bin 0.60+0.34
−0.31 0.29+0.31

−0.29 0.57+0.33
−0.31 0.52+0.36

−0.34

10th bin 0.65+0.35
−0.32 0.34+0.32

−0.30 0.62+0.34
−0.31 0.58+0.37

−0.34

Table 6. Best-fit values and 1σ errors for (β0, n) at different pivot scales (3rd, 6th, and 10th bin
corresponding respectively to ℓB0 = 242, 482, 802) for the various CS methods.

Par. Pivot scale
Data considered: βres

Commander NILC SEVEM SMICA

β0 [deg]
3rd bin 0.019 ± 0.005 0.014 ± 0.005 0.014 ± 0.005 0.017 ± 0.005

6th bin 0.019 ± 0.003 0.013 ± 0.003 0.013 ± 0.003 0.017 ± 0.003

10th bin 0.019 ± 0.004 0.014 ± 0.004 0.014+0.005
−0.004 0.017 ± 0.004

n

3rd bin −0.07+0.33
−0.29 −0.12+0.42

−0.38 −0.12+0.45
−0.38 −0.08+0.36

−0.31

6th bin 0.00+0.35
−0.31 0.00+0.45

−0.41 0.00+0.49
−0.41 0.00+0.38

−0.33

10th bin 0.05+0.36
−0.32 0.09+0.47

−0.42 0.10+0.53
−0.44 0.06+0.39

−0.34

Table 7. Best-fit values and 1σ errors for (β0, n) at different pivot scales (3rd, 6th, and 10th bin),
estimated from the bias term βres for various CS methods. We highlighted with bold text the sixth
bin row corresponding to the minimal value recovered for n.

A Pivot scale

We assess the choice of the pivot scale ℓB0 by examining three different choices for B0 across
the four CS Planck datasets. We select the bin that results in the smallest correlation
between β0 and n while being compatible with the value of β estimated across the entire
range and yielding the smallest possible systematic uncertainty on n from βres. Tables 6
and 7 report our numerical results for the four CS datasets and for three choices of B0
corresponding to the third (ℓ ∈ [202, 281]), sixth (ℓ ∈ [442, 521]) and tenth (ℓ ∈ [762, 841])
bins. We also show in figure 8 the corresponding contour plots. We find that a common
value of B0 = 6 minimises both the correlation between the model parameters and the
systematic uncertainty for n. This position corresponds to the region most constrained by
the non-parametric reconstruction; see figure 7.
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Figure 8. Triangular plots reporting the power-law test results for all four CS methods: Commander
(top left), NILC (top right), NILC (bottom left) and SMICA (bottom right), using DEB estimator and
varying the pivotal bin (3rd, 6th or 10th).

B Non-parametric Bayesian reconstruction for N ̸= 4 nodes

Figure 9 shows the evolution of the reconstructed function as the number of nodes changes
with respect to the case considered in section 3.4 for N = 4, with the shaded regions
representing the credible intervals derived from the posterior samples. The results show how
increasing the number of nodes improves the ability of the reconstruction to capture fine
features of the data, while also highlighting the diminishing returns as the number of nodes
becomes excessive, leading to potential overfitting. This is also described by the worsening of

– 18 –



J
C
A
P
0
9
(
2
0
2
5
)
0
7
5

200 400 600 800 1000 1200 1400

`

−3

−2

−1

0

1

2

β
`

N = 2

200 400 600 800 1000 1200 1400

`

−3

−2

−1

0

1

2

β
`

N = 6

200 400 600 800 1000 1200 1400

`

−3

−2

−1

0

1

2

β
`

N = 2

200 400 600 800 1000 1200 1400

`

−3

−2

−1

0

1

2

β
`

N = 6

200 400 600 800 1000 1200 1400

`

−3

−2

−1

0

1

2

β
`

N = 2

200 400 600 800 1000 1200 1400

`

−3

−2

−1

0

1

2

β
`

N = 6

200 400 600 800 1000 1200 1400

`

−3

−2

−1

0

1

2

β
`

N = 2

200 400 600 800 1000 1200 1400

`

−3

−2

−1

0

1

2

β
`

N = 6

Figure 9. Reconstruction of the angular isotropic cosmic birefringence angle plotted using iso-
probability credibility intervals in the (βℓ, ℓ) plane, with their masses converted to σ-values via an
inverse error function transformation, obtained from the EB-based estimator applied to (from top
to bottom) the Commander, NILC, SEVEM and SMICA maps for N = 2 (left panels) and N = 6 (right
panels).

the Bayes factor as the number of nodes increases; see figure 10. The result agrees well with
the best fit obtained with the power-law template showed in table 2 and figure 5.
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Figure 10. Bayesian evidence as a function of number of nodes N for the isotropic cosmic birefringence
angle reconstruction. The colors of the solid lines follow the usual palette: red for Commander, orange
for NILC, green for SEVEM, and blue for SMICA.
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Note added. While we were completing our manuscript, we learned of the decision by
DOE and NSF to no longer support the CMB-S4 Project. Nevertheless, we decided to keep
our CMB-S4 forecast in our analysis.
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