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Abstract: V-mode polarization of the cosmic microwave background is expected to be
vanishingly small in the ΛCDM model and, hence, usually ignored. Nonetheless, several
astrophysical effects, as well as beyond standard model physics could produce it at a detectable
level. A realistic half-wave plate — an optical element commonly used in CMB experiments
to modulate the polarized signal — can provide sensitivity to V modes without significantly
spoiling that to linear polarization. We assess this sensitivity for some new-generation CMB
experiments, such as the LiteBIRD satellite, the ground-based Simons Observatory and a
CMB-S4-like experiment. We forecast the efficiency of these experiments to constrain the
phenomenology of certain classes of BSM models inducing mixing of linear polarization states
and generation of V modes in the CMB. We find that new-generation experiments can
improve current limits by 1-to-3 orders of magnitude, depending on the data combination.
The inclusion of V-mode information dramatically boosts the sensitivity to these BSM models.
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1 Introduction

Observations of anisotropies in the cosmic microwave background (CMB) radiation proved
a major observational channel for modern cosmology. The Planck satellite observed them
in temperature and polarization with unprecedented precision, providing state-of-the-art
constraints on cosmology and fundamental physics [1]. Ground-based experiments have
complemented these observations, especially targeting the polarization signal [2–5]. CMB
E-mode polarization remains a key focus for next-generation experiments, aiming to achieve a
cosmic-variance-limited estimate of the optical depth to reionization τ [6], the least constrained
parameter in the ΛCDM model. Also, observations of large-scale B-mode polarization are
crucial for improving sensitivity to, or detecting, the tensor-to-scalar ratio r [6–8], ac proxy
for primordial gravitational waves. Enhanced sensitivity to small-scale E-mode and B-
mode anisotropies will further constrain parameters of ΛCDM and its extensions [7, 8].
Additionally, improved observations of polarized CMB will help explore BSM physics, such
as deviations from standard electromagnetism [9], neutrino properties [6], dark sectors [10],
and supersymmetries [11, 12].

The circular polarization of the CMB, or V modes,1 is expected to be small in the standard
cosmological model, as it is not produced by Thomson scattering during recombination
and reionization. Several standard and non-standard physical mechanism can however
source a degree of circular polarization in CMB photons, by converting linear polarization

1The terms E and B modes refer to distinct geometrical patterns corresponding to curl-less (E) and
divergence-less (B) components of the linear polarization field on the sky [13]. Unlike E and B, V polarization
does not correspond to geometrical patterns such as gradients or curls, but represents instead the handedness of
polarization. [14, 15]. However, we will loosely use the term “V-modes” to refer to circular polarization. Circular
polarization involves the wave’s rotational symmetry rather than its orientation in the plane perpendicular to
the line of sight.

– 1 –



J
C
A
P
0
3
(
2
0
2
5
)
0
0
9

generated at the last scattering surface. Among the standard mechanisms, photon-photon
scattering via Heisenberg-Euler interaction at recombination produces the strongest circular
polarization [16, 17]. For a comprehensive overview of conventional mechanisms that can
source V-mode polarization in the CMB radiation see e.g. ref. [15]. In the realm of non-
standard physics, extensions of QED suggest that V-modes arise in the presence of Lorentz-
violating operators [9, 18, 19]. Additionally, refs. [20, 21] show that a pseudo-scalar field
or axion inflation leads to V-mode generation. Magneto-optic effects are another class of
phenomena capable of generating CMB circular polarization [22, 23]. The detection of
circular polarization in the CMB has therefore the potential to offer further evidence for
novel physics or more stringent constraints than those available from observations of linear
polarization only.

Vast improvements are expected in the observation of the CMB polarized signal both from
ground-based experiments, such as the currently running Simons Observatory (SO) [7] and
the next-generation CMB experiment CMB-S4 [8], and from satellites such as the LiteBIRD
mission [6]. Achieving the promised sensitivity to detect the faint cosmological signals hidden
in polarization requires monitoring and minimizing systematic effects. Upcoming observations
will benefit from improved scanning strategies, including the use of a rotating half-wave
plate (HWP) as a polarization modulator for SO and LiteBIRD. Previous studies have
already demonstrated the effectiveness of a rotating HWP in mitigating 1/f noise, [24], and
reducing temperature-to-polarization leakage resulting from pair-differencing of orthogonal
detectors [25, 26]. However, despite the addition of a HWP is remarkably useful, the inclusion
of another optical element in the acquisition chain brings along additional systematic effects,
which in turn may compromise the final scientific product. One example is a HWP with
a non-ideal phase shift, i.e., a HWP inducing a phase difference ̸= 180◦ between the two
components of the electromagnetic wave traversing it. Interestingly enough, this deviation,
possibly degrading the sensitivity to linear polarization, can also cause a coupling between
total intensity and circular polarization. This would allow to investigate the presence of
V modes in the CMB radiation [27]. In this paper, we exploit this possibility showing
how forthcoming CMB experiments, equipped with HWPs, can be sensitive to circular
polarization and, in turn, provide valuable information on a specific class of BSM physical
models. We investigate a simple mechanism named the Generalized Faraday Effect (GFE),
i.e. the mixing of CMB polarization states, including a partial conversion of linear into
circular polarization [28, 29].

The paper is structured as follows: section 2 introduces the mathematical formalism
(Jones calculus [30]) describing the optical behaviour of a (realistic) HWP, the instrumental
systematic effect induced by a non-ideal phase shift, as well as the expected sensitivity to
V modes; section 3 illustrates the specific mechanism generating circular polarization and
its cosmological phenomenology, while section 4 describes the analysis method adopted in
this work; in section 5, we present the results of the analysis, forecasting the performance of
future CMB experiments. Finally, section 6 provides conclusions. Appendix A includes a full
set of plots with posterior probability distributions of the key cosmological parameters for
this work and for each experiment configuration considered in this analysis.
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2 Sensitivity to V modes

In this section, we give an overview of the mathematical framework to model a HWP with non-
ideal phase shift β (for a detailed description, see, e.g., [31, 32]). We also provide an estimate
of the sensitivity to V modes for a generic CMB experiment employing a non-ideal HWP.

2.1 The non-ideal HWP

An ideal half-wave plate (HWP) is an optical device that induces a π-phase shift between
the two orthogonal components of the incident wave. In the Jones formalism, the matrix
describing the behavior of an ideal HWP is:

JIdeal
HWP =

(
1 0
0 −1

)
.

A realistic HWP can be described by the more general Jones matrix [31]:

JHWP =
(

1 + h1 ζ1eiχ1

ζ2eiχ2 −(1 + h2)eiβ

)
, (2.1)

where all but one entries of the matrix (e.g., J11) are complex. The parameters h1,2 are real
and negative-defined, and indicate deviations from unitary transmission of the two polarized
components, Ex,y, of the incident light due to absorption and reflection. The parameters
ζ1,2 and χ1,2 correspond to the amplitudes and phases of the off-diagonal terms that are
responsible for cross-polarization, i.e., mixing between the two orthogonal components of
the wave. The parameter β represents the departure from the ideal phase shift of π. In this
work, we focus on the effects of a non-vanishing β and how it can be used to measure circular
polarization. In the following, we assume for simplicity that the effects due to absorption
and cross-polarization are negligible and fix the relative parameters in eq. (2.1) to zero. The
Jones matrix of a HWP with non-ideal phase shift and spinning with angular velocity ω is:

JHWP(θ) = RT(θ)JHWPR(θ) =
(

J11(θ) J12(θ)
J21(θ) J22(θ)

)
, with R(θ) =

(
cos θ sin θ

− sin θ cos θ

)
, (2.2)

where θ = ωt is the time-dependent angle between the HWP fast axis and the x-axis in
the chosen reference frame, and:

J11(θ) = cos2 θ − eiβ sin2 θ

J12(θ) = J21(θ) =
(
1 + eiβ

)
cos θ sin θ

J22(θ) = −eiβ cos2 θ + sin2 θ.

(2.3)

In the case under study, the complete optical chain traversed by the incoming signal
includes a rotating HWP, two orthogonal polarizers, and the detector. Eventually, the Jones
matrix of the full optical chain2 is:

Jx,y(θ) = Jpol,(x,y)RT (θ)JHWPR(θ), with Jpol,x =
(

1 0
0 0

)
, Jpol,y =

(
0 0
0 1

)
. (2.4)

2Note that this optical chain does not include information about the instrument orientation. The primary
goal of this analysis is not to define an explicit scanning strategy, but rather to establish the polarimeter’s
efficiency through variations in the HWP phase-shift. See [32] for details.
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So far, we have considered a scenario where the incoming wave is fully polarized and
has a quasi-monochromatic frequency. However, the CMB signal is only partially polarized,
and a CMB experiment measures the time-averaged incident intensity. Therefore, it is more
natural to express the signal in terms of the Stokes vector s = (T, Q, U, V), and employ the
Müller formalism [33], which also simplifies tracking the impact on each Stokes parameter.

Given a Jones matrix, it is straightforward to compute the corresponding 4 × 4 Müller
matrix. Explicitly, the Müller elements, for the x-oriented polarizer, are:

Mx
TT = 1

2
(
|J11|2 + |J12|2

)
= 1

2

Mx
TQ = 1

2
(
|J11|2 − |J12|2

)
= 1

2 Cos
(

β

2

)2
Cos(4θ)

Mx
TU = Re [(J11J∗

12)] = 1
2 Cos

(
β

2

)2
Sin(4θ)

Mx
TV = Im [(J11J∗

12)] = −1
2 Sin(β) Sin(2θ).

(2.5)

The y-oriented elements can be obtained by applying a 90-degree rotation (4θ → 4θ + π/2)
to the above expressions. Finally, the total power collected by the detector is:

dobs = Σi=x,y

(
Mi

TT T + Mi
TQ Q + Mi

TU U + Mi
TV V

)
. (2.6)

From eqs. (2.5)–(2.6), it is clear that, when β = 0, there is no contribution to the observed
power from a non-vanishing V-mode signal. Conversely, the departure of the phase shift from
the ideal value of π offers a handle to the detection of V modes. From eq. (2.5), we see that the
V-mode signal is modulated at twice the rotational frequency (2θ). Some systematic effects
caused by other HWP non-idealities (see the extended Mueller elements in the appendix
of ref. [32]) also contribute to the spurious 2θ signal. As an example, imperfect reflectance
and cross-polarization effects (captured by the h- and χ, ζ-parameters in eq. (2.1)) introduce
2θ-modulated leakage between Q/U and V . Disentangling V modes from purely systematic-
induced signals is challenging but feasible through a combination of modeling, harmonic
decomposition, and simulation-based mitigation techniques. Comprehensive modeling of the
optical chain is therefore essential to separate these contributions on the basis of their distinct
functional forms. Simulations are also crucial for addressing systematic contamination. By
incorporating all known HWP non-idealities and their frequency-dependent effects, these
simulations can generate templates of systematic signals at 2θ. These templates can then
be subtracted from the observed data to isolate the V-mode signal.

The Cosmology Large Angular Scale Surveyor (CLASS) provides a valuable precedent
for managing circular polarization and systematic contamination. CLASS achieved the
first detection of atmospheric circular polarization at 40 GHz (see figure 2), describing it
as a dipole-like pattern caused by Zeeman splitting of atmospheric oxygen. Systematic
contamination was addressed by modeling the expected atmospheric signal and subtracting
it from the data, as detailed in CLASS papers [34, 35].
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As previously mentioned, β varies with frequency. It is possible that, at specific fre-
quencies, β crosses 0 or 180◦ [36–38], such that the modulation of V modes vanishes. If a
modulated signal is still observed at these frequencies, it must originate from other systematic
effects. This provides a potential method for distinguishing V modes from systematics with
different frequency dependencies. Identifying the frequencies where β ≃ 0 or 180◦, we can
compare the modulation amplitudes at these frequencies to those where β ̸= 0. Genuine
V-mode signals should be absent or significantly suppressed at β = 0, 180◦, allowing for a
clearer separation of systematic contamination.

2.2 Sensitivity to Stokes parameters

We now quantify the sensitivity to V modes of a CMB experiment equipped with a HWP
with non-ideal phase shift. For the sake of simplicity, we consider Gaussian, stationary and
uncorrelated instrumental noise of variance σ2

pix in real space. This simplifies the expression
of the noise covariance matrix in pixel space.3

The square root of the diagonal elements of the inverse noise covariance in pixel space
provides an estimate of the experimental noise per pixel to each Stokes parameter. In the
case of a HWP with non-ideal phase shift, the noise — which we normalize to the total
intensity T one — is a function of β:(

σQ,U (β)
σT

)
pix

=
√

2
Cos2(β/2)(

σV (β)
σT

)
pix

=
√

2
Sin(β) .

(2.7)

In figure 1, we show the sensitivity to the Stokes parameters Q, U , V , normalized to the
sensitivity to the Stokes T , as a function of the phase shift β. The expected noise ratio for
ideal CMB experiments is (σQ,U/σT)pix =

√
2. The non-ideal phase shift leads to a mixing of

power among the Q, U, V Stokes parameters. This can be understood from the fact that
the sensitivity to Q and U decreases (i.e., the noise ratio increases, in red in figure 1) while
that of V (blue) increases for larger values of β. However, while the sensitivity to V rapidly
changes with β, the degradation of the sensitivity to Q, U significantly deviates from the
ideal case only for fairly large values of β ≳ 20◦ (for comparison, typical values for β vary
from a few degrees up to a few tens [36–38]).

3Equation (2.6) can be generalized in matrix form as dobs = A m + n, where d, n are vectors of the data
and noise of Nt time samples, m is a vector of 4Npix Stokes parameters describing the sky signal in pixel space
and A is a sparse Nt × 4Npix pointing matrix mapping how each pixel in the sky is converted in a time sample
according to eq. (2.6). The general linear solution to the matrix equation for each pixel pix is given by:

m̂pix = (ATN−1A)−1
pix (ATN−1d)pix,

where N = ⟨n nT ⟩ is the noise covariance matrix in time domain and (ATN−1A)−1
pix is the noise covari-

ance matrix in pixel space. For the simple noise properties considered in this work, i.e. N = diag(σ2),
the noise covariance matrix in a pixel is simply given by σ2

pix = σ2 (ATA
)−1

pix
. This becomes σ2

pix =
4σ2

Nhit
diag

(
1, 2/ cos(β/2)4, 2/ cos(β/2)4, 2/ sin(β)2), where Nhit is the number of hits on that pixel, since

we assume a very homogeneous and redundant scanning strategy. See, e.g. [32] and references therein for
further details.
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Figure 1. Noise ratio of the Stokes parameters for linear polarization σQ, U, pix(β) (red) and circular
polarization σV, pix(β) (blue), normalized to the total intensity noise, as a function of the HWP
non-ideal phase shift β. Typical values for β range from a few degrees to a few tens [36–38]. For ideal
CMB experiments, (σQ, U /σT)pix =

√
2 for polarization-sensitive detectors. In presence of a non-ideal

phase shift, the noise level for circular polarization σV, pix(β) decreases rapidly with increasing β, while
the noise level for linear polarization σQ, U, pix(β) does not increase significantly until very large values
of β are reached. As a result, a slightly non-ideal HWP (small value of β) can help gain sensitivity to
V modes without significantly degrading the sensitivity to linear polarization.

It is also instructive to work out the sensitivity to V modes in harmonic space for a
given experimental setup, as described in terms of the linear polarization noise level σQ,
angular resolution θFWHM, observed sky fraction fsky and non-ideality HWP parameter β.
Note that in the rest of this section we will denote with σP the nominal linear polarization
noise, corresponding to an ideal HWP plate, i.e. σQ = σQ(β = 0) =

√
2 σT . In this way

factors of Sin β and Cos β will appear explicitly in the equations.
The observed power spectrum of the signal V modes ĈVV

ℓ has an associated variance Σ2
ℓ :

Σ2
ℓ = 2

(2ℓ + 1)fsky

[
CVV,fid

ℓ + Nℓ

B2
ℓ

1
Sin2(β)

]
, (2.8)

where CVV,fid
ℓ is the true underlying power spectrum of the signal, Nℓ is the noise power spec-

trum of the linear polarization, assuming an ideal half-wave plate, and Bℓ is the harmonic equiv-
alent of a Gaussian beam of width θFWHM. We assume a white noise power spectrum Nℓ = σ2

Q,
and use a fiducial Gaussian approximation for the likelihood L(CVV

ℓ ) = Pr(ĈVV
ℓ |CVV

ℓ ) of
a theoretical power spectrum CVV

ℓ :

−2 ln L(CVV
ℓ ) = (CVV

ℓ − ĈVV
ℓ )2

Σ2
ℓ

. (2.9)
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For the purpose of our analysis, we take ĈVV
ℓ = ⟨ĈVV

ℓ ⟩ = CVV,fid
ℓ . The inverse probability

Pr(CVV
ℓ |ĈVV

ℓ ) is computed through the use of Bayes’ theorem with a flat prior on Cℓ.
Armed with the above, we compute, for each multipole ℓ, the 95% upper limit on CVV

ℓ in
the assumption of vanishing V-mode signal, i.e., for CVV,fid

ℓ = 0, and for different experimental
configurations. The results are shown in figure 2. Here, we show the results for a LiteBIRD-like
satellite (black solid curve) and for a ground-based Simons Observatory/SO SAT4 experiment
(magenta dashed line), assuming β = 10◦ in both cases. The other parameters describing each
configuration can be read in tables 1 (noise and angular resolution) and 2 (sky coverage). For
comparison, the current 95% upper bounds from the balloon-borne experiment SPIDER [27]
(blue and red) and the ground-based CLASS [35, 39] (yellow and brown) along with the MIPOL
polarimeter [40] are also shown. A LiteBIRD-like experiment would improve current bounds
by several orders of magnitude and extend the sensitivity over a broader range of angular
scales. On the other hand, a ground-based experiment like SO will dominate at smaller scales.

In figure 3, we show iso-contours of constant integrated 95% sensitivity to a scale-invariant
VV spectrum, as a function of β and the instrumental noise level in linear polarization,
σQ. In the left (right) panel, the angular resolution and sky fraction are fixed to the
values corresponding the LiteBIRD (SO) experiment. The two panels also correspond to
different choices of the observed multipole range, again representatives of the aforementioned
experiments: 2 ≤ ℓ ≤ 300 in the left panel and 50 ≤ ℓ ≤ 300 in the right panel. As expected,
the sensitivity increases for smaller values of σQ and large values of β. The stars in the
plot indicate the expected performance of a LiteBIRD-like (left panel) and SO (right panel)
experiment for β = 10◦.

3 Production of V modes

In the previous section, we have quantified the sensitivity to V modes assuming a generic scale-
invariant spectrum. In the following, we work out the sensitivity of different combinations of
CMB experiments to a V-mode signal generated in the phenomenological framework studied
in [29]. We now briefly recall the basis of this formalism.

We consider a simple class of models allowing for the in vacuo mixing of CMB polarization
states during propagation, including the conversion of linear into circular polarization. The
mixing of polarization states in a weakly anisotropic medium is dubbed Generalized Faraday
Effect (see section 14.3 of [41] for a description of the general framework, and [28] for
an application to extragalactic synchrotron sources), or GFE. As the name suggests, the
usual Faraday rotation is a particular case of GFE. The radiative transfer equation for
the linearly polarized radiation propagating in a weakly anisotropic non-absorbing medium
reads [41]

d
ds

S = ρ × S (3.1)

where s is an affine parameter following the direction of wave propagation, and S = (Q, U, V )

4Only the Small Aperture Telescopes (SATs) are equipped with a HWP.

– 7 –
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SPIDER 95 GHz
SPIDER 150 GHz
CLASS 40 GHz (2020)
CLASS 40 GHz (2022)
MIPOL 33 GHz

Figure 2. The figure illustrates the ℓ-by-ℓ (i.e. no binning) 95% C.L. sensitivity for current and future
CMB experiments to a VV-spectrum. Assuming a non-ideal HWP with a phase shift of β = 10◦, the
black curve represents the sensitivity for a LiteBIRD-like experiment and the dark magenta curve
corresponds to the sensitivity for a SO SAT experiment. Details on the full experimental setup adopted
to obtain these curves are in table 1. For comparison, the current bounds on V modes at different
frequencies and ℓ-ranges from the balloon-borne SPIDER [27] (blue and red), the ground-based
CLASS [35, 39] (yellow and brown) are also shown along with the MIPOL polarimeter [40] (green).

is the polarization Stokes vector, precessing about the direction of ρ = (ρQ, ρU , ρV ), which
is determined by the dielectric tensor of the medium and thus encodes its optical properties.
If ρ̂ ≡ ρ/|ρ| is directed along the V -axis in the polarization space (ρQ = ρU = 0), then the
Stokes vector S precesses about it. The linear polarization component, i.e. the projection
of S on the (Q, U) plane, will thus rotate while maintaining a constant magnitude. This
is the usual Faraday rotation, where no circular polarization is generated, and only the Q

and U states mix among themselves. On the other hand, if ρ has non-vanishing Q and
U components, a partial conversion of linear into circular polarization occurs, generating
non-zero V modes.

In ref. [29], some of us have developed a formalism that allows to derive the modi-
fications to the CMB spectra in temperature, linear and circular polarization, and their
cross-correlations, given an effective dielectric tensor that describes the optical properties
of the space traversed by CMB photons. This allows to be agnostic about the specific
model beyond the mixing among CMB polarization components and just capture the basic
phenomenology. Therefore, once the phenomenological parameters are constrained, it is
possible to interpret the results in light of a specific physical model that could have induced
GFE; see, e.g. [9] for a recent application.
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Figure 3. Contours of constant V-mode 95% sensitivity for a scale-invariant VV spectrum as function
of non-ideal phase-shift β and nominal (i.e., assuming β = 0) linear polarization sensitivity σQ. Left
panel: the sensitivity is integrated over the multipole range 2 ≤ ℓ ≤ 300 for an angular resolution
of 30 arcmin, similar to that achievable by LiteBIRD from space. For the LiteBIRD experiment,
the expected noise level is σQ ≃ 2.2 µK arcmin, integrated over 22 frequency channels and 3-year
observation time [6]. The star marks the combination of this noise level with a value of the nonideality
parameter β = 10◦ (chosen arbitrarily). Right panel: the sensitivity is integrated over 50 ≤ ℓ ≤ 300 for
an angular resolution of 17 arcmin, similar to that achievable by the ground-based SO-SAT experiment.
For the SO SAT, the noise level is σQ ≃ 2 µK arcmin, combining the 93 and 145 GHz bands [7]. The
star marks the combination of this noise level with a value of the nonideality parameter β = 10◦

(chosen arbitrarily).

Here we consider the case of an effective dielectric tensor that is homogeneous and
independent of both the direction and magnitude of the radiation wave vector.

In this specific case, parity-violating CMB cross spectra are vanishing, TB = EB =
EV = BV = 0 (see ref. [29] for details).

The remaining CMB power spectra CXY
ℓ (with X, Y = T, E, B, V ) can be expressed in

terms of the CMB spectra produced at the last-scattering surface C̃XY
ℓ :

CTE
ℓ =

(
1 − β2

V + β2
E

8π

)
C̃TE

ℓ

CEE
ℓ =

(
1 − β2

V + β2
E

4π

)
C̃EE

ℓ + β2
V

4π

[
W(1)

ℓ C̃EE
ℓ + W(1)

ℓ+1C̃BB
ℓ+1 + W(1)

ℓ−1C̃BB
ℓ−1

]
CBB

ℓ =
(

1 − β2
V + β2

E

4π

)
C̃BB

ℓ + β2
V

4π

[
W(1)

ℓ C̃BB
ℓ + W(1)

ℓ+1C̃EE
ℓ+1 + W(1)

ℓ−1C̃EE
ℓ−1

]
CVV

ℓ = β2
E

π

[
W(2)

ℓ+2C̃BB
ℓ+2 + W(2)

ℓ+1C̃EE
ℓ+1 + W(2)

ℓ C̃BB
ℓ + W(2)

ℓ−1C̃EE
ℓ−1 + W(2)

ℓ−2C̃BB
ℓ−2

]
,

(3.2)
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Figure 4. Impact of Generalized Faraday Effect (GFE) on polarization power spectra. The reference
(blue) power spectra are computed using Planck best-fit values from TT, TE, EE, lowE + lensing [1]
and vanishing GFE parameters, as reported in table 3, while the modified spectra (orange) are
calculated fixing β2

V = 0.4 and β2
E = 1.8 (chosen arbitrarily to make the GFE visible).

where W(1,2) are combinations of Wigner 3j-symbols, and the phenomenological parameters
β2

E and β2
V are, respectively, combinations of the diagonal and off-diagonal components of

the effective susceptibility tensor [29].
From eqs. (3.2) and figure 4, it is clear that the modification of the CMB polarization

signal due to this particular realization of GFE has three main effects:

• rescaling of the amplitude of TE, EE, BB spectra via the combination β2
V + β2

E ;

• mixing between E and B modes (cosmic birefringence), proportional to β2
V ;

• sourcing of V modes from E and B modes, proportional to β2
E .

4 Analisys method and datasets

In this section, we present methodology and data employed in the likelihood analysis. We
simulate the performance of different upcoming CMB experiments (satellite and ground-based)
and forecast their sensitivity to the phenomenological GFE parameters β2

E,V introduced in
the previous section. To this scope, we perform a Monte Carlo Markov Chain (MCMC)
analysis to obtain forecasted constraints on β2

E and β2
V jointly with the six ΛCDM parameters

– 10 –
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and the tensor-to-scalar ratio r.5 We use a customized version6 of the CosmoMC [42] package
to perform the analysis. We assume convergence of the MCMC chain by requiring that the
Gelman-Rubin statistics R − 1 ∼ 0.01.

We run forecasts for five combinations of data sets which simulate the performance of
different CMB experiments:

• a future LiteBIRD-like satellite experiment. We refer to this case as “L”;

• LiteBIRD-like in combination with a simulated version of the Planck data, labeled
“LP”;

• a currently running Simons Observatory (SO) ground-based experiment, in combination
with Planck, labeled “PSO”. We include simulated performance of the observations with
both the Large Aperture Telescope (LAT) which targets the smallest angular scales
and the array of Small Aperture Telescopes (SATs) which target B modes at degree
angular scales. The HWP is deployed on SATs only;

• Planck in combination with a next-generation ground-based experiment, i.e. CMB-S4-
like, labeled “PS4”. As for SO, we include information from both LAT and SATs. We
note that the baseline design of CMB-S4, as described in [8, 43], does not include a
HWP. Therefore, when referring to a CMB-S4-like experiment, we actually refer to
the combination of expected sensitivity as determined by the sky coverage, angular
resolution and noise properties reported in [8, 43], augmented with the use of a HWP
in the telescopes targeting B modes to modulate the polarization signal;

• LiteBIRD-like in combination with CMB-S4-like, labeled “LS4”.

The instrument characteristics of each simulated experiment are reported in table 1. In the
following, when referring to individual experiments, we will omit the “like” suffix for brevity.

As anticipated, for the sake of simplicity, we do not make use of the real data collected by
Planck. We instead consider a simple white noise spectrum with 40 µK-arcmin in temperature,
and 80 µK-arcmin in polarization [46], which reasonably reproduces the Planck performance.
The noise spectrum for LiteBIRD is computed given the detector sensitivity and the angular
resolution of LiteBIRD in the central frequency channels [6]. For SO [7], we make use of
the publicly available noise curves.7 The latter also include residual contributions from
component separation, which dominates the cosmological signal both at the very small scales
probed by the SO LAT, as well as at the intermediate scales probed by the SO SAT. CMB-S4
noise curves were computed referring to the central channels for both SAT and LAT [8].

5The full set of sampled parameters is as follows: the angular scale of the sound horizon at recombination,
θ, the cold dark matter and baryon physical densities today, ωcdm and ωb respectively, the amplitude and
spectral index of the spectrum of primordial scalar perturbations, log(1010As) and ns respectively, the optical
depth to reionization τ , the tensor-to-scalar ratio r and the GFE phenomenological parameters β2

E and β2
V .

We assume adiabatic initial conditions and consider inflation consistency, which allows to express the spectral
index of tensor perturbations as nt = −r/8. We consider one massive neutrino of mass mν = 0.06 eV and two
massless neutrinos, for a total number of relativistic degrees of freedom at recombination of Neff = 3.044.

6The code is publicly available at this link: https://github.com/nraffuzz/CosmoMC_GFE.
7SO noise curves are available at https://github.com/simonsobs/so_noise_models.
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Experiment Noise [µK-arcmin] Beam size [arcmin] Phase-shift β [◦]
LiteBIRD 2 30 0/10

Planck 40 7 —
SO LAT 6.5 1.4 —
SO SAT 2 17 0/10

S4-like LAT 3 1.5 —
S4-like SAT 1 30 0/10

Table 1. Instrumental specifications for each experiment: sensitivity to total intensity in µK-arcmin
(linear polarization sensitivity is obtained by multiplying this value by a

√
2 factor, except for Planck

which is 2 as only half the detectors are polarized); beam size FWHM in arcmin; non-ideal phase shift
in degrees (for those experiments that will deploy — or we simulate will deploy — a HWP [7, 43, 44]).
The noise levels for SO SAT and LAT are reported for reference. They are coadded over the central
90 and 150 GHz channels, and the FWHM corresponds to the 145 GHz channel. For more details,
see [7, 45]. In this work, we make use of the official SO noise curves.

When adding V-mode data in the analysis, the noise spectra of LiteBIRD, SO and
CMB-S4 are further rescaled to account for the non-ideal phase shift, as detailed in section 2.
In practice, the rescaled noise curves become:

NEE
ℓ

B2
ℓ

→ 1
B2

ℓ

NEE
ℓ

Cos4(β/2)
NBB

ℓ

B2
ℓ

→ 1
B2

ℓ

NBB
ℓ

Cos4(β/2)
NVV

ℓ

B2
ℓ

→ 1
B2

ℓ

NVV
ℓ

Sin2(β)
.

(4.1)

Note that Planck/CMB-S4 and LiteBIRD experiments observe largely overlapping sky
fractions. While LiteBIRD dominates over Planck in B-mode sensitivity, the performance of
the two experiments are different in T and E modes at different angular scales, depending
on the respective noise level and angular resolution. A similar consideration applies to the
combination “LS4” as far as the T and E-fields (“TE” hereafter) are concerned. Therefore, for
the “TE” fields in the “LP” and “LS4” cases, we use an effective inverse noise weighted curve:

Neff
ℓ =

(Nℓ

B2
ℓ

)−1

X
+
(

Nℓ

B2
ℓ

)−1

LiteBIRD

−1

, (4.2)

where X = Planck, CMB-S4. We can distinguish two regions where the two experiments
perform differently: LiteBIRD dominates at larger scales, whereas Planck or CMB-S4
outperform LiteBIRD at smaller angular scales.

Differently, when Planck is combined with SO/CMB-S4, information from the former
is only included in the sky fraction and/or at the angular scales not observed by SO/CMB-
S4(LAT). As a result, in the “PSO/PS4” case, we make use of the individual noise curves
for each experiment.
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We employ an exact likelihood in harmonic space, rescaled by a ℓ-independent sky
fraction fsky to account for the experiment-specific sky coverage.

−2 ln Lℓ = fsky(2ℓ + 1)
(
Tr
[
ŜℓS−1

ℓ

]
+ ln det [Sℓ]

)
+ const. (4.3)

where Ŝ and S are matrices of the “observed” (i.e., simulated, in our case) Ĉℓ and theoretical
Cℓ power spectra, respectively (see, e.g., section 2.2 of [47] for the definition of Ŝ and S).
When V modes are included in the likelihood analysis, the standard Ŝ and S matrices are
extended to include the CVV

ℓ . The sky fraction, range of angular scales and observed fields
for each data combination8 are reported in table 2.

We simulate the observed spectra Ĉℓ as the sum of a reference set of CMB spectra
obtained with the Boltzmann code camb [48] from a fiducial set of cosmological parameters
and the noise power spectrum in harmonic space: Ĉℓ = Cfid

ℓ + Nℓ/B2
ℓ (see, e.g., section 3.3

of [47] for the extension of the definition of Ŝ and S in eq. (4.3) in presence of noise and
beam smearing). We assume the fiducial model to be ΛCDM, i.e., vanishing V-mode signal
and vanishing primordial tensor modes. The cosmological parameters corresponding to the
fiducial model are reported in table 3. A major source of variance in the observation of
primordial B modes is the BB lensing contribution, which can be significantly reduced via
appropriate de-lensing procedures. In order to quantify the effect of delensing in our results,
we consider two cases: a fully lensed fiducial BB, i.e., no de-lensing, and a partly de-lensed
fiducial BB. The two cases are obtained by properly rescaling the BB lensing contribution
(in both the fiducial and the theory BB spectra) by a factor AL = 1 (fully lensed) and
AL = 0.3 (70% de-lensing). The GFE-modified (tensorial) B modes are later summed to the
AL-rescaled lensed B modes. The underlying assumption, also used in ref. [29], posits that
GFE exclusively affects primordial B modes, even though GFE and lensing should occur
simultaneously as integrated effects along the line of sight. This assumption is valid for
LiteBIRD and SO, see, e.g., [29]. However, for fourth-generation ground-based experiments
such as CMB-S4, caution is advised regarding the interplay between lensing and GFE. In
order to assess the validity of the assumption for CMB-S4, we compute the difference between
the BB spectrum obtained as detailed above and the BB spectrum obtained by applying
GFE to the sum of tensor and lensing BB spectra. We then compare this difference with
the CMB-S4 noise curve. We find that, for reasonably small values of GFE parameters
(β2

E,V ≲ 0.1), the difference in the predicted CMB spectra between the two approaches is well
below the noise contribution. Furthermore, other studies in the literature, such as ref. [49],
have confirmed that lensed B modes have a negligible impact on cosmic birefringence.

To better quantify the impact of a potential sensitivity to V modes, we compare results
obtained with and without the inclusion of V modes in the datasets for each combination of
experiments. We refer to the two cases as “TEBV” and “TEB”, respectively. In the “TEBV”
case, we assume the non-ideal phase shift to be β = 10◦; as already noted, this choice is

8A note on the “PSO” dataset observing TTTEEE (SO-LAT plus Planck): SO-LAT can at most cover 40%
of the sky, therefore we set Planck to observe the remaining 30% of the sky to match an overall sky coverage
of 70% as in other cases. Similarly, for the “LS4” dataset on the combination observing TTTEEE (S4-LAT
and LiteBIRD plus LiteBIRD alone): S4-LAT can at most cover 60% of the sky, therefore we set LiteBIRD
alone to observe the remaining 10% of the sky to match the 70% sky coverage.

– 13 –
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Label Experiment Multipoles Fields fsky

L LiteBIRD 2,1000 TEB/TEBV 0.7

LP
LiteBIRD & Planck 2,1500 TE 0.7

Planck 1501,2500 T 0.7
LiteBIRD 2,1000 B/BV 0.7

PSO

Planck 2,50 TE 0.7
Planck 51,2500 TE 0.3

SO LAT 51,3000 TE 0.4
SO SAT 50,300 B/BV 0.1

PS4

Planck 2,50 TE 0.7
Planck 51,2500 TE 0.1

S4-like LAT 51,3000 TE 0.6
S4-like SAT 50,300 B/BV 0.03

LS4

LiteBIRD 2,50 TEB/TEBV 0.7
LiteBIRD 51,1000 B/BV 0.7

S4-like LAT & LiteBIRD 51,3000 TE 0.6
LiteBIRD 51,1000 TE 0.1

S4-like SAT 50,300 B/BV 0.03

Table 2. Data combinations considered in this work. For each experiment, we report the observed
fields (temperature T, linear polarization E and B, circular polarization V) and the corresponding
range of angular scales (multipoles), as well as the sky fraction observed (fsky). Throughout the main
text, we refer to each combination with the corresponding label in the first column.

Cosmological parameter Fiducial value
Ωbh2 0.02237
Ωch

2 0.1200
100θMC 1.04092

τ 0.0544
ln(1010As) 3.044

ns 0.9649
r 0

β2
E 0

β2
V 0

Table 3. Fiducial values of cosmological parameters for the reference cosmological model assumed to
simulate the observed CMB spectra in this analysis. They are taken from the Planck best-fit values
from TT, TE, EE + lowE + lensing analysis [1].

in agreement with the expected values of the phase shift from simulations. In addition, as
shown in figure 1, this value allows concurrently for a relatively acceptable noise level in
V -Stokes parameter and negligible degradation of the noise level in Q/U -Stokes. In the
“TEB” case, we assume the phase shift to be β = 0.
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5 Results

In this section, we present and discuss the results obtained for the various datasets and cases
introduced in the previous section. These results are also compared with the current bounds
reported in literature [29, 50]. We focus on a subset of cosmological parameters: the optical
depth (τ), the tensor-to-scalar ratio (r), and the GFE parameters (β2

E and β2
V ).9 The first

two parameters are linked to the primary science goals of experiments observing large and
intermediate-scale polarization, such as LiteBIRD, SO, and CMB-S4, while the latter two are
the main focus of this study. The 68% C.L. constraints on τ and the 95% C.L. upper bounds
on the remaining three parameters are in table 4 for both the fully lensed and partially
de-lensed scenarios. Marginalized 1D and 2D posterior probabilities for r, τ , β2

E and β2
V can

be found in the figures in appendix A. We compare the results obtained with and without the
inclusion of V-mode data. In doing so, we expect to place more stringent limits on β2

E and
β2

V . In addition, we test whether the partial degradation of sensitivity to linear polarization
resulting from a non-ideal phase shift affects the constraints on τ and r.

From table 4, we can draw the following considerations:

• as known, the constraints on τ and r are driven by the ability of a given data combination
to recover the large-scale E-mode signal and the large-to-intermediate B-mode signal
respectively. In table 4, compare, e.g., the improvement of the constraints on τ from
the combinations including LiteBIRD with respect to those including Planck. Similarly,
compare the lack of improvement of the constraints on r from the “L” dataset with
respect to the “LP” combination.

Ignoring for a moment the impact of V-mode observations (but see the second bullet
point below), the constraints on β2

E are mostly driven by the ability to reconstruct
the TE and EE spectra at intermediate and small scales, since β2

E acts as an overall
rescaling factor for the CMB spectra (see eqs. (3.2)). Indeed, by comparing the first
rows of each Dataset box in table 4, we note a steady improvement of the constraints
on β2

E when considering dataset which are more and more sensitive to small-scale E
(compare, e.g., “L” and “LP”; also, note the lack of improvement when comparing “PS4”
with “LS4”, as CMB-S4 dominates the sensitivity to E in both data combinations).

The constraints on β2
V are mostly driven by the sensitivity of each dataset to B modes,

both via the overall rescaling of the amplitude (first term on the r.h.s. in eq. (3.2)) and
via the mixing with E modes (second term on the r.h.s.).10

• the addition of V-mode data tightens the constraints on β2
E by roughly an order of

magnitude but has no effect on β2
V (compare the two rows corresponding to each data

9We do not report constraints on other parameters beyond these, as the impact of β2
E and β2

V on the rest
of the parameter space is beyond the scope of this paper and, in any case, any effect is negligible. See, e.g., [9]
for further details.

10The same mixing term appears on the r.h.s. of the equation for CEE
ℓ . However, this term is negligible

with respect to the first one appearing on the r.h.s. of the same equation, since the amplitude of C̃BB
ℓ (as well

as the amplitude of the C̃EE
ℓ weighted by the Wigner coefficients) is significantly lower than the amplitude

of C̃EE
ℓ . Therefore, E-mode observations do not play a significant role in constraining β2

V compared to
B-mode observations.
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label in table 4; see also appendix A). Indeed, CVV
ℓ in eq. (3.2) is solely affected by β2

E

that acts as an overall rescaling factor of a mixing of C̃EE
ℓ and C̃BB

ℓ . The inclusion of V
modes, with the corresponding rescaling of the noise spectra as per eq. (4.1) and figure 1,
does not degrade the constraints on r and τ . This is one of the main findings of this
work. This stands in contrast to the assertion made in [29] regarding the necessity of
improving linear polarization for increased accuracy on GFE parameters. The inclusion
of V-mode data proves to be an additional, significant source of constraining power,
beyond what is provided by linear polarization alone. The sensitivity (i.e. the low VV
noise) is enhanced by the non-ideal phase shift of the HWP (as shown in figure 1),
where a relatively conservative value of β = 10◦ was employed;

• by reducing the contribution of signal variance in the observation of primordial B modes,
the de-lensing procedure results in a factor of two improvement of the constraints on r

and β2
V (compare rows with the same data label in the top and bottom panels in table 4).

No improvement is seen for τ and β2
E , as could be visually verified by comparing the left

(no de-lensing) with the right (70% de-lensing) panel of triangular plots in appendix A.
This confirms that the constraining power on these parameters comes essentially from
TE and EE spectra rather than from BB (in addition to VV for β2

E).
Improvements on r and β2

V are expected, since they directly impact the CBB
ℓ power

spectrum as rescaling factors. In eq. (3.2), we recognize an attenuating factor (β2
V +

β2
E)/4π in front of the unmodified C̃BB

ℓ . In the second term on the r.h.s., the amplitude
of the combination of unmodified EE and BB spectra — with the C̃BB

ℓ spectrum being
subdominant compared to the unmodified C̃EE

ℓ — is regulated by β2
V . This requires

β2
V to suppress the power coming from the EE spectrum, thus restoring the expected

amplitude of the observed tensorial B modes (r = 0).
Also, de-lensing does not help improve the constraining power on the optical depth τ . In
principle, information on τ can be also extracted from measurements of the reionization
peak in the BB spectrum. However, the strong degeneracy between r and τ in that
region as well as the residual lensing variance dominating also at low-ℓs for vanishingly
small values of r severely limit the information content that can be extracted from BB
to improve the constraints on τ . As a result, the constraining power for this parameter
comes essentially from E modes only;

• when comparing the constraints on r from “PSO” and “PS4” in the fully lensed case (top
panel in table 4), we note that the latter dataset provides — somehow unexpectedly —
a looser bound on r than the former dataset (see also left panels of figures 7 and 8). This
feature can be attributed to the fact that the two experiments driving the constraints
on r in the two data combinations — namely, SO and CMB-S4 — are both cosmic
variance limited in BB in the fully lensed scenario. With the instrumental noise being
subdominant, the ability to jointly constrain the parameters affecting CBB

ℓ is solely
determined by volume effects in the parameter space explored in the MCMC analysis.
More in detail, at first order, we can assume that the amplitude of CBB

ℓ is determined
by a combination of r, β2

E and β2
V (see eqs. (3.2)). When switching from “PSO” to

“PS4” data combination, the enhanced sensitivity of the latter to E modes leads to
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more stringent limits on β2
E , thus allowing for a larger excursion of r in parameter

space. For the same reason, the constraints on β2
V from the two data combinations are

virtually unchanged. In this case, the volume effect responsible for the degradation of
the constraints on r is suppressed for β2

V by the extra contribution of the E-B mixing
term on the r.h.s. in the equation for CBB

ℓ .

Conversely, for partial de-lensing (bottom panel of table 4; see also right panels of
figures 7 and 8), we observe the expected improvement of the constraint on r when
moving from “PSO” to “PS4”. While “PS4” remains cosmic variance limited, the
impact of instrumental noise in “PSO” cannot be neglected and washes out the volume
effect described above.

Finally, in table 5 we quote again the 95% C.L. upper limits for the five analyzed cases
combining TEBV modes, and compare them with current bounds. We note that current limits
in the literature are obtained without a de-lensing procedure applied to data. Nevertheless, we
report forecasts for both the fully lensed and the partially de-lensed scenarios, to also assess
the benefit of de-lensing. The current upper limit on r is taken from the analysis of BICEP2,
Keck Array, BICEP3, WMAP, and Planck data, marginalizing over a given model of Galactic
dust and synchrotron contaminations [50]. As already mentioned, no de-lensing is applied to
the data. Future experiments targeting r will see considerable improvement in the constraints
by applying suitable de-lensing techniques (see, e.g., [8, 51, 52]). Our forecasts qualitatively
confirm this expectation. Present bounds on β2

E,V are taken from the analysis of [29] and
were derived using temperature and linear polarization anisotropies from the Planck legacy
release [53] and BICEP2/Keck 2015 [54]. The inclusion of current V-mode observations
does not help improve the constraints on the GFE parameters [29]. Forecasted sensitivity
to β2

V is dominated by the sensitivity of upcoming experiments to B modes, with de-lensing
playing a crucial role. As far as β2

E is concerned, while de-lensing has minimal impact on the
forecasted sensitivity, the inclusion of V modes from future experiments significantly improves
the constraints. Our forecast shows that more stringent constraints ranging from 1 to 3 orders
of magnitude can be achieved, depending on the considered parameter and dataset.

6 Conclusions

In this study, we investigated how the deployment of a realistic half-wave plate (HWP)
inducing a non-ideal (i.e., ̸= π) phase shift, may affect the noise characteristics of CMB
experiments, while providing sensitivity to the presence of a non-vanishing V-mode signal.
We then forecasted the expected performance of new-generation CMB experiments, noting
that our analysis did not consider foregrounds.

Deviations from the ideal phase shift modify the noise properties of a CMB experiment
deploying a HWP by degrading the sensitivity to Q/U polarization. This could potentially
spoil the ability to reach the primary science goals of future CMB experiments, such as a CVL
determination of the optical depth τ and a tight constraint on/high-significance detection of
the tensor-to-scalar ratio r. However, at the same time, deviations from the ideal performance
of a HWP allow for the experiment to become sensitive to possibly non-vanishing V modes in
the observed signal. This work showed how even a significant deviation from the ideal phase
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Dataset (AL = 1) Fields τ β2
E [10−2] β2

V [10−3] r [10−3]

L
TEB 0.0543+0.0019

−0.0021 < 9.7 < 1.1 < 0.4

TEBV 0.0544 ± 0.0020 < 0.5 < 1.1 < 0.4

LP
TEB 0.0544+0.0019

−0.0021 < 8.4 < 1.1 < 0.4

TEBV 0.0544+0.0018
−0.0021 < 0.5 < 1.1 < 0.4

PSO
TEB 0.0547 ± 0.0040 < 6.6 < 4.2 < 4.4

TEBV 0.0546 ± 0.0040 < 2.9 < 4.3 < 4.4

PS4
TEB 0.0548+0.0034

−0.0038 < 5.1 < 4.5 < 5.7

TEBV 0.0547+0.0034
−0.0038 < 1.0 < 4.4 < 5.0

LS4
TEB 0.0544+0.0017

−0.0020 < 5.1 < 0.9 < 0.4

TEBV 0.0544 ± 0.0019 < 0.5 < 0.8 < 0.4

Dataset (AL = 0.3) Fields τ β2
E [10−2] β2

V [10−3] r [10−3]

L
TEB 0.0543+0.0018

−0.0021 < 9.8 < 0.6 < 0.2

TEBV 0.0544+0.0018
−0.0021 < 0.5 < 0.6 < 0.2

LP
TEB 0.0543+0.0018

−0.0021 < 8.7 < 0.6 < 0.2

TEBV 0.0544 ± 0.0019 < 0.5 < 0.6 < 0.2

PSO
TEB 0.0549+0.0037

−0.0041 < 6.6 < 2.5 < 2.5

TEBV 0.0549+0.0038
−0.0043 < 3.0 < 2.6 < 2.5

PS4
TEB 0.0549 ± 0.0036 < 5.2 < 1.8 < 2.0

TEBV 0.0547 ± 0.0037 < 1.0 < 1.8 < 2.0

LS4
TEB 0.0545 ± 0.0019 < 5.3 < 0.5 < 0.2

TEBV 0.0545+0.0017
−0.0020 < 0.5 < 0.5 < 0.2

Table 4. Constraints on a subset of cosmological parameters sampled in this analysis: 68% C.L.
constraints for the optical depth (τ), and 95% C.L. upper limits for the tensor-to-scalar ratio (r) and
the GFE parameters (β2

E , β2
V ). The results are shown assuming a lensing factor AL = 1 (no de-lensing,

top table) and AL = 0.3 (70% de-lensing efficiency, bottom table), for different data combinations
(L, LP, PSO, PS4 , and LS4 ). For each data combination, we compare the results obtained with and
without the inclusion of V-mode observations.
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Dataset
95% C.L. (AL = 1) 95% C.L. (AL = 0.3)

β2
E [10−2] β2

V [10−3] r [10−3] β2
E [10−2] β2

V [10−3] r [10−3]
L < 0.5 < 1.1 < 0.4 < 0.5 < 0.6 < 0.2

LP < 0.5 < 1.1 < 0.4 < 0.5 < 0.6 < 0.2
PSO < 2.9 < 4.3 < 4.4 < 3.0 < 2.6 < 2.5
PS4 < 1.0 < 4.4 < 5.0 < 1.0 < 1.8 < 2.0
LS4 < 0.5 < 0.8 < 0.4 < 0.5 < 0.5 < 0.2

Current bounds < 14 < 30 < 36

Table 5. 95% C.L upper limits on the tensor-to-scalar ratio and GFE parameters (β2
E and β2

V ) for the
different data combinations considered in this analysis. These limits are obtained from the analysis of
T, E, B and V modes, with a lensing factor AL = 1 (second, third and fourth columns) and AL = 0.3
(last three columns). In the last row, bounds on the same parameters from current data [29, 50] are
also reported to ease the comparison, where no de-lensing procedures are included.

shift (of the order of 10◦) can open a window to the investigation of beyond-the-standard-model
(BSM) cosmological scenarios while having no impact on the sensitivity to τ and r.

As a test case, we focused on the phenomenology of a class of models leading to BSM
electromagnetic effects on the CMB, the Generalized Faraday Effect (GFE) [29]. The GFE is
responsible for E-B mixing as well as for sourcing circular polarization from the conversion of
linear CMB polarization. These effects are modeled via two phenomenological parameters

— β2
E and β2

V — which modify the shape of the CMB spectra as they emerge from the
last scattering surface (eqs. (3.2)). We forecasted the sensitivity to these parameters from
currently running and future CMB experiments which will or might deploy a HWP. At the
same time, we checked that the sensitivity to τ and r expected from these experiments is
not degraded. We considered different combinations of simulated data from a LiteBIRD-like
satellite experiment (L), from the ground-based Simons Observatory (SO) and a modified
version (i.e., with the inclusion of a HWP) of a ground-based CMB-S4-like experiment (S4 ).11

We also included information from Planck (P) observations where relevant.
By comparing the results with current limits in the literature [29], we forecasted a 1-to-3

order-of-magnitude improvement of the constraints on β2
V and β2

E , depending on the dataset,
with the most stringent limits achieved with the “LS4” combination (see table 5).

The possibility to include observations of V modes, as enabled by the deployment of a
realistic HWP, is key to obtain dramatic improvements in the constraints on β2

E , ranging
from a factor of a few for the combinations “PSO” and “PS4” to an order of magnitude
and more for the data combinations including LiteBIRD (see table 4). Better sensitivity to
intermediate-to-small scale E modes is also an important driver of the improved constraints
on β2

E , as can be noted by comparing “L”, “LP”, “PSO”/“PS4”. Constraints on β2
V are

mostly insensitive to the inclusion of V modes in the analysis. Instead, they are driven
by improved sensitivity to B modes. The constraints improve roughly by a factor of two

11We remind the reader that the baseline configuration of CMB-S4 does not include the HWP. In this work,
we considered the possibility to deploy a HWP as a way to test the performance of a future ground-based
experiment with the expected sensitivity and angular resolution of CMB-S4.
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when partial de-lensing (obtained as a 70% suppression of lensing power in the simulated
BB data) is applied in the analysis (compare the top and bottom panels in table 4). The
stringent constraints on β2

V and β2
E will provide valuable insights on the fundamental physics

governing the evolution of the Universe, particularly from the CMB last scattering to the
present epoch. The GFE parameters can be mapped onto the elements of an effective “cosmic
susceptibility tensor”, which describes the optical properties of the Universe seen as the
medium through which CMB photons propagate. The mapping between β2

V and β2
E and

the elements of the susceptibility tensor can be obtained once a specific physical model
responsible for the GFE is specified. As such, constraints on β2

V and β2
E shed light on the

nature of the GFE and its potential origins, such as magnetic fields [22, 23, 41, 55–57] or
other BSM phenomena [9, 16, 17, 21, 58] that could have influenced the polarization state of
the CMB. The methodology outlined in this work can be also applied to models capable of
generating parity-breaking spectra (e.g. ref. [9]). In conclusion, the results presented in this
study indicate that the possibility of including observations of V modes in the cosmological
analysis is a key tool to investigate more deeply specific aspects of fundamental physics
which are otherwise less accessible, without spoiling the constraining power to other primary
science targets. This emphasizes the necessity of fully exploit the potential of upcoming CMB
experiments, including the extraction of V-mode data, which will provide unprecedented
insights on the fundamental physics of the early Universe.
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A Complete set of triangular plots

We show here the triangular plots for the five cases analyzed, displaying 1D and 2D posteriors
for the parameters we consider relevant in our analysis, i.e. r, τ , β2

E and β2
V . The general

behaviour of all plots looks similar, the inclusion of V-mode polarization substantially
enhances our constraining power improving the bound on β2

E . Furthermore, the addition
of the de-lensing procedure is effective in reducing the upper limits of r and β2

V (see the
right panel of figures 5, 6, 7, 8, 9). In contrast, as expected, bounds on τ were found to be
unaffected by both the de-lensing and the addition of V-mode data.
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Figure 5. One and two-dimensional posterior probability distributions for L dataset (see table 2 for
details). We report a subset of the total parameter space (ΛCDM model + r + β2

E + β2
V ) showing

TTTEEEBB in green and TTTEEEBBVV in magenta. The left panel omits de-lensing procedures
(AL = 1), while the right panel employs 70% de-lensing (AL = 0.3).
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Figure 6. One and two-dimensional posterior probability distributions for LP dataset (see table 2
for details). We report a subset of the total parameter space (ΛCDM model + r + β2

E + β2
V ) showing

TTTEEEBB in green and TTTEEEBBVV in magenta. The left panel omits de-lensing procedures
(AL = 1), while the right panel employs 70% de-lensing (AL = 0.3).
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Figure 7. One and two-dimensional posterior probability distributions for PSO dataset (see table 2
for details). We report a subset of the total parameter space (ΛCDM model + r + β2

E + β2
V ) showing

TTTEEEBB in green and TTTEEEBBVV in magenta. The left panel omits de-lensing procedures
(AL = 1), while the right panel employs 70% de-lensing (AL = 0.3).
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Figure 8. One and two-dimensional posterior probability distributions for PS4 dataset (see table 2
for details). We report a subset of the total parameter space (ΛCDM model + r + β2

E + β2
V ) showing

TTTEEEBB in green and TTTEEEBBVV in magenta. The left panel omits de-lensing procedures
(AL = 1), while the right panel employs 70% de-lensing (AL = 0.3).
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Figure 9. One and two-dimensional posterior probability distributions for LS4 dataset (see table 2
for details). We report a subset of the total parameter space (ΛCDM model + r + β2

E + β2
V ) showing

TTTEEEBB in green and TTTEEEBBVV in magenta. The left panel omits de-lensing procedures
(AL = 1), while the right panel employs 70% de-lensing (AL = 0.3).
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