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Abstract: We present detailed forecasts for the constraints on the characteristics of primor-
dial magnetic fields (PMFs) generated prior to recombination that will be obtained with the
LiteBIRD satellite. The constraints are driven by some of the main physical effects of PMFs
on the CMB anisotropies: the gravitational effects of magnetically-induced perturbations; the
effects on the thermal and ionization history of the Universe; the Faraday rotation imprint on
the CMB polarization spectra; and the non-Gaussianities induced in polarization anisotropies.
LiteBIRD represents a sensitive probe for PMFs. We explore different levels of complexity, for
LiteBIRD data and PMF configurations, accounting for possible degeneracies with primordial
gravitational waves from inflation. By exploiting all the physical effects, LiteBIRD will be
able to improve the current limit on PMFs at intermediate and large scales coming from
Planck. In particular, thanks to its accurate B-mode polarization measurement, LiteBIRD
will improve the constraints on infrared configurations for the gravitational effect, giving
BnB=−2.9

1 Mpc < 0.8 nG at 95% C.L., potentially opening the possibility to detect nanogauss
fields with high significance. We also observe a significant improvement in the limits when
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marginalized over the spectral index, Bmarg
1 Mpc < 2.2 nG at 95 % C.L. From the thermal history

effect, which relies mainly on E-mode polarization data, we obtain a significant improvement
for all PMF configurations, with the marginalized case,

√
⟨B2⟩marg

< 0.50 nG at 95 % C.L.
Faraday rotation constraints will take advantage of the wide frequency coverage of LiteBIRD
and the high sensitivity in B modes, improving the limits by orders of magnitude with
respect to current results, BnB=−2.9

1 Mpc < 3.2 nG at 95 % C.L. Finally, non-Gaussianities of the
B-mode polarization can probe PMFs at the level of 1 nG, again significantly improving
the current bounds from Planck. Altogether our forecasts represent a broad collection of
complementary probes based on widely tested methodologies, providing conservative limits
on PMF characteristics that will be achieved with the LiteBIRD satellite.

Keywords: primordial magnetic fields, cosmological parameters from CMBR, CMBR theory
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1 Introduction

Magnetic fields are ubiquitous in the Universe. They exist at all scales, from the smallest
scales in stars and planets, representing a necessary condition for the development of life, up to
the largest scales observable, filling the entire Universe in both structures and voids. Though
the origin of some of these magnetic fields, especially those on the smallest scales, is known,
the origin of magnetism on cosmological scales is an open issue [1–6]. This investigation
requires putting together different pieces of information, in the form of different cosmological
probes. The cosmic microwave background (CMB) and its observations with LiteBIRD [7]
play a key role in solving this puzzle.

The cosmic magnetism extends to the smallest scales of galaxies, clusters of galaxies
and voids, and up to the largest scales observable in filaments connecting the large scale
structures. With the improvement of cosmological observations we can now question whether
this cosmic magnetism is more a property of the entire Universe rather than of single objects.
If future observations confirm that magnetization is a universal property its origin would at

– 1 –
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least partially lie in magnetic fields generated in the early Universe, the so-called primordial
magnetic fields (PMFs).

Magnetic fields have been observed in galaxies, and in particular in the Milky Way since
1949 when two independent observations of polarized optical light [8, 9] were later interpreted
as the result of dust grain alignment due to a diffuse magnetic field in the Galaxy [10].
Afterwards, Zeeman line splitting and Faraday rotation measurements confirmed the presence
of a Galactic magnetic field, which is now mapped to a high degree of accuracy [11, 12].
With the improvement of observational techniques, magnetic fields have been determined
to be a fundamental component of all galaxies with morphologies and characteristics that
depend on the host, hinting at a co-evolution of the magnetic and matter components [13–15].
Astrophysical mechanisms, such as stellar dynamos, can produce magnetic fields in a galactic
environment, but galaxy magnetic fields are observed out to high redshifts [16, 17] setting
strong constraints on the capabilities of astrophysical processes to fully generate these fields
in the available cosmic time. Moreover, dynamo processes, which are responsible for the
fields we observe on planetary and stellar scales, would have had very little time to form
magnetic fields on galactic scales. And indeed, most models of dynamos require initial
magnetic field seeds [18, 19].

Zooming out to larger scales, magnetic fields on scales as large as Megaparsec (Mpc)
are observed in galaxy clusters [20–23] with amplitudes of the order of a few microgauss
(µG). In galaxy clusters, astrophysical mechanisms capable of generating such coherent
fields are more complex and involve mostly feedback from active galactic nuclei and galaxy
winds [24–27]. Although such mechanisms contribute to the overall magnetic fields observed
in cosmic structures, to reproduce the current observations with only these astrophysical fields
is difficult and often requires the presence of initial seed magnetic fields. Future observations
with the Low Frequency Array and the Square Kilometre Array will help to understand the
nature of such large-scale magnetic fields in more detail [26, 28].

However, cosmic magnetism goes beyond galaxies and clusters; in fact, in the past decade
the presence of magnetic fields has been suggested on even larger cosmological structures, in
voids and filaments. The presence of intergalactic magnetic fields (IGMFs) in voids can leave
imprints in γ-ray observations. Electron-positron pairs generated by the interaction of blazar
TeV emission with extragalactic background light are deflected by the IGMF [29]. Therefore,
the secondary photon cascade at GeV energies due to the inverse-Compton interaction with
CMB photons is spread in a low luminosity halo undetectable by current experiments (see
ref. [30] for an alternative explanation with plasma turbulence). The lack of detection of
secondary GeV photons from some blazars in Fermi satellite data is compatible with the
presence of magnetic fields in voids and this kind of measurement has led to lower limits on the
amplitude of the magnetic fields (contrary to the usual upper limits from the CMB) [31–35].
Recently also γ-ray bursts have been proposed for such analyses, and through the same
mechanism can again be compatible with lower limits on the field amplitude. See [36] for
a first attempt without enough sensitivity and instead a positive case for the very bright
GRB 221009A [37], with even stronger constraints reported in [38]. The future data from
the Cherenkov Telescope Array will have enough resolution to identify the low luminosity
halos and finally confirm the hypothesis of IGMFs in voids (alternative explanations cannot

– 2 –



J
C
A
P
0
7
(
2
0
2
4
)
0
8
6

justify the extended halo), improve the lower bounds [39, 40] and possibly help identify a
helical structure of the IGMF [41].

Voids are crucial for two reasons. On the one hand to generate and maintain magnetic
fields on Mpc scales with astrophysical sources in voids is very difficult. On the other hand
the void environment is such that magnetic fields have an almost completely passive evolution,
making them the best candidate to understand the properties of a possible primordial seed
magnetic field.

Large-scale magnetic fields have also been observed in bridges connecting galaxy clus-
ters [42, 43] and some stacking analyses seem to indicate magnetic fields in the filaments
connecting large-scale structures [44–46]. In the future, Square Kilometre Array will allow
to perform deeper stacking and provide information on the characteristics of such fields.
This may finally resolve the origin of cosmic magnetism. Magnetic fields in filaments, which
follow the filamentary structure and cannot be produced by astrophysical mechanisms [47],
would be the smoking gun of PMFs.

The idea of PMFs dates back many years and was meant as a purely theoretical hypothe-
sis [48], but as the cosmic magnetism keeps unveiling it is becoming increasingly interesting
for modern cosmology [2, 4–6, 18, 19, 49–56]. We are now at a stage where we cannot ignore
the effects of the potential presence of PMFs on the history of the Universe.

To explain cosmic magnetism is not the end of the story for PMFs. The role of PMFs
in cosmology is twofold: on the one hand they may represent the seeds that generated the
cosmic magnetism; and on the other hand their generation in the early Universe requires
unique conditions for the physics of the early Universe. Therefore, PMFs represent a new
window on the fundamental physics in the early Universe, providing an insight on aspects
which will be difficult to investigate otherwise.

PMF generation mechanisms can be classified depending on the time at which they
take place. The so-called causal mechanisms are the generation processes that take place
after inflation and that are bounded by causality. This bound is their greatest weakness, as
such mechanisms limit the coherence length of the generated PMFs to the causal horizon
at the generation time. In order for PMFs to seed cosmic magnetism and to be maintained
against dissipation, large coherence lengths are required. Therefore, causal fields require an
inverse cascade process to increase the coherence length [57, 58], which in turn gives a helical
component of PMFs. The main mechanisms of this class are related to first-order phase
transitions, with both electroweak and quantum chromodynamics as plausible candidates, and
rely on the instabilities at the interface of the transitioning regions, which can create currents
that generate magnetic fields [59–70]. However, the current standard scenario points towards
simple cross-overs for the main phase transitions, instead of first-order transitions, meaning
that finding evidence of a first-order phase transition would imply fundamental physics
beyond the standard model. For example first order phase transitions have been associated
with minimal supersymmetric standard model (MSSM), with the Higgs potential having a
higher barrier and an additional degree of freedom through three-point self-coupling at tree
level, or other extensions of the standard model with extra dimensions (e.g. refs. [71, 72]),
with interesting perspectives also for direct detection of gravitational waves (GWs) [73].

In the post inflationary Universe there is another mechanism unavoidably generating
magnetic fields, namely second-order perturbations through the Harrison mechanism [74].

– 3 –
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The vorticity induced by second-order perturbations creates small currents that in turn
generate magnetic fields [75–77]. Although these PMFs are generated unavoidably, it has
been demonstrated through simulations that they are too weak to provide by themselves
alone the seeds of the cosmic magnetism [78]. During the reionization process, it is also
possible to generate weak magnetic fields with a Biermann battery effect (see for example
ref. [79]). It has been shown how causally generated PMFs all share a common characteristic:
a positive and even tilt in wavenumber space nB ≥ 2 [80], where nB is the spectral index
of the power law describing PMF’s scale dependence, defined in the following section. This
characteristic represents a unique opportunity for constraining such fields.

The other generation mechanisms are the inflationary ones. PMFs can be generated
during inflation and, thanks to the nature of inflation, a large coherence length is not an issue.
For inflationary PMFs, the main issue is the amplitude. As electromagnetism is conformally
invariant, inflation dilutes everything, including the PMF amplitude. This implies that if
the observed current cosmic magnetism is seeded by inflation, conformal invariance must be
broken during inflation [49, 81–90], with also the possibility of further amplification during
the preheating phase [91–93]. Inflationary mechanisms present additional challenges, such as
the back reaction and strong coupling issues [86, 87, 93–99]. PMFs from inflation can also
be related to magnetic monopole generation and constraints [100]. Inflationary PMFs have
unbounded spectral indices, and nB is strongly related to the kind of inflationary mechanism
at play in the generation of the fields. Thus for both inflationary and causal fields the value
of nB represents a critical characteristic for inferring their nature and origin.1

How can we constrain these characteristics of PMFs and probe the physics of the early
Universe and the origin of cosmic magnetism? Potentially crossing the entire history of the
Universe, PMFs affect both early and late cosmological observables in direct and indirect ways;
they contribute as a massless, relativistic component to the cosmological plasma, essentially
affecting all the Universe’s evolution at the background and perturbative levels. We will
trace these effects up to the main observable for PMFs and our main interest in this work,
CMB anisotropies, particularly in polarization.

The first stage of the Universe’s history, where the contribution of PMFs can be indirectly
observed, is the Big Bang nucleosynthesis (BBN). In this period, adding an effective extra
radiation component modifies the interaction rates and the expansion rate, affecting the
production of primordial elements. BBN was one of the first probes used to constrain
PMFs [104–109]. Although current constraints are around a fraction of a µG, two orders
of magnitude weaker than the ones from other probes, BBN offers an interesting prospect
for the future using GWs [110].

PMFs have a complex effect on cosmological perturbations, especially at small scales
with a change in the formation of structures. We can account for effects on the matter power
spectrum, together with effects on large-scale structure observables such as weak lensing and
clustering, as well as the magnification bias that was studied more recently [111–118]. Always
at the smallest scales, one effect that has recently gained interest (although it was already
formulated a long time ago) is small-scale baryon inhomogeneities [119, 120]. The presence
of PMFs in the plasma can affect the evolution of baryons on the smallest scales, with the

1Another characteristic spectral index is the Batchelor spectrum typical of turbulent processes [101–103].
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possibility of creating additional inhomogeneities, which in turn may affect recombination
and CMB anisotropies. This effect has been associated with a partial relief of the Hubble
parameter tension [121–123], and has been used to provide strong constraints on the PMF
amplitude by using small-scale data [124]. The effects on large-scale structure formation are
quite strong and can provide tight constraints, also with future experiments such as Euclid
and Rubin [125, 126], but they also represent a theoretical challenge. The estimation of
these effects requires a fully nonlinear treatment of the PMF evolution and its impact on
cosmological perturbations on the smallest scales. Such a treatment is currently available
only through numerical simulations, which are limited by the time requested to run each
set of initial conditions, whereas a full data likelihood analysis requires several thousands of
different initial conditions. Possible solutions to this issue are still in the embryonic stage
and for this reason, although promising, this avenue is still very model dependent.

Connected to the impact on large-scale structure, but observed at an earlier stage when
structures are not yet fully nonlinear, the 21-cm signal [127–132] offers interesting perspectives
for forthcoming radio observatories. More indirectly, but still in the domain of large-scale
structure observations, we have several probes of PMFs. PMFs can have a strong impact on
the Sunyaev-Zeldovich effect [133] and in particular this can affect both clusters [134] and
the intergalactic medium (IGM) [135], with imprints on the smallest observable scales of the
CMB. PMFs also affect the star-formation history [136], with consequences for dwarf galaxy
abundances [137]. Another recent astrophysical probe uses the rotation measure from fast radio
bursts to provide upper bounds on the possible PMF contribution to the IGM [138]. Some of
the most recent probes provide a completely new avenue with direct GW detectors [139] or
pulsar-timing arrays [140]. All these new avenues to investigate the characteristics of PMFs
offer interesting prospects for the future and will be crucial as complementary probes in the
case of a scenario with a clear detection of signals compatible with PMFs.

One of the best probes of PMFs in the next decade is the CMB, with PMFs affecting it
in several different ways and leaving imprints both on the CMB anisotropies and its absolute
spectrum. LiteBIRD will be revolutionary for CMB observations [7], providing incomparable
precision measurements for not only the CMB in the standard model, but also the CMB
in the presence of PMFs especially through the CMB polarization anisotropies. Our focus
in this paper will be to investigate how much LiteBIRD measurements can improve our
knowledge of PMFs.

Before going into details of the different imprints on CMB anisotropies, we should consider
the possible kinds of intrinsic model of PMFs. The simplest form would be a homogeneous
magnetic field across the Universe. Such a model — even if simple in terms of the physics
of the magnetic field — is actually the most complex to generate and deal with. Indeed a
homogeneous field would not be supported in the Friedmann-Robertson-Walker metric and
could live only in a Bianchi-like Universe [141, 142]. This property is one of the reasons
for the strong constraints on such fields already provided by COBE and BBN [143, 144],
although it has been shown in ref. [145] that neutrinos can relax some of these constraints.
A homogeneous field has a further effect on CMB statistics, generating correlations among
different multipoles [146, 147]. The act of creating such a field is rather complex and usually
the generation cannot rely on local processes, making it hard to produce without any collateral
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consequence on the background cosmology. In light of this complexity, the standard model
used for PMFs is usually a stochastic background, which is fully supported on the standard
background cosmology and can be generated by local processes, in agreement with many
PMF generation mechanisms. We will not consider a homogeneous field in this paper.

The first imprint on CMB anisotropies that we consider in this work is the cosmological
perturbations of PMFs; PMFs contribute to the total energy-momentum tensor of the
cosmological plasma in a unique way. They are a fully relativistic massless component,
but do not contribute at the background level. This causes the generation of independent
magnetically-induced modes in the scalar, vector and tensor sectors. These modes contribute
to the CMB anisotropy angular power spectra in temperature and polarization through the
so-called gravitational effect. The scalar contribution is sourced by the energy density and the
anisotropic pressure of PMFs and is affected by the Lorentz force on the baryons [148–157].
The vector contribution is sourced by the anisotropic pressure of PMFs. The same goes
for the magnetically-induced GWs [158–167]. The gravitational effect provides constraints
using current data of a few nanogauss (nG), with stronger constraints for specific values
of nB, reaching up to a few picogauss (pG) level for blue-tilted nB [168–174]. As will be
shown, the gravitational effect induces B-mode polarization, with contributions on large and
intermediate scales, the main focus of LiteBIRD.

The second imprint on CMB anisotropy angular power spectra is dissipation of PMFs
after recombination through ambipolar diffusion and magnetohydrodynamics (MHD) decaying
turbulence. Dissipation injects energy and produces a magnetically-induced heating of the
cosmological plasma, with major effects on CMB temperature and polarization [175–181].
LiteBIRD, with its cosmic-variance limited measurement of E-mode polarization on large and
intermediate scales (where this effect is strong), represents one of the best opportunities for
improving in this direction. This energy injection also causes spectral distortions [182–184].
Although the signal is below the detectability level of current experiments, it is a good target
for possible future spectrometers [185, 186].

The third imprint is the non-Gaussian contribution of PMFs on CMB anisotropies and
the non-negligible bispectrum generated in polarization. LiteBIRD will be pivotal, as this
signal requires large sky fractions. The gravitational contribution of PMFs to cosmological
perturbations is through the electromagnetic energy-momentum tensor, which is quadratic
in the stochastic fields. The square of a random distribution is far from Gaussian, as is the
PMF contribution to CMB anisotropies. PMFs excite all higher-order statistical moments,
the bispectrum [172, 187–197], the trispectrum [198, 199], and so on, again with all different
initial conditions contributing in different ways.

The fourth imprint that we will discuss, again focusing on polarization on large and
intermediate scales probed by LiteBIRD, is Faraday rotation. Faraday rotation is an important
effect involving light propagating through a magnetized medium, widely used in radio
astronomy and one of the main probes of cosmic magnetism [200]. PMFs rotate the polarization
plane of CMB photons and induce a secondary B-mode signal from the rotation of the E-
modes slightly reducing the power of the E-modes [201–204]. This creates a unique photon
frequency-dependent effect on the CMB. This frequency dependence makes the signal brighter
at the lowest frequencies and is one of the key ingredients for distinguishing its contribution
from other ones (e.g., cosmic birefringence [205]).
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These four effects all modify the polarization pattern of CMB anisotropies, either
generating additional new signals in B-mode polarization (the gravitational effect and the
Faraday rotation), modifying the primary anisotropies (the heating effect), or generating
a non-negligible bispectrum in B-mode polarization. All affect polarization at large and
intermediate angular scales. These are the focus and uniqueness of LiteBIRD; as only through
satellite missions can we access the whole sky. LiteBIRD, as was the case for Planck, will
be capable of providing a number of different probes within the same experiments; however
LiteBIRD will have the important advantage of sensitive polarization channels. For this
reason, LiteBIRD represents the main future for PMFs studies with the CMB and will provide
a huge improvement over current results as shown in this paper.

This work is part of a series of papers that present the science achievable by the LiteBIRD
space mission, expanding on the overview published in ref. [7]. We investigate the capabilities
of LiteBIRD to study PMFs through four of the main effects on CMB anisotropies.

The paper is structured as follows. Section 2 presents the formalism used for PMFs
throughout the paper. Section 3 presents the settings of the forecasts, how data sets will
be created and the different cases considered. In section 4 we will present the gravitational
effect on CMB anisotropy power spectra. We will then investigate the constraints that
LiteBIRD can provide on PMFs using different assumptions on the mock data, considering
both LiteBIRD alone and its combination with Planck. We will show that LiteBIRD is
capable of detecting PMFs at the level of current constraints. We will also show the interplay
between PMF signals and GWs from inflation, and how LiteBIRD will be able to disentangle
the two effects in most cases. In section 5 we will present the effect of PMF dissipation on
primary CMB anisotropies in both temperature and polarization. We will then present the
forecasts for LiteBIRD constraints, considering the effects of ambipolar diffusion and MHD
decaying turbulence, both separately and in combination. We will also present the effects of
dissipation on primordial B modes from inflation and we will demonstrate that for LiteBIRD’s
sensitivity this is not an issue in terms of degeneracy between the two signals. Finally we will
present a particular configuration of PMFs for which it is useful to combine the gravitational
and dissipation effects in order to tighten the constraints on the PMF amplitude. In section 6
we will present the effects of Faraday rotation on the B-mode power spectrum and compare it
with known uncertainties such as instrumental noise and foreground residuals. We will then
show the dramatic improvement that LiteBIRD will provide on current constraints. Section 7
presents non-Gaussianity studies, and finally in section 8 we draw our conclusions.

2 Formalism

We model PMFs as a stochastic background, since this represents the most generic form that
can be generated by local processes, such as the ones generally invoked for PMF generation.
We are interested in the PMF effects in the CMB observational window, which involves
only linear scales. We neglect the possible nonlinear behaviour of the PMFs and assume
the ideal MHD limit, in which the PMFs passively evolve with dilution by the Universe’s
expansion, and can be described by B⃗(phys)(x⃗, τ) = B⃗(x⃗)/a(τ)2, where B⃗(x⃗) is the comoving
field, a(τ) is the scale factor and τ the conformal time.2 These assumptions are justified in

2We choose the standard convention in which the scale factor is a(τ0) = 1 at the present conformal time τ0.
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the cosmological environment [1], when the effects we will describe take place, and by the
scales which we are interested in. However, non-idealities may lead to a different behaviour of
PMFs on very small scales, where the evolution of the fields in time and spectral distribution
under the back reaction of the fluid must be taken into account [206–210].

In Fourier space such a stochastic background of PMFs is described by the two-point
correlation function for random fields,〈

Bi(k⃗) B∗
j (k⃗′)

〉
= (2π)3

2 δ(3)(k⃗ − k⃗′)
(
δij − k̂ik̂j

)
PB(k) , (2.1)

where PB(k) = AB knB using the assumption of a power law power spectrum for the fields.3
In this paper we do not consider a helical component in the PMFs, which we leave for future
studies. PMFs are characterized by two parameters, AB and nB. The associated amplitude of
the PMFs, which will be the actual variable of the treatment, can be expressed with different
conventions. Two of the main parametrizations used are the comoving fields smoothed on
a comoving scale λ (where λ = 1 Mpc, for example):

B2
λ =

∫ ∞

0

dk k2

2π2 e−k2λ2
PB(k) = AB

4π2λnB+3 Γ
(

nB + 3
2

)
, (2.2)

and the amplitude of the stochastic PMFs expressed using their root mean square (rms):

⟨B2(k)⟩ = AB
2π2

knB+3
D

nB + 3 , (2.3)

where kD is the damping scale defined in eq. (2.4). The first parametrization is a common
choice that aims to compare the amplitudes of the comoving fields with the ones observed
in the large-scale structure such as clusters and voids. The second parametrization is a
more generic choice in physical terms, but makes more difficult a direct comparison with the
cosmic magnetism observations. We will use both parametrizations depending on the analysis.
Note that the constraints depend on the parametrization they are expressed with, therefore,
comparison among different results should always consider the different parametrizations used.

We need to model PMF dissipation on small scales. Magnetic effects survive the Silk
damping and the magnetically induced perturbations provide strong effects precisely in the
region where primary perturbations are suppressed. On smaller scales, a fraction of the Silk’s
one, PMFs and their effects are also damped. The modelling of this damping is one of the
open points in PMF cosmology. It would technically require a simulation based approach
to infer the decaying rate [208, 209]. However this approach does not allow for a parameter
space exploration which provides constraints from CMB data. When considering the damping
of the magnetosonic and Alfven waves, the damping scale can be expressed as [160, 211, 212]:

kD = (5.5 × 104)
1

nB+5

(
Bλ

nG

)− 2
nB+5

( 2π

λ/Mpc

)nB+3
nB+5

h
1

nB+5

(
Ωbh2

0.022

) 1
nB+5 ∣∣∣

λ=1 Mpc
Mpc−1 .

(2.4)
3For the Fourier transform and its inverse, we use

Y (k⃗,τ) =
∫

d3x eik⃗·x⃗ Y (x⃗,τ) , Y (x⃗,τ) =
∫

d3k

(2π)3 e−ik⃗·x⃗ Y (k⃗,τ) ,

where Y is a generic function.
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See ref. [213] for an alternative based on the rms of the field. We assume a sharp cut off
in the power spectrum at this damping scale. This assumption, although approximate,
is the only one allowing us to have analytical expressions for the contributions to the
cosmological perturbations. Alternative models for the damping invoke, for example, a
Gaussian damping [177, 183] for which the energy-momentum tensor convolutions are not
solvable analytically.

3 Forecasts setting

The central objective of this work is to provide forecasts for the future capabilities of LiteBIRD
to constrain PMFs. In order to pursue this objective and provide a complete set of forecasts,
we will consider different types of mock data sets in our analyses, especially those more
sensitive to data contamination issues. For these cases we will go from the simplest case,
growing in complexity up to the most realistic case.

For the power spectrum based analyses including the treatments of gravitational and
heating effects, we will use an inverse Wishart likelihood [214, 215]. This kind of approach is
typically used in idealized forecasts as in [216] (something similar is also applied in [217]):

χ2
eff = −2 ln L =

∑
ℓ

(2ℓ + 1)fsky
{

Tr[ĈℓC̄−1
ℓ ] + ln |ĈℓC̄−1

ℓ | − n
}

, (3.1)

with theoretical C̄ℓ and observed Ĉℓ covariance matrices. The covariance matrix depends
on the power spectra CXY

ℓ , where X and Y can take the values T, E (with n = 2) or
T, E, B (with n = 3).

We simulate the instrumental white noise with an inverse variance weighting of the
LiteBIRD instrumental characteristics [7],

NXX,inst
ℓ =

∑
ν

1

w−1
X ν exp

[
ℓ(ℓ + 1) θ2

FWHM ν
8 ln 2

]


−1

, (3.2)

where we convolve for each channel the sensitivity wX ν with the beam resolution given at
the full width half maximum θFWHMν .

We consider only the seven central frequency channels from 78 to 195 GHz which are
dominated by the CMB. We assume that the foreground dominated channels will be mostly
used for component separation of the signal. This guarantees that we do not introduce biases
in the frequency channel weighting of the white noise, which depends only on instrumental
characteristics and is insensitive to the importance of the CMB signal at that frequency.4

We simulate all three components in temperature and polarization TT -EE-BB and the
correlation TE up to ℓmax = 1350 when LiteBIRD alone is used. When in combination with a
high multipole data set, we cut the maximum multipole at the crossing of the signal-to-noise
ratio of the two experiments considered. For TT -EE-TE we assume a 70 % sky fraction

4Typically higher frequency channels have the best angular resolution but the CMB is strongly subdominant,
if ever present at all, so they are not useful for the CMB outside a pure component separation role.
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unless otherwise stated, whereas for BB the sky fraction is reduced to 49.5 % due to the
inclusion of the residuals after component separation that simulate a realistic data set [7].

We will consider three cases, which we describe in the following, independently of the
analyses they are applied to.

• Ideal: only white instrumental noise and cosmic variance are implemented.

• Baseline: this is the standard case common to all the analyses presented in the paper and
reflects the methodology applied in section 2 of ref. [7]. We will consider instrumental
noise in TT -EE-TE, whereas for BB we will also include the statistical foreground
residuals in the noise out to ℓ = 191 and use the post-component-separation noise
in this region (as opposed to pure white noise for ℓ > 191). Considering only the
contribution of statistical foreground residuals to the noise, we are implicitly assuming
that we are perfectly cleaning the signal. This contribution to the noise is unavoidable
once a component-separation pipeline is applied. Different pipelines can reduce this
noise, but usually this is done at the cost of increasing the bias due to the foreground
contamination. It is therefore necessary to find a trade off between the two and we
decided to apply the same approach used in ref. [7]. The two separate treatments
between multipoles below and above 192 of the noise in BB mimic a hybrid likelihood
approach where for large and intermediate scales we consider the component separated
spectra whereas for smaller scales (where the Galactic contamination is subdominant) we
can directly use cross-spectra, which should reduce the noise. In the baseline approach
the lensing BB signal is also considered as an additional noise source and is set to zero
in the theoretical angular power spectrum computed by the Einstein-Boltzmann code.
This approach mimics a perfect modelling of the lensed B-mode power spectrum.

• Realistic: we will consider a setting of the typical data analysis pipeline, namely, we
receive a sky signal after processing and component separation that contains the lensing
signal, a residual bias from foreground cleaning and a systematic bias, together with
a boosted noise from the component separation that includes statistical foreground
residuals. We fit these contamination signals with a template reproducing our knowledge
of the actual signal with a nuisance amplitude that is used to marginalize the other
cosmological parameters over the contamination. In the simplest case we consider only
the lensing BB, which is fitted from the theoretical power spectrum derived from the
cosmological model at every step of Markov Chain Monte Carlo (MCMC). For the
foreground and systematic bias, we instead directly consider the fiducial signal as a
template and vary only the amplitudes, implicitly assuming that we will have a perfect
knowledge of the power spectrum shape of these signals.

In this paper, we will not consider any other systematics but those presented in ref. [7]. We
assume that temperature and E-mode polarization are free of systematics. For a satellite such
as LiteBIRD, which is optimized for polarization and relies on a half-wave plate modulator
(see [218] for technical details), a possible concern is the contamination of large scales by the
1/f noise for temperature anisotropy measurements. To address this specific concern, we
have tested all the PMF effects that depend also on temperature anisotropies (namely the
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Figure 1. (Left) The comparison of the gravitational effect on B modes created by PMFs for nB = 2
in blue and nB = −2.9 in red, with the LiteBIRD error bars. In black solid and dotted lines, we show
the primary CMB assuming a R2-like model of inflation and the lensing contribution, respectively.
In the inset we show the same curves but including also the small scales which are not observed by
LiteBIRD. (Right) The heating effect on E mode polarization, expressed in the relative differences to
the ΛCDM model, compared with the instrument noise and cosmic variance. Again in red we show
nB = −2.9 and in blue nB = 2.

gravitational effects and the impact on the ionization history) against preliminary estimates
of the 1/f effect based on LiteBIRD simulations. The results show a negligible effect on
the constraints that we derive on PMFs.

In figure 1 we show an example of the signal in BB coming from the gravitational effect
compared with the error bars predicted for LiteBIRD [7]. We show two representative cases
that will be investigated in detail later, the minimum index for causally generated fields nB = 2
and the almost scale invariant case nB = −2.9 that represents the most infrared spectral index
that we can consider while keeping the field density finite unless we insert an infrared cut
off. In the right panel we show the relative differences for the heating effect on the E-mode
polarization. The details of these effects will be described in the following two sections.

For our fiducial models we will assume Planck 2018 baseline marginalized results [219],
as the non-magnetic underlying cosmological model. Our parameters are specifically baryon
and cold dark matter densities Ωbh

2 = 0.0224, Ωch
2 = 0.1202, angular scale of the sound

horizon Θ = 1.0409, reionization optical depth τ = 0.0544, scalar spectral index ns = 0.9649
and amplitude of scalar fluctuations log[1010As] = 3.045. For both the gravitational and
heating effects we will vary all the cosmological parameters together with the magnetic ones
for which we use flat priors [0,10] for the amplitude ([0,1000] for the rms parametrization)
and [−2.9,3] for nB in the gravitational effect, and [0,4] for the amplitude and [−2.9,2] for
nB in the heating effect (due to the very powerful effect of positive nB which limits the
numerical stability to maximum nB = 2). For the gravitational effect we will assume only
massless neutrinos (contrary to the usual minimal mass of 0.06 eV adopted in Planck and
elsewhere in the paper) because we do not account for the large-scale modification to the
magnetically induced modes due to neutrino mass. This is a subdominant effect, but we
prefer to coherently treat magnetic and non-magnetic perturbations.
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Due to the nature of some of the PMF effects it is useful to include data on the smaller
scales that are inaccessible to LiteBIRD. We complement LiteBIRD with Planck data in
temperature and E-mode polarization in some of the analyses. In order to use the same
simulated sky, and the same likelihood treatment for the two data sets, we do not use the real
Planck data likelihood, but rather we simulate a mock dataset up to ℓ = 2700 using Planck
instrumental characteristics, manipulating the simulated noise (with a series of boosting
factors in different multipole ranges) in order to reproduce similar uncertainties in the
cosmological parameters (as in ref. [220]) from the Planck CMB-only baseline [219]. In order
to avoid issues in the cross-correlation between the two experiments we avoid overlapping
multipoles, cutting LiteBIRD at ℓ = 800 and starting the Planck data set at ℓ = 801.

4 Gravitational effect

In this section we will study the gravitational effect of PMFs. This effect contributes to
all the CMB angular power spectra in temperature and polarization and its main area of
improvement with respect to current constraints is given by the accurate measurement of
the B-mode polarization. For this reason, LiteBIRD represents one of the best datasets
to improve such constraints.

PMFs contribute as a massless fully relativistic component in the cosmological fluid
and their energy-momentum tensor components are usually assumed to be first order on
the same footing as cosmological perturbations:

κ0
0 = −ρB = − B2(x⃗)

8πa4(τ) ; (4.1)

κ0
i = 0 ; (4.2)

κi
j = 1

4πa4(τ)

(
B2(x⃗)

2 δi
j − Bj(x⃗) Bi(x⃗)

)
. (4.3)

The electromagnetic energy-momentum tensor sources magnetically induced perturbations:

δGµν = 8πG
(
δTµν + κµν

)
, (4.4)

where we use natural units. All the projections are excited by PMFs, namely scalar, vector
and tensor perturbations. Scalar magnetic perturbations are sourced by the magnetic energy
density and anisotropic pressure, with a contribution from the Lorentz force on baryons.
Vector modes are fully sourced by the Lorentz force and anisotropic pressure; as primary
vector modes are rapidly decaying in the standard model, PMFs represent the only source
of this type of perturbations. Finally magnetically-induced tensor modes are sourced by
the tensor projection of the anisotropic pressure.

The different modes are generated with different initial conditions, depending on whether
they are compensated, passive, or inflationary. The compensated modes are the solution of the
Einstein-Boltzmann equation system with their name coming from the compensation between
the PMF energy-momentum tensor components and the fluid perturbations. This initial
condition does not contribute to the total curvature perturbation at first order [148, 152, 166].
The passive modes are relic modes in scalar and tensor projections, which result from
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Figure 2. Temperature and polarization power spectra of magnetically induced modes, for nB = 2
(solid lines) and nB = −2.9 (dashed lines). The amplitude values are compatible with the limits
derived from current experiments in ref. [174]. In black are shown the standard non-magnetic modes.

the matching of initial conditions at neutrino decoupling. Before neutrino decoupling the
additional magnetic anisotropic pressure sources logarithmic modes, which are then suppressed
by the compensation from neutrino anisotropic pressure after decoupling; however, a residual
mode in the form of an offset in the standard primary mode survives and the dependence on the
magnetic anisotropic pressure power spectrum (which as in the compensated mode substitutes
the primordial fluctuation power spectrum) imprints distinctive shapes [167, 169, 221]. There
are initial conditions related to the inflationary generation mechanism. In this case the mode
has a shape similar to the passive one, but its amplitude depends on the coupling taking place
during inflation [222, 223]. We will not consider this initial condition in this work, since we
prefer to maintain an agnostic approach with respect to the generation mechanism of the fields.

For the full theoretical treatment of scalar, vector and tensor magnetically induced
perturbations we rely on refs. [152, 166–170, 179, 221] and use the code developed in ref. [174].
In figure 2, we compare the magnetically-induced modes and the standard primary pertur-
bations with the same underlying background cosmology. We plot the two extremes of the
range of nB we consider, namely nB = 2 and nB = −2.9, with the two different amplitudes
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Figure 3. Dependence of magnetically-induced mode on nB. We present the main dominant modes,
the tensor passive modes (left) and the vector modes (right). Other modes have similar variations.
The color code is shown in the legend.

compatible with current constraints from real data [174]. The dominant contribution on
large angular scales is given by passive modes and in particular the tensor passive mode.
On small scales the dominant contribution is given by the vector modes, which with their
distinctive shapes dominate regardless of nB.

In figure 3, we show the dependence of the angular power spectra on nB, presenting
the results for the temperature channel (although polarization shows a similar behavior).
The peculiar spectral dependence is related to the energy-momentum tensor of PMFs, which
is dominated by a white noise term for nB > −1.5, whereas for lower nB it is dominated
by the infrared term which goes as k2nB+3 [152, 166]. The index nB = −1.5 represents the
transition between the two regimes and provides the minimum of the contribution of PMFs
to the CMB angular power spectra. This behavior is reflected in the constraints on PMF
amplitude which are weaker for this index.

4.1 Constraints from the gravitational effect

We will now explore the constraints that LiteBIRD can provide on PMF characteristics by
means of the gravitational effect. For this effect we will employ all the CMB parity-even
channels, TT , TE, EE, BB, with different assumptions for the mock data, from the simplest
to the most realistic.

4.1.1 Ideal settings

We begin with the ideal case: instrumental white noise only for all the channels and the
lensing BB signal as an additional noise contribution. This setting represents the maximum
level of constraining power possible were the instrument and data analysis perfect and the
sky only made of CMB in both temperature and polarization. The results are shown in
the second column of table 1.

Current constraints on the PMF amplitude from real data, with the same assumptions
made here, are provided by the combination Planck 2018+BICEP/KECK 15 (BK15). The
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Data LiteBIRD-ideal LiteBIRD-baseline LiteBIRD-baseline+Planck
nB B1 Mpc [nG] B1 Mpc [nG] B1 Mpc [nG]

Marginalized < 2.9 < 2.9 < 2.2
2 < 0.005 < 0.005 < 0.003
1 < 0.06 < 0.06 < 0.031
0 < 0.50 < 0.51 < 0.27

−1 < 2.4 < 2.4 < 1.5
−2 < 2.5 < 2.7 < 2.3

−2.9 < 0.6 < 0.8 < 0.8

Table 1. Constraints on the PMF parameters for LiteBIRD and the combination of LiteBIRD with
Planck, for the case marginalized over nB and for each of the nB.

0.022 0.022 0.023 0.023
bh2
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ch2

1.040 1.041 1.041 1.042
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0.952 0.960 0.968 0.976
ns
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ln(1010As)
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nB = 2.9
nB = 0
nB = 1

nB = 2
CDM

Figure 4. Posterior distributions for the standard 6 ΛCDM model parameters with and without the
PMF contribution.

limits for different PMF configurations are: B1 Mpc < 3.5 nG (95% C.L.) when marginalized
over nB; B1 Mpc < 0.006 nG for nB = 2; B1 Mpc < 2.5 nG for nB = −2.9 [174]. LiteBIRD
alone in this ideal setting is capable of improving the constraints from Planck and BK15
that used the high multipoles from Planck in temperature and E-modes. We also investigate
possible correlations with standard ΛCDM parameters. The comparison among the different
posterior distributions is shown in figure 4. We find that with the LiteBIRD sensitivities
no significant bias is observed in the gravitational effect.
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Figure 5. Two-dimensional posterior distributions for the cosmological and magnetic parameters
for the case of LiteBIRD. In the top row we show the amplitude of the fields versus all the other
cosmological parameters, while in the second row we show a focus on the higher spectral index
constraints. The third row presents the two dimensional distributions for the spectral index.

4.1.2 Baseline case

We now move to a non-ideal but optimal case, which we treat as the baseline. We consider
the contamination of B-mode polarization with foregrounds, but we also assume a perfect
cleaning by component separation. We are left in B-mode polarization with a boosted noise
and the contribution of statistical foreground residuals up to ℓ = 191 [7]. The results are
shown in the third column of table 1. We find that component separation only minimally
affects the results and the effect is limited to smaller nB. This is due mainly to the fact
that apart from the lowest multipoles the major contributor to the noise is given by lensing
and this reduces the impact of foreground residuals except for very small nB where the
lowest multipoles (due to the shape of the magnetically-induced power spectra) are most
relevant. In figure 5 we show the two-dimensional posterior distributions for the correlation
of magnetic and standard ΛCDM cosmological parameters. We do not see any significant
correlations except for a slight impact on the scalar spectral index (ns), especially for PMF
configurations that have more power on small scales. The weaker constraints belong to the
case nB = −1.5 because of the shape of the energy-momentum tensor of PMFs. As shown in
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Figure 6. One-dimensional posterior distributions for the magnetic parameters for the case of
LiteBIRD combined with Planck (dashed lines) compared with LiteBIRD alone (solid) and the
two-dimensional contours for the marginalized case (right panel). The middle panel is the focus of the
left panel to highlight positive nB.

refs. [152, 166] the magnetic source terms transition from a simple white noise rescaling to
an infrared dominated spectrum at nB = −1.5. As a result, their contribution to the CMB
angular power spectra in figure 3 is the smallest for nB = −1.5. This explains a preference
for nB = −1.5 in the constraints shown in the bottom panels of figure 5, even when no PMF
signal is considered in the fiducial model.

We find that LiteBIRD improves on current constraints from Planck when marginalization
over nB. An improvement of a factor of 3 is observed for the almost scale invariant case.
This is expected, since the almost scale invariant case is mostly constrained by the B-mode
polarization signal on large and intermediate scales, where LiteBIRD substantially improves
things with respect to Planck.

In order to extend LiteBIRD’s angular scale range we complement the LiteBIRD data
set with the simulated Planck data as described in the previous section. The constraints
are presented in the fourth column of table 1 and in figure 6. The addition of Planck at
the higher multipoles demonstrates the complementarity between small and large scales
for PMFs. The combination of LiteBIRD and Planck improves the results by a factor of 2
for the blue spectral indices, thanks to the vector modes, whereas there is minimal to no
improvement for the infrared indices which are dominant on large scales that are fully probed
by LiteBIRD. These results offer a very good potential for the combination of LiteBIRD
and future high resolution ground-based observatories.

4.1.3 Realistic cases

The forecasts presented in this subsection are a semi-idealistic representation of what will be
the development of the real data pipeline. We have so far assumed that we are capable of
perfectly cleaning the foreground residuals and the lensing BB power spectrum, which leave
imprints of their presence only as an increased noise power spectrum. In this subsection we
use a more realistic data-oriented approach, where we still consider the boosted noise and
statistical residuals from component separation at the lowest multipoles, but we now consider
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LiteBIRD with lensing marginalization
Lensing Full 43% delensed 80% delensed

nB B1 Mpc [nG] ABB
Lens B1 Mpc ABB

Lens B1 Mpc ABB
Lens

Marg. < 3.5 0.985 ± 0.020 < 3.3 0.561 ± 0.012 < 3.3 0.196+0.007
−0.006

2 < 0.007 0.985 ± 0.020 < 0.007 0.560 ± 0.013 < 0.006 0.195 ± 0.006
1 < 0.075 0.985+0.021

−0.020 < 0.072 0.560 ± 0.013 < 0.067 0.195 ± 0.006
0 < 0.56 0.986+0.020

−0.021 < 0.54 0.562 ± 0.012 < 0.51 0.196 ± 0.006
−1 < 2.75 0.986+0.021

−0.020 < 2.67 0.561 ± 0.013 < 2.58 0.195 ± 0.006
−2 < 3.17 0.985 ± 0.021 < 3.06 0.560 ± 0.013 < 2.90 0.195 ± 0.006

−2.9 < 0.80 0.988 ± 0.020 < 0.76 0.563 ± 0.012 < 0.73 0.197 ± 0.006

Table 2. Constraints on the PMF parameters for LiteBIRD with marginalization over the BB

lensing signal. The left column is the case with the full lensing signal, the middle is with 43 % delensing
and the right is the more optimistic case with 80 % delensing.

the lensing BB-signal as a sky component that is varied with the rest of the cosmological
model and marginalized over a nuisance amplitude of the lensing BB spectrum. We then
increase the complexity by also including the foreground residual bias and the systematic
biases, all again varied with a nuisance parameter and marginalized over as in ref. [7]. Within
this framework we will consider both non-magnetic fiducials and a fiducial with non-zero
primordial tensor modes from inflation.

Lensing signal. We first consider only the inclusion of the lensing BB signal in the
sky and include a marginalization over its amplitude represented by a nuisance parameter
ABB

Lens centered on 1 with a flat prior [0-2] and varied with all the other parameters. This
marginalization enables the study of possible degeneracies of the lensing BB signal with
either PMFs or primordial GW B-mode signals. The mock realization of the BB lensing
signal is derived from the same standard-ΛCDM cosmological parameters since we do not
account for any PMF contribution to the lensing.5 Results for the magnetic and lensing
parameters are shown in the second column in table 2 and the two-dimensional posteriors are
presented in figure 7. In general we have a good recovery of the nuisance parameter for the
lensing BB amplitude and constraints on the PMF amplitude, which are at the level of the
ones obtained in the baseline case. The slightly lower value for the BB lensing amplitude
might indicate a mild degeneracy, which we see also in the two-dimensional posteriors in
figure 7, where we find a slight tilt of the contours especially for lower and intermediate nB.

Delensing. For this case we consider a simplified model of delensing, i.e. an overall rescaling
of the whole lensing BB spectrum. This is to set the ideal benchmark, more advanced
approaches to delensing, e.g. as in ref. [224], are left for future work. It was shown in ref. [174]
how, in an approach similar to our ideal case, the delensing is not really effective except for
very red indices and with an optimistic delensing possibility. We want to investigate this

5A full rendition of the effects of PMFs on the lensing would require a fully nonlinear treatment of the
smallest scale perturbations, introducing large theoretical uncertainties.
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Figure 7. Two-dimensional posterior distributions for the magnetic parameters and lensing BB

amplitude.
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Figure 8. Two-dimensional posterior distributions for the magnetic parameters and lensing BB

amplitude when 80% delensing is used.

impact in our realistic settings where the lensing BB signal is fitted along with the rest of
the sky. We use a simplified delensing approach where we multiply the lensing BB signal
in our mock data by a different factor depending on the delensing option considered. In
particular, we consider two cases of delensing: a standard case based on current delensing
capabilities that rely on cosmic infrared background data, assuming a 43 % cleaning of the
lensing signal and a more futuristic case, which assumes a more optimistic 80 % delensing
capability. Results are shown in the third and fourth columns of table 2. Contrary to what
happens for the ideal case [174], in this more realistic approach the delensing is capable
of improving the constraints on the amplitude of PMFs, especially for redder indices. We
can perfectly recover within the error bars the delensed amplitude. An interesting trend is
visible in the two-dimensional posteriors of figure 8, where we find that, as expected, lowering
the lensing signal increases the degeneracies with the magnetic parameters except for the
almost scale invariant and marginalized cases.

Non-zero inflationary signal. One of the main gravitational effects of PMFs is the creation
of B-mode polarization. In particular the signal from passive, almost scale invariant tensor
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Figure 9. Triangle plot for the magnetic, lensing BB amplitude and tensor-to-scalar ratio, r,
parameters. (Left) R2-like model of inflation without PMF in the fiducial model. (Right) Non-zero
PMF in the fiducial model.

modes resembles what we can have from GWs from inflation. It is crucial to understand the
correlation between the tensor-to-scalar ratio r and PMFs, especially for LiteBIRD whose
primary target is B-mode polarization. We therefore investigate what happens when we
consider a non-zero primordial gravitational signal from inflation and fit it with both PMFs
and primary tensor modes active. We consider one of the target inflationary models with
underlying base cosmology as Planck 2018, assuming r = 0.0042 similar to the R2 model
of inflation [225]. The results are presented in table 3 and in the left panel of figure 9. As
expected, we do not observe a strong correlation with the positive nB fields or the marginalized
case. Infrared-dominated spectra instead tend to correlate with r. In particular, we observe
a strong degeneracy with the almost scale invariant case. The degeneracy with the lensing
amplitude is almost unchanged. We also investigate the impact of delensing and present the
results in the last two blocks of table 3. We find the same trend as for the r = 0 case, with
delensing being mostly effective for negative nB; for detected primordial GWs the delensing
does not worsen the degeneracy with PMFs, although it remains present, especially for the
almost-scale invariant case.

Non-zero PMF signal. We now investigate the capabilities of LiteBIRD to detect PMFs
with different characteristics. We will consider both a targeted detection, in which we assume
the same PMF model as input in the mock data analysis, and a blind reconstruction where
we just leave the PMF configuration free without any a priori assumption. We consider two
fiducial cases, the first is a realistic case employing the current limits from the gravitational
effect on the almost scale invariant model: B1 Mpc = 2.2 nG with nB = −2.9 [174]. By
fitting the sky with an almost scale invariant PMF we obtain B1 Mpc = 2.14+0.06

−0.14 nG and
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LiteBIRD with lensing Marginalization and non-zero inflationary signal
Full lensing

nB B1 Mpc [nG] ABB
Lens r

Marginalized < 3.47 0.986 ± 0.021 0.0042+0.0011
−0.0012

2 < 0.007 0.984 ± 0.0021 0.0044+0.0010
−0.0013

1 < 0.075 0.985 ± 0.021 0.0044+0.0010
−0.0013

0 < 0.553 0.987 ± 0.020 0.0049+0.0011
−0.0013

−1 < 2.71 0.987 ± 0.020 0.0049+0.0011
−0.0013

−2 < 3.27 0.985 ± 0.021 0.0041+0.0010
−0.0012

−2.9 < 1.06 0.986+0.021
−0.020 0.0035+0.0017

−0.0013

43% Delensed
nB B1 Mpc [nG] ABB

Lens r

Marginalized < 3.30 0.569 ± 0.013 0.0042 ± 0.0010
2 < 0.007 0.568 ± 0.013 0.0043+0.0009

−0.0010

1 < 0.071 0.568 ± 0.013 0.0043+0.0009
−0.0011

0 < 0.547 0.569 ± 0.013 0.0043+0.0009
−0.0010

−1 < 2.66 0.569 ± 0.013 0.0043+0.0009
−0.0011

−2 < 3.16 0.568 ± 0.013 0.0041 ± 0.0010
−2.9 < 1.04 0.570 ± 0.013 0.0036+0.0015

−0.0011

80% Delensed
nB B1 Mpc [nG] ABB

Lens r

Marginalized < 3.31 0.198+0.007
−0.006 0.0042 ± 0.0009

2 < 0.0062 0.197+0.007
−0.006 0.0043+0.0008

−0.0009

1 < 0.067 0.198 ± 0.006 0.0043+0.0008
−0.0009

0 < 0.514 0.199 ± 0.006 0.0043+0.0008
−0.0009

−1 < 2.57 0.198 ± 0.0063 0.0042 ± 0.0008
−2 < 2.99 0.198+0.007

−0.006 0.0042 ± 0.0009
−2.9 < 1.03 0.200 ± 0.006 0.0035+0.0015

−0.0009

Table 3. Constraints on the PMF parameters for LiteBIRD, with marginalization over the BB

lensing signal and a non-negligible primary tensor contribution.

ABB
lens = 0.987 ± 0.023, showing the capability of detecting the PMF signal when we have

knowledge of their characteristics. In the case where we explore the parameter space in a
blind way we obtain −2.9 < nB < −2.86, B1 Mpc = 2.15+0.06

−0.13 nG and ABB
lens = 0.979+0.023

−0.024
showing again no issues in the recovery of the input sky. As demonstrated in the right panel
of figure 9, we have highly non-Gaussian posteriors for the PMF amplitude, but nonetheless
we can recover the input sky.

The second case we consider is the causal case, nB = 2, where we fix the value of the
amplitude to 1 nG, far higher than allowed by current data, but it is nevertheless useful to
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Figure 10. Two-dimensional posterior distributions for the magnetic parameters and lensing BB

amplitude when the foreground bias is also included in the signal but not fitted for (solid lines). The
dotted lines include only the lensing signal.

investigate the degeneracy with the lensing signal that we expect to be stronger for positive
nB. In this case we assume that we know the PMF configuration in the sky obtaining
B1 Mpc = 0.999 ± 0.007 nG and ABB

lens remains unconstrained, showing the degeneracy between
the two signals. When we blindly try to recover the input sky, we do not manage to reach
a convergence even after hundreds of thousands of samples, as we fall into a region of the
parameter space that provides very odd theoretical angular power spectra with strong effects.
We conclude that in the case of a detected signal, thanks to LiteBIRD sensitivity, we are
capable of recovering either PMFs or jointly PMFs and primary tensor modes, although we
are still affected by some degeneracies. This illustrates the importance of LiteBIRD in putting
together different probes that provide constraints that are complementary to each other.

Data complexity: foreground and systematic bias. We keep increasing the complexity
of our simulated data and in this layer we add to the simulated sky signal the residual
foreground bias contamination, which mimics the astrophysical residuals coming from the
component-separation algorithm as in ref. [7]. Since the signal is weak, in this first test
we marginalize only over the lensing amplitude without also considering marginalization
over the foreground residuals bias. Results are presented in figure 10, compared with the
lensing-only signal in dotted lines. Overall we do not observe a significative degradation
of the constraints, with just a minimal effect for red spectral indices such as −2 and −2.9.
Positive nB are not affected and indeed in some cases show a marginal improvement related
to the marginalization on the lensing signal that also includes the bias, absorbing part of the
PMF signal. We conclude that with the current sky models the constraints are not affected
by the residual foreground contamination from component separation.

The final layer of complexity of the simulated data involves the systematic biases as
presented in ref. [7]. We include the total sum of systematics, which does not include the
cosmic rays that are treated in a different manner at the level of the noise. So, finally we
have a sky in B-mode polarization composed of: CMB; lensing; foreground residuals; and
systematic biases. In the first setup, we only marginalize over the lensing B-mode amplitude
and consider the foreground and systematics as pure contaminants of the signal (a sort of
testing the unknown unknowns hypothesis). The results are presented in the second column
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LiteBIRD with all biases
Fiducial Only lensing marginalization Lensing and biases marginalization

nB B1 Mpc [nG] ABB
Lens B1 Mpc [nG] ABB

Lens ABB
FG−syst−bias

Marginalized < 3.38 0.987 ± 0.020 < 3.51 0.985 ± 0.021 . . .

2 < 0.007 0.987 ± 0.021 < 0.007 0.985 ± 0.020 . . .

1 < 0.072 0.986+0.021
−0.020 < 0.074 0.985+0.020

−0.021 . . .

0 < 0.55 0.988 ± 0.021 < 0.57 0.986 ± 0.021 . . .

−1 < 2.70 0.987 ± 0.020 < 2.79 0.985 ± 0.020 . . .

−2 < 3.30 0.985 ± 0.022 < 3.21 0.984+0.020
−0.021 . . .

−2.9 < 0.89 0.988 ± 0.020 < 0.83 0.988 ± 0.021 0.946+0.438
−0.806

Table 4. Constraints on the PMF parameters including all the biases. In the second column we
show the constraints with the marginalization over the BB lensing signal only. In the third column
we also marginalize over the foreground and systematic biases.

of table 4. Again we find the same trend as with the foreground bias alone. The presence of
the additional biases that are not fitted for degrades the constraints on the PMF amplitude
for infrared dominated fields, whereas ultraviolet and intermediate indices are left almost
unchanged except for some marginal improvement due to the larger recovered lensing signal
caused by the presence of the additional biases reducing the signal in the PMFs. In the second
setting, which more accurately represents what will be in the real data pipeline, we also
marginalize over the foreground and systematic biases. Following ref. [7] we marginalize over
the same input signal for the biases, just varying an overall amplitude multiplying both input
signals. This approach is optimistic, since it supposes we perfectly know the expected bias
signal except for the amplitude. The results are presented in the third column of table 4. We
find that the bias amplitude remains unconstrained, but the marginalization slightly affects
the results. We also find a minimal improvement in the constraints of the lower nB, which are
more affected by the systematics signals, while at the same time for intermediate and high
nB we have a partial degeneracy with the lensing fitting that leads to some small changes
in the constraints on the PMF and lensing amplitudes. The marginalization can therefore
improve the most infrared index constraints. We conclude that the main contamination we
expect for the gravitational effect is the contamination by lensing. Foreground residuals and
expected systematics do not have a significant impact on the results.

4.1.4 Root mean square parametrization

In section 2 we discussed how the resulting constraints depend on the parametrization used for
the PMFs. Along the same lines, here we close the gravitational effect section by investigating
the constraints with an alternative parametrization, the rms, as shown in eq. (2.3). This
parametrization will be used in the following section for the effect on the ionization and
thermal history and it is therefore useful to have a comparison with what we can obtain from
the gravitational effect. The results are shown in table 5 and in figure 11. We observe how
the change of parametrization drastically affects the constraints, with a complete inversion of
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LiteBIRD with rms
nB

√
⟨B2⟩ [nG]

Marginalized < 122.40
2 < 120.43
1 < 90.07
0 < 66.91

−1 < 43.45
−2 < 12.25

−2.9 < 0.76

Table 5. Constraints on the PMF amplitude using the rms parametrization.
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Figure 11. Comparison of the two-dimensional posterior distributions for the magnetic parameters
between the rms and the smoothed parametrizations.

the nB dependence and much weaker constrains. This is expected from a naive consideration
of the two parametrizations: PMFs smoothed on a small scale of 1 Mpc are strongly affected
by the small scale power of ultraviolet indices, whereas in the rms case we are considering an
averaged field that erases the small scale power. The almost scale invariant case is nearly
independent of the choice of parametrization except for the numerical accuracy.6

5 Effect on thermal and ionization history

In this section we describe the effects of PMFs on the thermal and ionization history of the
Universe and investigate the constraints on PMFs that LiteBIRD can provide through them.
Before recombination, the environment of the primordial plasma is sufficient to maintain the
ideal MHD limit, at least at first order and on linear scales, the regime we are interested
in for large and intermediate scales of the CMB. In this regime, the magnetic fields are
decoupled from the fluid and are flux frozen in the plasma, providing a simple passive dilution
of the field amplitude with the Universe expansion, as shown in section 2. This situation

6The perfect equivalence is valid only for exact scale invariance.
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drastically changes when recombination takes place. The reduction in the ionization fraction
and the coupling between the photon and baryon fluids leads to the development of two
dissipative effects, namely MHD decaying turbulence and ambipolar diffusion. These effects
dissipate the PMF energy, heating the plasma, with a strong impact on CMB anisotropies
and frequency spectrum. We are interested in the former for LiteBIRD. Differently from
the gravitational case, this is a global effect that distorts the primary CMB anisotropy
pattern. Therefore, in ΛCDM the only relevant channels are the temperature, the E-mode
polarization and their cross-correlation. We will show later the effects on a model that also
includes primordial GWs from inflation.

In this section we will use the
√

⟨B2⟩ parametrization because of numerical instabilities
that we encounter in the 1 Mpc parametrization; positive nB have a very strong effect which is
boosted for that parametrization, making the injection rates too high to be numerically treated.

We will refer to the treatment and numerical code derived in refs. [178, 180, 181]. We use
the extension developed and optimized in refs. [178, 180, 181], with the same settings as in
ref. [181], of the Recfast++ routine within the CosmoRec code [226]. Our treatment is based
on analytical approximations for MHD decaying turbulence and ambipolar diffusion. A full
account of the thermal and ionizing effects and of the dissipation of the fields would require
numerical simulations of the development of the turbulence (considering also the feedback on
the PMF spectral shape and time evolution due to the coupling with the kinetic component
of the plasma), and of the development of ambipolar diffusion accounting for the coupling of
neutral and ionized plasma components (see, e.g., refs. [207, 210, 227–229] for some turbulence
evolution simulations). But our aim is to use CMB data, for this work simulated LiteBIRD
data, and this requires a likelihood approach. In a likelihood approach hundreds of thousands
of samples need to be calculated, making it impossible to use accurate simulations for each
step. For this reason we are forced to use some analytical approximation of the effects, which
are acceptable on the scales we consider. Specific numerical treatments are already being
studied (see for example ref. [230]) offering a good prospect for a future work employing
much more precise analytical approximations based on accurate numerical simulations.

The treatment consists of representing the dissipation of PMFs as energy injection rates
modifying the matter temperature of the plasma, which can be described as [175]

dTe
dt

= −2HTe + 8σT ne ργ

3 mecNtot
(Tγ − Te) + Γ

(3/2)kNtot
, (5.1)

with

• ργ = aRT 4
γ ≈ 0.26 eV(1 + z)4 the CMB energy density;

• Ntot = NH(1 + fHe + xe) the number density of all ordinary matter particles sharing
thermal energy, where NH is the number density of H nuclei and xe the free electron
fraction;

• fHe ≈ Yp/4(1 − Yp) with Yp the primordial helium mass fraction.

The two effects we consider are then encapsulated at the level of the energy injection rate
Γ, as will be detailed in the following subsections.
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Figure 12. Effect of the MHD decaying turbulence on the CMB anisotropy angular power spectra in
temperature (left) and polarization (right) for different spectral indices nB. We display the relative
differences compared with the corresponding ΛCDM model.

5.1 Magneto-hydrodynamic decaying turbulence

After recombination the drop in the ionization fraction and the decoupling of photons from the
baryonic fluid causes a drop in the fluid viscosity. The reduced viscosity leads to a dominance
of the magnetic terms in the fluid dynamics, increasing the Reynolds number and enabling the
development of MHD decaying turbulence. The turbulence moves energy from large to small
scales where the energy is dissipated in the plasma. The injection rate can be written as [176]

Γturb = 3m

2

[
ln
(
1 + ti

td

)]m
[
ln
(
1 + ti

td

)
+ 3

2 ln
(

1+zi
1+z

)]m+1 H(z) ρB(z), (5.2)

with ti/td ≈ 14.8(⟨B2⟩1/2/nG)−1(kD/Mpc−1)−1 the ratio between the initial time of the
decay and the turbulence timescale, m = 2(nB +3)/(nB +5) and ρB(z) = ⟨B2⟩(1+z)4/(8π) ≈
9.5 × 10−8(⟨B2⟩/nG2) ργ(z).

In figure 12 we present the effect on the CMB anisotropy angular power spectra in
temperature and E-mode polarization. The effect on temperature anisotropies is limited to
the smallest scale part, which shows oscillations. The effect in polarization shows the same
features on small scales as temperature, but in addition it also shows effects on intermediate
and large angular scales.

5.2 Ambipolar diffusion

We now describe the second effect taking place after recombination, ambipolar diffusion.
Dissipation is caused by the dropping of the ionization fraction, leading to a large neutral
component in the plasma, which, due to the presence of PMFs, has a different velocity with
respect to the residual ionized part. The thermalization due to the transfer of energy to the
neutral component dissipates magnetic energy, heating the plasma. This can be described
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Figure 13. Same as figure 12 but for the ambipolar diffusion effect.

by the energy injection rate [175, 231]

Γam ≈ (1 − Xp)
γXp ρ2

b

〈
L2
〉

, (5.3)

where
〈
L2〉, ρb and Xp are the Lorentz force, the baryon density and the coupling between the

two components, neutral and ionized.7 In figure 13 we show the effect of ambipolar diffusion
on the CMB anisotropy angular power spectra in temperature and polarization. We find the
completely different imprint of this effect compared to the MHD turbulence. We find an overall
depletion of power on intermediate and small angular scales in temperature and an important
effect on both large and small scales in polarization. In particular we have a drastic change
in the reionization bump in EE. Ambipolar diffusion also shows a remarkable dependence on
nB compared to MHD turbulence, with positive nB providing the strongest effect.

5.3 Joint effect

The combination of ambipolar diffusion and MHD decaying turbulence has the power to
massively affect both large and small scales in temperature and polarization. There is
strong dependence on nB in ambipolar diffusion, enabling the constraints on blue indices
whereas the MHD turbulence dominates the constraints on infrared indices. In figure 14
we present the joint effect on the angular power spectra. The combination shows imprints
on both intermediate and small angular scales in temperature and a strong effect for all
nB in polarization.

5.4 Results

We will now go through the results of the MCMC parameter exploration. As for the
gravitational effect in section 4, we vary the amplitude in rms of the PMFs (eq. (2.3)) together
with cosmological parameters from the ΛCDM model. In the marginalized case we also

7For the Lorentz force we use the same treatment as in [180, 181], which is the one relative to the sharp
cut off damping model for the fields.
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Figure 14. Same as figure 12 but for the combined effect of ambipolar diffusion and MHD decaying
turbulence.

vary nB. The impact on the thermal and ionization history is strong especially in E-mode
polarization. For this reason we will focus on TT -TE-EE in this section. We consider the
ideal case, since the post-component-separation contamination in the E-mode polarization
is expected to be very low considering the sensitivity and frequency range of LiteBIRD [7].
We will also consider the combination with the Planck simulated dataset. We will first
investigate the two effects separately with their specific characteristics and regions of interest,
and then proceed with their combination.

5.4.1 Magneto-hydrodynamics decaying turbulence

We start from the constraints derived with the MHD decaying turbulence effect alone. In
this case we have seen that the effect is mainly focused on the intermediate and small scales
in polarization and there is a mild dependence on nB. This is reflected in the constraints we
obtain and shown in table 6 and in two-dimensional contours in figure 15. With respect to
current constraints from Planck data (in parentheses in the table) [181], we find that with
LiteBIRD sensitivities we are capable of improving the constraints for negative nB. This is due
to the shape of the MHD decaying turbulence effect. MHD strongly affects the region of the
acoustic peaks in the angular power spectra and only to a lesser extent the intermediate and
large angular scales (where LiteBIRD has the most constraining power) and for this reason
the improvement is limited. The two-dimensional posteriors also show how with LiteBIRD
sensitivities (which basically means cosmic variance limited temperature and E modes) we
observe the degeneracies found in ref. [181] with the standard cosmological parameters,
especially with the angular diameter distance and the scalar fluctuations amplitude, although
those are much reduced compared with the ones of the current data. The addition of
Planck, shown in figure 16 enables the improvement of all the constraints. Thanks to data at
high multipoles and the high sensitivity provided by LiteBIRD on intermediate and small
multipoles, constraints are improved over the whole range of nB. At the same time, we
find how the addition of the high multipoles worsens the degeneracies with cosmological
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MHD decaying turbulence
nB

√
⟨B2⟩ [nG]

Dataset LiteBIRD (Planck 2018) LiteBIRD + Planck
Marginalized < 0.60 (< 0.68) < 0.58

2 < 0.20 (< 0.18) < 0.15
1 < 0.30 (< 0.27) < 0.22
0 < 0.46 (< 0.41) < 0.34

−1 < 0.67 (< 0.63) < 0.54
−2 < 0.70 (< 0.79) < 0.70

−2.9 < 0.76 (< 1.05) < 0.72

Table 6. Constraints on the PMF amplitude both for a fixed spectral index and the marginalized
case over nB by using only the MHD decaying turbulence effect. Constraints are at 95 % C.L.
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Figure 15. Two-dimensional posterior distributions for the magnetic amplitude versus the other
cosmological parameters for the MHD decaying turbulence. We show the fixed spectral index nB and
the marginalized case (in grey). The lower panels focus on the higher nB.
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Figure 16. Same as figure 15 but for LiteBIRD combined with Planck.

parameters, especially for the scalar spectral index due to the enhanced sensitivity provided
by the small-scale addition.

5.4.2 Ambipolar diffusion

We proceed with the ambipolar diffusion effect. In this case we have shown how the effect
strongly depends on nB due to the contribution of the Lorentz force, and how it is really
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Ambipolar diffusion
nB

√
⟨B2⟩ [nG]

LiteBIRD (Planck) LiteBIRD +Planck
Marginalized < 2.05 (< 3.40) < 1.95

2 < 0.018 (< 0.058) < 0.018
1 < 0.037 (< 0.12) < 0.036
0 < 0.080 (< 0.26) < 0.078

−1 < 0.19 (< 0.62) < 0.19
−2 < 0.57 (< 1.84) < 0.58

−2.9 < 3.6 (. . . ) < 3.6

Table 7. Same as table 6 but for the ambipolar diffusion effect.
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Figure 17. Same as figure 15 but for the ambipolar diffusion effect.

strong on the lowest multipoles in E-mode polarization. These characteristics of ambipolar
diffusion make the related CMB signal an excellent target for LiteBIRD polarization, as
reflected in the constraints in table 7. LiteBIRD is capable of improving the constraints for
all nB with respect to the current results using Planck. LiteBIRD is furthermore able to
constrain the almost scale invariant case, which is currently unconstrained. The improvement
for positive nB reaches up to a factor of 3. The two-dimensional contours are shown in
figure 17; we find how the powerful data of LiteBIRD in the E-mode polarization are capable
of almost completely removing the degeneracies observed with current data [181], especially
in the optical depth and the amplitude of scalar fluctuations. This is again a demonstration
of the impressive gains that can be reached at the sensitivity levels of LiteBIRD. Because
the effect is stronger on the lowest and intermediate multipoles, as expected, the addition of
Planck only leads to modest improvements for intermediate nB (close to 1 and 0).

5.4.3 Combined effect

We now consider both effects together. We perform the analysis for both LiteBIRD and
its combination with Planck. The combined results are presented in table 8 and represent
the perfect combination of the two effects, with ambipolar diffusion and MHD turbulence
constraining the ultraviolet and infrared spectral indices, respectively. The combination
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Combined effect
nB

√
⟨B2⟩ (nG)

LiteBIRD (Planck) LiteBIRD +Planck
Marginalized < 0.50 (< 0.69) < 0.48

2 < 0.018 (< 0.06) < 0.018
1 < 0.037 (< 0.12) < 0.037
0 < 0.080 (< 0.26) < 0.079

−1 < 0.20 (< 0.56) < 0.19
−2 < 0.48 (< 0.79) < 0.49

−2.9 < 0.73 (< 1.06) < 0.69

Table 8. Same as table 6 but for the combination of ambipolar diffusion and MHD decaying
turbulence.
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Figure 18. Same as figure 15 but for the combination of ambipolar diffusion and MHD decaying
turbulence.

of both effects is therefore capable of strongly constraining the whole range of nB that we
considered, thanks to the complementarity of the two effects. This is even more reinforced by
the addition of Planck, which improves on the infrared indices. In figure 18 we present the
two dimensional contours which simply reflect the status of the constraints. We again find
the reduction of the degeneracy of the MHD turbulence effect with respect to current data
and the almost complete disappearance of the ones coming from ambipolar diffusion.

5.5 Effect of the B-mode signal

The effect on the thermal and reionization history impacts the primary CMB anisotropies,
modifying the angular power spectra.8 This implies that the presence of PMFs affects all the
channels of CMB anisotropies in temperature and polarization, with the only condition that
the channel has a non-negligible primary contribution, including the primordial tensor B-mode
signal. For this reason we now test the impact of the heating effect on primordial GWs from
inflation. In figure 19 we show how the combined MHD turbulence and ambipolar diffusion

8Contrary to the gravitational effect, which changes initial conditions and generates additional fluctuations.
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Figure 19. Effect of the combination of MHD turbulence and ambipolar diffusion on the BB angular
power spectrum for a primordial tensor mode with r = 0.0042 and 1 nG PMFs. On the left we show
the total signal in BB including also the lensing contribution, whereas in the right panel we present
the effect on the primordial tensor mode alone.

LiteBIRD TEB
AMBI MHD Combined

nB
√

⟨B2⟩ (nG) r [95 %]
√

⟨B2⟩ (nG) r [95 %]
√

⟨B2⟩ (nG) r [95 %]
Marg. < 1.82 < 0.0018 < 0.64 < 0.0018 < 0.49 < 0.0018

2 < 0.018 < 0.0018 < 0.20 < 0.0018 < 0.018 < 0.0019
1 < 0.037 < 0.0018 < 0.30 < 0.0019 < 0.037 < 0.0018
0 < 0.080 < 0.0017 < 0.46 < 0.0018 < 0.080 < 0.0018

−1 < 0.19 < 0.0018 < 0.65 < 0.0018 < 0.19 < 0.0018
−2 < 0.58 < 0.0017 < 0.70 < 0.0018 < 0.50 < 0.0018

−2.9 < 3.4 < 0.0018 < 0.75 < 0.0019 < 0.75 < 0.0018

Table 9. Constraints on the PMF amplitude and the tensor-to-scalar ratio r, both for a fixed nB and
the marginalized case over nB, by using the combination of ambipolar diffusion and MHD decaying
turbulence. Constraints are at 95 % C.L, assuming r = 0 in the input.

effects impact primordial tensor modes. We assume (as in the gravitational case) the same R2-
like model of inflation with r = 0.0042. We find a strong impact at the level of the reionization
bump especially for the ultraviolet indices caused by ambipolar diffusion. The combination
of the two effects instead modifies the oscillation region imprinting an overall damping on
the high multipole tail. In light of this effect we derive the forecasts including the B-mode
channel in our mock data. We consider the same setup as the baseline case in the gravitational
effect. As a reminder, it consists of lensing considered as additional noise, the contribution of
statistical foreground residuals, and the increased noise from component separation.

The results for the case where we assume a zero contribution from primordial GW from
inflation (r = 0) in the fiducial are shown in table 9 for the two separate effects and their
combination. We find that the addition of the B-mode channel and the sampling of r does not
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Figure 20. Triangle plot for the magnetic and primordial GW parameters for the combined effect.
(Left) r = 0 in the input. (Right) r = 0.0042 in the input.

Combined heating and inflation
nB

√
⟨B2⟩ (nG) r [68 %]

Marginalized < 0.47 0.0043+0.0010
−0.0012

2 < 0.018 0.0043+0.0010
−0.0012

1 < 0.037 0.0043+0.0010
−0.0012

0 < 0.081 0.0043+0.0011
−0.0012

−1 < 0.20 0.0043+0.0010
−0.0012

−2 < 0.50 0.0043+0.0011
−0.0012

−2.9 < 0.74 0.0044+0.0010
−0.0012

Table 10. Constraints on the PMF amplitude and r for the combined heating effect and r = 0.0042
in the input. Constraints on PMFs and r are at 95 and 68 % C.L., respectively.

change the constraints very much; minimal variations are due to either better fitting thanks
to the additional channel or otherwise the minimal degeneracy with the tensor contribution
from inflation. The two-dimensional contours are shown in the left panel of figure 20, showing
no strong degeneracies between the PMF signal and the inflationary one. For the combined
effect we consider also the case with a non-negligible fiducial for primordial GWs. Again we
consider the r = 0.0042 case. The results are shown in table 10. As in r = 0, we do not
observe strong degeneracies, as shown also in the right panel of figure 20.

5.6 Combination with the gravitational effect for the almost scale invariant case

To combine the gravitational and the heating effects, we must rely on the same parametrization
and setting for the PMF characteristics. The results of the gravitational effect in the rms
parametrization demonstrate that the only relevant case to combine them is the one where the
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two parametrizations almost coincide, the almost scale invariant case. The resulting constraint
on the amplitude of PMFs is

√
⟨B2⟩ < 0.64 nG. For this particular PMF configuration

the combination of heating and gravitational effects improves the constraints. For other
configurations we have shown that the gravitational effect using this kind of parametrization
provides much looser constraints, seemingly favouring the heating effect. We stress the
importance of the complementarity of these two constraints. While the gravitational effect
mainly relies on B-mode polarization, the heating effect relies mostly on E-mode polarization.
While the gravitational effect is based on a well established semi-analytical treatment, the
heating effect still relies on some approximations. Finally, while the gravitational effect may
be degenerate with r, the heating effect is mostly degenerate with other parameters. Therefore
the two effects are both relevant and crucial in the determination of PMF characteristics,
especially in the case of a possible detection, for example in B-mode polarization.

6 Faraday rotation

The existence of PMFs at the last scattering surface and later epochs induces a Faraday
rotation (hereafter FR) signal in the CMB polarization anisotropies [232]. The effect is
proportional to the Faraday depth, i.e., the integral along the line of sight of the product of
the parallel magnetic field component and the electron density. The expected rotation angle
in a given direction has an amplitude that scales with a characteristic frequency behaviour of
λ2(∝ ν−2), which can in principle be used to separate the FR signal from other ones such
as inflationary GWs or cosmic birefringence [205].

The detailed modifications of the Boltzmann equations for the Stokes parameters in
the presence of PMFs have been derived in several works, both for homogeneous [233] and
for stochastic PMF distributions [202]. In this paper, we will focus on a stochastic PMF
distribution, using the same notation and formalism presented in section 2. The FR effect
converts some E modes to B modes. Here we forecast the constraints on PMFs using the
BB power spectrum induced by FR.

6.1 Inputs

In order to quantify the potential impact of foreground residuals on single frequency CMB
spectra needed for the FR analysis, we generated synthetic foreground residual spectra with
the assumption that the component-separation algorithms will be able to clean foregrounds
at the 1 % level in each LiteBIRD frequency channel. The expected levels of contamination
are shown in ref. [234] and the current LiteBIRD simulations show a reduction compatible
with that assumed in ref. [7].

We started from a set of synchrotron and dust polarization maps generated at 100 GHz
using the PySM code [235, 236] matching the model used in ref. [7]. The maps are generated
at Nside = 512 with a 5 arcmin Gaussian beam. We extracted the angular power spectra
using cROMAster, a pseudo-Cℓ algorithm implementing a geometrical correction for the loss
of orthonormality of the spherical harmonic functions in the cut sky [237, 238], using the
Planck likelihood polarization mask at 100 GHz [239] leaving 79 % of the sky pixels available
for the analysis. The amplitudes of the synchrotron and dust spectra at 100 GHz are then
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Figure 21. Synchrotron (green) and dust (blue) EE (left) and BB (right) binned spectra estimated
at 68 GHz and the corresponding expected amplitude of residual synchrotron (light green) and dust
(cyan) contamination after the component-separation cleaning procedures.

renormalized to account for the frequency dependence of the two foreground signals to
obtain the amplitudes in all the LiteBIRD channels. Following the PySM templates for the
synchrotron signal we considered a power-law behaviour with spectral index equal to −3.
For the dust signal we followed a modified black body behaviour with a spectral index of
1.54 and a temperature of 20 K. As an example, we show the resulting EE and BB spectra
of synchrotron and dust at 68 GHz in figure 21.

All the resulting spectra at each LiteBIRD frequency channel are then divided by a factor
of 100 to mimic the presence of a residual foreground signal from the component-separation
cleaning procedure. In figure 21 we also show the expected residuals at 68 GHz. These
residuals are used as input to the FR analysis described in the following subsections.

6.2 Methodology

In this work, we constrain the angular power spectrum of the B-mode polarization arising
from small FR due to stochastic PMFs, following the formalism presented in refs. [202, 240],
which was also used in ref. [179]. The stochastic PMF distribution is described here by the
power law given in eq. (2.2). Note that any helical part of the field does not contribute
to the FR signal [203]. The power spectrum of the generated B modes coming from FR
of E modes is given by [202]

CBB
ℓ = N2

ℓ

∑
ℓ1,ℓ2

(2ℓ1 + 1)(2ℓ2 + 1)
4π(2ℓ + 1) N2

ℓ2K(ℓ, ℓ1, ℓ2)2CEE
ℓ2 Cα

ℓ1(Cℓ0
ℓ10ℓ20)2 , (6.1)

where Cℓ0
ℓ10ℓ20 are Clebsch-Gordan coefficients, Nℓ = (2(ℓ − 2)!/(ℓ + 2)!)1/2 is a normalization

factor, and K(ℓ, ℓ1, ℓ2) ≡ −1/2(L2 + L2
1 + L2

2 − 2L1L2 − 2L1L + 2L1 − 2L2 − 2L) with
L ≡ ℓ(ℓ + 1), L1 ≡ ℓ1(ℓ1 + 1) and L2 ≡ ℓ2(ℓ2 + 1). Finally, the power spectrum of the
rotation angle, Cα

ℓ , is given by

Cα
ℓ = 9ℓ(ℓ + 1)

(4π)3e2 λ4
0

B2
λ

Γ(nB + 3/2)

(
λ

η0

)nB+3 ∫ xD

0
dxxnBj2

ℓ (x). (6.2)
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Figure 22. (Left) B-mode signal generated by Faraday rotation with B1 Mpc = 1 nG, ν0 = 30 GHz,
and different values of nB. For comparison purposes, we show the level of the EE and lensing BB

spectra in our fiducial model (see section 3). (Right) Noise levels on the BB spectrum for the detection
of FR signals using different LiteBIRD channels. The noise levels have two contributions, instrumental
noise and foreground residuals (see text for details). For comparison, the FR signal for a 3 nG field
with nB = −2.9 at 60 GHz is also shown.

Here xD = kDη0, where η0 is the conformal time today, and kD is the magnetic field cutoff
given by the Alfvén-wave damping scale as defined in eq. (2.4). In eq. (6.2) we explicitly see
the frequency dependence of the signal via the λ4

0 factor, λ0 being the observing wavelength.
Figure 22 shows examples of B-mode signals generated by FR of PMFs for different values
of nB. Note that our numerical implementation of this computation has been tested and
compared with other independent approaches; see e.g. refs. [241, 242], yielding consistent
results within the numerical precision.

6.3 Results

Here we provide forecasts for future capabilities of LiteBIRD to constrain PMFs using FR.
Following refs. [179, 243, 244], our analysis is based on the BB spectrum alone. The theoretical
CBB

ℓ spectra are compared with the expected LiteBIRD measurements using a Gaussian
likelihood. Instrumental noise power spectra for each individual channel are computed as
described in section 3 and eq. (3.2). The variance for each individual measurement of CBB

ℓ is
computed by adding the two contributions. The first one accounts for the cosmic variance
and instrumental noise terms (i.e., 2(2ℓ + 1)−1f−1

sky times the square of the sum of the signal
and noise power spectra), with fsky = 0.7. The second contribution accounts for a residual
foreground contribution, which is not subtracted after the component-separation process at
each individual frequency. For this second term, we add in quadrature to the error a term
corresponding to 0.01 times the total foreground contribution computed above in section 6.1.
The right panel in figure 22 shows the total noise contribution for all the LiteBIRD channels
with effective frequencies equal to or below 100 GHz, where the FR signal is larger due to
1/ν4

0 . For completeness, the noise contribution is separated into the two components of noise
(dotted lines) and foreground residuals (dashed lines).
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nB B1 Mpc [nG] B1 Mpc [nG] B1 Mpc [nG]
(68 GHz) (all) (no foreg.)

−2.9 < 4.5 < 3.2 < 3.0
−2.7 < 4.5 < 3.2 < 3.0
−2.5 < 5.7 < 4.1 < 3.8
−2.3 < 7.4 < 5.4 < 5.0
−2.1 < 9.8 < 7.2 < 6.6
−1.9 < 12.9 < 9.5 < 8.7
−1.7 < 17.1 < 12.7 < 11.6
−1.5 < 22.7 < 16.9 < 15.4
−1.3 < 30.2 < 22.5 < 20.5
−1.1 < 40.1 < 30.0 < 27.3

Table 11. Constraints from Faraday rotation for LiteBIRD, using the 68 GHz channel only (second
column), all channels (third) and all channels without foreground residuals (fourth). Constraints are
at 95 % C.L..

Figure 23. Constraints from Faraday Rotation combining all LiteBIRD channels.

The results of our analysis are presented in table 11 and figure 23. For each individual
LiteBIRD frequency channel, we constrain the PMF amplitude as a function of nB. We
also derive the overall constraints for all channels by combining the noise levels with inverse
variance weighting. However, in this case, we have to account for the fact that the FR signal
scales as 1/ν4

0 , so the noise has to be scaled as (ν0/60 GHz)4, if we use for example the
60 GHz channel as the reference frequency. Table 11 shows the result for 68 GHz (second
column), and the combination of all channels (third). For the case of nB = −2.9, the 95 %
C.L. is expected to be at the level of 3 nG.
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Finally, as can be seen in the right panel of figure 22, most of the constraining power of
this analysis comes from the high multipole region around ℓ ≳ 300 where the overall noise
contribution in the BB spectrum is dominated by instrumental noise rather than foreground
residuals. Indeed, in table 11 we show that the constraints are almost identical without
foreground residuals in the noise variance. This result relies on the fact that the foreground
residuals have been decreased to the 0.01 level in the power spectrum for each individual
frequency, as might be expected from the overall performance of the component-separation
algorithms, as shown in ref. [7].

7 Non-Gaussianities

As described in section 4, PMFs contribute to cosmological perturbations through their energy-
momentum tensor, with its different projections sourcing magnetically-induced perturbations
in scalar, vector, and tensor modes. In the PMF energy-momentum tensor, the magnetic
contribution to the source terms of cosmological perturbations is quadratic in the field
amplitude. But the square of a random Gaussian field is a χ2-distribution, meaning that
the contribution of PMFs to cosmological perturbations is highly non-Gaussian. This
leads to non-vanishing higher order statistical moments in CMB anisotropies such as the
bispectrum [172, 187–197] and the trispectrum [198, 199].

Here we are interested in the analyses that can benefit from LiteBIRD measurements of
CMB polarization. Hence we will investigate the case of the passive tensor mode bispectrum,
which generates a specific signature in B-mode polarization, in particular, we consider
signatures of PMFs in the B-mode bispectrum. PMFs can generate tensor modes via the
gravitational effect, i.e., GWs, sourced by the magnetic anisotropic stress fluctuations. This
GW production is maintained from the birth of the PMFs (τB) until the neutrino decoupling
epoch (τµ) when we have the excitation of the compensated mode and the generation of
the passive one as a remaining offset from the matching of initial conditions at neutrino
decoupling. The super horizon mode of the resultant GWs takes the form

hij(k) ≈ −1.8ln(τν/τB)
4πργ,0

∑
s=±2

e
(s)
ij (k̂)e(s)∗

kl (k̂)
∫

d3p

(2π)3 Bk(p)Bl(k − p), (7.1)

where ργ,0 is the present photon energy density and e
(s)
ij is the spin-2 transverse-traceless

polarization tensor normalized as e
(s)
ij (k̂)e(s′)∗

ij (k̂) = 2δs,s′ . The tensor passive mode is linearly
transformed to the CMB B-mode field, as in the standard adiabatic GWs; it becomes a χ2

(i.e, highly non-Gaussian) field because of the assumption of the Gaussianity of Bi. Since
an induced B-mode bispectrum scales as ⟨aB

ℓ1m1
aB

ℓ2m2
aB

ℓ3m3
⟩ ∝ ⟨hi1j1(k1)hi2j2(k2)hi3j3(k3)⟩,

its magnitude simply depends on the following parameter including the sixth power of
PMF amplitude:

Abis ≡
(

B1 Mpc
1 nG

)6 ( ln(τν/τB)
ln(1017)

)3
, (7.2)
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and nB determines its scale dependence. For nearly scale invariant nB ≈ −3, the signal
at the squeezed configurations: ℓ1 ≪ ℓ2 ≈ ℓ3, ℓ2 ≪ ℓ3 ≈ ℓ1 and ℓ3 ≪ ℓ1 ≈ ℓ2, domi-
nates [194, 196, 245, 246].9

We examine the detectability of Abis for nB = −2.9, computing the Fisher matrix for Abis:

F = fsky
∑

ℓ1ℓ2ℓ3

|Bℓ1ℓ2ℓ3 |2

6Cℓ1Cℓ2Cℓ3

, (7.3)

where Bℓ1ℓ2ℓ3 is the angle-averaged B-mode bispectrum for Abis = 1 that does not vanish
only for ℓ1 + ℓ2 + ℓ3 = odd and hence takes pure imaginary numbers, and fsky is the fraction
of the sky coverage. Here we assume a Gaussian covariance; thus, the denominator is
simply given by the triple of the observed B-mode power spectrum Cℓ. This is given by the
sum of the contributions of primordial GW, lensing, and the noise bias determined by all
experimental features and foreground residuals, i.e., Cℓ = Cprim

ℓ + C lens
ℓ + Nℓ. Since we are

considering forecasts limited to the B-mode bispectrum, our estimates will be only affected
by foreground residuals of the B-mode signal. The foreground contamination in polarisation
bispectra is far less known than in temperature. Current estimates on Planck 2018 data of
the non-Gaussianity foregrounds have shown a significant presence of non-zero bispectra, in
particular in the squeezed configuration, in the frequency maps. However, this contamination
is significantly suppressed in the temperature component separated maps [247, 248]. Our
pipeline is based on component separation products and the sensitivity and frequency coverage
of LiteBIRD should ensure an excellent cleanness level. On B-mode polarisation, recent works
have attempted to discuss and estimate the possible contribution of foreground on B-mode
bispectra finding that also for B-modes at least for the auto-bispectrum we do not expect
strong contamination [249, 250]. In particular [249] estimates the possible contamination
for different bispectra combinations finding very small contributions for the BBB. In light
of these results, we produce forecasts including only a boosted noise term adding the post
component separation noise and the statistical foreground residuals under the assumption
that component separation will produce sufficiently LiteBIRD clean maps in polarisation,
as has been demonstrated for Planck in temperature. Having said that, in order to have a
rough and conservative estimate of how a foreground non-Gaussian contamination would
alter our results, at the end of this section we will also consider and extreme case where we
remove ℓ < 30, i.e. the lowest multipoles, from our Fisher analysis.

For the analysis we assume that Cprim
ℓ has a scale-invariant shape and is proportional to

r. In the computation of C lens
ℓ , we do not take delensing into account here. Furthermore, in

this analysis, any other primordial non-Gaussian source than PMFs is not taken into account.
Figure 24 shows the expected 1σ error, ∆Abis = 1/

√
F , for various r. As r becomes

smaller, Cℓ decreases, resulting in decreasing ∆Abis. However, for r ≲ 10−4, ∆Abis becomes
constant in r, since Cprim

ℓ is subdominant enough compared with C lens
ℓ and Nℓ, and Cℓ

becomes independent of r.
From this figure, we can find that for the full range case Abis = O(1) would be measurable

independently of a value of r. In other words, the LiteBIRD B-mode data could improve
9The compensated vector and tensor modes can also create a B-mode bispectrum; however, the dominant

signal is located at such high ℓ [190] that LiteBIRD would be insensitive to it. For this reason, we do not
consider these cases, but only the passive tensor mode.
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Figure 24. Expected 1σ error on the size of the B-mode bispectrum Abis as a function of r. In red
the full ℓ range, in blue the case removing the lowest multipoles.

∆Abis by three orders of magnitude in comparison with the Planck [179] and WMAP [197]
results.10 This is consistent with the prediction in ref. [246].

This is a huge improvement in terms of the amplitude of the bispectrum, possible thanks
to the sensitivity in polarization of LiteBIRD. Although it is such an improvement in terms
of the bispectrum amplitude, the improvement in terms of the PMF amplitude is much
reduced by the sixth power dependence of the bispectrum amplitude on the PMF amplitude.
Nevertheless, the estimated improvement on the bispectrum detection leads to the breaking
of the B1 Mpc ≃ 1 nG threshold also for non-Gaussianities, and hence such values could be
captured for a wide range of τB.

In the case where we remove the largest angular scales from the analysis, blue curve
in figure 24, we note a degradation of the bispectum amplitude by one order of magnitude
with Abis = O(10) for different values of r. This rough and conservative estimate represents
however an improvement by 2 orders of magnitude with respect to current results and
translates in a minor impact on the measurable level of PMF amplitude from the BBB

bispectrum providing B1 Mpc ≃ 1.5 nG. This result also shows the importance of accessing
to the lowest multipoles, a unique capability of the LiteBIRD mission.

8 Conclusions

The LiteBIRD satellite, with its groundbreaking sensitivity in polarization, will open a new
era in cosmology, allowing us to probe a wide range of fundamental physics. PMFs represent
an unconventional observational window on fundamental physics in the early Universe. We
have provided a series of forecasts for LiteBIRD’s capabilities of constraining (or eventually
detecting) PMFs. LiteBIRD offers a variety of probes for primordial magnetism, all within
the same experiment. As for Planck, with LiteBIRD we can potentially detect magnetically
induced perturbations, post-recombination dissipative effects on the thermal and ionization
history, Faraday rotation and non-Gaussianities, but unlike for Planck, with LiteBIRD the

10Note that Abis and AMAG
bis values in ref. [179] are different by a factor of 36.
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improvement is much higher, thanks to polarization. We have focused on these effects of
PMFs on the CMB anisotropies where polarization is particularly relevant, but for each effect
in a different way, hence the multiplicity of constraints.

Magnetically-induced perturbations, i.e. the gravitational effect, mainly rely on B-mode
polarization from LiteBIRD. We have presented a whole series of different mock data
conditions, from the ideal case to the realistic case in terms of B-mode data contamination.
We have shown that the data contamination even in the realistic case does not change our
conclusions, highlighting the robustness of LiteBIRD. The major improvement is for the
inflationary and in particular the almost scale invariant configuration, which breaks the nG
threshold, improving current constraints by a factor of 3. The degeneracy with the primordial
tensor mode from inflation still remains for infrared power-law indices and will require the
combination of all LiteBIRD probes. Overall LiteBIRD will be able to improve on all the
PMF configurations providing stringent constraints; it will be also able to detect PMFs with
a configuration such as the one currently constrained by Planck data for an almost scale
invariant input sky, either with a blind or informed reconstruction.

The post-recombination dissipative effects that damp PMFs heat the plasma and modify
the ionization history (differently from the gravitational effect) rely mainly on temperature,
which is already cosmic variance limited by Planck and E-mode polarization which would
likely be cosmic variance limited in LiteBIRD. In this case LiteBIRD is capable of strongly
improving all the constraints, but complementary to the gravitational effect, the most
constrained configurations are the ultraviolet indices, with the causal-limit fields constrained
to a factor of 3 better than current results. For the first time we have also investigated
the impact of this effect on the primordial B-mode polarization from inflation. Contrary
to the gravitational case, where PMFs create new additional signals (magnetically induced
modes), the heating effect modifies the primary CMB signal. As a result, the B-mode power
spectrum is modified in a way similar to what happens for the E-mode polarization. We have
shown how constraints on the PMF amplitude remain mostly unaffected by the presence
of primordial GWs, with only modest differences for both PMFs and r. This is thanks to
LiteBIRD’s accuracy in E-mode polarization, which carries enough information to disentangle
the PMF effects and therefore does not affect the B-mode measurement.

Faraday rotation has always been a crucial independent CMB probe for PMFs. Although
its strong frequency dependence makes it a hard target, dominating mainly at lower frequencies,
we have shown how LiteBIRD will open a scenario in which FR is one of the main players.
Predictions of constraints from LiteBIRD are orders of magnitude better than the current ones,
reaching a few nG, at the same level as all the other probes. This additional constraining
power enabled by LiteBIRD’s sensitivity and frequency coverage is a game changer for
constraints from FR, which will be crucial to determine the characteristics of PMFs especially
in the case of a detection.

Finally also in non-Gaussianities we have demonstrated how, thanks to the first mea-
surement of the B-mode bispectrum, LiteBIRD will improve by orders of magnitude the
current bispectrum amplitude measurements, leading to the breaking of the nG threshold
in the non-Gaussianities sector.
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We have derived a range of different complementary constraints on PMFs with LiteBIRD
simulated data. Although we considered different levels of complexities of the data and rely
mostly on the detailed results from ref. [7], these represent forecasts in semi-ideal assumptions,
nonetheless they set a benchmark in what we can expect from LiteBIRD data at its best
and represent the first step towards the full deployment of LiteBIRD PMF real data analysis
pipeline in the next few years. The full account of all possible complex systematics in all
the channels is still in development. One example is the possible contamination caused by
multipole-couplings induced by our motion relative to the CMB rest frame [251–254], which
should be modelled carefully. Nevertheless, even if on the optimistic side, the stability of the
constraints across the different mock data sets is an indication of the robustness of LiteBIRD,
and a good indication of its capability to extract the signals at the best possible level.

Overall LiteBIRD’s capabilities to constrain PMFs from different perspectives, employing
different data characterization and products, will allow us to improve all the current constraints
at least by a factor of 3, if not orders of magnitude for some probes. But the most important
point is the multiplicity of probes within the same experiment, not only to improve the
constraints, but in the case of a detection only the joint evidence of varied complementary
probes would lead to a clear understanding and interpretation of the data. We have shown
how this is something only an experiment such as LiteBIRD can achieve.
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