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Abstract. We present the constraints on the amplitude of magnetic fields generated prior to the
recombination using CMB temperature and polarization anisotropy data from Planck 2018 release,
alone and in combination with those from BICEP2/Keck array and the South Pole Telescope. We
model the fields with a generic parametrization and we make no assumptions on their origin in order
to provide general constraints on their characteristics. The analysis updates the former corresponding
Planck 2015 results both on data and numerical implementation. We then perform forecasts for the
next generation of CMB experiments such as LiteBIRD satellite alone and in combination with future
ground based experiments.
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1 Introduction

The origin and evolution of cosmic magnetism is one of the most intriguing topics in modern cos-
mology. In recent years there has been an impressive development from both data and theoretical
studies, and future experiments at different wavelenghts, from the radio to the gamma rays, hold the
promise to disclose the many still open issues in the field and provide a complete scenario of cosmic
magnetism in the next decade. The possibility to generate magnetic fields in the early Universe rep-
resents a very promising scenario, from the first ideas in the far past [1], up to the present days [2—13]
and it has twofold implications for cosmology.

On one side these primordial fields can provide the initial seeds for amplification by structure
formation and self-induced dynamos. Therefore they can represent the progenitors (or co-progenitors
if we consider also astrophysical mechanisms) of the magnetic fields observed in large scale structures
like galaxy clusters [14—16] and galaxies, the latter up to very high redshift [17, 18]. A primordial
origin might also be a natural explanation for those large scale magnetic fields diffuse in voids, that
can be responsible of the anomalous GeV photon deficit in high energy blazar observations [19-24].
In such a context, future gamma-ray experiments as the Cherenkov Telescope Array, that will also
provide time delay and halo measurements of the blazar emission, will strongly improve the lower
limits on the amplitude of magnetic fields in voids and at the same time provide hints on a possible
helical components [25-27]. On the other end of the observational frequency range, future high
sensitivity radio observations will improve significantly the measurements of the magnetic fields in
the cosmic structures [28—32] and will also have the capability to probe the presence of weak fields
in the filaments of the large scale structure [33, 34].

On the other side, primordial magnetic fields would provide an unconventional glimpse of the
physics of the early Universe. Several mechanisms could be responsible for the generation of the



manetic seeds and we describe the main ones without pretending to be exhaustive. The breaking of
conformal invariance during inflation [35—45] can provide seeds with a large coherence lenght but
in general a small amplitude. Although the amplitude of the seeds can be further amplified during
the preheating process after inflation [46—48], issues as back reaction or strong coupling problem
need to be addressed during inflation [41, 42, 49]. Note that large scale magnetic seeds are also
predicted in models which are alternative to inflation [50]. PMF could be an imprint of a first order
phase transition [51-62] that through bubble nucleation provides the turbulent enviroment necessary
to generate and amplify the fields. As an alternative scenario, fields generated through second order
perturbations via the Harrison mechanism and at recombination [63—65] are generally too weak to
generate relevant magnetic seeds but are anyway interesting [66] for their evolution up to present
days in the local Universe. Another possibility is that primordial magnetic fields could have been
generated at later times during reionization by Biermann battery effect [67].

Current and future data will have the possibility to shed light on PMFs characteristics and on
their connection to the physics of the early Universe. PMFs characteristics are indeed related to
their generation mechanism, e.g. causal fields are bonded to positive spectral indices, greater or
equal two [68], in the power law formalism, whereas for inflationary fields the spectral index is
connected to the coupling and can also assume negative values (with a natural lower bound ng > -3
to avoid the introduction of an infrared cut off in the convolution integrals). Helicity of PMFs is
also important, since is useful to sustain an efficient dynamo amplification and avoid saturation. It is
possible to generate fields with an helical contribution by several mechanisms [69—72] and numerical
simulations show how the fields rapidly reach the maximally helical confinguration independentely
from the initial conditions [73-77]. Last, but not least, helicity can leave imprints onto the Cosmic
Microwave Background [78—83].

PMFs affect the entire history of the Universe, several effects may be used to constrain their
amplitude. PMFs affect the predictions of Big Bang Nucleosynthesis [84—88], of the ionization and
thermal history [79, 89-101], of the growth of structure [102—-109] and also other astrophysical ob-
servations [110-112]. All these effects provide constraints on the amplitude of the fields spanning
from microgauss to the sub-nanoGauss with different level of assumptions on the fields configuration
and the theoretical modelling.

Magnetic fields generated prior to the recombination leave distinctive imprints on the Cosmic
Microwave Background (hereafter CMB), that is therefore an excellent observable to constrain their
origin and characteristics. Being the CMB mainly described by linear physics an advantage with
respect to other probes is the possibility to perform accurate theoretical predictions without the use
of non-linear simulations. The CMB imprints are several and can affect different aspects of statistics
of CMB anisotropies, either breaking isotropy by an homogeneous magnetic field [113-115] with
the generation of also harmonic space correlations [116, 117], or by a stochastic background of
PMFs introducing non-Gaussianities with a non-vanishing bispectrum [79, 118-128] and trispectrum
[129, 130]. In the following we will consider only the model of a stochastic background which is
compatible with the Lemaitre Friedmann Robertson Walker cosmology.

The presence of magnetic fields affects the CMB anisotropies angular power spectrum in both
temperature and polarization. The different imprints come from different mechanisms where PMFs
play a dominant role. The dissipation of PMFs after recombination significantly affects T and E mode
polarization through the modification of the ionization history [79, 98, 99, 101]. This effect is very
powerful in constraining the PMFs amplitude but is based on several assumptions which are neces-
sary to perform the calculations, future numerical simulations on the interested scales will shed light
on the robustness of these assumptions. The presence of PMFs rotates the CMB polarization plane
generating B-modes from E-modes and vice-versa in the Faraday rotation effect. Differently from



the others PMFs effect on CMB anisotropies the Faraday rotation is coloured, it has a observational
frequency dependence as the frequency to minus four that makes it mostly relevant for the lowest fre-
quencies [131-134]. Current high sensitivity observations are mainly oriented to the high frequencies
with high sensitivity low frequency observations limited to large angular scales where the Faraday
signal is lower. For this reason current Faraday constraints are not competitive with other effects
being in the rage of hundreds of nGauss [79, 135, 136], but Faraday rotation represents a very good
target for future ground based observatories like the QUIJOTE and STRIP experiments [137, 138]
with a good potential also for small scale experiments on higher frequencies thanks to the very high
sensitivities [139] but all must first account for decontamination from the Galactic Faraday rotation
which currently sits at the 10 nG level [140].

The other main effect of CMB angular power spectra is given by the gravitational effect of
PMFs which contrary to the other strong effects relies only on minimal assumptions. PMFs gravitate
at the level of cosmological perturbations and generate magnetically-induced perturbations exciting
scalar, vector and tensor modes, with different initial conditions: compensated [141-143], passive
[144-146] and inflationary[147, 148]. In this paper we will focus on this effect focusing on the
compensated and passive initial conditions, being the inflationary strictly dependent on the choice of
generation mechanism, which has been widely explored in the literature [79, 139, 141-146, 149-162]
updating previous results [79] to the new Planck 2018 data [163] and providing the forecasts for the
CMB experiments in the next decade. We will describe the improvement of the treatment we have
developed with respect to previous works [79, 155, 157] and its impact on the results.

The paper is organized as follows. In section 2 we describe the fields model, in section 3 we
provide the theoretical predictions of the CMB angular power spectra. In section 4 we describe
the unpdates in methodology and in section 5 we present the results of Planck 2018. Section 6 is
dedicated to the forecasts for LiteBIRD, in section 7 we present its combination with future ground
based experiments. In section 8 we draw our conclusions.

2 Primordial Magnetic Fields

We assume a stochastic background of PMFs described by the two point correlation function: !
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We defer the analysis of the helical component for a following work, and therefore we retain only
the non-helical term (i.e. Pg = 0). We assume the following scale dependence for the fields power
spectrum: Pg(k) = Agk™ and, as usual, we adopt the smoothed amplitude of the fields on a Mpc
scale:
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Magnetic perturbations survive Silk damping thanks to the overdamped mode induced by Alfven
velocity: the fields are damped at smaller scales, with the exact scale depending on the Alfven velocity
and therefore on the amplitude and configuration of the fields. We model this damping with a sharp
cut off in the PMFs power spectrum at the scale kp defined as [150, 164]:
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where £ is the reduced Hubble constant, Hy = 100 hikms~' Mpc~!, and Qy, is the baryon density
parameter. The magnetic energy momentum tensor is given by:
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It contributes as an additional source term in the perturbed Einstein equations 6G,,, = 87G (6T5f,”id +
7 ). Decomposing into scalar, vector and tensor we obtain the different source terms for magneti-
cally induced perturbations.
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where u = ﬁ’ k-plk-p,y=k- ;:7’,/3 =k- (k- p)/Ik — P, and Q denotes the volume with p < kp.
The scalar mode has three different source terms: the magnetic energy density, the anisotropic stress
and the Lorentz force induced on baryons. Only two of three are independent imposing the energy
conservation of the fields. This relation allows a freedom of basis for the initial conditions, namely
the choice of which two quantities are computed directly from the field configuration for the analysis.
We choose the energy density and Lorentz force as independent quantities for the compensated mode,
deriving the anisotropic stress. For the passive mode instead we consider the anisotropic stress as the
independent quantity, it being the only quantity required. We assume full anticorrelation between the
Lorentz force and the energy density as predicted to lowest order [155]. The exact solutions to the
convolutions Eq. 2.10 has been derived in [142, 143] and we refer to them.

The vector mode is source by the anisotropic stress and the Lorentz force whereas the tensor
perturbations are sourced solely by the tensor projection of the anisotropic pressure.

3 Magnetically-induced perturbations

As described in previous sections PMFs source all types of perturbations, with different initial condi-
tions. Scalar and tensor modes are characterized by both compensated and passive initial conditions.
The former is the standard particular solution to the inhomogeneous Einstein-Boltzmann equations
sourced by PMFs. The term “compensated” refers to the compensation between the energy density
of the relativistic component of the fluid and the magnetic energy density, and to the compensation
between the neutrino anisotropic stress and the magnetic fields’s one [142—144]. The latter, the pas-
sive modes, derive from the homogeneous solutions before neutrino decoupling when PMFs provide
the only anisotropic stress and source both scalar and tensor pre-neutrino-decoupling modes. Both



modes are suppressed after the neutrino decoupling thanks to the neutrino compensation described
above but a trace of their existence remains as relic inflationary-like modes whose primordial power
spectrum is provided by the matching of initial conditions at the decoupling Eq.2.10 [144-146] (and
is dependent on PMFs anisotropic stress Fourier spectrum). Contrary to scalar and tensors, the vector
modes excite only compensated initial conditions.?

We use an upgrade, described in the next section, of the camb code [165] extension that in-
cludes all PMFs gravitational contributions developed in [79, 142, 143, 155, 157] to predict the an-
gular power spectra of magnetically-induced perturbations. In Fig. 1 we show the different modes in
different colours for a value of the field amplitude and spectral index of 3 nGauss and almost scale
invariant spectrum (ng = —2.9). The dominant contributions are given by the vector and passive
scalar modes on small angular scales together with the passive tensor mode on large angular scales.
The latter is particularly relevant for B-mode polarization providing a signal which is somehow sim-
ilar to the one by primordial gravitational waves at least for almost scale invariant PMFs. In the
perspective of a future detection of B-mode polarization on large angular scales the consideration
of this additional possible contribution will be necessary to use the detected signal for the study of
the inflationary epoch and avoid confusion. The shape of the magnetic contributions to the angular
power spectrum reflects the behaviour of the source terms and in particular s shown in [142, 143]
it is a white noise for indices ng > —3/2 and infrared dominated as k2*8*3 for lower indices. This
behaviour is presented in Fig. 2 where are shown the temperature angular power spectra of vector
and passive tensor modes for different spectral indices.

4 Methodology updates

The different gravitational contributions of PMFs on the Einstein-Boltzmann equations have been
implemented into camb [165] and cosmomec [166] * and have been used in our previous analyses
[79, 142, 143, 155, 157]. The magnetic part of the code is based on numerical fits to the large
scale part (the only relevant for CMB data) of the analytic solutions to the convolution integrals in
Eq.2.10 [142, 143] that in their original form involve a large number of hypergeometric functions.
The previous fits were computed using a grid for the full spectra expressions and were derived by
fitting sets of parameters for each grid element. The fits used in the current work have been upgraded
with a new approach which introduces a multiparameter sampling not of the full formula, like in
the previous ones, but for each coefficient of the expression which is then fitted for the involved
parameters. This new method allows to correctly sample the regions near the multiple poles of the
coefficients of the expressions that in the previous analyses had a lower accuracy because of the
full single formula parametric fit. We have increased the number of fits computed reducing the
spectral indices grid spacing for the sampling, increasing the accuracy over the whole range explored.
Applying this new sampling technique the new analytical fits used in this work represent the analytic
solutions to the convolution integrals with a precison of one part over 10* for negative indices and
10° for positive indices. The new fits have also lead to an increased numerical stability which adds
to the generally improved numerical accuracy of the 2018 camb version. This new precision has
allowed to increase the range of multipoles considered for the passive tensor magnetically-induced

2A third kind of initial condition has been proposed, called the inflationary mode [147, 148], this is a mode character-
izing only the inflationary produced fields and although with a spectral shape similar to the passive case the characteristic
of the mode strongly depend on the coupling choice. Since we want to maintain the maximum generality concerning the
possible origin of the fields we are not considering this type of initial condition in the current analysis and leave it for a
future study.

3Two other different implementations based on similar assumptions but different numerical settings are done in [145,
146, 160].
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Figure 1. Magnetically-induced CMB anisotropies angular power spectra in temperature [upper left], E-mode po-
larization [upper right], T-E cross correlation [lower left]. The colors represent: compensated scalar-pink, vector-blue,
tensor-orange, passive scalar-yellow, tensor-green; black is the primary CMB. The B-mode polarization [lower right] color
code is analogous but in this case black solid and dotted lines represent primary tensor modes for tensor to scalar ratios of
r=0.1 and 0.01 and the dashed line represents the lensing B-mode from primary scalar perturbations. The field amplitude
is 3 nG and the spectral index is the almost scale-invariant.

mode to £ = 2000 (the previous code used 400 as a conservative maximum multipole) which is the
maximum multipole where we trust the numerics of our modified version of camb. Indeed, tensor
magnetically induced modes do not decay once they enter in the Hubble radius since thery are driven
by the magnetic anisotropic stress. Therefore their signal remains high compared to the standard
primary tensor modes. This improved accuracy is particularly relevant for the constrains on the
PMFs, especially when considering the forecasts for future experiments that include high precision
small scales data. In addition to the improvements described in the following analysis we consider
all the dominant contribution including the passive tensor and scalar modes, with the latter one not
considered in previous analyses [79, 155, 157].
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Figure 2. Magnetically-induced CMB anisotropies angular power spectra in temperature for vector [left] and passive
tensor [right]. The colors represent the different spectral indices, darker corresponds to bigger indices, starting from 2,
whereas lighter represent negative indices following the shading, ending in quasi scale invariant.

5 Constraints with CMB data

We perform a Bayesian analysis deriving the probability distributions of cosmological parameters
plus the two parameters characterizing the PMFs configuration, i.e. the amplitude on the Mpc scale
and the spectral index*. We perform the analysis through a dedicated extension of the Markov Chain
MonteCarlo sampler cosmomc [166]. We vary the standard cosmological parameters: baryon den-
sity wp = Qph?, the cold dark matter density w. = Q A2 , the reionization optical depth 7, the acoustic
scale 6, and the primordial power spectrum amplitude In(10'°Ag ) and spectral index ng. The magnetic
parameters are indicated by Bympe and ng and are varied with flat priors [0,10] nG and [-2.9,3] re-
spectively. We restrict our anaylsis to three massless neutrinos, since the small neutrino mass allowed
by current observations leads to a small effect [146] without inserting additional degeneracies. We
sample the posterior using the Metropolis-Hastings algorithm [167] imposing the Gelman-Rubin con-
vergence criterion to [168] of R — 1 < 0.01. We consider lensing effect on only primary anisotropies,
since modelling the contribution of PMFs to the large scale structures would require non-linear MHD
treatments currently not available in the context of Einstein-Boltzmann codes. We therefore neglect
the impact of PMFs on the lensing effect and viceversa the lensing of magnetically induced angular
power spectra.

5.1 Planck 2018

We first analyse the Planck 2018 data release using the combination of the high multipole baseline
likelihood in temperature and polarization (Plik TT,TE,EE), the low-multipole Commander likeli-
hood in temperature (lowl) and the new cross spectra 100x143 GHz based likelihood in polarization
(LowE) based on the first release of the High Frequency Instrument maps with the SROLL algorithm
[163, 169]. To complete the Planck baseline likelihood, in addition to the primary anisotropies we
include also the Planck lensing likelihood [170]. The baseline Plik TT,TE,EE+ lowl+LowE+lensing
lensing provides a 95% C.L. on the amplitude of the fields on the Mpc scale: Bjmpe < 3.4 nG and

“In case of real data likelihood we add also the nuisance’s parameters



Parameter/Data | Planck 2018 | Planck 2018+BK15 | Planck 2018 + BK15+SPT Pol
Bimpe [nG] <34 <3.5 <2.8
ng <-0.2 <-0.3 <-0.6

Table 1. Constraints on the PMFs amplitude with CMB data marginalizing over the spectral index

marginalized 95% C.L. ng < —0.21. We stress that the marginalized posterior probability for the
spectral index only reflects the lower amplitude allowed for positive spectral indices compared to
negative ones. Figure 3 shows the comparison of the marginalized posteriors for parameters includ-
ing PMFs with the standard ACDM. We note how the presence of PMFs does not significantly affect
the standard ACDM parameters: the induced shift in the Hubble parameter is simply given by the
assumption of no neutrino mass with respect to the case of the minimal neutrino mass of Planck
baseline results for ACDM.
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Figure 3. Marginalized posterior of the Planck 2018 results compared with the standard cosmological model.

5.2 Planck 2018 results in combination with ground based experiments

We now complement Planck 2018 with B-mode data from ground based high sensitivity polarization
experiments such as BICEP/Keck array [171] and South Pole Telescope [172].

The inclusion of the B-mode polarization on large and intermediate angular scales from BI-
CEP/Keck 2015 data (hence BK15) modifies the posterior marginalized probability distribution al-
lowing for a slighter larger signal from PMFs. The limit in this case is Bympe < 3.5 nG at 95% C.L
slightly larger than Planck 2018 alone.

We then further combine Planck 2018 and BK15 with the B-mode measurement on small an-
gular scales provided by the South Pole Telescope [172] in order to increase the multipole range in
the B-mode data. We use the likelihood and data of SPT for cosmomc provided in [160]. Since we
combine the two datasets from BK15 and SPT in the B-mode polarization we cut out overlapping
multipoles in order to avoid considering possible cross correlations between the two datasets. For
this reason we cut the lowest multipoles of the SPT dataset to ¢ of 500. In Fig.4 we show the cor-
relation of the magnetic field amplitude with the spectral index and a set of standard parameters and
in particular the scalar spectral index and the amplitude of scalar perturbations. Beside the degener-
acy between the amplitude and the spectral index we do not have any relevant degeneracy with the
standard cosmological parameters. In Table 1 we present the results for the magnetic parameters.

As in previous works [79] we complement the previous results obtained allowing the spectral
index to vary with the constraints on the amplitude for physical fixed values for the spectral index. In
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Figure 4. Two-dimensional marginalized posterior distributions for the magnetic parameters, first panel, and the compar-
ison of the PMFs amplitude with some of the standard parameters, the scalar spectral index, the og and finally the Hubble
constant.

particular we focus on the minumum allowed spectral index for causally-generated post-inflationary
fields, the case ng = 2 [68]: for this case Planck combined with BICEP/KECK gives B mpc < 6 pG
at 95% C.L., when adding also the high multipoles B-mode from the South Pole Telescope we obtain
Bimpe < 3 pG at 95% C.L.. The second case we consider is the almost scale invariant PMFs con-
figuration ng = —2.9, this represents possible PMFs generated during inflation, although inflationary
generation mechanisms are not limited to infrared indices but span the entire range from negative to
positive depending on the specific type of mechanism considered. This case is particularly interest-
ing because of the shape of the tensor passive magnetically-induced mode, as shown in Fig.1, this
is slightly similar to the angular power spectrum of primary tensor modes and may represent a nui-
sance for the detection for primordial gravitational waves from inflation. In this case the bound on
the amplitude of the fields is given by Bympe < 2.0 nG at 95% C.L. for Planck and BICEP/KECK
and By mpe = 1.5f?:‘91 nG when adding the SPT data, with a marginal detection which is not confirmed
at 99% C.L. Bympe < 2.5 nG. For the full combination of Planck BICEP/KECK and SPT we also
analised the case ng = 0 which provides By mpc < 0.3 nG at 95% C.L..

Considering the possible contamination of the primordial gravitational wave signal by the ten-
sor passive contribution we explore the case where together with the magnetically induced tensor
mode we have also a primary contribution, the tensor to scalar ratio is allowed to vary together with
the magnetic fields amplitude. In Fig.5 we show the two-dimensional probability distribution for the
PMFs parameters and the tensor to scalar ratio for the case with the combination Planck and BI-
CEP/KECK and with the addition of SPT. The constraints on the two amplitudes are Bynpe < 3.4
nG and r < 0.06 at 95% C.L. and Bimpe < 2.9 nG and r < 0.06 at 95% C.L., we note that the
case marginalized on the spectral index of the PMFs does not show a significant correlation between
the magnetic parameters and the tensor to scalar ratio. We perform the same analysis for the almost
scale invariant case whose spectral shape is limited to be very similar to the primary tensor modes.
The constraints on the two amplitudes for the cases without and with SPT are Bjmpe < 1.8 nG and
r < 0.06 at 95% C.L. and By mpc < 2.2 nG and r < 0.055 at 95% C.L.. In the scale invariant case
there is a slight correlation between the amplitude and the tensor to scalar ratio but for the current in-
struments sensitivity is not relevant for the results, the tensor to scalar ratio limit is almost unchanged
with respect to results without the PMFs contribution. In Fig.5 and Fig.6 we show a summary of the
different constraints.
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correlation between the fields amplitude and the tensor to scalar ratio for the almost scale-invariant case.
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Figure 6. Marginalized posterior distribution of the magnetic fields amplitude for different data combination and settings
of the field for the LCDM+PMF case on the left and jointly with the tensor to scalar ratio for LCDM+r+PMF on the right.

6 Forecasts for future experiments

After presenting the Planck 2018 update results alone and in combination with ground based experi-
ments we proceed with the forecasts for future experiments.

6.1 LiteBIRD

We consider the LiteBIRD mission > [173] among the various proposals for a fourth generation
space mission dedicated to CMB anisotropy measurements [173—175]. LiteBIRD is a proposal for a
satellite downselected by the Japanese space agency JAXA, with the contributions of USA, Europe
and Canada, with planned launch in 2027. Its main goal is the study and characterization of the CMB
polarization at large and intemediate angular scales. It has fifteen frequency channels spanning from
40 GHz to 402 GHz, a range optimized for the foreground removal and it will have a payload-focal
plane design to provide very high sentivity measurements of the E and B-mode polarization up to a
multipole of several hundreds. We summarize the instrumental characteristics of the central frequency
channels we used for the analyses in Table 2 [173] which updates previous configurations [176, 177].
We consider the highest and lowest frequency channels as foreground tracers and we assume they will
be used to clean the central ones. We assume only instrumental noise and ideal foreground cleaning
with a inverse-Wishart likelihood on mock datasets [177]. This choice represents a very optimistic
setting and therefore provide a snapshot of the limits on primordial magnetic fields which can be
reached by future experiments. We consider the lensing signal as additional noise and simply add a

Shttp://litebird.jp/eng/
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Frequency GHz | FHWM [arcmin] | T Sensibility[uK arcmin] | P Sensibility[uK arcmin]
78 39 9.56 13.5
89 35 8.27 11.7
100 29 6.50 9.2
119 25 5.37 7.6
140 23 4.17 59
166 21 4.60 6.5
195 20 4.10 5.8
Table 2. LiteBIRD instrumental characteristics [173]
Parameter/Data | LiteBIRD TE | LiteBIRD TEB | LiteBIRD TEB + primordial tensors
B mpe [nG] <3.8 <2.7 <2.7
np <-0.26 <-0.19 <-0.16

Table 3. Constraints on the PMFs amplitude with CMB data marginalizing over the spectral index

lensing fiducial, derived with the same cosmological parameters as the primary CMB fiducial, to the
noise bias. We will also investigate the impact on the results of delensing possibilities.

In Table 3 we present different cases for the LiteBIRD study. Being cosmic variance limited in
the E-mode polarization we would like to investigate the LiteBIRD capabilities to constraint magnetic
fields amplitude using only temperature and E-modes. When only temperature and E-mode polariza-
tion are included we obtain By pmpe < 3.8 nG at 95% C.L... This limit is comparable to what obtained
by Planck and shows the capabilities of the addition of cosmic variance limit E-mode polarization
measure for magnetic fields, eventhough the impact of PMF on E-mode is much lower than in T and
B-mode, the high sensitivity of LiteBIRD is already enough by itself to reach a Planck-like limit.

We now add the B-mode channel which significantly reduces the bound on the fields amplitude
thanks to the very high sensitivity measurement: Bympe < 2.7 nG at 95% C. L.. As done for real
data we also test the case when primary tensor modes from inflation are added. We vary the tensor
to scalar ratio together with LCDM and magnetic parameters assuming it vanishing in the fiducial
angular power spectra. We obtain By mpe < 2.7 nG at 95% C.L. equal to the case with only PMFs but
the result does not show any strong degeneracy with the primordial tensor modes as shown by Fig.7.
The limit on r is ¥ < 0.0004 compatible with the foreground and magnetic free LiteBIRD predictions.
When we limit our analysis to specific configurations of PMFs, again to the lower bound for causally-
generated field ng = 2 and the almost scale invariant case ng ~ —2.9 we obtain respectively B mpe < 4
pG and Bmpe < 0.6 nG at 95% C.L. strongly reducing the allowed amplitude for the almost scale
invariant case with respect to the current limit derived using the combination of large and small scales
experiments.

These results show how the LiteBIRD sensitivity will lead to constraints by T and E only at the
level of those obtained by Planck data. By adding the contribution of B-mode polarization further
tightens the constraints by LiteBIRD without any significant degeneracy with primary tensor modes
from inflation.

6.2 Combination of LiteBIRD and future ground based experiments

The launch of LiteBIRD is planned for 2027 and will carry out the fourth generation of CMB obser-
vations from space. In the timescale leading to the launch and also during the LiteBIRD observational
time advancements from ground based experiments are expected. In particular, we refer to the future
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Figure 7. Marginalized posterior distribution of the magnetic fields amplitude for different data combination and settings
of the field for the LCDM+PMF case, together with the tensor to scalar ratio for LCDM+r+PMF on the right. Note that red
and grey curves in the left panel are overimposed since the results do not change sensibly adding the tensor to scalar ratio.

ground based experiments Simons Obsevatory [178, 179] and CMB Stage IV [180, 181]. The envi-
roment offered from the ground allows for very high sensitivity observations thanks to the possibility
of large focal planes containing tens of thousands of receiver and the possibility to observe in great
depth small region of the sky. On the other side ground based observatories due to their nature suffer
from two limitations, namely, sky coverage and frequency range. The former is due to a limited sky
coverage and therefore the impossibility to cover the largest angular scales, where most of the primary
inflationary B-mode signal resides, and a larger sampling variance on the intermediate scales. The lat-
ter is due to the atmosphere which is opaque for frequencies larger than 300 GHz limiting the higher
“foregrounds monitor” frequencies which are crucial for dust and cosmic infrared background con-
taminations. The contemporaneity of a space borne experiment dedicated to the large angular scales
and ground based observatories on small angular scales represents a unique opportunity to exploit the
potential of CMB polarization in the context of cosmic magnetism. For this reason we investigate in
the following subsections the case of the combination of LiteBIRD with ground based future experi-
ments. In order mitigate effects due to the cross correlation between maps we consider LiteBIRD up
to a multipole of 600 and ground based experiments for higher multipoles. At multipoles around 600
the signal to noise of LiteBIRD and ground based experiments are comparable.

6.2.1 Combination with Simons Observatory

We study the combined analysis of LiteBIRD and the Simons Observatory that represents the near
future of ground based experiments. For Simons Observatory we consider the central frequency chan-
nels as in Table.4 with a wide survey-like sky fraction of 40%. We analise several possible PMFs con-
figurations for the combination LiteBIRD+SO. The standard case in which the PMFs are marginalized
over the spectral index and no primordial tensor modes are considered provides By ppec < 1.0 nG with
ng < —0.6. We note a significant improvement with respect to current results reported in previous
section. Another aspect that we to stress is that the polarization sensitivity is high enough to provide
constraints even without considering the temperature. This aspect is particularly promising because
the temperature signal is contaminated on small angular scales by astrophysical signals and secondary
anisotropies, and has been shown in [79, 157] that these may be correlated with the PMFs contribu-
tions and lead to contamination of the PMFs limits. Therefore we tested a case where we exclude the
temperature from the analysis using only E-mode, the T-E cross correlation and B-mode polarization
obtaining Bympe < 1.1 nG, at the same level as considering the temperature. Considering that the
contamination from foregrounds on the small angular scales in polarization is almost negligible, we
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can conclude that in the future the large scale contamination by polarized dust and synchrotron, and
possibly new signals still to discover, will be the most serious issue to deal with.

If we assume a perfect cleaning of foregrounds like in our semi-idealistic treatment, the lensing
signal represents the only parasitic signal for B-mode polarization. Future experiments will help with
delensing either by iterative algorithms of CMB polarization or with the cross correlation with tracers
of large scale structure as the Cosmic Infrared Background [183]. We consider two possible options
for delensing of both LiteBIRD and SO, both possibilities are conservative: delens up to the 20%
and 40% of the signal. Both the cases with 20% and 40% delensing give Bimpe < 1 nG the same
results as the fully lensed case as shown also in the first panel of Fig.9 where we present the two
dimensional contours for the LiteBIRD+SO data combination in comparison with LiteBIRD alone.
The ineffectiveness of the delensing is due to the shape of the contribution of the PMFs to the B-
mode angular power spectrum. The vector mode peak in the B-mode spectrum is slightly offset with
respect to the lensing and for a wide range of spectral index the signal around the peak is larger than
the lensing one leaving possible improvements to the intermediate multipole region. this region due
to the steepness of the vector signal can only marginal benefit the low tail of the spectral indices range
as shown in Fig. 8.

—_ np =2
ng = —1
ng = —2
— np =-2.9
ng =1
— Lensing
—  Delensing 80%
— Delensing 40%

00+ 1)CPB )21 [uK?]

10~°

10 102 103

Figure 8. B-mode angular power spectrum for the magnetically-induced modes compared with delensing signal.

In fact we tested also an extreme value for the delensing that assume to be able to delens up
to the 80% of the sky with the PMFs configuration with marginalization over the spectral index
obtaining the same results of 1 nG upper limit.

The situation changes when we consider specific PMFs configuration, in particular for the al-
most scale invariant case without delensing we obtain By mpe < 0.55 nG at 95% CL which represents
a good improvement with respect to current data mainly provided by the large scale impact of the
almost scale invariant configuration. If we consider the delensing for this specific case as described
before we obtain By ppe < 0.50 nG and By mpe < 0.44 nG at 95% CL for respectively 40% and 80%
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Frequency GHz | FHWM [arcmin] | T Sensibility[uK arcmin] | P Sensibility[uK arcmin]
93 2.2 5.8 8.2
145 1.4 6.3 8.9
Table 4. Simons Observatory instrumental characteristics [Simons]
Model Baseline | ng = —2.9 ng=2 r=0 r=0.004 SI+r=0.004
B mpe [nG] <1.0 < 0.055 <5x107* <1.0 <0.99 <0.84
r - - - <0.0004 | r =0.0039 = 0.001 | » =0.0036 + 0.001

Table 5. Constraints on the PMFs amplitude with the combination LiteBIRD+SO. All limits provided are at

95% CL.
Frequency GHz | FHWM [arcmin] | T Sensibility[uK arcmin] | P Sensibility[uK arcmin]
85 49 1.77 2.5
95 4.4 1.41 2.0
145 2.9 1.84 2.6
155 2.7 1.91 2.7
215 1.7 4.74 6.7

Table 6. Stage IV instrumental characteristics [182]

delensing showing that for the infrared tilted spectra the delensing becomes effective in reducing the
upper limit.

For PMFs configuration which allows a generation also through the causal mechanism channel,
ng = 2 we get Bympe < 0.5 pG at 95% CL, an order of magnitude improvement with respect to
the current data provided by the small scales sensitivity in temperature and polarization of this data
combination.

Given that the main target of both future experiments is B-mode polarization from inflationary
gravitational waves, we consider the combination of primordial tensors and PMFs. We first assume a
fiducial model with r=0 and no PMFs, obtaining B mpc < 1 nG and r < 0.0004 at 95% CL. The result
shows no signs of strong degeneracies, as shown by the two dimensional plot in the second panel
of Fig.9. The limits on both r and the PMFs are compatible with the separate cases of PMFs and
primordial tensor modes taken by themselves, with the limit on the PMFs amplitude dominated by
the Simons Observatory data and the limit on the tensor to scalar ratio by the LiteBIRD data. We then
analyse the case with non-zero primordial tensor contribution, choosing a value of r = 0.004. This
value is compatible with theoretical predictions of R> model of inflation [184], that is at the center
of the region allowed by current data [185] and can be detected with an high significance by the
LiteBIRD experiment. For this case we obtain By ppe < 0.99 nG at 95% CL and r = 0.0039 +0.0010
always at 95 % CL, which shows minimal correlation between the two parameters also in this case.
The situation is different when considering the scale invariant PMFs configuration, in this case we
obtain By ppe < 0.84 nG at 95% CL and r = 0.0036 + 0.0010 always at 95 % CL, which shows hints
of a degeneracy brought by the spectral shape of magnetically induced B-mode for the scale invariant
configuration as shown in the third panel of Fig.9 also pointed out in [162].

We then explore the capabilities of detection of PMFs with future observations. By considering
1 nG and -2.9 as fiducial values for the fields amplitude and spectral index we have that the combi-
nation LiteBIRD+SO data combination is able to detect such PMFs at the level of By ppe = 1.0 0.1
95% CL. In Table 5 we summarize the main constraints for the combination LiteBIRD+SO.
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Figure 9. Contour plot of the magnetic fields amplitude and spectral index on the left and tensor to scalar ratio on the
right. Left panel shows the comparison between Planck 2018+BICEP KECK and the combination with SPT. The middle
panel considers the case with a null tensor to scalar ratio whereas the right panel the case where it is assumed an r=0.004

6.2.2 Combination with CMB Stage-1V

We investigate some of the main forecasts also for the combination of LiteBIRD and S4 to get an
overview of possible scenarios in a farther future. For the instrumental characteristics for a stage IV
experiment we use [182] as reported in Table 6, once combined in inverse noise weighting we obtain
an overall few microK sensitivity and 1-2° FWHM as adopted in S4 science book [180, 181]. We
again assume a wide survey with the 40% of the sky. For the baseline case of PMFs with the marginal-
ization on the spectral index we obtain By ype < 0.63 nG with ng < —0.63 showing an improvement
with respect to Simons Observatory thanks to the improved sensitivity. For the conservative delensing
options considered we obtain again similar results to the unlensed case Bympe < 0.61 nG for 20%
delensing, Bimpe < 0.59 nG for 40% with only a minimal improvement for this case. For the spe-
cific PMFs configurations we have that the almost scale invariant is constrained to By mpe < 0.49 nG
without delensing, By mpe < 0.45 nG for 40% delensing and Bjmpe < 0.40 nG for the extreme 80%
delensing case with again an improvement due to the delensing for the infrared indices configurations.
We tested again also the minimal spectral index for causal generated PMFs configurations which is
limited to By mpe < 0.2 pG showing a significant improvement with respect to the combination with
Simons Observatory. Although the combination of LiteBIRD and Simons observatory constitutes an
improvement with respect to current results from Planck and ground based experiments, the improved
sensitivity of CMB Stage IV will lead to even tighter bounds.

7 Conclusions

The cosmological magnetic fields observed on large scales might have their roots in primordial seeds
generated in the early Universe.The generation mechanisms are several and range from a first order
phase transition to the breaking of conformal invariance during inflation opening a new observa-
tional window on the physics of the early Universe. PMFs being a fully relativistic component with
anisotropic pressure diffuse on cosmological scales have an impact on the entire history of the Uni-
verse with several observational probes with an always increasing diversity thanks to the progress of
cosmological observations.

In this paper we have focused on one of the best known effects of PMFs: the gravitational ef-
fect on CMB anisotropies. We have upgraded our previous treatments using a completely new fitting
technique for the exact solutions of the source terms of magnetically-induced perturbations reaching
an unprecedented accuracy that improves theoretical predictions for the angular power spectra for
current and future CMB experiments. Thanks to the increased numerical stability due to both im-
proved fits and improved basic camb version we could also increase the maximum multipole of the
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tensor modes to 2000 taking more advantage of the high multipole part of the passive tensor mode
for positive spectral indices.

We have updated the constraints on PMFs to Planck 2018 data. Using the Planck 2018 baseline
alone we obtain By pmpc < 3.4 nG with the addition BICEP/KECK data we have By pmpe < 3.5 nG and
Bimpe < 2.9 nG when adding also the South Pole Telescope, all at 95% C.L.. The improvement with
respect to previous results with Planck 2015 [79] is mainly due to the combination of improved data
on polarization by Planck 2018 and the improvement in our methodology. The results for specific
configurations of the PMFs are the following: for ng = 2 is Bympe < 3 pG at 95% C.L. for the
combination of Planck, BICEP/Keck and SPT; for the almost scale invariant case, that with its infrared
shape represents the maximum contribution on large angular scales in polarization, we found a looser
bound Bjmpe = I.Si?:2 nG at 95% C.L. The addition of primordial inflationary tensor mode does
not impact the results, and both the constraints on the PMFs amplitude and tensor to scalar ratio
are unchanged, showing a lack of correlation of the two signals for the precision of current data.
A non-vanishing correlation is present for the almost scale invariant case due to the similarity of
contributions on large angular scales but does not affect our results significantly.

We have then performed the forecasts for future experiments. In particular, we have considered
the latest LiteBIRD instrumental configuration [173] showing how forecasted constraints are at the
Planck level, i.e. Bimpe < 3.8 nG at 95% C.L., when considering only temperature and E-mode po-
larization and improve significantly when adding B-mode polarization, i.e. Bjmpc < 2.7 nG at 95%
C.L. The combination of LiteBIRD and ground based experiments as Simons Observatory and CMB
Stage IV brings the constraints for generic PMFs configuration below nanoGauss level. The effect of
delensing is mitigated when the index of PMFs is allow to vary, but is important for specific spectral
indices. The constraints on the amplitude with ng = 2 will be improved by more than one order of
magnitude because the vector contribution will be better constrained by the future ground based ex-
periments. The almost scale invariant configuration is very interesting: the major improvement comes
for LiteBIRD sensitivity at large and intermediate angular scales, and in addition the constraints will
improve for large delensing factors. This case is also interesting since it shows a slight correlation
between the PMFs contribution and the primary inflationary B-modes.

We have shown that for a configuration of the PMFs with the spectral index free to vary, the
gravitational impact on CMB anisotropies constrains the amplitude at the level of few nanoGauss with
current data from Planck 2018, BICEP/Keck and SPT. Future data from LiteBIRD, together with its
combination with Simons Observatory or Stage IV, will be able to break this level and significantly
improve the constraints by almost an order of magnitude. The situation further improves when we
consider specific PMFs configurations. The strong impact on small angular scales of causal fields,
ng > 2, improves the constraints by orders of magnitude, reaching the sub-picoGauss level for the
future ground based experiments. This results will squeeze the allowed observational window given
by the upper limits from the CMB and the lower limits from gamma-ray observations. The almost
scale invariant configuration is interesting for two reasons. On one side LiteBIRD will provide much
tighter constraints than current data, and on the other side this type of PMF contribution shows a
correlation with the primordial gravitational wave signal. Therefore, it represents a possible source
of confusion to be taken in account for future high precision data.

Our analysis considered semi-idealistic conditions with a perfect cleaning of the foregrounds
but ongoing studies for future experiments (e.g.[186]) show that there might still be some residual
contamination on large angular scales even after cleaning. Previous studies on small angular scales
have already shown how the analogous residuals degrade the constraints on PMFs amplitude [79,
157], the update of these studies on large angular scale polarization in the context future experiments
is in progress. It will be interesting to study the status and perspectives for another key signature from
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PMFs on CMB polarization as the one from the post-recombination heating.
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