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Abstract. There seems to be magnetic fields at all scales and epochs in our Universe, but their
origin at large scales remains an important open question of cosmology. In this work we focus on
the generation of magnetic fields in the intergalactic medium due to the photoionizations by the
first galaxies, all along the Epoch of Reionization. Based on previous studies which considered
only isolated sources, we develop an analytical model to estimate the mean magnetic energy
density accumulated in the Universe by this process. In our model, without considering any
amplification process, the Universe is globally magnetized by this mechanism to the order of, at
least, several 107'® G during the Epoch of Reionization (i.e. a few 1072° G comoving).
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1. Introduction

The question of the origin of cosmological magnetic fields (CMF) remains an important
open question of cosmology. Many magnetogenesis mechanisms have been proposed (cf.
for example Ryu et al. (2012) or Widrow et al. (2012) for reviews). It is usual to classify
them chronologically, with on the one hand those operating in the primordial universef
and on the other hand the post-Recombination onesi. However, none of them is preferred
so far.

The evolution of CMF through structure formation (i.e. essentially their amplification
from generation to once we observe them) is not settled yet, but the current status is
that a priori a seed field of strength between 10722 G and 107! G would be enough
to account for the observed fields in structures, after amplification processes. Now, due
to turbulence, the magnetic fields inside structures lost their initial properties. On the
contrary, magnetic field seeds in the intergalactic medium (IGM) probably evolved less
drastically. Therefore, it is paramount to understand the possible generation of inter-
galactic magnetic fields, as they may be our key to probing the generation of CMF.

This has precisely been the motivation of Durrive & Langer (2015). They studied a
mechanism which generates CMFs in the neutral IGM by the first luminous sources

1 During inflation, at the electroweak and quark-hadron phase transitions, or during Recom-
bination

1 Thermal Biermann battery, plasma instabilities or radiation-based processes, but fields may
also in fact originate from outflows
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Figure 1. Illustration of our procedure: We first evaluate the magnetic field generated around
one source, surrounded by a distribution of clouds (left panel) and then we consider a distribution
of sources (right panel). See section 2 for the meaning of the colors and lines.

(Population IIT stars, primordial galaxies and quasars) that form all along EoR. Phys-
ically the process is natural: since the mean free path of photons goes as the cube of
their energy, high energy photons (UV and X) reach large distances, well beyond the
Stromgren spheres of the source they are from. As they ionize the neutral IGM they
generate a charge separation, thus inducing an electric field, which is maintained since
the source emits photons continuously. In regions where this electric field is rotational,
by Maxwell-Faraday’s law, we know that some magnetic field is induced. As detailed in
their paper, this latter condition is fulfilled in regions with density gradients, i.e. magnetic
fields appear in the IGM because it is full of inhomogeneities.

The purpose of Durrive & Langer (2015) was to derive the details of this mecha-
nism around isolated sources. In our work here we consider in addition the cosmological
context, and estimate to which level this mechanism may have participated to the mag-
netization of the whole IGM throughout the EoR.

2. Procedure

We illustrate our procedure in Fig 1, which consists in the following steps:

(a) First, we consider an isolated source, cf. the orange dot in the left panel of Fig 1. In
this figure, the gray blurry spots represent the small inhomogeneities of the IGM, namely
small overdense regions of baryonic gas that surround the source. In Durrive & Langer
(2015) the authors derived in great details the characteristics of the magnetized region
around each of such baryonic clouds. We represent this as blue frames in Fig 1. For our
purposes, we do not need so much details, so we first condensed these information into
a simpler and more tractable version of their results. Thanks to this, we then derive an
efficient expression for the magnetic energy density E,, (D) associated to any cloud of
mass m at a given distance D to the source.

(b) We then sum up the contribution of all the clouds surrounding the source. But
to do so, we need to estimate the distribution of such baryonic clouds, which we do
by considering their underlying dark matter (DM) haloes, in order to make use of the
Press-Schechter formalism. In other words: The source, contained inside a DM halo of
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mass M, contributes to the magnetization of the IGM by injecting an energy

l, 7"ma‘<
EM_/ / D)d2P(D,m|M) (2.1)
i’

M min

where d? P(D, m|M) is the probability of finding a DM cloud of mass m within a spherical
shell of volume 47 D?dD, at a distance D from the halo of mass M. As one can see from
the boundaries of the first integral in equation (2.1), we take into account only the clouds
outside the Stromgren sphere (of radius 7,), but not too far from it, namely inside an
‘interaction zone’ beyond which not enough photoionizations occur for the mechanism to
be efficient (orange dashed lines in Fig 1). The boundaries of the second integral, myiy
and my, ., for the mass of the clouds, are important parameters of this process, and we
discuss in details how we chose them in Durrive et al. (2017).

(¢) Then we consider the full cosmological context, as in the right panel of Fig 1.
The energy F); generated around each source must be integrated over the distribution
of DM haloes containing these sources. However, ionized bubbles of individual sources
start to overlap around the end of the EoR. Since our mechanism takes place only in the
neutral IGM, the efficiency of magnetic field generation actually decreases as reionization
proceeds. Hence, let us now denote by @;(z) the volume filling factorf of ionized bubbles
at a given redshift z. While summing up the contribution of each single source, we weigh
this with a factor 1—Q;(z) in order to reduce the generated magnetic field energy as time
increases according to the ionization of the IGM. We thus estimate the mean physical
magnetic energy density generated by photoionizations during EoR as

B2 (Z) z0 . Q Moy ax dn
— 4/ dz’ . AME,; g —2% 2.2
- (1+2) i Z(1+z)5H . MIg Jof (2.2)
where (h”]’cy is the mass function of the DM haloes, with mass M, hosting the sources. We

also use the Press-Schechter formalism to compute it and we discuss our choices for the
values of the boundaries M, and M,,.y. The parameter z; is the redshift at which the
first sources form. We also introduce a parameter gy corresponding to the rate at which
DM haloes ‘switch on’ sources, with a numerical value chosen in order for our model
to be consistent with important observational constraints on EoR, namely the optical
depth parameter deduced from the Planck 2015 data and the end of EoR. Finally, the
parameter H and the (1 + z) factors are due to the expansion of the Universe, which
dilutes the magnetic fields.

3. Results and discussion

Formula (2.2) constitutes our main result, together with Fig 2 which shows examples
of the redshift evolution of the mean comoving magnetic field thus accumulated in the
IGM. The general trends are natural: As time passes, this value increases since the sources
appearing magnetize the IGM, and the curves reach a plateau at redshift ~ 8 as EoR
ends and no more neutral IGM is available for this mechanism to operate. The different
curves correspond to three types of models. The green curve corresponds to our fiducial
model, the red is for a universe with ’strongly ionizing’ galaxies (i.e. maximal escape
fraction and stars formed to stay consistent with Planck data) while the blue is for a
universe with 'weakly ionizing’ galaxies (i.e. minimal escape fraction and stars formed).

We conclude that the Universe may thus be globally magnetized to the order of a few
1072% G comoving i.e. several 10~!® G during EoR. We emphasize that when comparing

1 which we estimate in the usual way done in studies of EoR
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Figure 2. Evolution with redshift of the mean comoving magnetic field accumulated in the
IGM for different reionization parameters. See section 3 for details on the colors.

our predicted values to other studies in the literature, one should remember that we did
not take into account any amplification process. See Durrive et al. (2017) for more details
on comparisons, but the bottom line is that we claim that while the magnetogenesis
process itself is of astrophysical nature, it is relevant on cosmological scales, and in
particular in voids.

Of course, this analysis is simplistic in several ways, but we believe that it consti-
tutes a good order of magnitude because our approach overestimates some processes and
underestimates others [cf. discussions in Durrive et al. (2017)]. The point of such an an-
alytic approach is also to exhibit the numerous processes at play, which is key to guide
us in the next step, namely of using numerical simulations, to assess the properties of
the fields in more realistic contexts (work in progress). Let us end with optimism, by
pointing out that some recent studies suggest that even fields as weak and as remote as
the ones predicted here, maybe one day, will in fact be directly measurable with SKA
[cf. Venumadhav et al. (2017) and Gluscevic et al. (2017)].
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