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Can galactic magnetic fields diffuse into the voids?
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Cosmic voids are magnetized at the level of at least 107!7 G on Mpc scales, as implied by blazar
observations. We show that an electrically conducting plasma is present in the voids, and that, because of
the plasma, diffusion into the voids of galactic fields generated by a mean-field dynamo is far too slow to
explain the present-day void magnetization. Indeed, we show that even in the presence of turbulence in the
voids, dynamo-generated galactic fields diffuse out to a galactocentric radius of only 200-400 kpc.
Therefore, it is challenging to meet the required volume filling-factor of the void magnetic field.
We conclude that a primordial origin remains the most natural explanation to the space-filling weak fields

in voids.

DOI: 10.1103/4114-mgsp

I. INTRODUCTION

Magnetic fields in the most tenuous environments of the
cosmic web (cosmic voids) are now indirectly constrained
at the 1077 G level (for coherence lengths >Mpc) by
TeV-GeV blazar observations and the nondetection of
extended GeV halos [1-3]. These constraints require that
a large volume fraction of the line of sight is magnetized:
modeling of cascade suppression typically demands filling
fractions =0.6 for =10~ G fields [4-7].

Two broad classes of scenarios are considered for
the origin of such void magnetic fields. In primordial
models, magnetic fields are generated in the early Universe
(inflationary or phase-transition magnetogenesis) and then
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processed by magnetohydrodynamic (MHD) decays and
cosmic expansion; these scenarios naturally yield spatially
extended magnetization that can pervade under-dense
regions [8,9]. In contrast, astrophysical scenarios inject
magnetic energy late, via galaxies and active galactic
nuclei (AGN) such as winds, jets, outflows, and batteries,
resulting in a more patchy cosmic magnetization pattern
correlated with matter halos and with a strong dependence
on the source population and transport efficiency [5,10].
State-of-the-art cosmological MHD simulations compar-
ing these two families find that primordial seeding
tends to produce larger filling fractions than late, purely
astrophysical seeding at fixed observational constraints
[e.g., [5,7,11-13]].

The dynamo mechanism amplifies magnetic fields in
galaxies. Such fields are typically quadrupolar in spiral
galaxies [14-16]. Even if the dynamo in the disk is
quadrupolar, that in the galactic halo can be dipolar [17,18].
A recent analysis [19] claims that the ensemble of galactic
dipoles alone can produce space-filling pG-level void fields
sufficient to explain the blazar data, even without outflows

Published by the American Physical Society


https://orcid.org/0000-0003-2226-0025
https://orcid.org/0000-0002-7304-021X
https://orcid.org/0000-0001-5393-2205
https://orcid.org/0000-0002-6748-368X
https://orcid.org/0000-0002-2821-7928
https://ror.org/05f0yaq80
https://ror.org/03r06fs10
https://ror.org/026vcq606
https://ror.org/05f0yaq80
https://ror.org/05f0yaq80
https://ror.org/05x2bcf33
https://ror.org/051qn8h41
https://ror.org/01ggx4157
https://ror.org/01swzsf04
https://ror.org/01swzsf04
https://ror.org/01swzsf04
https://ror.org/05f82e368
https://ror.org/05f82e368
https://ror.org/02feahw73
https://ror.org/02s376052
https://ror.org/02s376052
https://ror.org/02s376052
https://ror.org/01111rn36
https://crossmark.crossref.org/dialog/?doi=10.1103/4114-mgsp&domain=pdf&date_stamp=2026-01-20
https://doi.org/10.1103/4114-mgsp
https://doi.org/10.1103/4114-mgsp
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.kb.se/samverkan-och-utveckling/oppen-tillgang-och-bibsamkonsortiet/bibsamkonsortiet.html

OINDRILA GHOSH et al.

PHYS. REV. D 113, 023523 (2026)

or turbulence. This may suggest that dynamo-generated
magnetic fields from galaxies in the surrounding clusters
can have measurable impact at the center of the voids.
This analysis considers that the late-Universe intergalactic
medium (IGM) is a vacuum with a static superposition of
galactic magnetic dipoles. This entails the following: each
galaxy with a characteristic By ~ pG magnetic field at a
scale R~ 10 kpc contributes ~By(R/r)* ~10712 G at
r ~ 1 Mpc, before averaging over lines of sight owing to
different orientations [20].

In this article, we argue that the vacuum assumption is
not valid on the void length scale because the number of
charge-carriers is significant. We show that voids are an
electrically conducting medium, which, even preceding the
reionization of the Universe, maintains non-negligible
conductivity. Therefore, voids must be treated as plasma.
From the plasma physics perspective, static magnetic fields
from a compact current system could in principle extend
into the surrounding medium. However, we show that
filling previously unmagnetized voids this way within
cosmological times is impossible: we demonstrate that
even turbulent, as opposed to Ohmic, diffusion, remains
extremely inefficient.

In addition, we show that quadrupole fields have softer
fall-off (cxr~2) as opposed to dipolar fields, which spread
out from the center of the galaxy as or~>. Nevertheless,
void magnetization cannot occur regardless of whether the
field is dipolar or quadrupolar.

A possible way out might be to admit bulk flow transport
(e.g., advection, reconnection in turbulence, outflows)
rather than just diffusion. However, the abundance or
frequency of energetic astrophysical outflows is highly
uncertain, limiting the ability of these events to meet
observed filling-factors [7,21]. Therefore, we do not con-
sider them in our analysis. Moreover, the recent discovery
of a class of unexpectedly large radio jets [22,23], might in
principle lead to substantial magnetic pollution, even
though the exact interpretation of these observations
remains debated [24]. We do not consider such extreme
objects also on the grounds that they are sporadic and thus
cannot play a pertinent role in magnetizing the voids.

We begin with a discussion of the level of ionization in
the voids and the resulting conductivity (Sec. II). Next, we
discuss the radial spreading of magnetic fields generated by
a dynamo mechanism both for dipolar and quadrupolar
fields (Sec. III). Finally, we discuss the projected rotation
measure contribution in both cases (Sec. IV), before
concluding in Sec. V.

II. PROPERTIES OF THE VOID PLASMA

In this section, we examine the nature of the void plasma.
We start with a review of the general properties of plasmas.
We then evaluate the conductivity of the Universe over
cosmological timescales, taking into account the effect of

reionization. This leads us to an estimate of the resistivity in
voids today.

A. Plasma conditions from vacuum to voids

Whether a plasma is collisional depends on the mean free
path Z\q, of its constituent particles, which in turn depends
on the temperature and composition of the plasma, as well
as the energy and density of the various constituent particle
species, based on which we can establish two different
regimes.

When the mean free path 75 of the particles is
significantly smaller than the characteristic system scale
L, we can consider the plasma to be collisional. In
Appendix A, we show that this condition is satisfied
throughout the thermal history of the Universe on cosmo-
logically relevant scales. In contrast, when the mean free
path &, is larger than L, particles can interact through
kinetic effects such as instabilities, Landau damping and
turbulence, exemplifying the collisionless regime. For
orientation, we summarize the above along with vacuum
conditions in Table I.

The concept of conductivity in a collisional plasma
relates to particle scattering. In particular, scattering
between electrons, ions, and photons are of importance.
Depending on the temperature of the plasma, the scatter-
ings taking place will result in conductivities in the
Coulomb or Thomson regimes. A general discussion on
Coulomb (Spitzer) and Thomson conductivity can be found
below. For collisionless plasmas, on the other hand, wave-
particle interactions such as Landau damping and various
instabilities such as Buneman or ion-acoustic instabilities
lead to an effective conductivity. In addition, turbulence
driven in the plasma can contribute to an effective con-
ductivity. Estimates of conductivity depend on the growth
rate of the instabilities directly or through the diffusion
coefficient and effective collision frequency.

After reionization, the mean comoving baryon number
density is n, ~2.5 x 1077 cm™ [25] at z = 0; for a fully
ionized H/He plasma, this leads to an electron density
n, ~ (0.85-0.9)n, [9]. The density contrast in the void is
A=én,/n, <1, with typical underdensities implying
n,~1078 — 1077 cm™ at z ~0. The exact values of the
density depend on redshift and void selection.

In the following subsection, we discuss general proper-
ties of void plasmas and the electric conductivity through
cosmic times, ignoring turbulence effects.

TABLE I. Conductivities in collisional and collisionless plas-
mas as well as under vacuum conditions.

Cmip << L (collisional) Cmip > L (collisionless) Vacuum
Spitzer conductivity Conductivity from n— oo
Osp Landau damping, instabilities ¢ — 0
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B. Conductivity of the Universe

The Universe can always be treated as a collisional
plasma on cosmologically relevant scales [26] (see
Appendix A). Let us assume that we are in a phase of
its evolution in which the only relevant charged particles
are nonrelativistic electrons and protons. Then, the Drude
model for the conductivity gives

Jiot = Je T .]p = —en,v, + eanp

:ezxen,,<r—e+f—p>E, (1)
m, m,

where we have set v = te(z/m)E with m the mass of the
particle, 7z its mean-free time between collisions, and E a
test electric field. Furthermore, the Universe is neutral, so
that n, = n, = X,n;, where n,, is the baryon density, and
X, = n,/(n, + ng) the time-dependent ionization fraction,
where we have neglected helium [27]. The conductivity is
therefore

c=e’X,n, <T—e + T—p> . (2)

m, m,

For each particle species, one needs to consider the shortest
mean-free time between collisions; however, conductivity
is governed by the particle species with the longest mean-
free time between collisions, weighted by its mass.

For example, the mean-free time for Coulomb scattering
of thermal electrons off protons is (see, e.g., [28,29])

T _ fe,C _ 37% & (3)
“CT (v aV2metnAn X (T)\ T,

where T, denotes the baryon temperature (that we get
from [30,31]), while T is the photon temperature (i.e., the
one of the Universe), and In A, is the Coulomb logarithm.
Substituting in Eq. (2), accounting also for the protons, this
does indeed give the Spitzer conductivity [28]

3/2
3T,

N Y

4)

Usp

which depends weakly on n, through the Coulomb
logarithm [32]; see Appendix B. The Spitzer conductivity
acquires an additional factor of 2, when considering a
thermal electron plasma with a Maxwell distribution.

The mean-free times for electrons due to Thomson and
Coulomb scatterings are related via

3/2
Zel =V2zxlIn Acnhxe(T) (%) ’ (5)

Te,C b

where we have used 7, r = (o7n,) ™" and 67 = 3mZ/(8ze*),
and 7, = n,/n, denotes the baryon to photon ratio.

For protons, one gets 7, 7/7,c = (m,/m,)**(t,1/7.c).
Therefore, Thomson scattering is more efficient for elec-
trons at

T, In A, 2/3
5/3(T) 2 <\/~2—7;’7b> m,~19 eV, (6)

where in the last equality we have substituted In A, = 30
and 75, =6 x 107!9 while for protons this becomes
T,/X23(T) > 1.45 eV(m,/m,) ~3291 eV. Note that at
these high temperatures, 7, = T.

At very high temperatures (but still low enough that
we are safely in the nonrelativistic limit; otherwise our
approach is not valid"), one expects Thomson scattering to
be the most efficient for both particle species, in which case
the conductivity is determined by protons that have the
longest mean-free time, and is constant (since X, ~ 1 at
high temperature)

3
% ﬁ@’?bxemp- (7)

A phase then follows in which the conductivity is still
dominated by the protons, although the relevant interaction
is Coulomb scattering

3/2
N 31/ '
4v/2me* In A, /1,

(8)

Op.C

This holds until temperatures such that z, r/m, < 7, c/m,,
1.€.,

Th lnAc m, 2/3
> — ~ 233 eV. 9
S ” <¢2n"” m,,) 23V, O

From this temperature threshold until the threshold given in
Eq. (6), the conductivity is once again nearly constant,
determined by Thomson scattering of electrons, which is
the process with the longest mean-free time weighted by
the mass

aneme' (10)

OoT >~
o 8re?

However, after the temperature threshold given in Eq. (6),
Coulomb scattering becomes the relevant process for both
particle species, and the conductivity is provided by the
Spitzer one in Eq. (4).

The upper panel of Fig. 1 shows the Universe conduc-
tivity as a function of redshift: the phases derived above are
apparent. We also show Eq. (4) throughout cosmic time, for

'For an evaluation of the conductivity in the very early
Universe; see [33-35].
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FIG. 1. Upper plot: conductivity of the Universe (in natural
units) as a function of redshift (blue solid line) together with
Spitzer conductivity Eq. (4), i.e., Coulomb scattering of the elec-
trons (orange dashed line). Lower plot: resistivity 7 = (uo0) ™' asa
function of redshift (blue solid line), together with the ratio
between the diffusion time and the Hubble times, evaluates at
the Hubble scale (orange dashed line; see Sec. III B 1).

comparison. The drop in free charges due to recombination
temporarily reduces the conductivity, before Reionization
increases the ionization fraction X,(7) again, so that
Eq. (4) becomes valid again and the conductivity evolves
as Ti/ 2. The effect of the heating of the baryons due to
reionization is also clearly visible, leading to an important
increase in the conductivity in the late time Universe.
The lower panel of Fig. 1 shows the magnetic diffu-
sivity.2 In the late Universe, when the conductivity is the
Spitzer one of Eq. (4), the resistivity becomes [36]

Tb —3/2 lnAC _
;7:107(104K> <30>cm251. (11)

For the baryon temperature today, 7, ~3100 K, this
provides 7~ 10% cm?s~!. Thus, the magnetic Reynolds
number R,, = uL /5 is enormous even for modest inter-

galactic flows (velocities u ~ 100 kms~!, and length scales

’Here we use the terms resistivity and magnetic diffusivity
interchangeably. We note, however, that in plasma physics,
resistivity differs from the magnetic diffusivity by the vacuum
permeability. In our case, resistivity and magnetic diffusivity have
units of cm?s7!.

L ~ 1 Mpc), and field lines are effectively frozen into the
plasma on large length scales. The Universe is therefore a
highly conducting, nearly ideal-MHD medium [10,37].
Figure 1 clearly shows that the conductivity is never zero
throughout the Universe, even before reionization has
refilled the ambient medium with charged particles. The
cosmological evolution of the conductivity (and the cor-
responding magnetic diffusivity) implies that it is not
accurate to treat the cosmic voids as vacuum on the void
scale. We now proceed to estimate how the presence of a
finite magnetic diffusivity influences the spreading of
dynamo-generated magnetic fields in voids.

III. GROWTH AND EVOLUTION OF DYNAMO-
GENERATED MAGNETIC FIELD

A. Galactic dynamo and magnetic field growth

The galactic magnetic field can be amplified from tiny
magnetic seeds via the mean-field dynamo mechanism,
converting kinetic energy from the ionized turbulent plasma
into large-scale magnetic energy. This mechanism can gen-
erate the magnetic field in galaxies through turbulence and
differential rotation, with the magnetic field undergoing a
growth and a saturation phase. The resulting large-scale
configurations can correspond both to quadrupolar (even
parity) or dipolar (odd parity) modes [38]. In thin rotating
disks, the lowest-order quadrupole mode is favored due to its
lower dissipation [39] and thus lower critical dynamo thresh-
old. This implies that the majority of spiral galaxies, which
comprise about 60% of the galactic population, are dominated
by even-parity fields [15]. On the other hand, more spherical
systems may favor dipolar configurations [40].

Turbulence in galaxies is driven primarily by astrophysi-
cal feedback. Supernova explosions stir the interstellar
medium, injecting turbulent kinetic energy on scales well
below 100 pc [41,42]. Differential rotation of galactic disks
stretches field lines, while cosmic-ray pressure gradients
and stellar winds further amplify irregular motions [43,44].
This combination of shear and helical turbulence underpins
the mean-field dynamo.

B. Evolution of the dynamo-generated galactic field

1. Spreading of astrophysical fields through resistivity

The question we would like to address first is whether
magnetic fields from galaxies can fill voids without out-
flows, turbulence, or large-scale advection, i.e., via resistive
diffusion in a conducting intergalactic plasma.

The evolution of the magnetic field is governed by the
induction equation,

oB

E:VX(VXB)—Vx(anB). (12)
The role of the velocity V is that it is responsible for the
magnetic field generation in the galaxy and the magnetic
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field redistribution outside the galaxy. In particular, the
velocity can help rearranging the magnetic field into a
nearly force-free configuration. The last term, by contrast,
leads to the magnetic diffusion. The effects of turbulence
with velocity V enter through the first term. In order to
describe turbulence on large scales, it is convenient to
consider the averaged equations [36,38],

%ZVX(W)-VXWXB). (13)

The difficulty here comes from the nonlinearity, V x B.
It has contributions both from the mean fields and its
fluctuations, v=V — V and b = B — B. We assume that
the definition of averaging obeys the Reynolds rules [38],
in which case

VxB=VxB+vxbh. (14)

In mean-field electrodynamics [38], it is possible to close
the equations by expressing v x b in terms of the mean
fields, e.g.,

vxb=aB -5,V x B, (15)

where a is a pseudoscalar related to the kinetic helicity and
responsible for large-scale magnetic field generation, and
Hurb 1S the turbulent magnetic diffusivity. Ignoring the aB
term, since we do not need it for our argument, Eq. (13)
becomes

%:VX (VxB) =V x [+ nus)V x Bl (16)

Thus, we see that in the turbulent case, the effective
resistivity becomes #er = 17 + Huurp-

Let us first use Eq. (12) and the results of Sec. II to show
that, due to the very high conductivity of the Universe
throughout its thermal history, the magnetic diffusivity is
utterly negligible on cosmological scales, and therefore
ideal MHD is a good approximation to describe the
magnetic field dynamics. Indeed, as we show in the lower
plot of Fig. 1, the diffusion time over one Hubble distance
is much greater than the Hubble time throughout the
cosmological evolution.” In particular, today it is

tair(La) &: 3 % 10%0. (17)
Iy nty

The scale that gets dissipated over one Hubble time
today is

*Note that this estimate is valid when electrons and protons are
no longer relativistic, but the situation is the same at higher
energies [8,33,34].

L ~/tyn =2 x 107 pc (18)

meaning that the MHD approximation is certainly valid at
the void scale.

We now focus on the case of interest, i.e., dynamo-
generated galactic fields. The spreading of the magnetic
field is different at early and late times of the dynamo
process. In the kinematic phase, when the magnetic field is
still growing exponentially in time proportional to e”’,
where y is the growth rate of the dynamo, the magnetic field
tends to spread linearly in time [45]. The unmagnetized
exterior is separated from the magnetized region around the
galaxy through a front of radius r,,, where the magnetic
field falls off exponentially with radius r proportional to
e~ with a suitable coefficient x. This implies that

B(r.0,0)] o " = e=0=cim)(19)

where ¢ = 7/K is the front speed. Because the expan-
sion velocity is constant, we refer to this regime as ballistic.

The front speed depends on the diffusivity regardless
of whether it is turbulent or microphysical (Ohmic).
Therefore, we denote the diffusivity in the following as
et = 1 + Ny Using k = (y/nr)"/? in Eq. (19) yields
Ciront = (Goatistic?Mesr) /> for the front speed. Here, gyapisic
is a coefficient that we shall determine numerically for a
specific model. Thus, the corresponding front radius has the
following time dependence [45]

2 _ 2 p2
rfront(t ) = Qvallistic? et ™ = fballistic' (20)

Later, when the dynamo has saturated, the magnetic field
can still expand diffusively so that

r%ront(t) = qitett! = l’ﬂﬁiffy (21)

where the front radius now only grows like 7'/2. Here, g
is again a coefficient that will be determined numerically.

To get an idea about the possible expansion radii,
we now adopt some plausible parameters, focusing first
on the nonturbulent case, i.e., we set 7.4 =7 (for the
turbulent case, see next section). For the kinematic phase,
we must distinguish between the growth rate of the large-
scale magnetic field, which can be rather small, and that
of the small-scale magnetic field, which is larger. A
conservative estimate for the large-scale dynamo is
between 2 Gyr~! [46] and 3 Gyr~' [47]. For comparison,
the typical angular velocity of our galaxy is 30 Gyr~!.
Typical growth rates of the small-scale magnetic field can
be of comparable order. With y =2 Gyr~!, after one
Hubble time (fy~ 13.8 Gyra~4 x 10'7s), we have
yty = 30, which corresponds to an amplification factor
of e ~ 10'3. Using n = 107 cm?s~! for T = 10* K in the
void, as seen from Eq. (11), this would lead to a ballistically
expanding front radius of about 7y = panisic ~ 10" cm.

023523-5
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TABLE II.  Effective diffusivity 7. and diffusion lengths Z ;¢ (#;) after one Hubble time for different combinations
of U and Ay, for ggee = 1. Note that 1 kpc/(kms™') ~ 1 Gyr and 1 kpckms™' ~ 3 x 106 cm?s™!.
Utrb Aturb Nett = 1 =+ Nurp Caiee(tn)  Cvanisiic (tr) Laite / ta
[kms™!] [kpc] [kpckms™!] [cm?s”!]  [Mpc] [Mpc] (for L = 10 Mpc)
No turbulence . 3x 10720 107 7x 1078 3.5x10712 2 x 102
Cosmic web dynamics 10 1000 3000 1030 0.2 1 105
Outflow 300 100 10* 3 x 1030 0.4 2 800
. . ~ . . . . 1
This is +/30x5 times the diffusion length, i.e., Mot 3 Uy s (24)
Craliistic & S aitr, Where

fdiff(t) = (qdiffi’]t)l/z ~2 X 1012 cm for ¢t~ tH, (22)

with which the front continues to expand after the initial
growth phase. Thus, we have g ~ 0.004 AU after one
Hubble time if gg = 1, and five times larger for the
ballistic phase when gy,pisiic = 1. This length is negligible
compared to the void size.

Equivalently, the Ohmic diffusion time across a mega-
parsec is

2

L
tage ~— > 1030 yr (L =1 Mpc). (23)
n

Hence, in a reionized intergalactic plasma, resistive dif-
fusion alone cannot transport galactic fields into voids on
cosmological timescales. This conclusion is insensitive to
the precise void electron density, because og, depends only
weakly (logarithmically through In A.) on density [10,37].
The exact density dependence of InA. is discussed in
Appendix B. The nonturbulent case is demonstrated in the
first row of Table II.

2. Turbulent diffusivity in the void

The analysis of cosmological simulations in, e.g., [48,49]
indicates that turbulence is generally well developed in
clusters and filaments associated with transonic or mildly
supersonic flows, while turbulence may be injected in the
voids from large-scale structures [48]. The injection scale
associated with cosmic web dynamics can be obtained by
considering the curvature radii of cosmological shocks
outside clusters, which are of order a few Mpc, implying
outer eddy scales Ay, of order ~Mpc. In addition, magnet-
ized outflows from winds, jets and bubbles can introduce
turbulence in the voids, however, with typically smaller
injection scale of a few x10% kpc [21,50,51].

In a conducting fluid, small-scale random motions can
mix magnetic flux, which leads to an enhanced effective
eddy or turbulent diffusivity [see Eq. (16)]. For nearly
isotropic turbulence, 7. is well approximated by the
mixing length estimate [52]

where u,, and A, are the rms turbulent speed and
outer (energy—containing) scale, respectively [36,38].
Compressibility, anisotropy, and magnetic feedback can
modify the expression somewhat, but Eq. (24) remains the
standard benchmark [36,53].

If magnetic transport on large scales is modeled as
diffusion with coefficient #,,,, Eq. (21) at t = ty can be
written as

1/2 Uy 172 l’ﬂur 1/2
£ gire (ty) ~ 2-2(]di/ff<1 kr[nl;‘l) <1 ;q;)c kpe.  (25)

As we have seen, for yfi; = 30, and assuming the prefactors

to be unity, the values of £ e are just v/30 ~ 35 times
larger. When turbulence is present, 7o = 7 + b = Niurb
(see Table II), and the time to smear a field across a
scale L is

L> L? 3L7
tair (L) = — = = . (26)
Meff  Miurb uturb/lturb

Equation (24) can be combined with physically motivated
ranges of values for void/near—void environments. In
particular (see also Table II):

(a) Cosmic web dynamics: Based on the analysis of
the gas flows in state of the art cosmological simulations,
the turbulent velocities in cosmic voids are of order
U, < 10 km/s on Ay ~Mpc scales set by curved
shocks [48], and the turbulent pressure is < 0.1 of the
thermal gas pressure there [e.g., [54-56] ]. This yields as
maximum value 7y, ~10°°cm?s™!, £ (1) = 0.22 Mpc,
taire(L = 1 Mpc) =~ 300 Gyr. The case of turbulence owing
to cosmic web dynamics is listed in the second row of
Table II.

(b) Outflows: Starburst events in galaxies can impose
additional turbulence into the ambient velocity field in the
outskirts of galactic halos, as a result of ionized or cold gas
biconic outflows, with typical velocities of ~100-300 km/s
for nearby galaxies [e.g., [57] ] and about twice as large in
higher redshift galaxies in the ~10’=10°M, range and with
redshift z ~ 4-9 [58]. In some galaxies, the outflow velocity
is higher than the escape velocity from the gravitational
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potential of the host dark matter halo, meaning expelled
outflows are able to propagate into the IGM. Numerical and
semianalytical methods predict expansion velocities of the
same order, and a typical maximum radius of a few ~100 kpc
reached after ~1 Gyr of expansion [e.g., [59,60] ]. Taking a
reference value of uyy, = 300 km/s and A4, = 0.1 Mpc,
and in the limiting scenario in which the entirety of the
outflow velocity is dissipated into turbulence (while in reality
part of it gets dissipated via shock heating), we can roughly
estimate 7y ~ 3 X 10°0 cm?s7!, Ay (ty) =~ 0.37 Mpc,
tarr(L = 1 Mpc) ~ 100 Gyr. The case of turbulence
driven by outflows can be found in the third row of
Table II. Even more conservative is the estimate of ionization
front-driven turbulence in voids, for which Ref. [61] quoted
timescales of 1 Gyr and length scales of 1 kpc leading to
Mo ~ 0.3 kpckms™ = 10% cm?s~!. The authors pro-
posed such turbulence as a source of small-scale dynamo
action. This would be a rather unconventional proposal for
void magnetization, and, if true, should be even more
efficient in the turbulent cases we presented in Table II.

In all cases, it has to be considered that such turbulent
motions have to compete with the systematic inflow of gas
from voids onto their surrounding halos, which is estimated
to have ~150-300 kms~' velocity out to ~20-30 Mpc
from halos [62]. In this sense, our analysis is conservative.

Even though 7,4, > n by ~23 orders of magnitude, the
low turbulent speeds expected in halo outskirts and the
large transport distances required mean that turbulent
diffusion alone still spreads field lines only over ~Mpc
scales during a Hubble time, insufficient to magnetize voids
of size ~10-50 Mpc to the high filling fractions implied by
y-ray cascade constraints. In MHD turbulence, magnetic
connectivity changes via turbulent reconnection [63],
which enables flux to spread and mix at rates controlled
by turbulent amplitudes and injection scales rather than by
microphysical resistivity [64—66]. In the super-Alfvénic or
trans-Alfvénic limit, this leads to effective transport speeds
~Uyp and hence to 7., of Eq. (24); in sub-Alfvénic
regimes transport is reduced by powers of the Alfvénic
Mach number [ [64,65] see also reviews cited therein]. The
key conclusion above therefore stands: without substantial
turbulent stirring in voids, neither Ohmic diffusion nor
turbulent diffusion can spread galactic fields across many
Mpc within a Hubble time.

C. Simulation results: Growth and evolution of
dynamo-generated magnetic fields

In vacuum, the far field of a localized source falls as =3

for a dipole and as r~* for a quadrupole, with higher
multipoles decaying even faster [20]. In a conducting
medium, however, as we show below, the quadrupole field
falls off only as r~2, provided we are still well within the
diffusion radius £, up to which the magnetic field has
expanded [45]. As we have seen above, this radius is
usually well below 1 Mpc. Nevertheless, within this radius,

the quadrupole field in a conducting plasma is stronger than
the dipole field, which still falls off as 7> for r < £

To simulate the radial spreading of a dynamo-generated
magnetic field into a possibly poorly conducting
exterior, we solve the mean-field dynamo equations in
axisymmetry [38]. In Egs. (13)—(15), the a effect denotes a
pseudoscalar related to the kinetic helicity of the turbu-
lence, and 7,4, is the turbulent magnetic diffusivity defined
in Eq. (24). The dynamo is confined to radii r < R, where
a # 0. Here, R could be thought of as the typical radius of a
galaxy (R =~ 10 kpc), but we make no attempt to model any
specific aspects of galaxies other than their symmetry about
the midplane. Notably, in order to optimize the prospects of
finding a generic radial scaling behavior, we simulate a
spherical domain. Furthermore, we also ignore differential
rotation. The value of 7, is finite everywhere, but usually
larger in the exterior than in the interior, where the dynamo
operates. In the following, we set 71X} = 504, to model a
sufficiently diffusive exterior.

The a effect in the interior is proportional to z/R, where
z =rcos@ is the height above the midplane, and € is
colatitude. When the dynamo number C, = ayR/n™,
exceeds a certain critical value, where the coefficient
denotes the strength of the a effect, there is dynamo action,
i.e., the magnetic field grows exponentially in time starting
from a small seed magnetic field. To be able to reach a
steady state, we allow a to be quenched by a factor
O(B) =1/(1 + B*/B%,), where B, is the equipartition
magnetic field strength, at which kinetic and magnetic
energy densities are equal. Therefore, the full dynamo
effect is given by a = ayQ(B)z/R. We also model the
feedback from the large-scale velocity field that is driven by
the Lorentz force of the mean magnetic field J x B. In the
dynamo domain, and for our choice of B, this effect is
subdominant compared to the effect of @ quenching. In
the exterior, however, the Lorentz force helps to make the
magnetic field nearly force-free. This is analogous to the
magneto-frictional approach used in solar physics [67].

For all of our simulations, we use the Pencil Code [68]
using 8192 x 32 mesh points in the radial and latitudinal
directions. We simulate only one quadrant from the pole to
the equator, for a total volume expanding from 0.1R to
1000R, setting a dipolar or quadrupolar symmetry con-
dition at the equator. The initial conditions are such that
there is a very weak initial magnetic field both in the
dynamo region and in the exterior. The initial field in the
dynamo determines over how many orders of magnitude
the field grows before it saturates.

When |B| < B, the magnetic field grows exponentially
xe’’, where y is the growth rate defined in the previous
section. During that stage, as discussed above, the magnetic
field spreads radially outward to a radius &y, With a
constant velocity Cgon = (y7E%)!/2 This phase ends at a
time ¢,.. When the dynamo saturates, the magnetic field still
spreads readily outward, but at a speed that declines with
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time as (¢ — ,)~"/2, such that the magnetic field is confined

to a radius r,(f) = €4y, beyond which it declines expo-
nentially. As shown in [45], the magnetic field can be
described well by the formula

B0 = o () e =i f @)

where B(r, 1) is the modulus of the latitudinally averaged
magnetic field, B, is determined numerically to be of
order By, n is an exponent discussed later, and r,(f) =
[qaisSs (£ — 1,)]Y/? grows with time; see Eq. (21). This is
shown in Fig. 2, where we plot contours of the magnetic
field magnitude as a function of time and radius for two
values of #{, and compare with two choices of gg;r. We
clearly see diffusive expansion with time and that the radial
cutoff decreases with decreasing values of #X.. This
confirms our earlier assertion that in a conducting exterior,
the spreading of magnetic fields is too small to explain the
inferred magnetization in voids.

[EEESEE———
-20 -15 -10
lg 1Bl/Beq

bain(t) [Mpc]

lg 1Bl/Beq

bain(t) [Mpc]

FIG.2. Logarithm of the quadrupolar | B| versus time and radius
showing the diffusive expansion for n2X\ = 1030 cm?s~! (top)
and 2 x 10% cm?s~! (bottom). The lower black dashed and
upper white dashed lines denote €y = [qaieenSSS (£ — 7,)]'/? with
qairr = 2 and 100, respectively.

We now discuss the exponent n in Eq. (27). As
demonstrated in [45], our findings are that n =3 for a
dipolar field, while n =2 for a quadrupolar one. The
reason for the unconventional radial B =2 power law
for a conducting exterior is related to the fact that the
toroidal field for our quadrupolar mode is of the form
B, (r,0) < r2P{(cos §), while the toroidal vector poten-
tial describing the poloidal field Bpo] =Vx (AM)) is
Ay(r,0) o r3P}(cos 0), which is still of the conventional
form. Consequently, the averaged field B is dominated by
the toroidal component. Such a magnetic field is found to
emerge naturally in computational domains that are much
larger than the dynamo itself. Here, we recall that we used
an outer radius of the domain that is a thousand times larger
than the dynamo. For further detail and additional model
results, see Ref. [45].

Independently, we can use the numerical results to
determine the coefficients gp.isic and gge in Egs. (20)
and (21). For that purpose, it is convenient to determine the
instantaneous front radius r,(z) as a weighted integral,

r (1) = / PR (r, 1) dr // PB(r0dr. (28)

We can then determine g4 from the late-time value of
72 /N It turns out that gy, > 1.7 for our runs, but it is
still slowly increasing until the end of the run. It is therefore
tempting to assume that the correct value is actually the
same one as for Brownian diffusion, i.e., g4 = 2. For the
ballistic regime, we use a similar procedure as in Eq. (28),
except that we choose n = 6 to account for the steeper
radial decay observed in the kinematic regime. We find a
value around gy 5. = 0.1 for our spherical models. This
value is rather small, but may also depend on other
properties of the model. For a Cartesian model, by contrast,
we typically find a value close to unity [45].

IV. OBSERVABILITY OF DYNAMO-GENERATED
FIELDS: FARADAY ROTATION MEASURES

As demonstrated in Sec. II, dynamo-generated galactic
magnetic field cannot spread into the voids within a
reasonable timescale (Hubble time). In this section, we
delve into the potential observable signatures of dipolar and
quadrupolar galactic magnetic fields through Faraday
rotation measures (RMs), which remain the most direct
probe of cosmic magnetic fields.

On extragalactic scales, Faraday-rotation studies are
used to directly probe the extent of magnetization of
the circumgalactic medium (CGM). Residual rotation
measures (RRMs) show a statistically significant excess
for sightlines near the projected minor axes of inclined
discs at impact parameters <100 kpc, with RRMs of
7.8+ 0.9 radm™2, and at impact parameters =100 kpc,
414+02radm™ for RRM, leading to an average
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magnetic field strength of 0.5 pG along an average sight-
line length of 100 kpc [69].

For all galaxies, magnetic fields arising from galactic
dynamos will eventually diffuse to a certain galactocentric
radius leading to a residual magnetization within a “mag-
netosphere” associated with each galaxy. In order to
address the observability of the diffusion of dynamo-
generated galactic magnetic fields, we compute the RM
for dipolar and quadrupolar fields. Further details are
provided in our companion article [45].

The power-law dependence of the thermal electron
density can be estimated as [70]

107 (—L ) emm, 2
= 10 (100 kpc) cm (29)

Using Eq. (29), we can then compute

Ny B, dy )
RM = 812 - d 30
/(1 cm‘3> (1 pG) (1 kpc) radm™, (30)

where B, is the line-of-sight magnetic field given by

B, = sin@sin ¢B, + cos@sin pBy + cospB,,  (31)

with ¢ is the azimuthal angle and @ is the colatitude.
For power laws of the form ny, « r~*, we obtain RM «
r~27% and or~!~* for the dipolar and quadrupolar solutions,
respectively. In Fig. 3, we show radial profiles of RM for
the quadrupolar field using Eq. (31) with s = 1, which is an
approximation in line with the most recent observations
obtained by the x-ray eRosita satellite on the Milky Way,
providing s = 0.5-1.5 [e.g., [71] ]. Figure 3 clearly shows a
radial power-law dependence of the RM. For this particular
evaluation of the RM, we have fixed r, = 300 kpc, the
diffusion length expected in one Hubble time for the

10°g 6=60° 3
— -1 i o > ~. ~ 2 1
) 10 ? 30 45 \«\_\. T ?
: F - 3
-2 .
E 10
i i ]
= 107°F E
= g ]
10745 3
107°L 1
10 100 1000
7 [kpe]
FIG. 3. Radial profiles of RM for the quadrupolar field: we

observe a power-law behavior of RM for r < r, ~ 300 kpc, and a
faster decay otherwise. The dashed-dotted line indicates the 2
scaling.

parameters chosen in the upper panel of Fig. 2. The
magnetosphere of residual magnetization extends to a
radius of ~100 kpc from the galactic center. An exponen-
tial fall-off follows, for radii r > r,.

In Fig. 4, we compare edge-on visualizations for the
dipolar and quadrupolar cases. For the quadrupolar case,
RM is the largest at the equator. This is because in our edge-
on view, RM is dominated by the toroidal magnetic field,
which is here symmetric about the midplane. For the
dipolar field, the toroidal magnetic field is antisymmetric
about the midplane and therefore the RM vanishes there.

The radial RM profiles in Fig. 3 and the RM maps in
Fig. 4 show values that drop by two orders of magnitude

-6 -4 -2
lg RM [rad m™%]

-6 -4 -2

1g RM [rad m™?]

0 200 400 600 800
z [kpc]

FIG. 4. Plot of RM for a dipolar (upper panel) and quadrupolar
(lower panel) field. The dotted lines denote radial cuts through
6 = 30°,45°, and 60°: the RM along these lines is shown in Fig. 3
for the quadrupolar field.
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between r = 10 kpc and 100 kpc. For dipolar magnetic
fields, they would decay by three orders of magnitude. The
absolute values of RM in Figs. 3 and 4 depend heavily on
the strength of the galactic dynamo in the model of choice.
They are slightly below the current threshold of detection
by radio telescopes at low redshifts. Moreover, the slope of
the reconstructed RM profiles from our simulations is
steeper than what currently constrained by LOFAR [69] or
MeerKAT [72] observations, which may be contaminated
by several astrophysical backgrounds, including but not
limited to contributions from outflows. However, by
comparing with observed rms values of extragalactic
RMs from LOFAR Two-Meter Sky Survey (LOTSS),
Ref. [73] demonstrated that large-scale structure simula-
tions of outflows such as IllustrisTNG over-predicts the
amplitudes [50,74].

V. CONCLUSIONS

We have investigated the role of astrophysically gen-
erated magnetic fields from galactic mean-field dynamos in
magnetizing the voids. Magnetic fields spread diffusively
once the galactic dynamo has saturated to its final field
strength. Prior to that, the magnetic field spreads ballis-
tically, i.e., linearly in time.

By tracing the evolution of the conductivity throughout
cosmological time, we evaluate the residual magnetic dif-
fusivity in voids. Furthermore, we study the additional
diffusivity due to the presence of turbulence in voids, which
has not been considered in the related recent work [75].
Because of the effect of diffusivity, in contrast to the results
of [19] our main conclusion is that galactic magnetic fields
cannot penetrate into a distance scale comparable to the void
size on a timescale that is less than one Hubble time. In
addition to cosmic web dynamics, which refers to the
standard scenario of gas turbulence in the large-scale struc-
ture, we explore the role of turbulent diffusion arising from
magnetized outflows. In both cases, the diffusion timescale
over the size of the voids far exceeds the Hubble time.

In addition, we performed mean-field MHD simulations
of dynamo-generated fields and show that quadrupole
magnetic fields falls off as =2 in the conducting void
plasma. This is slower than that in vacuum, where the
dipole fields fall off as =3 and quadrupole fields as r~*.
Thus, for distances within the diffusion length scale £ 4,
quadrupole fields can survive significantly better than
dipole fields. From the simulations, we clearly see that
even the quadrupole field falls off exponentially above
length scales of O ~ 100 kpc, which is in line with the
estimates of diffusion lengths we show in Table II. This
way, we could define a magnetosphere within which the
astrophysically generated magnetic field remains largely
confined instead of permeating into the void.

Finally, we delved into the observability of such
dynamo-generated magnetic fields via Faraday RMs.
The details of the dynamo model adopted in the MHD

simulation determine the absolute RM values arising from
the magnetic field contained within the magnetosphere. We
find a faster decay of the RM with galactocentric radius,
with respect to current LOFAR and MEERKAT observa-
tions of extragalactic RRMs.

Upcoming probes, such as rotation measures of fast radio
bursts through voids [76], combinations of stacked syn-
chrotron maps [77], and thermal Sunyaev-Zel’dovich map
analyses [78], as well as improved pair halo searches
associated with blazar cascades can further constrain the
filling fractions and coherence lengths of the void magnetic
field, shedding light on distinction between the astrophysi-
cal and primordial origin scenarios.

ACKNOWLEDGMENTS

C. C. is grateful to Miguel Escudero for very insightful
discussions. A. B. and O. G. acknowledge valuable discus-
sion with Istvan Pusztai. All authors acknowledge stimu-
lating discussions with R. Durrer, D. Garg and J. Schober.
O.G. is supported by the Swedish Research Council
(Vetenskapsradet) under Contracts No. 2022-04283 and
No. 2019-02337 and additionally by the Goran
Gustafsson Foundation for Research in Natural Sciences
and Medicine. This research was supported in part by the
Swedish Research Council (Vetenskapsradet) under grant
No. 2019-04234, the National Science Foundation under
Grants No. NSF AST-2307698, No. AST-2408411, and
NASA Award No. 8ONSSC22K0825. We acknowledge the
allocation of computing resources provided by the Swedish
National Allocations Committee at the Center for Parallel
Computers at the Royal Institute of Technology in
Stockholm. F. V. has been partially supported by
Fondazione Cariplo and Fondazione CDP, through Grant
No. Rif: 2022-2088 CUP J33C22004310003 for the
“BREAKTHRU” project. A.N. is partially supported by
the French National Research Agency (ANR) Grant
No. ANR-24-CE31-4686.

DATA AVAILABILITY

The source code used for the simulations of this study,
the Pencil Code, is freely available from Ref. [68]. The
simulation setups and the corresponding data are freely
available from Ref. [79].

APPENDIX A: COLLISIONALITY OF THE
UNIVERSE PLASMA

As shown in Fig. 5, the universe is a collisional plasma at
cosmological scales throughout its thermal history. In the
upper panel of Fig. 5, we show that the plasma parameter

T,
2
4re ny,

AD = —ﬂl’lb/ISD, . (Al)
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FIG. 5. The universe is a collisional plasma at cosmological

scales throughout its thermal history. Upper panel: plasma
parameter as a function of redshift. Middle panel: ratio of the
mean free path of protons (orange, solid curve) and electrons
(blue, dashed curve) to the Debye length as a function of redshift.
Bottom panel: ratio of the mean free path of protons (orange,
solid curve) and electrons (blue, dashed curve) to the Hubble
length as a function of redshift.

expressing the number of particles in a Debye sphere, is
always much larger than one. Here n,, is the baryon number
density, which we consider to be equal to the cosmological
mean baryon density. This is reasonable enough for most
parts of voids, which are consistently predicted by any
cosmological simulation to be just below 7, across most of
their volume, with the exception of the void center, where
the baryon density can reach (at least) ~10-20% of n,
[e.g., [80,81], for recent analysis].

In the middle panel, we show the ratio of the electrons
and protons mean free paths #, = (v, )7, , (accounting
for both Coulomb and Thomson interactions, see Sec. Il B)
divided by the Debye length 15, and show that this is also
always much larger than one. A collisional plasma is one
for which the relevant scales satisfy L > #\. In the
bottom panel of Fig. 5 we show the ratio of the electrons
and protons mean free paths #,,5 and the Hubble length
Ly, as a function of redshift. This quantity is always much
smaller than one. In particular, focusing on the case of the
voids today, we can appreciate that they can be treated as
filled with a collisional plasma on scales

L>10°Ly ~3x 1073 h~! Mpc, (A2)
if, as assumed in Fig. 5, the baryon number density is the
same as the cosmological mean baryon density. Since the
mean free path scales at the inverse baryon number density
[see Eq. (3)], one would need the baryon density in the void
to be as low as 107*n,, to break the condition of collision-
ality, for a void of size L ~ 30 Mpc.

APPENDIX B: DEPENDENCE OF COULOMB
LOGARITHM ON DENSITY
AND TEMPERATURE

There are three regimes depending on the types of
collision taking place in the plasma
(1) For thermal electron-electron collisions

InA, = 23.5 —In (nt*T."%)

—[107 + (InT, — 2)?/16)'/2.  (B1)
—— ne=10"%cm™3 e e-e
] --=- Ne=10"6c¢m=3 ¢ e-ion
% ne=10-8cm-3 ion-ion...=" e
36 {
v 341
<
£
32
301
28 1
100 10! 102
Te (eV)

FIG. 6. Dependence of Coulomb logarithm with electron
density, for various collisional processes shown in different
colors. The number density along the x-axis goes from void to
clusters to galactic environments.
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(2) For thermal electron-ion collisions

InA, =24 —In(n)?T;')  10eV <T,
InA, =23 —In(n)?7.%) T, <10eV. (B2)
(3) For thermal ion-ion collisions
InA, =23 —In (n*T;/?). (B3)

From Fig. 6, we see that at 7 = 10 eV, the behavior of
Coulomb logarithm with respect to temperature for e-ion
collision switches from that for ion-ion to that of ¢ — e at all
densities of interest spanning clusters, filaments, and voids.
Thus, at present day, for all practical purposes, we can refer
to the part of the plot where all curves overlap at <10 eV,
without taking into account any additional source of
heating in the IGM.
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