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Astrophysical processes associated with galaxies may contribute to the magnetization of cosmic voids.
We investigate the diffusion of galactic magnetic fields in an expanding Universe in the presence of
turbulent magnetic diffusivity. To estimate the turbulent magnetic diffusivity, we analyze the TNG50-1
dataset of the IllustrisTNG simulation and derive its redshift dependence from the characteristic turbulent
velocity and turbulent scale of the intergalactic medium. Using the resulting diffusivity, we find a present-
day magnetic screening length of ~7 Mpc, roughly 20 times larger than previous estimates based on a
constant turbulent diffusivity due to the larger turbulent scale obtained in our analysis. This scale
corresponds to a significant fraction of the characteristic size of cosmic voids and suggests that galactic
magnetic fields can play a more important role in void magnetization than previously estimated.
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I. INTRODUCTION

Magnetic fields are observed throughout the Universe
across various spatial scales. However, the origin of the
magnetic fields that are believed to exist in cosmic voids
remains unclear [1-7]. While the upper limit on the
magnetic field in cosmic voids is constrained to be about
1 nG by the cosmic microwave background observations
[8,9] and the large-scale structure of the Universe [10], the
lower limit has been estimated to be >10"'7 G for a
coherence length 15 = 0.2 Mpc based on observations of
secondary cascades from TeV y rays from blazars
[1,4,7,11] and from a y-ray burst [12]. We note that y-
ray lower limits on magnetic fields in voids are model
dependent, because they rely on assumptions about cascade
emission, source activity time, and possible plasma-insta-
bility cooling of the pairs [13,14]. Nevertheless, they
provide one of the most sensitive probes of weak magnetic
fields in cosmic voids.

Several recent studies have investigated whether galactic
magnetic fields can contribute to, or even account for, the
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magnetic fields observed in cosmic voids. For example, the
authors of Ref. [15] argued that the dipole components of
galactic magnetic fields can extend deep into cosmic voids
and may be sufficiently strong to satisfy the observational
lower limit on void magnetic fields. In contrast, the authors
of Ref. [16] concluded that such contamination is insuffi-
cient to explain the inferred void magnetic fields once
plasma screening effects are taken into account. In their
analysis, the magnetic diffusivity was assumed to be
determined solely by the Spitzer resistivity associated with
the finite conductivity of the Universe.

More recently, attention has turned to the role of turbu-
lence in enhancing magnetic diffusion. Turbulent magnetic
diffusion represents the effective transport of magnetic fields
by random motions in a conducting plasma and can greatly
exceed the diffusion associated with the Spitzer resistivity.
Such turbulence may be generated by nonlinear structure
formation as well as astrophysical feedback processes,
including galactic outflows and active galactic nucleus
activity. Ghosh et al. [17] incorporated turbulent magnetic
diffusivity and found that galactic magnetic fields can diffuse
over scales of order ~0.1 Mpc, substantially larger than
estimates based solely on the Spitzer resistivity.
Nevertheless, they concluded that such diffusion remains
insufficient to explain the required volume filling factor of
magnetic fields in cosmic voids.

The turbulent magnetic diffusivity depends sensitively on
the characteristic turbulent velocity and turbulent scale of
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the intergalactic medium. Since these quantities are gov-
erned by nonlinear structure formation and astrophysical
feedback processes, their amplitudes remain highly uncer-
tain. In previous studies, the turbulent diffusivity was
estimated using simplified assumptions.

Motivated by this uncertainty, we revisit the diffusion of
galactic magnetic fields into cosmic voids using a turbulent
magnetic diffusivity estimated directly from cosmological
simulations. In this work, we estimate the turbulent velocity
and turbulent scale of the intergalactic medium using the
TNG50-1 data [18,19] from the IustrisTNG simulation
[20-23] and use them to evaluate the redshift evolution of
the turbulent magnetic diffusivity. Combining this estimate
with an analytical solution of the induction equation, we
investigate the propagation of galactic magnetic fields into
cosmic voids.

This paper is organized as follows: in Sec. II, we present
the theoretical framework for magnetic-field diffusion in an
expanding Universe. We derive an analytic solution to the
diffusion equation for an initially localized galactic magnetic
field. In Sec. III, we introduce our estimate of the turbu-
lent magnetic diffusivity from the TNG50-1 data in the
MMustrisTNG simulation. In Sec. IV, we discuss the physical
implications of the resulting diffusion scales, compare them
with previous estimates, and comment on the possible
magnetic contamination of cosmic voids. Our conclusions
are summarized in Sec. V. Throughout this paper, we adopt
the same A cold dark matter cosmology as used in the
MlustrisTNG ~ simulations:  the total matter density
Q. = 0.31, the dark energy density Q, = 0.69, and the
Hubble constant H, = 100~ kms~! Mpc~' with the dimen-
sionless Hubble constant 7 = 0.67.

II. DIFFUSION OF GALACTIC MAGNETIC
FIELDS INTO VOIDS

The main goal of this paper is to investigate whether
galactic magnetic fields can be transported from galaxies
into cosmic voids through magnetic diffusion in a turbulent
plasma. As a first step, we derive an analytical solution of
the induction equation in an expanding Universe.

To describe the diffusion of large-scale magnetic fields
from galaxies into cosmic voids, we consider the induction
equation in Fourier space in an expanding Universe,
including the effect of turbulent magnetic diffusivity
[17,24]:

B+ () + (2]

0.By(z) = kB (2).

(1)

Here, 5 is the magnetic diffusivity due to the finite
conductivity of the Universe, #,,, 1S the turbulent magnetic
diffusivity, H(z) is the Hubble parameter at redshift z, and
By, is the Fourier transform of the magnetic field,

Bi(z) = /d3r e *B(r, 7), (2)

where r denotes the comoving position vector and k is the
comoving wave number vector with k = |k|. Throughout
this paper, B, n, and 7,y are defined in physical
coordinates.

The analytic solution of Eq. (1) is given by

14272
By (2) = Bi(2ini) <W>

X exp |:—k2 /Zmi dz (”(Z> + nturb‘(~
: H(Z

IS e

Z
)
where z;,; is the initial redshift.

The magnetic diffusivity # is assumed to be given by the
Spitzer conductivity and is expressed as

T, \3/2/InA,
ne 107(104bK> < 30 > cm? s, (4)

where T, denotes the baryon temperature and In A, is the
Coulomb logarithm. By substituting the present-day baryon
temperature T, ~ 3000 K, the authors of Ref. [17] obtained
n=~10"" kpckms™'. On the other hand, the typical
turbulent magnetic diffusivity was estimated to be 7, ~
10* kpckms~! in Ref. [17]. Therefore, the contribution of
n is entirely negligible compared with 7. In the follow-
ing, we neglect n and retain only the turbulent magnetic
diffusivity. We will later demonstrate, using IllustrisTNG,
that the assumption 7 < 7y, 1S indeed valid.
Applying the inverse Fourier transform to Eq. (3),

1 ik-r
B(r,z) = <2ﬂ)3/d3k e B (2), (5)
we obtain
k3 14z \2 [
B — S 3 ' B(r. 7.
(I‘, Z) (471_)3/2 <1 +Zini> /—ood r (l‘ 7Zln1)
k2
X exp [—ZSII‘—r’P} (6)

Here, we introduce the screening wave number k, defined
through

u@—u“ﬁ@§%;§r7 ™)

and the magnetic screening length is then defined as [/, =
27 /k, [24]. This represents the characteristic length scale
over which magnetic fields diffuse from their source and
become exponentially suppressed.
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For simplicity, we assume a purely azimuthal magnetic
field of constant magnitude within the galaxy as the initial
condition,

B(r, zini) = BO®(rg - 1), (8)

where r = ||, r, is the comoving radius of the initially
magnetized galactic region, ® is the Heaviside step

Substituting this initial condition into Eq. (6), we obtain

K 1+z)\2
B(r.z) = (42 (sz) BO/‘

Evaluating the Gaussian integral yields

B(r.z) = BO(

Carrying out the radial integral gives

~ew|-(5) | .

where erf(x) is the Gaussian error function.

Equation (12) shows that the characteristic scale of
magnetic fields diffusing from galaxies is determined by
the screening scale k,. Through Eq. (7), this quantity is
controlled by the turbulent magnetic diffusivity, 7y (z2).
Therefore, a realistic estimate of 7,4 (z) is essential for
predicting the redshift evolution of the magnetic-field
distribution. In the next section, we derive 7y (z) from
the [lustrisTNG simulation.

III. ESTIMATION OF TURBULENT MAGNETIC
DIFFUSIVITY FROM TNG50-1

As shown in Eq. (12), the characteristic scale of the
magnetic field diffused from a galaxy is determined by k. To
evaluate k, from Eq. (7), we estimate the redshift-dependent
turbulent magnetic diffusivity 7,4 (z) in this section.

A. Identification of turbulent motions

In the previous study [17], 7.p Was estimated by
assuming characteristic values of the turbulent velocity
and length scale. Here we derive these quantities directly
from the state-of-the-art cosmological magnetohydrody-
namic (MHD) simulation IllustrisTNG (TNG50-1).

We analyze snapshots at redshifts z = 9.39, 5.23, 2.10,
and 0.01. First, in each redshift snapshot, the gas mass and
momentum are assigned to a uniform 323 grid using the

function and

B, = By, )

with B, denoting the magnitude of the initial magnetic field

and g;ﬁ the azimuthal unit vector. This configuration satisfies
the divergence-free condition, V - B = 0.

© k2
d*r O(ry — ') exp [—Zs|r—r’|2]. (10)

%)22\2% dr'y {exp (— <%)2(r— r/)2> — exp (— <%>2(r—|— r’)2>]. (11)
]}zl o

B(r.2) = B, <11+L;>2 E {erf {%Ug - r)} + erf[

(12)

cloud-in-cell (CIC) scheme. The CIC scheme distributes
the mass and momentum of each gas element among
neighboring grid cells according to its position. The
mass-weighted velocity in each cell is then obtained by
dividing the gridded momentum by the gridded gas mass.
The resulting velocity field is denoted by u,, and is
referred to as the total velocity fluctuation field.

Magnetic diffusion is driven by turbulent motions. To
extract the turbulent component, we decompose u,, into
compressive and solenoidal components, performing a
Helmholtz decomposition in Fourier space. The compres-
sive (longitudinal) component, &y, k. and the solenoidal
(transverse) component, ., are given by

k(k - wiour)
ucomp,k = kztot, s (13)
k(k-u
Urotk = Utotk — Ucompk = Utotk — % > (14)

where u,; is the Fourier component of u,,.

The Helmholtz decomposition used here is closely
related to the scalar-vector decomposition in cosmological
perturbation theory: the compressive component corre-
sponds to the scalar mode, while the solenoidal component
corresponds to the vector mode. Since vector modes are
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generated through nonlinear structure formation and astro-
physical feedback processes, they provide a natural mea-
sure of turbulence in the intergalactic medium.
Accordingly, we adopt the solenoidal component as the
turbulent component throughout this work.

We compute the velocity power spectra of the total,
compressive, and solenoidal velocity fields,

(g uiy) = (22)°8° (k = K') P, ; (k). (15)

where the subscript i denotes the total (tot), compressive
(comp), and solenoidal (rot) velocity fields. Note that in our
notation, Pv,tot(k) = Pv.comp(k) + Pv,rot(k)'

Figure 1 shows the resulting power spectra. The com-
pressive component dominates on large scales and is
consistent with the linear-theory prediction obtained from
the publicly available Boltzmann code CAMB [25]. In
contrast, the solenoidal component becomes increasingly
important on small scales.

As the redshift decreases, the amplitude of the solenoidal
component grows systematically, indicating the development
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FIG. 1.

of turbulent motions during cosmic structure formation.
Consequently, the scale at which the solenoidal component
overtakes the compressive component shifts toward larger
scales at lower redshifts. This suggests that turbulent motions
become important over an increasingly broad range of scales
as nonlinear structures evolve. Both the scale dependence and
the redshift evolution of the solenoidal component support its
interpretation as a tracer of turbulent motions generated
through nonlinear structure formation and astrophysical
feedback processes.

Note that, in Fig. 1, the suppression observed near the
Nyquist scale (the vertical dashed line) is likely dominated
by finite-resolution effects associated with the CIC assign-
ment and aliasing, rather than by physical damping of
velocity fluctuations. Therefore, the estimate of 7y, in this
paper may be conservative, since turbulent motions on
unresolved scales are not included.

Applying the inverse Fourier transform to u,,y, we
reconstruct the solenoidal velocity field, u,,. Since the
solenoidal component is adopted as a tracer of turbulent
motions throughout this work, u,, is regarded as the
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Velocity power spectra at different redshifts, obtained from the TNGS50-1 data. The solid curves show the power spectrum of

the total velocity field, u,,, while the dashed and dashed-dotted curves show those of the solenoidal and compressive components, u,,
and U oy, Tespectively. The dotted curve shows the velocity power spectrum predicted by linear theory and calculated using CAMB.

The vertical line marks the Nyquist wave number, kyy = 2.87 x 107*h ckpe™'.
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turbulent velocity field. Figure 2 shows the spatial distri-
bution of the turbulent velocity field, u,, at redshifts
z=9.39, 5.23, 2.10, and 0.01, overlaid on the dark matter
distribution. The white arrows indicate the in-plane com-
ponents of the three-dimensional turbulent velocity field.

The figure demonstrates that turbulent motions are
closely associated with nonlinear structures and are par-
ticularly prominent around galaxies and their surrounding
environments. As the Universe evolves toward lower red-
shifts, turbulent flows gradually develop and become
stronger. This behavior is consistent with the growth of
nonlinear structures through gravitational collapse, merg-
ers, gas accretion, shocks, and astrophysical feedback
processes. These results suggest that turbulent motions
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may contribute to the transport of galactic magnetic fields
into surrounding void regions.

B. Evaluation of the turbulent magnetic diffusivity

When turbulence is approximately isotropic, the turbu-
lent magnetic diffusivity 7,4(z) can be estimated as in
Ref. [26], as follows:

1
Mrb = g uturbﬂturbv (16)

where u,, is the characteristic turbulent velocity and A,
is the characteristic scale of the turbulent motions.
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FIG. 2. Spatial distribution of the turbulent velocity field, ., overlaid on the dark matter distribution at different redshifts. The white
arrows indicate the in-plane components of the three-dimensional turbulent velocity field. The color map shows log;y Npy, Where Npy
is the projected dark matter particle count assigned to each two-dimensional grid cell using the cloud-in-cell scheme, in a slab centered at

Z = 0.5Ly,, with a thickness of 0.02Ly,.
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Histogram of the magnitude of the rotational velocity field |u,,| for baryonic particles at different redshifts. The rotational

velocity field is obtained from a Helmholtz decomposition of the mass-weighted velocity field. The red dashed line in each panel denotes
the mean value of the distribution, which is adopted as the turbulent velocity u,,, in the calculation of the turbulent diffusivity 7.

To estimate the turbulent magnetic diffusivity through
Eq. (16), we now evaluate the characteristic turbulent
velocity associated with the solenoidal component, uy,,
from the distribution of |u,| shown in Fig. 3. The figure
shows the histogram of |u,| evaluated over all 32° grid
cells after reconstructing the solenoidal velocity field from
U at each redshift. The mean value of the distribution,
indicated by the red vertical line in each panel, is adopted as
the characteristic turbulent velocity,

U = <|ur0t|>' (17)

The corresponding dispersion is estimated as

0'5 = <(|urot| - uturb>2>' (18)

Figure 3 shows that the distribution of |u,| shifts toward
larger velocities with decreasing redshift. This trend is
consistent with the redshift evolution of the solenoidal
power spectrum shown in Fig. 1, and reflects the growth
of nonlinear structures, where gravitational collapse, gas
accretion, mergers, shocks, and astrophysical feedback
continuously enhance turbulent motions in the baryonic gas.

Next, we evaluate the characteristic turbulent scale, Ay,
from the power spectrum of the solenoidal velocity field,
P, (k). We define Ay, as the characteristic turbulent
scale,

[ dk AP, 1o (K)A(K)

y— , 19
turb [ dk 47l P, 1 (k) (19)

where A(k) = 2z /k.
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TABLE 1.

Turbulent diffusivity derived from the TNG50-1 simulation. The table lists the turbulent velocity u,y,

the turbulent driving scale 4,4, and the corresponding turbulent magnetic diffusivity 7, at each redshift.

Uy (kKM s_]] Aturb [103 kpc] Mturb [102 kpckm S_I]
z=19.39 1.82 £0.95 0.761 = 0.661 4.62 £ 4.68
z=1>5.23 3.64 £2.67 145+ 1.16 17.6 £19.0
z=2.10 9.31 £10.3 3.49+2.52 108 £ 143
z=0.01 20.7 £254 13.1 £7.95 903 + 1237

The corresponding dispersion of the turbulent scale is
estimated as

02 — fdk 4ﬂk2Pv.r0t<k) [’I(k) - j'turb]2 )
4 [ dk 472 P, 1o ()

(20)

Here, o, characterizes the width of the turbulent-scale
distribution encoded in the power spectrum rather than a
statistical measurement uncertainty. The resulting values of
U and Ay, are summarized in Table 1. Both quantities
increase monotonically toward lower redshifts. This behav-
ior reflects the growth of nonlinear turbulent motions
during cosmic structure formation.

Substituting u,,4, and Ay into Eq. (16), we obtain the
turbulent magnetic diffusivity, whose values are also listed
in Table I. Assuming that the turbulent velocity and
turbulent scale are uncorrelated, the dispersion of the
turbulent magnetic diffusivity is estimated by propagating
the dispersions of uy,;, and Ay, as follows:

1
7 =31 /22,02 + u2 o5 (21)

The turbulent magnetic diffusivity increases by more
than 2 orders of magnitude from z = 9.39 to z = 0.01. This
indicates that turbulent magnetic transport becomes more
efficient as nonlinear structures develop during cosmic
structure formation.

Taking the estimated dispersions into account, we
perform a least-squares fit to the data. Figure 4 shows
the resulting best-fit relation,

N (2) = 1.1 x 10°(1 4 2)723 [kpckms™!].  (22)

In the next section, we use this to evaluate the redshift
evolution of the characteristic scale of magnetic fields
diffused from galaxies.

IV. PROPAGATION OF GALACTIC MAGNETIC
FIELDS INTO VOIDS

In this section, we evaluate the redshift evolution of
magnetic fields diffusing from galaxies using the turbulent
magnetic diffusivity derived in Sec. III. Substituting
Eq. (22) into Eq. (7), we first calculate the screening scale
k, and the corresponding screening length [, = 27 /k,. We

then evaluate the resulting magnetic-field profile given by
Eq. (12) and assess the efficiency of magnetic-field trans-
port into cosmic voids.

For the radius of the initially magnetized galactic region,
ry, we take the empirical relation for the galaxy size
proposed in Ref. [27]. The redshift evolution of the
comoving galaxy radius is given by

reom(z) = ro(1 4 2)01, (23)

We set ry = 10 kpc and adopt r, = reom(z:) for the radius
of the initially magnetized galactic region. We furthermore
assume an initial magnetic-field strength of By = 1 pG.

As shown in Fig. 5, the magnetic screening length grows
monotonically toward lower redshifts. This reflects the
increase of the turbulent magnetic diffusivity during cosmic
structure formation. At the present epoch, the screening
length reaches [, ~ 7 x 10° kpc for z;,; = 10 and [, ~ 6.4 x
103 kpc for z;, = 2.

The weak difference between the two initial-redshift
cases indicates that the present-day screening length
depends only weakly on the initial redshift. This suggests
that the resulting magnetic-field distribution is relatively
insensitive to the uncertain epoch of galactic magnetic-field

— N = 1.1x10%(1 +2)723

Data
105 ] I b

Neurb [KPC kmM/s]

103 4

8 6 4
Redshift z
FIG. 4. Best-fit relation for the turbulent magnetic diffusivity,
Nurb» as @ function of redshift. The solid curve shows the least-
squares fit given by Eq. (22), while the data points show the
values estimated from the TNG50-1 simulation at z = 9.39, 5.23,

2.10, and 0.01. The error bars indicate the estimated dispersion of
the turbulent magnetic diffusivity.
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FIG. 5. Magnetic screening length [, as a function of redshift.

The solid and dotted curves correspond to z;,; = 10 and z;,; = 2,
respectively. In both cases, [, increases toward lower redshifts
owing to the growth of the turbulent magnetic diffusivity.

formation. The characteristic diffusion scale of galactic
magnetic fields is determined primarily by the late-time
evolution of the turbulent magnetic diffusivity.

Using the screening wave number obtained from
Eq. (22), we evaluate the magnetic-field profile in
Eq. (12). Figure 6 shows the radial dependence of the
physical magnetic-field strength at different redshifts. As
the Universe evolves, the magnetic field gradually spreads
beyond the initially magnetized galactic region. However,
the field strength decreases rapidly with distance from the
galaxy.

The vertical lines indicate the present-day magnetic
screening length, /. In both the z;,; = 10 and z;,; = 2 cases,
the magnetic field is already suppressed to approximately
10% of its initial value at r ~ [ /2, and to about 107* at
r ~ [,. This demonstrates that /; provides a useful indicator
of the effective propagation scale of galactic magnetic fields.

Furthermore, the damping behavior is remarkably sim-
ilar for the two initial-redshift cases. Consistent with the
weak redshift dependence of I discussed above, the
resulting magnetic-field profiles are nearly independent
of the assumed epoch of magnetic-field generation.

V. SUMMARY AND DISCUSSION

In this paper, we investigated whether galactic magnetic
fields can be transported into cosmic voids through
turbulent magnetic diffusion. To address this question,
we derived an analytical solution of the induction equation,
which relates the spatial evolution of magnetic-field dif-
fusion to the turbulent magnetic diffusivity.

We then estimated the turbulent magnetic diffusivity
from the IllustrisTNG simulation by evaluating the char-
acteristic turbulent velocity and turbulent scale of the
intergalactic medium. The resulting diffusivity increases
toward lower redshifts and is well described by a power-law
function of redshift.

Using the obtained turbulent diffusivity, we evaluated the
resulting distribution of magnetic fields diffusing from
galaxies. We found that the magnetic screening length
provides a useful measure of the effective propagation scale
of galactic magnetic fields. In particular, the magnetic field
strength decreases to approximately 10% of the initial
galactic magnetic-field strength at a distance corresponding
to half of the screening scale, and to about 10~* at the
screening scale itself.

Applying the turbulent diffusivity obtained from the
HNlustrisTNG simulation, we concluded that the resulting
present-day ~ magnetic  screening  length  reaches
[, ~ 6-7 Mpc. This corresponds to a significant fraction
of the characteristic size of cosmic voids and is roughly 20
times larger than previous estimates based on a constant
turbulent diffusivity. Our results therefore suggest that
turbulent diffusion can play a more important role in the
magnetization of cosmic voids than has been inferred from
earlier diffusion estimates.

Our model considers diffusion from a single galaxy and
assumes a fixed initial magnetic field. In reality, multiple
galaxies surrounding a void may contribute to its magneti-
zation, while galactic dynamos continuously replenish
magnetic fields over cosmic time. Both effects would tend
to enhance the magnetization level relative to our estimates.
Therefore, the results presented here should be regarded as
conservative lower limits on the contribution of galactic

T
............................. E e 2=10.00 e 2=2.00
1077 | — z=5.00 1077 — 2=1.00
— i —7=0 — — 7=0
S ! o
@ 10720 |-k @ 10710 —
ke i ke
[ [
i 19-13 i i 10-13
o 1 o
= ! =
o ! 9}
510716 g 5 10716
£ : £
10719 \ 10719
H !
107t 100 10t 10? 103 104 10° 10° 10t 10° 10! 102 103 104 10° 10°

Comoving Radius r [kpc]

Comoving Radius r [kpc]

FIG. 6. Radial dependence of the physical magnetic-field strength at different redshifts. The left panel shows the evolution from

Zini

10 to z = 0, while the right panel shows the evolution from z;,; = 2 to z = 0. The dashed curves represent the initial magnetic-
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magnetic fields to cosmic-void magnetization. A more
realistic investigation will require modeling the spatial
distribution of galaxies around voids and evaluating the
cumulative contribution from multiple magnetic-field
sources.

We have assumed that the turbulent velocity field is not
significantly modified by the magnetic field generated by
the diffusion process. To assess the importance of this
effect, we compare the Alfvén velocity of the diffused
magnetic field with the turbulent velocity. For a represen-
tative diffused magnetic field of B ~ 107! G, we find that
the ratio of the Alfvén velocity to the turbulent velocity is
only 107 — 107* over the redshift range considered. Thus,
the Alfvén velocity is much smaller than the turbulent
velocity, and the magnetic field is not expected to signifi-
cantly affect the turbulent motions or the turbulent mag-
netic diffusivity adopted in this work.

In addition to turbulent magnetic diffusion, advection
associated with galactic winds and large-scale outward
plasma motions may also contribute to the transport of
magnetic fields into the intergalactic medium. Previous
studies have shown that feedback-driven magnetized out-
flows can transport magnetic fields from galaxies into the
intergalactic medium [28]. Such outflows exist in the
MustrisTNG, but are not explicitly included in our mag-
netic-field evolution model, which focuses on turbulent
diffusion. Therefore, advection is not necessarily less
important than turbulent diffusion and may under some
conditions be comparable. The combined effects of coher-
ent advection and turbulent diffusion will be addressed in a
subsequent study.

Our results highlight the importance of accurately
determining the effective turbulent magnetic diffusivity.
Because the magnetic screening scale depends sensitively
on 7y, uncertainties in the turbulent diffusivity directly

translate into uncertainties in the estimated extent of
magnetic-field propagation into cosmic voids.

In this work, 7,4 was obtained from the IllustrisTNG
simulation. Recent studies have shown that magnetized
outflows in the IlustrisSTNG framework can make a
significant contribution to extragalactic Faraday rotation
[29]. However, comparisons with LOFAR two-metre sky
survey residual rotation-measure observations suggest that
the IllustrisTNG feedback model may overestimate the
magnetic contamination in the intergalactic medium [30].
These results indicate that the effective turbulent magnetic
diffusivity remains subject to important uncertainties.
Therefore, in order to establish a more reliable assessment
of the role of turbulent diffusion in the magnetization of
cosmic voids, we aim to calibrate 7,4, using both cosmo-
logical MHD simulations and observational constraints on
magnetized outflows and intergalactic magnetic fields in
future work.
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