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ABSTRACT

Measuring the magnetic field in cosmic filaments reveals how the Universe is magnetised and the process that magnetised
it. Using the Rotation Measures (RM) at 144-MHz from the LoTSS DR2 data, we analyse the rms of the RM extragalactic
component as a function of redshift to investigate the evolution with redshift of the magnetic field in filaments. From previous
results, we find that the extragalactic term of the RM rms at 144-MHz is dominated by the contribution from filaments (more
than 90 percent). Including an error term to account for the minor contribution local to the sources, we fit the data with a model
of the physical filament magnetic field, evolving as By = By o (1+z)“ and with a density drawn from cosmological simulations
of five magnetogenesis scenarios. We find that the best-fit slope is in the range @ = [-0.2, 0.1] with uncertainty of o, = 0.4-0.5,
which is consistent with no evolution. The comoving field decreases with redshift with a slope of y = @ —2 = [-2.2,-1.9]. The
mean field strength at z = 0 is in the range By o = 39-84 nG. For a typical filament gas overdensity of 6, = 10 the filament field
strength at z = 0 is in the range B'? o = 8-26 nG. A primordial stochastic magnetic field model with initial comoving field of
Bwmpe = 0.04-0.11 nG is favoured. The primordial uniform field model is rejected.

Key words: magnetic fields — intergalactic medium — large scale structure of the Universe — polarization — methods: statistical

1 INTRODUCTION

The evolution with cosmic time of the magnetic field is essential to
understand how the present Universe is magnetised and the process
of magnetogenesis (e.g., Subramanian 2016; Ardamburo-Garcia et al.
2021; Vazza et al. 2021b). Cosmic web filaments are a sweet spot
for this, for they are not yet as processed by cosmic evolution as
galaxy clusters are, thus preserving the signature of the initial mag-
netogenesis scenario (e.g., Vazza et al. 2017, 2021a,b; Mtchedlidze
et al. 2022), while also possessing stronger fields than in voids,
which makes their detection easier. Magnetogenesis scenarios can
be broadly subdivided into primordial, where the field is generated
either during Inflation or in some early phase-transition before the
recombination (e.g. Turner & Widrow 1988; Kronberg 1994; Pao-
letti & Finelli 2019; Pomakov et al. 2022), and late, where the field is
generated at low redshift by dynamo amplification or astrophysical
sources that inject it in the intergalatic medium (IGM) as magnetic
bubbles (e.g., Kronberg 1994; Bertone et al. 2006; Vazza et al. 2017).

The Rotation Measure (RM) of extragalactic sources measures the
magnetic field component along the line-of-sight weighted by the
free-electron number density and integrated along the entire line-of-
sight. It is a powerful tool to investigate magnetic field properties
of the Galaxy (e.g., Jansson & Farrar 2012; Dickey et al. 2022),
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the environment local to the source (e.g., Kronberg et al. 2008),
or the intervening IGM between the source and the observer (e.g.,
Vernstrom et al. 2019; O’Sullivan et al. 2020).

The detection of the radio emission of cosmic filaments and of their
magnetic field through synchrotron emission and RM was the subject
of intense research in the past few years. Upper limits were found
with different approaches: cross-correlating large radio maps with
the large-scale galaxy distribution (Vernstrom et al. 2017; Brown
et al. 2017); analysing RMs of giant radio galaxies (O’Sullivan et al.
2019; Stuardi et al. 2020); cross-correlating RMs with the galaxy
distribution (Amaral et al. 2021); simulations constrained by obser-
vations or non-detections (Vacca et al. 2018; Locatelli et al. 2021).
Intracluster bridges of radio emission were detected in a few galaxy
clusters! (e.g., Kim et al. 1989; Brown & Rudnick 2011; Bonafede
et al. 2022; de Gasperin et al. 2022). A detection of the synchrotron
emission from an intercluster bridge connecting close pairs of merg-
ing clusters was obtained by Govoni et al. (2019) (see also Botteon
et al. 2020), establishing the presence of magnetic fields in the IGM

1 Kim et al. (1989) proposed that the structure they found, stretching out
of the Coma galaxy cluster halo, was an intercluster bridge connecting the
Coma cluster to the cluster A1367. Later observations have shown it is an
intracluster bridge in the Coma cluster connecting the halo to the SW relic
(e.g., Brown & Rudnick 2011; Bonafede et al. 2022).
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beyond cluster outskirts. Vernstrom et al. (2021) and Carretti et al.
(2022) made a further step ahead, first detecting fields of the gen-
eral, weaker filaments of the cosmic web of 30—-60 nG and ~30 nG,
through stacking of synchrotron emission and measuring the RM
evolution with redshift, respectively.

The evolution with redshift of the RM and average magnetic field
of the Universe were investigated by several authors (e.g., Xu &
Han 2014 and references therein and in Carretti et al. 2022), but
hampered by the separation of local and IGM components. Pomakov
et al. (2022) separated the IGM term using the differential RM of
close pairs of galaxies from the same, low frequency RM catalogue
we used in paper I, and measured the evolution with redshift of the
average magnetic field of the Universe.

In Carretti et al. (2022), hereafter Paper I, we used the RM cata-
logue at 144-MHz (O’Sullivan et al. submitted) derived from LoT'SS
DR2 (LOFAR Two-metre Sky Survey Data Release 2, Shimwell et al.
2017, 2019, 2022) data to measure the behaviour of RM in redshift
bins out to z = 2, after subtracting off the Galactic contribution, and
the behaviour versus the fractional polarization p. We found that the
former is consistent with no evolution, and the latter is flat with p. Af-
ter acomparison with the RM and p measured at 1.4-GHz of the same
sources, we found that an IGM origin of the RMs is favoured and
estimated a magnetic field in filaments of ~30 nG, as reported above.
We assumed no evolution for magnetic field and electron number
density, however, except assuming the mean electron number density
atz=0.7.

This work is a follow-up of Paper I, aimed at investigating the
evolution with redshift of the magnetic field in cosmic filaments,
adding in the evolution of the quantities involved. It is conducted
within the Magnetism Key Science Project (MKSP) of LOFAR and
uses the RM catalogue at 144-MHz employed in Paper I (O’Sullivan
et al. submitted), which is derived from LoTSS DR2 (Shimwell et al.
2022) Stokes Q and U data cubes in a collaborative effort between
the LOFAR Surveys Key Science Project? and the MKSP. It also
uses dedicated cosmological magneto-hydrodynamical (MHD) sim-
ulations of a set of magnetogenesis scenarios, to draw realistic den-
sity distributions from and to compare our results with. We find the
RM evolution with redshift a powerful way to discriminate between
cosmological magnetogenesis models.

This paper is organised as follows. Section 2 describes the RM data
and the RM rms in redshift bins out to z = 3, after subtracting off the
Galactic contribution. Section 3 describes the MHD simulations of
the magnetogenesis scenarios we used for this work. Section 4 con-
tains our analysis of the evolution with redshift of the magnetic field
in cosmic filaments, including best-fits to the data, considerations
on the environment where the low-frequency RMs are produced,
and estimates of the predictions of the magnetogenesis scenarios we
considered. Finally, Sections 5 and 6 present our discussion and con-
clusions, with a comparison of our results with the magnetogenesis
scenarios we considered.

Throughout the paper we assume the flat ACDM cosmologi-
cal model assumed in the simulations of Section 3, with Hy =
67.8 km s™! Mpc~!, Qpr = 0308, Qp = 0.692, Q = 0.0468,
and og = 0.815 (Planck Collaboration et al. 2016). Errors refer to
1-sigma uncertainties.

2 https://lofar-surveys.org/
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2 RM DATA
2.1 LoTSS DR2 RM catalogue

This work is based on the RM catalogue derived from the LoTSS
DR2 survey using its Stokes Q and U data cubes (O’Sullivan et al.
submitted). Here we report the main catalogue features relevant to
this work and refer to the description paper for full details. It consists
of 2,461 RMs detected, over 5,720-deg?2, in the frequency range 120—
168 MHz with channels of width of 97.6-kHz, and angular resolution
of 20-arcsec. RMs were obtained using RM-synthesis (Burn 1966;
Brentjens & de Bruyn 2005). The RM error budget is dominated by
ionospheric RM correction residuals that can be as large as 0.1-0.3
rad m~2 (Sotomayor-Beltran et al. 2013; Porayko et al. 2019). In
this dataset it is estimated to be ~ 0.05-rad m~2 (O’Sullivan et al.
submitted). A total number of 1,949 sources had a positive cross-
match with redshift catalogues, 1,046 of which are spectroscopic
redshifts.

We did not use photometric redshifts of the identified sources
because of their median error of o phot ~ 0.1, comparable to or
larger than the redshift bin width used here, and kept sources with
spectroscopic redshift only. A Galactic cut of |b| > 25° was applied
to exclude the region with highest Galactic RM values. The median
redshift is ~ 0.5 and only a handful of sources have redshift z > 3
(see Figure 1 of Paper I for the redshift distribution). We limited our
analysis to z < 3, which gave our final sample of 1,014 objects.

2.2 Behaviour of RM dispersion

The estimate of the evolution with redshift of the RM extragalactic
component is done as for Paper I, except it is stretched out to z = 3
and the numbers of bins is increased by ~ 4 times.

The RM of an extragalactic source is a combination of a Galactic
component (GRM), an extragalactic term, either local to the source
or the IGM intervening between the source and the observer, and the
instrumental noise:

RM = GRM + RMlocal + RMIGM + RMnoise . (1)

The local term usually is dominated by the environment around the
source, such as the intracluster medium of a galaxy cluster (e.g.,
Laing et al. 2008).

The extragalactic component is obtained by subtracting off the
Galactic term:

RRM = RM - GRM (2)

that we call the Residual RM (RRM).

Following Paper I, we estimated the GRM at each source position
from the Galactic RM map by Hutschenreuter et al. (2022) as the
median of a 1-degree diameter disc centred at the source. We refer
to Paper I for details and motivations. The result is shown in Figures
1 and 2, that report the RRMs of the two fields of the sample. The
GRM error of each source is estimated by bootstrapping, which also
captures the GRM variations within the 1-degree disc.

We then computed the dispersion of the RRM values <
RRM? >!/2 (hereafter RRM rms) in redshift bins with the same
number of sources per bin, as for Paper I. The quadratic mean of the
GRM errors and of the measurement noise of the sources in each bin
were quadratically subtracted off to remove their bias3. We excluded
outliers, only keeping RRMs witin 2-sigma, as for Paper 1.

3 The square of the measured RRM rms is < RRMpes?2 >=< RRM? >

2 2 2 2 :
+OGrM T Tioise where OGrM and O ise A€ the means of the variances of

GRM and measurement noise.
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Figure 1. Sky distribution of the RRM sample used in the analysis. The field of the LoT'SS DR2 survey centred at RA = 13h is shown.
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Figure 2. As for Figure 1, except the field centred at RA = Oh is shown.

The result is shown in Figure3 for two cases, 60 and 15 sources
per bin, that differ in the number of bins (17 and 68, respectively)
and the uncertainty per bin (mean of 0.21 and 0.35 rad m~2). The
error is estimated by bootstrapping. Both cases are consistent with
no evolution with redshift, the slope of a linear regression is 0.22 +
0.17 rad m~2 and 0.24 + 0.20 rad m~2 for the two cases. There is a
marginal increase, but at less than 2-sigma significance.

3 COSMOLOGICAL MHD SIMULATIONS

We used the cosmological magneto-hydrodynamical code ENZO* to
produce new ACDM simulations of a volume of =~ (85 Mpc)3 (co-
moving) sampled with a static grid of 5123 cells, giving a constant
spatial resolution of 166 kpc/cell and a constant mass resolution
of 6.48 x 108 Mg per dark matter particle. These simulations are
qualitatively similar to those analysed in Vazza et al. (2017), with
a few updates, also motivated by the findings of our recent work in
Pomakov et al. (2022). Firstly, in this suite of simulations, radiative
gas cooling is included in all models, which moderately increases
the level of gas clumping in cosmic filaments. Furthermore, we ex-
plored additional models of magnetic fields, including an inflationary
primordial model following Vazza et al. (2021b), and a mixed (as-
trophysical and primordial) model. Lastly, we produced synthetic
lines-of-sight out to a larger redshift (z = 3, as opposed to z = 2 in
Pomakov et al. 2022) using a much larger number of snapshots finely
spaced in time, as compared to earlier work, to monitor evolutionary
trends with redshift in a more accurate way. These simulations are
used to estimate the magnetic field in cosmic filaments instead of the
general IGM. Similar to previous projects (e.g. Vazza et al. 2017),
we produced different scenarios (five in this case) for the origin and
evolution of extragalactic magnetic fields:

(i) “primordial uniform”: a primordial uniform volume-filling
comoving magnetic field By = 0.1 nG initialised at the beginning of
the simulation (z = 40);

4 enzo-project.org

MNRAS 000, 1-14 (2022)
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Figure 3. RRM rms in redshift bins with the same number of sources, 60 (left) and 15 (right).

(i1) “primordial stochastic”: a tangled primordial magnetic field,
with fields scale dependence described by a power law spectrum:
Pp(k) = Ppok®s characterised by a constant spectral index and an
amplitude, commonly referred after smoothing the fields within a
scale 4 = 1 Mpc, using the same approach of Vazza et al. (2021b).
In this work we assumed an initial "blue" spectrum with oy = 1.0
and Bppe = 0.042 nG (comoving), based on the recent constraints
from the combined analysis of the Cosmic Microwave Background
with different instruments by Paoletti & Finelli (2019). We selected
this value of as from the best constraint provided by previous obser-
vational tests (Vazza et al. 2021a).

(iii) “dynamo”: a uniform initial seed magnetic field of By =
10! nG (comoving) that can be amplified through "sub-grid" dy-
namo amplification computed at run-time, which allows the estima-
tion of the hypothetical maximum contribution of a dynamo in low
density environments (see Ryu et al. 2008), where it would be lost due
to finite resolution effects (see Vazza et al. 2017, for more details);

(iv) “astroph”: amodel in which the magnetic field is released in
the form of magnetic loops from overdense regions of the simulation,
whenever AGN feedback is triggered by local gas overcooling. To
maximise the plausible combined effect of star formation driven
winds, and AGN feedback, we assumed a large, average of 50%
conversion efficiency between the energetics of each single feedback
event, and the release of magnetised bipolar outflows in galaxies,
starting from z = 4 and down to z = 0. This field is added to a
negligible uniform initial seed field of By = 107! nG (comoving),
leading to "magnetic bubbles" correlated with halos in the simulated
volume.

(v) “primordial+astroph”: a model that combines the same mag-
netisation scheme of the "astroph" model, but it also assumes a
primordial uniform magnetic field of By = 0.01 nG initialised at the
beginning of the simulation.

As an important improvement over our previous work, in these
simulations we include the effect of radiative (equilibrium) cooling
on baryon gas, assuming for simplicity a primordial chemical com-
position. This is motivated because a recent analysis of previous runs
has shown that the density statistics, even in the mild density regime
of the cosmic web, is more realistic when cooling is included since
the start, compared to simpler non-radiative runs (Pomakov et al.
2022).

The adopted cosmological parameters are as for Section 1. The pro-
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duction of these new simulations was motivated in order to produce
long lines-of-sight (LOS) with a finely sampled redshift evolution of
gas and magnetic field quantities from z = 3 to z = 0, which was not
available in existing simulations.

To allow a comparison with the observed RM, we generated 100
LOS through each simulated volume, with information of gas density
and 3D magnetic field from z = 3 to z = 0. Each LOS is ~ 6.1
comoving Gpc long and was produced by replicating the simulated
volume 72 times, using 21 snapshots saved at nearly equally spaced
redshifts, and by randomly varying the volume-to-volume crossing
position for a total of ~ 36800 cells for each simulated LOS.

We note that a second dataset of cosmological simulations, already
extensively presented elsewhere (e.g. Vazza et al. 2017; Gheller &
Vazza 2019), was used to estimate the evolution of the diameter
of filaments with redshift in Sec.4.2, as catalogues of thousands of
filaments were already available for this. The physical prescriptions in
these runs were very similar to those used in our main simulations,
and additional differences in the adopted numerical resolution are
expected to play no role in the analysis of filament diameters derived
there.

4 EVOLUTION WITH REDSHIFT OF FILAMENT
MAGNETIC FIELDS

In this Section we investigate whether the RRM rms measured at
different redshifts can constrain the evolution of the magnetic field in
cosmic filaments. We start with considerations on the environment
that generates the RRM of our sample at 144-MHz. Then, we do
a simple, semi-analytical analysis assuming simple evolution with
redshift of cosmic quantities. We then carry out a more accurate
analysis taking a more realistic gas density distribution from cosmo-
logical MHD simulations, either assuming a constant field strength or
having it related to the gas density. We assume that the gas is 100 per-
cent ionised, which is a safe assumption out to z = 5.3 (Bosman et al.
2022). Finally, we estimate the RRMs predicted by the cosmological
models for a comparison with the observational results.

4.1 Environment

In Paper I we found that an IGM origin is favoured for the RRMs
of our sample at low frequency, instead of local to the source. This



was inferred from the behaviour of the RRM with fractional polar-
ization (p) and redshift, and the evolution of p with redshift. We
also found that these sources reside far from galaxy clusters at a pro-
jected distance that peaks at =~ 5 Ryq that is well beyond a cluster
virial radius Rigg = 1.36 Rygg (Reiprich et al. 2014). We repeated
the analysis of Paper I and found that 7 percent of the sources have
a projected distance from clusters closer than Rygg, which means
that only = 0.073/2 = 2 percent of them are estimated to have a
3D-separation shorter than Rqg (see Appendix A). Ry is the dis-
tance within which the mean density of the galaxy cluster is 100x
the critical density of the Universe (p.). From simulations, we find
this corresponds to a local overdensity of p/p. =~ 50 or, in terms
of mean matter density (pas), par/{om) = 160, according to our
cosmology.

This shows that the polarized sources are not embedded in galaxy
cluster environments at these frequencies. We also checked that in-
tervening clusters are far from the LOS of our sources, with a similar
analysis to that of Paper I. For each source of our sample, we searched
for the intervening galaxy cluster with the smallest projected separa-
tion from the LOS in R g units. We used the galaxy cluster catalogue
of Wen & Han (2015), that contains 158,103 records in the redshift
range of 0.05-0.75, either spectroscopic or photometric, with an er-
ror of up to 0.018. The cluster masses are as low as 2 X 1012 Mg, and
the sample is 95 percent complete for masses larger than 10'* M.
For each source at redshift z, we searched for the smallest projected
separation to the LOS of the clusters at redshift zg. < z5 —0.036 (2-
sigma uncertainty). We found that 5.2 and 8.9 percent of the sources
have a LOS that passes at a distance from a cluster closer than Ry
and Rqg, respectively. The median minimum projected separation is
3.5 Ryqo, or 2.6 Ry, which is well beyond the cluster environment.
If we restrict the search to clusters of masses larger than 10'* Mg,
which are expected to give the largest effects, those fractions drop to
2.4 and 4.9 percent for Rygy and Ryqg. These results are comparable
to those of the analysis on the closest galaxy cluster separation, and
the same considerations hold. Only sources within the galaxy cluster
catalogue footprint and in its redshift range were used, providing 739
sources for this analysis.

Pomakov et al. (2022) estimated the differential RRM of close
pairs of sources from the same LoI'SS RM catalogue at 144-MHz
we use here, either random pairs (rp: sources apparently close but
physically separated and at different redshift) or physical pairs (pp:
two components of the same source, such as two lobes of a ra-
dio galaxy, that are at the same distance).Differential RMs have
been employed to investigate either the magnetic field in the IGM
(e.g., Vernstrom et al. 2019) or the ICM in galaxy clusters (e.g.,
Xu & Han 2022). For the latter the pp are used and it is best ap-
plied at higher frequencies where the polarized sources can populate
clusters (see above). The differential RRM of a random pair has
three contributions: the IGM intervening the two sources; their lo-
cal environment; and a possible contamination from the residual
GRM. Physical pair differential RRMs have two possible contribu-
tions: the environment local to the sources and the possible residual
GRM. Those authors measured medians of differential |ARRM]| of
(IARRMp|) = 1.79 +0.09 rad m~2 and (JARRMpp|) = 0.70 £ 0.08
rad m~2 for random and physical pairs, from which we estimate
single source rms of < RRM%P >1/2=1.88 + 0.09 rad m~2 and

< RRM}%p >1/220.73 £ 0.08 rad m~2, once we have corrected by

1.4826 to estimate rms from the median absolute deviation® and di-
vided by V2 to get the single source rms. The former is in excellent

5 Possible in case of zero mean, as found in Paper I
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agreement with our estimate in Paper [ of 1.90+0.05 that used single
source RRMs.
To get an estimate of the sole IGM contribution we can quadrat-

: : : 2 1/2_
ically subtract those two values, which gives < RRMjqy, > 2=

1.73 + 0.12 rad m~2. That is only 8 percent smaller than the mea-
sured term that is thus largely dominated by the IGM RRMs. This is
a further indication that our measured RRMs are mostly generated
by the IGM and we will assume so in the rest of the paper. To account
for the local origin contribution we add an error of 8 percent to our
RRM rms estimates.

We used the cosmological MHD simulations described in Sec-
tion 3 to estimate the fraction of the IGM RRM that is from filaments
and voids. For each cosmological model, we measured the RRM
at each redshift out to z = 3 for each of the 100 LOS using den-
sity and magnetic field from the simulations and then computed
the rms < RRMIZGM sim >1/2 we only considered cells with den-
sity excess dpy = p’M [{pm) < 160, to account for the fact that
most of our sources are far from galaxy clusters (i.e. estimating the
RRM rms of the entire IGM excluding clusters). We measured the
< RRM%Oi ds.sim > 1/2 from voids with the same procedure, except we
only considered cells with a gas density excess of g = pg/(pg> <1,
which is a conservative separation threshold between filaments and
voids (Cautun et al. 2014; Vazza et al. 2015). We then computed the
median of the ratio < RRM2 >1/2 /<« RRM2 >1/2 for

voids,sim IGM,sim
all models and we find that it is smaller than 0.013 (it ranges 1 X 1073
to 0.013 depending on the model), for a fractional contribution of the
voids to < RRMIZGM,sim >1/2 ofless than 1x 104, From this, we can
conclude that voids provide a negligible contribution to our sample
RRMs that therefore mostly have an origin from cosmic filaments.

4.2 Semi-analytical analysis

The RRM of a source at redshift z is

On Z/B Z/
RRM:O.SIZ/ B al .,

z (1 +Z,)2 dZI (3)

where the integration is performed from the source to the observer
along the path length / (pc), ne is the electron number density (cm™3),
and B)| is the magnetic field along the line of sight (1G), all referred
to physical quantities.

In cosmic filaments the electron density is n. ¢ = Ky ne where
ne is the average electron density of the Universe and K¢ is the
filament overdensity, thatis K¢ o = 10 at z = 0 (Cautun et al. 2014;
Vazza et al. 2015) and evolves as (Cautun et al. 2014, we derived this
dependency from their Figure 25)

Kf sz,0(1+z)_0‘75. (4)

Hence, the electron number density in a cosmic filament varies with
redshift as

fe,f =Kf neq (1+2)° (5)

where 7, ( is the mean comoving (at z = 0) electron number density
of the Universe, and the RRM of a source at redshift z by cosmic
filaments intercepted by the source radiation is:

0 dl
RRM; = 0.812 K7 g n, 0/ By (1+2)%% — a7’ (6)
) ) z dZ

The medium can be assumed to be distributed in N ¢ (z) filaments
intercepted by the LOS out to redshift z, and Equation (6) can be

MNRAS 000, 1-14 (2022)
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written as
Ny (z)
RRM; = 0812 Kf o neo ». By (1+20)°% If )
1

where B ¢ ;is B of a filament atredshit z; and [y = (7/2) D is the
typical path of the LOS through a filament, considering the typical
width of a filament (D) corrected for the average inclination to the
LOS of the filament (see Appendix B of Paper I). The typical width of
afilament at z = 0 is Dy = 6 Mpc (Aragén-Calvo et al. 2010; Cautun
etal. 2014; Galdrraga-Espinosa et al. 2020). To estimate the evolution
of D with redshift, we used the statistics of filaments already extracted
in a suite of simulations produced elsewhere (Gheller & Vazza 2019),
with the same numerical method and (nearly) physical prescriptions
of the new simulations introduced in Sec.3. We detected filaments at
redshifts out to z = 3 using an excess density threshold criterion of
¢ = 10 at z = 0 and decreasing with z following the growth-rate of
cosmic structures (see equation B5 of Klypin et al. 2011) down to
0 = 2.48 at z = 3. The fit to the mean filament radius, weighted for the
filament density, provides a dependence D (comoving) o (1+z)704
and in physical coordinates we can assume

ly=lpo L+~ 14 (8)
where [ o =n/2 Do.
If we express B ¢ ; = By ;cos6, where 6 is the inclination of

the filament field to the LOS that is uniformly distributed over 4x-sr,
and B, i is the magnetic field strength of filaments at redshift z;, the
RRM rms over all LOS can be written as:

NED (B i (14 2)115)?

<RRMf2>1/2 = 0812 Kf gneolpo4 . .
i

&)

We can assume that B¢ follows a simple power law (see Pomakov
et al. 2022)

Bf =Bf,0 (]+Z)a, (10)

and, after defining

Ky oneolys o
Afp=0812 2 (11
: V3
RRM £ rms becomes
12 Ny (2)
<RRMf2> :AfgoBf,o\ D (223 (12)
i
and hence
Ny (2)
1/2 ; AN
<RRMf2> =Ar 0By \ Z 1+ Zi)20_2'3A—ZfAZ (13)
i

that can be turned into an integral

1/2 z dN ¢
<RRMf2> = Af,O Bf,O \/‘/0' (] +Z/)2(I—2.3 dz-{ dZI (]4)

The number of filaments N ¢ is, to a good approximation, linear with
z (see Paper I). We followed the same analysis of Paper I to estimate
the number of filaments intercepted by the LOS of the sources of our
RM catalogue. We used the filament catalogues by Chen et al. (2016)
and Carrén Duque et al. (2022) and found the number of filaments
intercepted by each of the RM catalogue sources that are in their
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Figure 4. Number of filaments intercepted by each of our sources in the
footprint of the filaments catalogues (dots). The best-fit is also reported (solid
line).

footprint, and fit the distribution of N so obtained (Figure 4). We
assumed a filament width of 6 Mpc at z = 0 (Aragén-Calvo et al.
2010; Cautun et al. 2014; Galdrraga-Espinosa et al. 2020), evolving
with redshift as discussed above. Differing from Paper I, we did the
analysis out to the max distance of the filament catalogues (z = 2.2),
considered a width changing with redshift, and executed a linear fit,
which gives

Ny = No+Niz 1s)
No = L5
Ny = 159

We do not have filament data beyond z = 2.2 and we extrapolate this
relation out to z = 3.
Equation (14) thus becomes

1/2 4
<RRM2> :Af’oNll/zBf,O \//O (1+Z/)2(t—2.3 dz’ (16)

with solution

Af’ONll/z Bf,O \[% for @ # 0.65

Af’()Nll/2 By oyIn(1+2)

<RRMf2>1/2 -
for @ = 0.65
(17)

As discussed in Section 4.1, a cosmic filament origin can be assumed
for our RRM sample measured at 144-MHz with LOFAR. Hence,
we fit the measured RRM rms to the function

<RRM2>1/2 = Arrm_ <RRMf2>1/2 (18)
(1+72)?

where, besides the cosmic filament term RRM ¢, we allow a constant

RRM term, corrected for redshift, to account for a possible additional

contribution different from filaments. This is motivated because the

model RRM ¢ converges to zero at z = 0 while our measured RRMs

do not. We use a Bayesian fit®, with priors of By o < 250 nG

6 EMCEE package (Foreman-Mackey et al.
https://pypi.org/project/emcee/

2013):
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Semi-analytical model
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Figure 5. Best-fit results of the semi-analytical model of equations (18) and (17) to the RRM rms computed with redshift bins of 15 sources per bin. Top-left and
Top-right: 2D distributions (dots), and 1-sigma and 2-sigma confidence level contours (solid lines) of the fit parameters @, B o, and A . Bottom-left: RRM
rms measured in redshift bins (circles) and best-fit curve (solid) and its error range (grey-shaded area). Bottom-right: Evolution with redshift z of the best-fit
filament physical (solid line) and comoving magnetic field amplitude (dashed). The error range is also shown (shaded areas).

(Locatelli et al. 2021), Bro 2 0, and A, = 0. The results are
shown in Figure 5 where we used the RRM rms computed in bins of
15 sources each. The 2D confidence level contours of the parameters,
the best-fit model, and the resulting evolution of B¢ with redshift are
shown. The best-fit results (Table 1) give a filament magnetic field
with a slope @ = 0.2 + 0.5 that is consistent with no evolution with
redshift, as also shown in Figure 5, bottom-right panel, and with an
amplitude atz = 0 of B¢ o = 52+9 nG. The latter can be also written

as:

19)

6 Mpc
Bro=(52+9 G
ro=229) () o
that shows the dependence of B¢ ( on the filament width (these two
parameters are inversely proportional, see Equation (17)).
Assuming the magnetic field is frozen to the plasma, the magnetic
field goes as n§/3 and thus By = By (1 + 2)2, where By  is the
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Table 1. Best-fit parameters of the filament magnetic field evolution with redshift to the RRM rms measured at 144-MHz for the semi-analytical case and that
with density taken from simulations. Columns are the case studied and the fit parameters: the slope « of the filament magnetic field strength behaviour vs
redshift; the strength By ¢ of the filament magnetic field at z = 0; the constant term A;-,,; the slope y of the comoving magnetic field. Semi-analytical cases
are with different redshift-bin sizes. Cases with density taken from simulations are all fit to RRMs in 15-source redshift bins and differ for the magnetogenesis
scenario and the overdensity threshold of the cells used to estimate the RRMs (matter overdensity dps < 160 and §ps < 100).

case a By o Arrm Y
[nG] [rad m~2]
Semi-analytical model, I o (1+ z)~14
15-sources per z-bin 0.2+0.5 52+9 048+0.16 -1.8+0.5
60-sources per z-bin -0.8+2.0 80x+40 1.0+£0.5 -2.8+2.0

density from simulations, B £ constant with density,
15-source z-bins, dp7 < 160

density model

primordial uniform 0.1+0.5 47+8 0.62+0.14 -19x0.5
dynamo -0.1£0.5 5610 049+0.15 -2.1x0.5
astroph -0.2+0.5 58+11 0.57+0.16 -22+0.5
primordial+astroph 0.0+£0.5 55+10 0.64+0.13 -2.0+0.5
primordial stochastic -02+04 57+9 053+0.14 -22+04

density from simulations, B £ constant with density,
15-source z-bins, 37 < 100

density model

primordial uniform 0.0+0.5 61+11 0.60+0.14 -2.0+0.5
dynamo 0.0+£04 65+10 0.57+0.14 -2.0+0.4
astroph -0.2+05 70+x14 0.56+0.16 -2.2+0.5
primordial+astroph -0.1+04 69+11 0.59+0.13 -2.1+04
primordial stochastic -0.1+0.6 68+14 055+0.16 -2.1+0.6

Table 2. Best-fit parameters of the filament magnetic field evolution with redshift to the RRM rms measured at 144-MHz for the case with density taken from
2/3
g

magnetic field behaviour vs redshift; the strength B0 o of the filament magnetic field at z = 0 and gas overdensity 6¢ = 10; the constant term Ay.,; the slope
v of the comoving magnetic field. All cases are fit to RRM rms computed in 15-source redshift bins and differ for the magnetogenesis scenario. Two sets of

cases are reported, differing for the overdensity threshold of the cells used to estimate the RRMs from simulations (6p7 < 160 and s < 100).

simulations and magnetic field dependent on the gas density as By o pg'~. Columns are the case studied and the fit parameters: the slope a of the filament

case a B}O 0 Arrm y
[nG] [rad m~2]

By « pgl, op < 160

density model
primordial uniform 0.3+0.5 10.0+2.0 0.70+£0.14 -1.7+0.5

dynamo 0.1+0.4 11.8+19 055+0.15 -19+0.4
astroph -0.1+£0.5 12.8+24 0.61+0.15 -2.1+0.5
primordial+astroph -0.1+04 12.8+2.1 0.65+0.13 -2.1+04

primordial stochastic -0.1+0.5 142+2.6 0.47+0.17 -2.1+0.5

By o< p?, 6pr < 100

density model
primordial uniform 0.0+0.6 18.0+3.9 0.63+0.16 -2.0+0.6
dynamo 0.1+0.4 18.6+3.1 0.60+0.14 -19+0.4
astroph -0.2+0.5 209+3.6 0.57+0.15 -2.2+0.5
primordial+astroph 0.3+£0.5 172+3.1  0.61+£0.14 -1.7+0.5
primordial stochastic -02+0.5 224+39 048+0.15 -2.2+0.5

comoving magnetic field in filaments that, according to our model which gives a comoving magnetic field in filaments that significantly

for B f> varies with z as evolves, decreasing with redshift. The behaviour of the comoving
field is shown in Figure 5, bottom-right panel.

B 7)=B 1+2)” withy=a-2. 20

fe(@) rol ) 4 20) We also run the fit to the RRM rms computed with a set of larger

From the results of our fit, hence, we get y = —1.8 + 0.5, redshift bins (60 sources each). The results, shown in Table 1, are
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consistent with those obtained with smaller bins, albeit with larger
errors.

4.3 Analysis with densities from cosmological simulations

The semi-analytical approach is powerful and gives an insight into the
terms at play, but it has limitations. Those most obvious are the gas
density assumed to follow that of the dark matter and the overdensity
assumed to be constant within a filament and for all filaments. To
overcome this, and to obtain more precise estimates of the evolution
of the field, we make direct use of the gas density from cosmological
simulations (see Section 3). The goal is still to find the evolution with
redshift of the mean filament magnetic field strength assuming the
power law behaviour of Equation (10).

For each of the cosmological models considered, we extracted
100 LOS out to z = 3. For each LOS we calculated the RRM ¢ at
each z using Equation (3) and the gas density from the simulation.
We considered only cells with a matter density excess dpy < 160
to account for our sources residing far from galaxy clusters. We
excluded cells with gas excess density 6 < 1 because they give a
negligible contribution to the total RRM, as shown in Section 4.1.

The magnetic field was estimated assuming a value of By  and
a (Equation 4). Each time the LOS entered a region with § > 1, the
direction of the magnetic field to the LOS was changed, randomly
picked within 47 sr. That ensured a magnetic field with constant
orientation within each filament and randomly changing filament to
filament. We did 120 realisations of these magnetic field configura-
tions, for a total of 12,000 realisations (100 LOS x 120 magnetic
field configurations).

From these 12,000 realisations of RRM ; we computed the RRM ¢
rms that is that expected given the assumed values of By ( and a.
Since we are not interested to small scale variations, we smoothed
the RRM ¢ rms with a top hat filter of width dz = 0.1, which further
reduces the statistical variations of the individual RRM  realisations.
We computed this all for different values of « (at the same value of
By ), spanning the range [-5, 5] with steps of 0.5, which covers the
range of interest. We also tested a step of 0.25 with similar results. A
linear interpolation between the two nearest values gives the RRM ¢
rms estimate at any other @ value. The RRM ¢ has a simple linear
dependence on By ( that, combined with the interpolation over a,
gives us the functional dependence on these two parameters required
by a Bayesian fit.

The results of a Bayesian fit to Equation (18) are reported in
Table 1, with the RRM ¢ estimated as discussed above, and the RRMs
measured in 15-source bins, for all of the cosmological models we
considered. We assumed the same priors as for the semi-analytical
analysis.

The best-fit values of « are in the range [-0.2, 0.1] and are all
consistent within the errors (o = 0.4-0.5) and consistent with
no evolution with redshift. They are also consistent with the value
derived by the semi-analytical analysis. The comoving magnetic field
slope 7y is in the range [-2.2, -1.9], which confirms a decrement with
increasing redshift.

The mean amplitude of the field in a filament at z = 0 is By o ~
55 nG with variations depending on the models (it ranges from 47—
58 nG), but within the uncertainty that is better than 5-sigma. It is
consistent with the result of the semi-analytical model.

We regard the results obtained here as more accurate than those
of the semi-analytical model, because of the better description of the
gas density. However, the proximity of the results tells us that the
semi-analytical model is a good approximation and suggests that is
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an effective (and computationally cheaper) approach to apply to large
datasets.

Currently, we cannot exactly set the limit on the overdensity. From
the distribution of the source separation to the nearest cluster found
in Paper I (see also Section 4.1) it is possible that they reside at over-
densities lower than §y; = 160. Therefore, we repeated the analysis,
setting the limit to 634 < 100, which is the threshold separating fila-
ments and halos. This is sort of an extreme case because it assumes
that all sources are in filaments.

The best-fit results are reported in Table 1. The slopes are similar
to the 637 = 160 case, with small changes that are well within the
uncertainties. However, the field strength is larger. It ranges from
61-70 nG, with a mean value of 67 nG. In summmary, changing the
overdensity limit does not affect the best-fit slope, while it changes
the field amplitude, increasing it by ~20 percent when changing from
o = 160 to 100. Considering all of the models, overdensity limits,
and 1-sigma uncertainties, the magnetic field strength of a filament
at z = 0 is in the range 39-84 nG.

4.4 Analysis with density from cosmological simulations and
magnetic field frozen to matter.

The approach used above, in Section 4.3, assumes a By which is
constant with density. This results in an average value where filaments
at higher density contribute more, because the RRM of a filament
depends on PZ'/ 3,

Therefore, we have repeated the same analysis assuming that the
magnetic field strength is

0 (%)’
Bf:Bf’O(E) (1429 @

where BlfoO is the average magnetic field strength of a filament of

gas overdensity 6o = 10 at z = 0 and B}O’O (1+z)“ is that at redshift
z. The dependence on §, assumes that the magnetic field is frozen
to the ionised rnedium7‘S and also seems to hold in more evolved
environments like those of galaxy clusters (e.g., Radiconi et al. 2022,
submitted). Hence, this approach estimates the field strength at the
typical density of a filament (6 = 10, see Cautun et al. 2014; Vazza
et al. 2015) and, following Equation (21), at any density.

The results of the Bayesian fit are given in Table 2 and Figure B1
of Appendix B (for the primordial stochastic model only, the other
models show similar results). The best-fit values of @ are in the range
[-0.1,0.3], are all consistent within the errors (o, = 0.4-0.5), and are
consistent with no evolution with redshift. The comoving magnetic
field slope v is in the range [—2.1, —1.7], which gives a decrement
with redshift also in this case. The mean amplitude of the field in a
filament at overdensity 6 = 10 and z = O is B}O’O ~ 12.3 nG (values
are in the range 10.0-14.2 nG and partly depend on the best-fit slope —
there is some degeneracy between slope and field strength, as shown
by Figure B1), with uncertainties better than 5-sigma.

The typical density of a filament evolves as for Equation (4).
Combined with our results and the assumed relation of By with
density, we get that the typical magnetic field of a filament evolves
with redshiftas B , = Blf({o (1+2)", withn = @—0.5 (e = y—0.5
for the comoving field), that hence runs in the range [-0.6, -0.2] ([-2.6,
-2.2] for the comoving field).

7 We assume there is no further amplification, such as by turbulent gas
motions, which numerical simulations suggest may occur (e.g., Gheller &
Vazza 2019).
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As for the case of By constant with density, we repeated the anal-
ysis for an overdensity limit of 37 = 100. Results are reported in
Table 2. The slopes are similar to the §3; = 160 case. The magnetic
field strength B}.O,O ranges from 17-22 nG with a mean value of
~19 nG, which is ~50 percent larger than the previous case. Consid-
ering all of the models, overdensity limits, and 1-sigma uncertainties,
the magnetic field strength of a filament at z = 0 and gas overdensity
0g = 10 is in the range 8-26 nG.

4.5 Predictions from simulations

It is difficult to discriminate between the different magnetogenesis
scenarios based solely on the results of the previous subsections, be-
cause those scenarios do not differ much in gas density and give sim-
ilar outcomes (which, however, gives us a nearly model-independent
estimate of the evolution of By ). However, we can use their directly
simulated prediction of the RRM and By evolution with redshift.

The RRM ¢ rms of the IGM were computed for all of the cos-
mological scenarios following the procedure of Section 4.1, using
the density and magnetic field values from the simulations and con-
sidering only the LOS cells with an overdensity under a given limit
(6p < 1600r 5y < 100). The results are shown in Figure 6 for both
overdensity limits. The RRM rms measured from our sample in 60-
source bins, that have lower errors for an easier comparison, is also
displayed after subtracting off the term Ay, (1 + 2)~2 to show the
component that the fit attributes to the IGM only. We set A, = 0.6
rad m~2 which is an intermediate value of the best-fit results.

The observed RRMs are best matched in both shape and amplitude
(for the 037 = 160 case) by the dynamo and primordial stochastic
models, whose RRM rms flattens at high redshift. The others look
disfavoured. In particular, the astrophysical model predicts RRMs
that are too small, while the RRM of the mixed primordial uni-
form+astrophysical and primordial uniform models increases nearly
linearly with redshift out to z = 3.

The comoving magnetic field strength at 6 = 10 is estimated as
the rms of the magnetic field from cells in the 100 LOS with 6 in the
range 2-50, and is shown in Figure 7. We also tried narrower ranges,
but the statistics were too poor and the results were unstable. Table 3
reports the results of a best fit to a power law B}O’C = B}O’O (1+2)”.
To facilitate the comparison we report the differences with the results
of the best fits to the observations for our fiducial overdensity limit
of dp7 = 160. Comparisons with the slopes in the case of a limit of
0pr = 100 are similar. The dynamo and primordial stochastic models
only posses a comoving slope consistent with the results from the
observations. This is not surprising because a steep slope is required
to obtain a RRM rms that flattens at high redshift. The magnetic field
strength range allowed by the observations is broad. However, the
dynamo and primordial stochastic models appear to predict strengths
consistent with such a range, albeit the former has a large uncertainty.

5 DISCUSSION

Our analysis indicates that the RRM rms we used is dominated by the
component originated in cosmic filaments. We find that the filament
physical magnetic field is consistent with no evolution with redshift,
regardless of the three types of analysis we have applied and the over-
density limits that we set. The comoving field decreases with redshift
with slope y = =2.0 + 0.5, with small variations depending on the
magnetogenesis model. This is the first estimate of the evolution of
the magnetic field in filaments, to our knowledge, and complements
the result by Pomakov et al. (2022) for the average field of the IGM,
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who find a slope of yjgm ~ —4.5. The difference is because in fil-
aments the evolution of their overdensity and transversal size have
to be added to the equation, which makes the filaments’ y flatter by
2.15 (see Section 4.2) and the two results consistent. This is the direct
result of a nearly flat evolution of RRM that requires a decreasing
comoving field.

The strength at z = 0 of the filament magnetic field averaged over
all filaments is estimated at By o ~ 55 nG for our fiducial value of
the overdensity limit of §5; = 160, with an uncertainty better than
5-sigma. Considering variations due to both overdensity limits, the
fit uncertainties, and the different magnetogenesis scenarios, B¢ ¢ is
in the range 39-84 nG. This result is in agreement both with previous
upper limits (Vernstrom et al. 2017; Brown et al. 2017; O’Sullivan
etal. 2019; Amaral et al. 2021; Locatelli et al. 2021) and the estimate
of® 30-60 nG obtained from the first claimed detection of the stacked
synchrotron emission from filaments of the cosmic web (Vernstrom
et al. 2021). Both our and their method measure the field averaged
over all types of filaments and are possibly dominated by the largest
of them. Note that our result is larger than that of ~30 nG derived
in Paper I. There we assumed no evolution (with an average filament
density at z = 0.7) and a filament width constant with redshift (instead
of decreasing), which led to a lower field strength estimate. Adding
the evolution with redshift was thus essential to get an improved
estimate.

We also estimated the magnetic field at the typical filament over-
density of 6 = 10, finding a strength of B}O’O ~123nGatz =0
for our fiducial overdensity limit, and a slope with redshift similar
to the previous case. If we consider all types of variations (model,
overdensity limit, and fit uncertainties) the field strength is in the
range 8-26 nG.

The dynamo and primordial stochastic models predict RRM rms
values that flatten at high redshift and provide the best match to the
observed RRM in both shape and amplitude. The others look dis-
favoured. In particular, the RRM of the primordial uniform model
increases almost linearly with redshift and it is striking to notice how
such an observed redshift evolution of RRMs clearly disfavours it.
While a comoving uniform seed field of ~ 0.1 — 0.5 nG was shown
to be compatible with previous observations or the non-detection of
synchrotron radio emission from the cosmic web (e.g. Vernstrom
et al. 2017, 2021; Locatelli et al. 2021) or more local analysis of
the RRM (e.g. O’Sullivan et al. 2019), these redshift dependent con-
straints on the RRM exclude such a simplistic model of the magnetic
field with high confidence. This is because even such a weak 0.1 nG
magnetic field correlated on scales as long as the entire tested cos-
mic volume® of ~6 Gpc produces a systematic increase of the RRM
with redshift, which is unobserved. This makes the RRM evolution
with redshift an extremely powerful probe of cosmic magnetism on
cosmic scales.

Furthermore, the comoving magnetic field at 6 = 10 favours the
dynamo and primordial stochastic models, as they are the only models
that posses both a comoving slope and strength that are consistent
with the results of the best fits to the observations.

The dynamo and primordial stochastic models are thus favoured
by our RRM measurements. The primordial uniform, mixed, and
astrophysical models appear to be excluded. The former two predict

8 It yields ~ 60 nG, if equipartition is assumed, or ~ 30 nG, based on
numerical simulations, albeit with a dependence on the (unknown) amount
of accelerated radio emitting cosmic ray electron.

9 The initial uniform orientation of the magnetic field is preserved while
evolving, on average.
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Figure 6. RRM ¢ rms in redshift bins computed using density and magnetic field from simulations, for the magnetogenesis models we considered. Two cases
differing by the overdensity limit are shown: das < 160 (left) and dps < 100 (right). The RRM rms from the LoTSS RM catalogue measured in 60-source

redshift bins is also shown, with the term A, (1 + z)’2 subtracted off.

Table 3. Results of the power-law best-fit to the comoving magnetic field at §g = 10 for all of the cosmological models we considered. The power law is

B}O = B}OO (1+z)? and the columns are: model; best-fit of the slope 7y and amplitude B0

7.0 (field strength at z = 0 and 65 = 10); difference between these

best-fit values and those from the fit to the observations in Table 2 in the case of an overdensity threshold of 37 < 160 (Ay and ABlfO o)

model b%
primordial uniform -0.6+0.2
dynamo -2.8+0.7
astroph -0.5+0.4
primordial+astroph -0.8+0.2
primordial stochastic ~ —-2.3 +0.4

B_‘f({ 0 Ay AB}O’O
[nG] [nG]
7.7+1.2 1.1+£0.5 -2+2
25+ 15 -0.9+0.8 1315
1.4+0.5 1.6 £0.6 —-11+2
1.8+0.3 1.3+04 —-11+2
207 -0.2+0.6 6+7
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Figure 7. Comoving magnetic field strength at overdensity 65 = 10 estimated
from the simulations of the magnetogenesis models considered in this work.

a continuously increasing RRM rms out to z = 3. The latter predicts
RRMs that are too small and magnetic fields that at z = 0 are one
order of magnitude weaker than the results of our best fits and a
redshift evolution that is too flat. These results are in agreement with
Vazza et al. (2021b), who found the stochastic model consistent with

previous observational constraints, and Pomakov et al. (2022), who
found the dynamo model consistent with the evolution of the mean
IGM magnetic field.

Using previous observational constraints, Vazza et al. (2021a)
and Vernstrom et al. (2021) also found that the dynamo model is
challenged, which, combined with our results, favours the primordial
stochastic model only. We note that combinations of the primordial
stochastic with other models are possible, but exploring such lines of
investigation is beyond the scope of this work.

If we restrict the analysis to this most favoured primordial stochas-
tic model, then the filament magnetic field strengths at z = 0 are
restricted to By o = 48-82 nG and B}OO = 11-26 nG, while the

slopes are @ = —=0.15 £ 0.5 and y = —2.15 £ 0.5.

The RRM rms amplitude of the primordial stochastic scenario
depends linearly on the initial field strength Bype. A best fit of the
amplitude of the directly simulated RRM rms of Figure 6 to the
observed RRM rms gives the value that is most consistent with our
data. We found that it is Byvpe = 0.051 + 0.010 nG and 0.097 =
0.010 nG, comoving, for overdensity limits of 637 = 160 and 100,
respectively. We restricted the fit to the values at z > 1 because
they are least affected by the Ay, (1 + z)_2 correction term. A
range of Bype = 0.04-0.11 nG, comoving, thus best matches the
RRMs of our sample, for a primordial stochastic scenario with a
spectrum of slope s = 1, which we simulated. These results are
consistent with previous upper limits of 0.12-0.13 nG derived from

MNRAS 000, 1-14 (2022)



12 E. Carretti et al.

CMB observations for the same scenario (Paoletti & Finelli 2019;
Paoletti et al. 2022).

It is worth noting that the mass resolution of the simulations we
ran does not allow us to reproduce the total distribution of low mass
galaxies (e.g. dwarf galaxies), which can introduce an additional
magnetisation baseline even in voids (e.g. Beck et al. 2013). Sim-
ulations with higher resolution and adaptive mesh that are better
suited to resolve the formation of small galaxies in voids predict the
formation of "magnetisation bubbles". These bubbles typically have
> 1073 nG fields, yet with volume filling factors and magnetisation
amplitudes from dwarf galaxies that depend on the assumed input
magnetic field (Ardmburo-Garcia et al. 2021), which currently has an
unclear contribution to the observed RRM (Aramburo-Garcia et al.
2022). Higher resolution simulations are thus required in future work
to complete the assessment of the astrophysical scenario, although
the magnetic field strength at 6 = 10 in such high resolution simu-
lations is comparable to the ~ 1 nG that we find in ours (see Figure
2 of Pomakov et al. 2022) and large variations from our results are
not expected.

6 CONCLUSIONS

We estimated the extragalactic RM contribution (RRM) of the RM
catalogue derived from LoTSS DR2 survey data, and, following the
procedure of Paper I, measured their rms in redshift bins of sources
out to z = 3. We used the RRM rms to investigate the evolution with
redshift of the magnetic field strength in cosmic web filaments. Our
main findings are:

(i) The RRM component that originates local to the source con-
tributes only ~8 percent to the total RRM. Using cosmological sim-
ulations, we also found that voids are expected to have a marginal
contribution to the total RRM from the IGM. The polarized radiation
from our sample at 144 MHz tends to avoid intervening galaxy clus-
ters along the line-of-sight. Cosmic filaments are hence the dominant
term of our observed RRMs measured at 144 MHz.

(i1) Adding an error term to account for the small local origin
component, we used densities from cosmological MHD simulations
of five different magnetogenesis scenarios to fit a physical mag-
netic field in cosmic filaments of shape By = Bf o (1+2)“ to the
measured RRM rms. We also allowed an additional constant term
evolving with redshift. In the cases where we fit a mean magnetic
field, we find the slope is in the range @ = [-0.2,0.1], depending on
the scenario, with an error of oo, = 0.4-0.5, which is consistent with
no evolution. The comoving field has slope y = [-2.2, —1.9], which
means that it decreases at high significance. This is as a consequence
of the nearly flat behaviour of the RRM rms. The strength at z = 0 is
in the range B¢ o = 39-84 nG and is consistent with previous results
based on synchrotron emission stacking.

(iii) If we assume that the magnetic field depends on the gas

density as By o pﬁ/ 3 (i.e. frozen to the plasma), the slopes are
mostly similar to the previous case and the strength, at z = 0 and at
an overdensity of 6 = 10 that is typical of filaments, is B}O,O = 8-
26 nG.

(iv) Comparing the RRM rms and Blf0 o Predicted by the five
simulated scenarios with those from our measurements and best
fits, leads to the dynamo and primordial stochastic models being
favoured, mainly because of the flat RRM rms they predict. The
primordial uniform, astrophysical, and mixed models appear to be
rejected, in particular the former is disfavoured by its RRM rms that
is continuously increasing with redshift. The strong rejection of the
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simple primordial uniform model is a new result that is mostly due
to the constraints from the evolution with redshift of the RRM rms.
Considering earlier work also, only the primordial stochastic scenario
(with a spectrum of slope ay = 1) is favoured. Its best-fit slope is
a = —0.15 + 0.5. The comoving field slope is y = —=2.15 £ 0.5. The
best-fit value of the initial field is Byjpe = 0.04-0.11 nG.

This work has provided a first advance of our initial analysis conduced
in Paper I and has led us to estimating the behaviour with redshift
of the magnetic field in cosmic web filaments. This has thus also
provided a more accurate estimate of the field strength. We find that
the physical field is consistent with no evolution and the comoving
field decreases with redshift with a slope y ~ —2.0+0.5 (-2.15+0.5
for the most favoured scenario). Such a result is because of the
nearly flat RRM rms behaviour with redshift, and has important
implications on understanding what process has generated magnetic
fields in the Universe and how they have evolved. A primordial field
with a uniform initial field is unsuitable. A primordial field with
random stochastic initial conditions is favoured and we find a range
of initial field strengths that best match our data.

Further advances can be pursued with future work and data. An
improvement of a factor of three of the RRM rms uncertainties, that
could be reached with 9x more sources, would give errors on @ of
~0.15, significantly improving the precision. This is within the reach
of the full LoTSS survey that will have larger area (4X), better reso-
lution (6 versus 20 arcsec), and improved polarized source selection
(see discussion in O’Sullivan et al. submitted). ASKAP-POSSUM
(Gaensler et al. 2010), APERTIF (Adebahr et al. 2022), and SKA-
LOW (Braun et al. 2019) will be a further step ahead. A functional
description of the evolution of By that is more sophisticated than the
simple power law assumed here is a further improvement to pursue,
even though it would likely be model dependent — see Figure 7. A
better separation of the IGM from the local origin component is de-
sirable, to improve the estimate of the IGM RRM rms, which can be
done with component separation Bayesian algorithms (Vacca et al.
2016).
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APPENDIX A: RELATION BETWEEN 2D AND 3D
PROBABILITIES OF FINDING A SOURCE CLOSER THAN
A DISTANCE

Assuming that a 3D probability distribution F is the same along all of the
directions: F (x,y,z) = f ((x)f (¥)f (z), in first approximation, the 3D-
probabiliity that the variable is within a distance d from the centre on each
direction is:

d d d
po@ = [ reax [ roay [ r@a @y
(A2)
= pipd (A3)
where
d
pip(d) = [d f(z)dz (A4)

This is only a first approximation because the integration should not be
extended out to d in all directions. The correct p3p is thus smaller.

Marginalising in the direction z, we obtain the 2D-probability that the
variable is within a distance d along two directions only:

d d oo
pap(d) = [dﬂx)dx [dm)dy / Fdz (A3

(A6)
= pipd) (A7)
This also is an approximation.
Hence,
32
p3p(d) = py5(d) (A8)

APPENDIX B: BEST FIT OF RRM ASSUMING THE
MAGNETIC FIELD FROZEN TO THE PLASMA

Best-fit results of Equation (18) to the measured RRM rms, for the case in
which the magnetic field is assumed to be frozen to the plasma, are shown in
Figure B1. Only the case of the primordial stochastic scenario is shown.
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Figure B1. Best-fit results of Equation (18) to the RRM rms measured with redshift bins of 15 sources each. The filament RRM ¢ is computed from Equation (3),
where the density is taken from cosmological simulations and the magnetic field strength depends on the gas density as By o pé/ 3 The overdensity limit

assumed is dps < 160. The case of the primordial stochastic cosmological MHD model is shown here. The description of the panels is as for Figure 5.
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