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Abstract

The measurement of magnetic fields in cosmic web filaments can be used to reveal the magnetogenesis of the Universe. In previous works, we produced the first estimates of the field strength and its redshift evolution using the Faraday rotation measure (RM) catalogue of extragalactic background sources at a low frequency obtained with LOFAR observations. For this work, we refined our analysis by selecting sources with a low Galactic RM, which reduces its residual contamination. We also conducted a comprehensive analysis of the different contributions to the extragalactic RMs along the line of sight, and confirm that they are dominated by the cosmic filaments’ component, with only 21 percent originating in galaxy clusters and the circumgalactic medium (CGM) of galaxies. We find a possible hint of a shock at the virial radius of massive galaxies. We also find that the fractional polarisation of background sources might be a valuable CGM tracer. The newly selected RMs have a steeper evolution with redshift than previously found. The field strength in filaments (Bf) and its evolution were estimated assuming Bf evolves as a power law Bf = Bf, 0 (1 + z)α. Our analysis finds an average strength at z = 0 of Bf, 0 = 11–15 nG, with an error of 4 nG, and a slope α = 2.3–2.6 ± 0.5, which is steeper than what we previously found. The comoving field has a slope of β = [0.3, 0.6]±0.5 that is consistent with being invariant with redshift. Primordial magnetogenesis scenarios are favoured by our data, together with a sub-dominant astrophysical-origin RM component increasing with redshift.

Key words: magnetic fields / polarization / methods: statistical / intergalactic medium / large-scale structure of Universe


1. Introduction
The origin of the magnetic field of the Universe can be investigated through the evolution of several indirect proxies with cosmic time (e.g. Subramanian 2016; Vachaspati 2021; Arámburo-García et al. 2021; Vazza et al. 2021). The magnetic field in cosmic filaments is a sweet spot for such an investigation. There the field is not yet as processed as it is in galaxy clusters, where the memory of the initial conditions has been erased (Cho 2014; Vazza et al. 2017), keeping the information of the primeval conditions, whilst it is stronger than in voids, which makes the detection easier (Neronov & Vovk 2010; Vazza et al. 2017; Mtchedlidze et al. 2022). There are two major groups of magnetogenesis models: primordial scenarios, where the field was produced early, during cosmic inflation, or in phase transitions before recombination (e.g. Turner & Widrow 1988; Kronberg 1994; Paoletti & Finelli 2019), and astrophysical scenarios, where the magnetisation of the Universe was generated late in galaxies and active galactic nuclei (AGNs) and then injected in the intergalactic medium (IGM) (Kronberg 1994; Bertone et al. 2006; Donnert et al. 2009).
The Faraday rotation measure (RM) is a measure of the polarisation angle rotation by birifrangence of the two circular polarisation states, which is produced when polarised radiation travels through a magneto-ionic medium with a magnetic field and is populated with free electrons (a plasma). The RM depends on the magnetic field component along the line of sight (LOS), which is weighted by the electron number density and integrated along the LOS from the source to the observer. It is an effective tool to study magnetic fields and the ionised medium in the Galaxy (Planck Collaboration XLII 2016; Dickey et al. 2022), the circumgalactic medium (CGM) of galaxies (Heesen et al. 2023; Böckmann et al. 2023), the environment local to the source (Laing et al. 2008), and the cosmic web (Pomakov et al. 2022; Carretti et al. 2023; Vernstrom et al. 2023). It helps not only to investigate magnetic fields, but also to reveal the warm-hot intergalactic medium (WHIM) (Akahori & Ryu 2011; Anderson et al. 2021) that, with low temperatures of 104–106 K, is hard to detect in low density environments at other wavelengths (e.g. X-ray).
The evolution with redshift of the extragalactic RM was investigated in the past decades, mostly with no evolution being found (Fujimoto et al. 1971; Reinhardt 1972; Kronberg et al. 1977; Sofue et al. 1979; Kronberg & Perry 1982; Thomson & Nelson 1982; Welter et al. 1984; Oren & Wolfe 1995; You et al. 2003; Bernet et al. 2008; Vernstrom et al. 2018; Riseley et al. 2020). The extragalactic RMs at gigahertz frequencies are dominated by the contribution local to the source (Carretti et al. 2022). At these frequencies Fujimoto et al. (1971), Kronberg et al. (2008), and Lamee et al. (2016) found a hint of evolution using samples of up to a few hundreds of sources, which was attributed to the RM originating local to the source (Kronberg et al. 2008). However, this evolution was not confirmed using a much larger sample of ≈4000 sources (Hammond et al. 2012), and thus the results have been inconclusive so far.
Limits on the IGM magnetic field (i.e. the mean magnetic field strength of the Universe, averaged over all cosmic web structures such as voids, walls, and filaments) are set with several tracers. Rotation measures of extragalactic sources give an upper limit of 1.5 nG when measured at 144 MHz (Pomakov et al. 2022) and of 15 nG when measured at 1400 MHz (Vernstrom et al. 2019). The investigation of the synchrotron emission of the cosmic web has led to upper limits of 10–200 nG (Vernstrom et al. 2017; Brown et al. 2017). The temporal smearing distribution of fast radio bursts gives an upper limit of 10 nG (Padmanabhan & Loeb 2023). Delays in the arrival time of giga-electronvolt from tera-electronvolt γ-ray emission from blazars yield lower limits of 4 × 10−14 to 7 × 10−16 G in voids, depending on the blazar duty cycle (Aharonian et al. 2023). The time delays of lensed blazars give a lower limit of 2 × 10−17 G (Eroshenko 2024). Time delays of γ-rays from gamma ray bursts give lower limits of a few 10−19 G (e.g. Huang et al. 2023; Vovk et al. 2024). Using blazars, the filling factor of the IGM field has been constrained to f ≳ 0.67, which favours primordial over astrophysical models (Tjemsland et al. 2024).
The magnetic field in cosmic filaments has been measured at 30–60 nG using synchrotron emission stacking (Vernstrom et al. 2021) and at 40–80 nG with extragalactic RMs at low frequencies (Carretti et al. 2022, 2023). Vernstrom et al. (2023) find that filaments are highly polarised, which implies a significant ordered magnetic field component in filaments, consistent with the detection of an RM signal from them (Carretti et al. 2022). The high polarisation fraction also supports the theoretical paradigm of filament accretion with shocks from infalling matter. Carretti et al. (2023) estimated the evolution of the magnetic field strength with redshift. Their results are consistent with no evolution of the physical field out to z = 3. Upper limits were found by cross correlating the synchrotron emission at a low frequency with X-ray emission (Hoang et al. 2023), comparing synchrotron emission with simulations (Vacca et al. 2018), and cross-correlating RMs with cosmic web tracers (Amaral et al. 2021). Cosmic filaments have been recently detected in Lyman-α (Martin et al. 2023) and X-ray diffuse emission (Dietl et al. 2024). Magnetic fields have also been recently detected in the cosmic web just off galaxy groups (Anderson et al. 2024), where they have a strength of 200–600 nG and then drop under their dataset sensitivity at projected separations from groups beyond seven splashback radii.
In a previous work, we estimated the magnetic field strength in cosmic filaments using extragalactic source RMs at low frequencies of ≈144 MHz (Carretti et al. 2022, hereafter Paper I) and its evolution with redshift (Carretti et al. 2023, hereafter Paper II). We used the RM catalogue of O’Sullivan et al. (2023) derived from the LOFAR Two-metre Sky Survey (LoTSS; Shimwell et al. 2022) data. We also compared the RM–redshift evolution with that predicted by cosmological models, finding that primordial stochastic models are favoured. We find that the sight lines of polarised sources tend to avoid the high density environments of galaxy clusters at this low frequency, and that the RM of the extragalactic sources is dominated by that produced by the intervening cosmic filaments, with a minor contribution from the environment local to the source.
For this work we refined our analysis by improving our sample selection, specifically, only selecting sources with a low Galactic RM. We also conducted a comprehensive analysis of the different contributions to the extragalactic RMs we used, and again we find that once the Galactic RM is subtracted off, they are dominated by the IGM or cosmic web term. Finally, we estimated the strength and evolution with the redshift of the magnetic field in cosmic filaments, using a Bayesian analysis, and compared the results with the predictions of magnetogenesis models, including several new primordial stochastic ones, which our previous work found favoured compared to other magnetogenesis scenarios.
This paper is organised as follows. In Sect. 2 the RM sample at 144 MHz we used is described, and we explain how we computed the RM as a function of the redshift (z). Section 3 describes the magneto hydrodynamics (MHD) cosmological simulations used in this work. In Sect. 4 we investigate the origin of our RMs, specifically whether there is a significant contribution from intervening galaxy clusters, galaxies and their CGM, or the radio sources themselves. In Sect. 5 we explain how we fitted the strength and redshift evolution of the magnetic field in filaments to the observed extragalactic RM as a function of redshift. We also compare the observed RMs with those computed for a number of magnetogenesis scenarios. Finally, in Sect. 6 we discuss our results and draw our conclusions.
Throughout the paper we assume a flat ΛCDM cosmological model with H0 = 67.8 km s−1 Mpc−1, ΩM = 0.308, ΩΛ = 0.692, Ωb = 0.0468, and σ8 = 0.815 (Planck Collaboration XIII 2016). Errors refer to 1-σ uncertainties.
2. Faraday rotation measure data
2.1. LoTSS RM catalogue at 144 MHz
We use the RMs from the catalogue obtained from the LoTSS DR2 (LOFAR Two-metre Sky Survey Data Release 2) polarisation data (O’Sullivan et al. 2023; Shimwell et al. 2022). All details can be found in the paper describing the catalogue (O’Sullivan et al. 2023). Here we summarise the information relevant to this work. The observations were taken with the High Band Antenna (HBA) of the LOFAR telescope in a 48 MHz broad band centred at 144 MHz, with a frequency resolution of 97.6 kHz, and an angular resolution of 20 arcsec. The catalogue covers an area of 5720 deg2 and consists of 2461 RM components, 1949 of which have an associated redshift, either photometric or spectroscopic. The RMs are measured through RM-Synthesis (Burn 1966; Brentjens & de Bruyn 2005). The catalogue excludes the RM range of [−1, 3] rad m−2 to avoid sources possibly contaminated by instrumental polarisation leakage.
As done in Paper I and II, we filtered the sample by only keeping sources with a spectroscopic redshift (z) and at Galactic latitudes |b|> 25°, the latter is to avoid regions with large Galactic RM (GRM) contamination. This results in a sample of 1016 sources, the median and maximum redshift are 0.48 and 3.37.
The measured RMs are a combination of the GRM (more generally, the RM structures correlated on scales larger than ≈1°, which are dominated by the Milky Way ISM and its circumgalactic medium), the extragalactic RM (RMeg), and the noise (N):
[image: thumbnail](1)
The extragalactic term consists of an RM of astrophysical origin, either local to the source, mostly produced in the environment surrounding the source (Laing et al. 2008), or objects intervening along the sight line such as galaxy clusters or galaxies, and an RM generated in the cosmic web, mostly in filaments because the contribution from voids is marginal (see Paper II). The extragalactic term that we use in this work is estimated as the Residual RM:
[image: thumbnail](2)
At the low frequency of 144 MHz we work at, the astrophysical term is small (see Sect. 4) and the RRM is dominated by the cosmic filament term.
The GRM contribution to each source is estimated from the GRM map of Hutschenreuter et al. (2022) as the median of a disc of radius of 0.5° centred at the source to avoid a known bias at the source position (see Paper I and Hutschenreuter et al. 2022 for details). The radius of 0.5° is set to match the average separation of ≈1° between the sources used by Hutschenreuter et al. (2022) to derive their GRM map. The error is estimated by bootstrapping1. Blunier & Neronov (2024) have computed RRMs for the same LoTSS sample, estimating GRMs either with the same GRM map as used here or from Hutschenreuter & Enßlin (2020) and a method similar to ours. They obtain RRMs similar to ours with either map, which supports the robustness of our GRM estimate method.
The noise term consists of a measurement sensitivity term (Nm) and a GRM error (NGRM). The two noise terms quadratically add up in an RRM rms computation and they are subtracted off throughout the paper:
[image: thumbnail](3)
2.2. RRM rms versus GRM
The RRMs computed with Eq. (2) can still be affected by GRM estimate errors that are expected to be somewhat proportional to the GRM value. We thus filtered the sample for different GRM thresholds (GRMth), keeping sources with |GRM| < GRMth, and computed the RRM rms of each resulting sample. We excluded 2-σ outliers from the rms computation.
The result is shown in Fig. 1, left panel, that reports the RRM rms as a function of GRMth. The unfiltered sample, with a maximum |GRM| of 105.0 rad m−2, has an RRM rms of 1.90 ± 0.05 rad m−2. The minimum rms is at GRMth = 7 rad m−2 at 1.44 ± 0.07 rad m−2. Lower GRMth values do not give any reduction of the RRM rms and we infer that the residual GRM contributions are marginal, at the uncertainty level. However, this case with GRMth = 7 rad m−2 only includes 338 sources, a mere third of the full sample.
	[image: thumbnail]	Fig. 1. RRM rms as a function of the GRM limit and Galactic latitude. Left: RRM rms of the spectroscopic redshift sample filtered by different GRM limits. The orange circle highlights the case with a limit of 14 rad m−2. Right: RRM rms as a function of Galactic latitude |b| for the case filtered with GRMth = 14 rad m−2.



A more valuable option is the case with GRMth = 14 rad m−2. It gives an RRM rms of 1.54 ± 0.05 rad m−2, which differs from the minimum at some 1-σ confidence level (1.2-σ). It is still statistically consistent with the minimum, but it contains a much larger number of sources (653). The median GRM is 6.7 rad m−2. The median and maximum redshift of this sample are 0.47 and 3.22. Larger GRMth values return RRM rms values that differ from the minimum by more than 1.6-σ and we consider them not to be an option.
To check whether the GRMth = 14 rad m−2 case still retains a significant residual GRM contribution we computed the RRM rms in Galactic latitude |b| bins, of bin-width of Δ |b| = 10°. If a contribution is still present, a decrease of the RRM rms with |b| would be expected. Fig. 1, right panel, shows a rather flat behaviour with no obvious trend with |b|. The Spearman’s correlation rank of |RRM| as a function of |b| is ρ = −0.018 with a p-value of 0.64, which supports that RRM and b are uncorrelated in this sample.
To further check whether there is significant residual GRM contamination in our RRMs, we compute the RRM rms in |GRM| bins out to 14 rad m−2 (Fig. 2). Data with |GRM| < 3 rad m−2 are excluded to avoid the gap in RM that could produce an artificial correlaton. There is no obvious correlation, which is confirmed by a Spearman’s correlation rank of |RRM| versus |GRM| of ρ = 0.011 with an high p-value of p = 0.77. This supports a marginal residual GRM contamination.
	[image: thumbnail]	Fig. 2. RRM rms as a function of |GRM| of the spectroscopic redshift sample filtered by |GRM| < 14 rad m−2.



Fig. 3 shows the RRM distribution of the same filtered sample. Compared to the RRM distribution of the unfiltered sample, also shown in Fig. 3. a reduction of the wings can be noticed.
	[image: thumbnail]	Fig. 3. RRM distribution of the spectroscopic redshift sample filtered by |GRM| < 14 rad m−2. The case with no GRM filter is also shown for comparison.



These sanity checks are informative and necessary in order to assess to which extent can any strategy to separate Galactic and extragalactic contributions to the RMs of a sample of sources. Simpler procedures to remove the Galactic contribution can be biased (see the analysis in Paper I). This would result into a distribution of putative extragalactic RRMs that would instead show statistical correlations with the Galactic RM, signalling an incorrect estimate of the truly extragalactic component.
2.3. Behaviour of extragalactic RM with redshift
For the best fitting analysis of this work we use the spectroscopic redshift sample filtered for |GRM| < 14 rad m−2 discussed in Sect. 2.2. We computed the RRM rms in 20-source redshift bins (Fig. 4, left panel). The RRM rms is computed as for Eq. (3) and excluding 2-σ outliers. Errors are estimated by bootstrapping.
	[image: thumbnail]	Fig. 4. RRM rms in redshift bins of 20 (left) and 40 (right) sources, each of the spectroscopic redshift sample filtered by |GRM| < 14 rad m−2. The linear fit (dashed line) and its uncertainty (shaded area) are also reported.



Compared to the RRM rms of the full spectroscopic redshift sample (see Paper II), the RRM rms(z) of the GRM filtered sample computed here is steeper and lower, and at the z = 0 end it gets closer to 0. A weighted linear fit gives a slope of 0.25 ± 0.08 which is not flat at 3-σ significance.
We also show the plot of RRM rms as a function of redshift with 40-source bins (Fig. 4, right panel), which gives smaller errors. We note the presence of wiggles. We believe it is unlikely that they are related to the residual GRM contamination. They were also present in Paper II, where we used the full, unfiltered spectroscopic sample, and here, where we use a sample with reduced GRM contamination, they are still there. We discuss more on the wiggles in Sect. 4.2.
3. Cosmological MHD simulations
Compared to our previous work (Paper II), here we use a much improved set of cosmological magneto-hydrodynamical simulations produced using ENZO2, designed to investigate the dependence between RRM and different models of magnetogenesis with increased resolution and improved physical models.
We produced multiple resimulations of the same comoving volume of (42.5 Mpc)3 with a static grid of 10243 cells, giving a constant spatial resolution of 41.5 kpc/cell and a constant mass resolution of 1.01 × 107 M⊙ per dark matter particle. Also based on our previous works, this volume was chosen to provide a reasonable compromise between a good spatial resolution in the medium or low density regions which are mostly contributing to the observed RRM (after the excision of denser halo regions), as well as a large enough cosmic volume to provide us a fair sampling of voids and filaments along simulated lines of sight. All runs include equilibrium gas cooling, a ‘sub-grid’ dynamo amplification model at run-time, which allows the estimation of the maximum contribution of a dynamo in low density environments (see Ryu et al. 2008), while the treatment of primordial magnetic fields and feedback from galaxy formation processes varies. In detail:
“Primordial uniform model”: a primordial uniform volume-filling comoving magnetic field strength of B0 = 0.1 nG initialised at the beginning of the simulation (z = 40).
“Primordial stochastic models”: three different initially tangled seed primordial magnetic fields, whose distribution of field scales follows a simple power law spectrum: PB(k) = PB0kαs characterised by a constant spectral index and an amplitude, commonly referred after smoothing the fields within a scale λ = 1 Mpc, using the same approach of Vazza et al. (2021). Here we simulated the αs = −1.0,  = 0.0,  = 1.0, and  = 2.0 cases, that is, from very “red” to very “blue” primordial spectra, using the normalisation parameters given in Vazza et al. (2021) and based on observational constraints from the Cosmic Microwave Background obtained by Paoletti & Finelli (2019). “Red” spectra with a lower αs have most of their magnetic energy on the largest scales, mimicking the result of inflationary processes, while “blue” spectra with higher αs have more energy at smaller scales, with our limiting case here of αs = 2.0 which mimics the outcome of “causal” generation processes, in which the initial magnetic field is correlated only on scales smaller than the cosmological horizon. In detail, the adopted normalisation for each model is B1 Mpc = 0.003 nG for αs = 2.0, B1 Mpc = 0.042 nG for αs = 1.0, B1 Mpc = 0.35 nG for αs = 0.0 and B1 Mpc = 1.87 nG for the αs = −1.0. As will be discussed in Sect. 5.2, unlike in all other cases we found that downscaling the amplitude of the last, αs = −1.0 model, to B1 Mpc = 0.37 nG can produce a reasonable match to LOFAR RRMs.
“Astrophysical models”: two models in which magnetic fields were injected at run-time in the simulation, both by star forming particles and by simulated active galactic nuclei. In the first case, we used the star formation recipe by Kravtsov (2003), designed to reproduce the observed Kennicutt’s law (Kennicutt 1998) and with free parameters calibrated to reasonably reproduce the integrated star formation history and the stellar mass function of galaxies at z ≤ 2. The feedback from star forming particles assumes a fixed fraction of energy/momentum/mass ejected per each formed star particles, ESN = ϵSFm*c2, with efficiency calibrated to ϵSF = 10−8 as in previous work (Vazza et al. 2017). We also consider that 90% of the feedback energy is released in the thermal form (i.e. hot supernovae-driven winds), distributed to the 27 nearest cells around the star particle, and 10% in the form of magnetic energy, assigned to magnetic dipoles by each feedback burst.
The feedback from active galactic nuclei is treated by assuming that, at each timestep of the simulation, the highest density peaks in the simulation harbour a supermassive black hole, to which we assign a realistic mass based on observed scaling relations (e.g. Gaspari et al. 2019). We then compute the instantaneous mass growth rate onto each supermassive black hole by following the standard Bondi-Hoyle formalism, in which we include (as typically for simulations at this resolution) an ad hoc “boost” parameter meant to compensate for the lack of resolution around the Bondi radius. Depending on the temperature of the accreted gas, we use either “cold gas accretion” feedback (in which most of the energy is distributed in the form of thermal energy in the neighbourhood of each simulated AGN) or “hot gas accretion” feedback (in which most of the energy is released in the form of bipolar kinetic jets). In both cases, 10% of the feedback energy is released in the form of magnetic energy, through pairs of magnetised loops wrapped around the direction of kinetic jets. This magnetic field is added to a negligible uniform initial seed field of B0 = 10−11 nG (comoving), leading to “magnetic bubbles” correlated with halos in the simulated volume. The two variations studied in this work concerns two different set of parameters for the efficiency of feedback from the hot and cold gas accretion and are calibrated to well reproduce the radio luminosity functions of real radio galaxies in the local Universe, with the “astroph 2” model having an overall slightly more efficient feedback energetics, when integrated over the entire lifetime of the simulation. A more detailed descriptions of all parameters used in this model, as well as of the main comparison with simulated and observed galaxy properties is the subject of a forthcoming paper (Vazza et al. 2024).
“Mixed model”: we combined the astrophysical model giving the largest contribution to the magnetisation of the cosmic web of the two discussed above (“astroph 2”), and the stochastic primordial model that gives the best match to LOFAR RRMs (see Sect. 5.2), which is that with αs = −1.0 and downscaled normalisation B1 Mpc = 0.37 nG.
An overview of the numerical parameters of the tested magnetic fields in given in Table1. The adopted cosmological parameters are as for Sect. 1. The production 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.
Table 1. 
Parameters of the primordial magnetic fields tested in our suite of cosmological 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 = 2.98 to z = 0. Each LOS is ≈6.502 comoving Gpc long and was produced by replicating the simulated volume 153 times, using a set of 17 snapshots saved at nearly equally spaced redshifts, and by randomly varying the volume-to-volume crossing position. In total, for each simulated model we extracted 100 LOS, each containing physical field values for a total of 156 672 cells. Our analysis shows that the RRM integrated over such long LOS gives very stable trends, and already with a sample of 100 LOS the uncertainties on the RRM within each redshift bin are ≤0.1% (see Sect. 5.2).
4. Origin of RRM at low frequency
In Papers I and II we addressed the origin of the RRMs of our sample at 144 MHz. Analysing the evolution with redshift of the polarisation fraction p and the behaviour of RRM rms with p, we found that a cosmic web origin is favoured, as opposed to an astrophysical origin. We also estimated the separation of our sources and their LOS to galaxy clusters and found that they tend to be far from clusters. Thus, the source LOS tend to travel through low density environments, where the depolarisation is lower.
We also used the results of differential RMs of random pairs (sources with close projected separation, but not physically associated and at different redshifts) and physical pairs (sources physically associated at the same redshift, such as two lobes of a radio galaxy) by Pomakov et al. (2022) and found that a cosmic web contribution is dominant. The astrophysical origin term is estimated to be ≈10 percent.
All of the above points to an origin that is mostly from the cosmic web. The RRM from the cosmic web is largely dominated by the filament contribution because their RRM is much larger than that of voids, according to MHD cosmological simulations (Paper II). In this Section we further investigate the RRM origin at 144 MHz.
4.1. Galaxy clusters
We test whether the galaxy clusters can contribute to the RRMs we measure. If the RRMs are of cosmic origin it is expected that the RRM rms would be larger in lines of sight passing through a cluster, instead of solely through filaments and voids.
We first analyse the full spectroscopic redshift sample with no GRMth filter to investigate the origin of the RRMs used in our two previous papers.
For each RRM source we found the galaxy cluster with the smallest impact parameter (or projected separation from the source LOS) in R100 units3. We then computed the RRM rms as a function of this separation. We used the galaxy cluster catalogue of Wen & Han (2015). The catalogue contains 158 103 records in the redshift range of 0.05–0.75 with an error of up to 0.018. The cluster masses (M5004) are as low as 2.0 × 1012 M⊙ and the catalogue is 95 percent complete for masses greater than 1.0 × 1014 M⊙. We selected sources of our RRM sample that are in the galaxy cluster catalogue redshift range, for a total of 707 sources. The RRM rms of this sample is 1.93 ± 0.06 rad m−2. We only used massive clusters (mass M > 1.0 × 1014 M⊙) that are expected to give the largest RRM effect. The rms is computed excluding 2-σ outliers5.
The rms as a function of separation is computed in bins of 0.45 R100 (which is approximately R500). Figure 5, top left panel, shows the RRM rms as a function of the minimum projected separation from clusters. We find an obvious excess of 6.8 ± 1.5 rad m−2 in the first bin (out to 0.45 R100), which contains 9 sources, whilst beyond 0.45 R100 there is no obvious trend, sitting at a mean value of 1.75 ± 0.06 rad m−2. The latter is 9 percent lower than the RRM rms of the entire sample and is an estimate of the astrophysical term contribution by intervening galaxy clusters to our RRM rms, for the full sample. It is important to note that the value of 6.8 rad m−2 is consistent with the rms of ≈7 rad m−2 of extragalactic sources observed at 1.4 GHz (e.g. Oppermann et al. 2015; Schnitzeler et al. 2019).
	[image: thumbnail]	Fig. 5. RRM rms (top left), distribution (top right), and mean fractional polarisation (bottom left) of the full spectroscopic sample at 144 MHz in bins of the separation from the nearest galaxy cluster of mass M > 1.0 × 1014 M⊙ along the LOS. Bottom right: Same as the for the top left panel except it is for galaxy clusters of mass M < 1.0 × 1014 M⊙.



Figure 5, bottom left panel, reports the mean polarisation fraction in the same bins. The first bin has a significantly low value of p = 0.62 ± 0.12 percent that is close to the limit of detection of our observations. The few sources whose LOS go through clusters at 144 MHz are thus highly depolarised and on the verge of not being detected. They are likely the few sources that survive such depolarisation and this can explain why so few are detected in polarisation. The polarisation fraction rises to ≈2 percent just beyond 0.45 R100 and then it increases nearly linearly with the separation. This increase might indicate that the environment density is decreasing with the separation to clusters leading to lower depolarisation. A small dip can be seen at ≈3 R100 ≈ 6 R500, the origin of which is still unclear.
Our result of high depolarisation of sources in the background of galaxy clusters is consistent with the results obtained at 1.4 GHz (Vacca et al. 2010; Bonafede et al. 2011; Osinga et al. 2022). However, while at 1.4 GHz high depolarisation is restricted to the inner regions of the cluster, here at low frequency it stretches out to the cluster outskirts, to ≈R500.
We checked whether there is a redshift dependence on how far out the depolarisation stretches. We split the sources in two redshift bins, lower and higher than 0.5, where we find 4 and 5 sources in the first bin. While the lower redshift bin has the depolarisation still limited to the first bin out to 0.45 R100, in the higher redshift bin (z = 0.5–0.75) the depolarisation stretches out to the second separation bin (Fig. 6), out to 0.9 R100 ≈ 2 R500, which is approximately the virial radius. That means that strong depolarisation effects are produced by the entire cluster. However, we verified that the RRM excess is still limited to the first separation bin.
	[image: thumbnail]	Fig. 6. Mean fractional polariation (p) at 144 MHz in bins of the impact parameter from the nearest galaxy cluster of mass M > 1.0 × 1014 M⊙ along the LOS. The case of the no GRM filter sample restricted to the redshift range z = 0.5–0.75 is shown.



Figure 5, bottom right panel, shows the RRM rms when clusters of mass M < 1.0 × 1014 M⊙ are used, which comprises poor clusters and groups. No excess in the first bin out to 0.45 R100 shows up in such a case. The fractional polarisation p raises to 2.7 ± 0.7 percent. These results mean that groups and poor clusters give a marginal effect at this frequency.
The flat trend beyond 0.45 R100, as opposed to the excess within massive clusters, supports a cosmic web origin outside cluster environments. If the RRM rms depended on the local environment, then a decrease with the separation would be observed because of a decrease of density, while a dependence on all the cosmic filaments in the source foreground would result in a term uncorrelated with the separation from the cluster.
The source distribution as a function of the separation from clusters (x) (Fig. 5, top right panel) is well approximated by a Rayleigh distribution, which is the distribution of the magnitude of a 2D vector, as it is the projected separation on the plane of the sky:
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where σr is the distribution spread and A is a normalisation term. The best fit (solid line) gives σr = 2.42 ± 0.05 R100. The cumulative distribution function is
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We also measured the RRM rms as a function of the separation from galaxy clusters for the sample filtered by the GRMth limit of 14 rad m−2 (Fig. 7), which is the sample used for the analysis in this work. The RRM rms of the sources in the redshift range of the cluster catalogue is 1.56 ± 0.06 rad m−2. The RRM rms of the first bin is of 5.4 ± 2.8 rad m−2, which is consistent with that of the full sample case discussed above.
	[image: thumbnail]	Fig. 7. RRM rms at 144 MHz in bins of the impact parameter from the nearest galaxy cluster of mass M > 1.0 × 1014 M⊙ along the LOS. The full spectroscopic redshift sample and an RRM sample filtered by a GRMth limit are shown. The cases are shifted in separation for clarity.



The mean RRM rms excluding the first bin gets down to 1.26 ± 0.05 rad m−2. This is 19 ± 4 percent lower than that of the sample and can be considered as the fraction of the astrophysical RRM component from intervening clusters in the sample used in the analysis of this work.
It is worth noticing a hint of a secondary excess at ≈2 R100 ≈ 4R500 (2.1 σ and 2.4 σ significance for the no GRM filter and GRMth = 14 rad m−2 samples). This is possibly related to the presence of companion clusters, as previously found in the density and metallicity profiles obtained from simulations (Angelinelli et al. 2022, 2023). It is unlikely related to the source excess found close to the cluster virial radius (Ilani et al. 2024), which is closer than 2R100.
The mean p of the first bin is 0.77 ± 0.19 percent, again showing a small polarisation fraction as in the unfiltered sample. The Rayleigh distribution spread is similar to that of the no filter case, at σr = 2.51 ± 0.06 R100.
4.2. Galaxies and CGM
Here we analyse whether galaxies or their CGM give a contribution to the RRM sample we use in this work. This is motivated by the recent finding that nearby spiral galaxies can produce a measurable RRM excess at 144 MHz, if the LOS of a background extragalactic source goes through their extraplanar, magnetised outflows from the inner part of the galaxies close to their minor axis (Heesen et al. 2023). In such galaxies the excess RRM is detectable out to 100 kpc.
We analyse the RRM spectroscopic redshift sample with a GRMth filter set to 14 rad m−2.
For each RRM source we estimated the impact parameter of the LOS to the galaxy with the smallest impact parameter in kpc units, and then we computed the RRM rms as a function of that LOS separation. We considered the galaxy catalogue of6 Zou et al. (2019). The catalogue is based on the photometric survey Dark Energy Spectroscopic Instrument (DESI) Legacy Surveys and contains photometric redshifts and stellar masses (M*). It consists of approximately 3.03 × 108 records with photometric redshifts up to z ≈ 1 and errors that depend mostly on their brightness. The median redshift errors for a few M* limited samples are reported in Table 2. The galaxy catalogue is complete for M* > 1011 M⊙ (see Fig. 12 of Zou et al. 2019). We selected sources of our RRM sample that are in the galaxy catalogue redshift range, a total of 550 sources. The RRM rms of such a subsample is 1.53 ± 0.05 rad m−2. We only used massive galaxies (stellar mass M∗ > 1011 M⊙) that are expected to give the largest effect. The main features of this subsample are reported in Table 2. The RRM rms is computed excluding outliers, as for Sect. 4.1.
Table 2. 
Main features of the galaxy subsamples used in Sect. 4.2.

The top panels of Fig. 8 show the RRM rms and the mean p as a function of the separation from galaxies in kiloparsecs. The bin size is 50 kpc. We do not observe any RRM excess in either the first bin out to 50 kpc nor in the second bin at 50–100 kpc. Also larger separations do not show any specific trend out to 1 Mpc. Our sample is not spiral galaxy-dominated, neither are the LOS selected to pass close to galaxy minor axis, thus our result of not finding any excess at short impact parameters is not inconsistent with the results of Heesen et al. (2023). The fractional polarisation is at about 2 percent in the first bins and then it slightly increases towards larger separations up to some 3 percent.
	[image: thumbnail]	Fig. 8. RRM rms (top left) and ⟨p⟩ (top right) of the LoTSS RRM sample with a GRM limit of 14 rad m−2 versus source separation in kiloparsecs from galaxies of stellar mass M* > 1011 M⊙. The bin size is of 50 kpc. Bottom: as for top panels, except the separation is in virial radii, with bin size of 0.15 virial radii.



The CGM extension depends on the halo mass (Mh) and redshift of the galaxy and these stacking plots mix different fractional separation within halos. Therefore, we also compute the same quantities in virial radius units (Fig. 8, bottom panels), that we expect to be more related to the CGM extension than the physical separation. For each galaxy, we estimate Mh from M* by the relation (Girelli et al. 2020)
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where the best-fit parameters A, MA, β, and γ are listed in Table 1 of Girelli et al. (2020) as a function of redshift ranges. The virial radius is then estimated from rv = R100 (Reiprich et al. 2014) and using the equation
[image: thumbnail](7)
where ρc is the critical density of the Universe.
Again, there is no RRM excess closest to the galaxies. Intriguingly, the RRM tends to increase out to ≈0.8 rv. Further out, the RRM decreases to a mean value of 1.41 ± 0.06 rad m−2, which is 8 ± 5 percent lower than that of the sample. This can be considered an additional contribution of astrophysical origin. The RRM rms adds up quadratically, thus we can estimate the total astrophysical component contribution, intervening clusters and galaxies, at 21 ± 4 percent. The inner part of the RRM plot is difficult to interpret. On average, it sits about at the same value as the outer part. The first two bins are lower than average, while the two bins close to 0.8 rv are in excess. However, both the lower part and the excess are at low significance and might just be a statistical fluctuation. An intriguing possibility of the excess is as a signature of a shock at about the virial radius, perhaps infalling matter from the cosmic web surrounding the galaxy, or outflowing matter from the galaxy. Assuming plausible values of galaxy far outskirts for magnetic field (B = 0.1 μG), integration path (l = 50–200 kpc), and electron number density (ne = 10−4 cm−3), we get RRMs of 0.4–1.6 rad m−2 at z = 0 and 0.1–0.4 rad m−2 at z = 1, which are consistent with the excess we see here. We do not have plausible explanations for the first two lower bins, at this stage. Further investigations are required, with a larger sample for smaller errors and detailed modelling, especially of the smoothly decreasing RRM rms towards short separations. However, this is beyond the scope of this work.
The fractional polarisation is at ≈2 percent in the first bins, then it raises to 3–4 percent at ≈1.0 rv, where it flattens. The stronger depolarisation at shorter separations might be due to a turbulent medium in the CGM. We argue that ⟨p⟩ of background sources might be an efficient way to trace the CGM and its extension. However, further investigations are required to confirm this.
We estimate the RRM rms and ⟨p⟩ as a function of the separation from galaxies in rv units for two other galaxy subsamples, with M* = 1010–1011 M⊙ and M* = 109–1010 M⊙ (Fig. 9 and Table 2). These RRM profiles do not show the trend at separations within rv of the most massive subsample. The only possible feature is a hint of an excess (≈2.5 σ) at a separation of ≈0.25 rv in the M* = 109–1010 M⊙ subsample. With the caveat it has low significance, this excess might have a different origin compared to that found by Heesen et al. (2023) who do not find any excess in low mass galaxies.
	[image: thumbnail]	Fig. 9. RRM rms (left) and ⟨p⟩ (right) of the LoTSS RRM sample with a GRM limit of 14 rad m−2 versus LOS projected separation in virial radii from galaxies of the three samples of stellar mass M* > 1011 M⊙, M* = 1010–1011 M⊙, and M* = 109–1010 M⊙. The bin size is of 0.15 virial radii.



As for the M* > 1011 M⊙ case, the mean p raises from the shortest separations and then it flattens out for the M* = 1010–1011 M⊙ subsample. We can see no obvious trend for the M* = 109–1010 M⊙ subsample.
We repeated the analysis flagging the galaxies with redshift error higher than either 3 times or 2 times the median error, to avoid sources with too large uncertainties, and we obtained the same results.
We also used our same galaxy sample limited to galaxies with M* > 1011 M⊙ to investigate possible correlations with the RRM wiggles of Fig. 4, right panel, that approximately peak at redshift of 0.15, 0.36, and 0.56. The galaxy number density as a function of redshift is shown in Fig. 10. There are three dips at redshifts of 0.125, 0.375, and 0.575 (with an uncertainty of 0.25, half the bin size), that well match the positions of the wiggles. The wiggles are interleaved by peaks of the galaxy number density, approximately matching the local minima of RRM rms vs redshift (Fig. 4). The first minimum of RRM rms, at z ≈ 0, corresponds to a raise of the number density. Thus, there is an anti-correlation. A RRM component of local origin is unlikely, because of the lower source density at the wiggles peaks. We do not have an obvious explanation for such a fascinating behaviour and further investigations will be needed.
	[image: thumbnail]	Fig. 10. Galaxy number density as a function of the redshift from the sample of galaxies with M* > 1011 M⊙ obtained from the DESI Legacy Surveys’ photometric galaxy catalogue.



4.3. Dependence of RRM on the source spectral index
The spectral index of radio sources can discriminate radio galaxies from blazars, steeper and flatter, respectively, and can also depend on the local environment (e.g. Liu & Pooley 1991). The RRM is expected to be higher for more depolarised sources and hence to be stronger for blazars and for the more distant lobe of a radio galaxy (Laing 1988; Garrington et al. 1988). We thus would expect the RRM to have a dependence on the spectral index in case that our RRMs at low frequency would have a significant local component.
We explored the dependence of RRM on the spectral index of sources to assess whether there is a local origin. We used the spectral indexes measured by de Gasperin et al. (2018), who employed data from the TIFR GMRT Sky Survey (TGSS) at 147 MHz (Intema et al. 2017) and the NRAO VLA Sky Survey (NVSS) at 1.4 GHz (Condon et al. 1998).
We cross-matched the spectral index catalogue with the position of our sample of polarised sources with no GRM filter. We used a maximum separation of 22 arcsec, because the NVSS beam-size is 45 arcsec and Stokes I and polarised emission could be offset, finding a cross-match for 576 sources7.
Figure 11, top panel, reports RRM rms versus spectral index in bins of 0.2. Outliers beyond 2-σ are flagged. The bottom panel shows the source distribution with the spectral index. There is no obvious trend, looking flat within the errors. We checked three other cases: setting no maximum separation of the cross-match, thus using all sources of the original RM catalogue; setting a maximum separation of 7 arcsec for a safer cross-match; an RRM sample with a |GRM| limit of 14 rad m−2. In all cases, we obtain similar results.
	[image: thumbnail]	Fig. 11. RRM rms of the LoTSS RRM sample as a function of the spectral index obtained as described in the main text (top), polarisation fraction (mid), and spectral index distribution of the sources we used for this analysis (bottom). We used bins of a width of 0.2.



The mean fractional polarisation also shows no obvious trend (Fig. 11, mid panel).
4.4. Dependence of RRM on the source linear size
We also checked for a dependence of the RRM rms on the source linear size. The linear size information is contained in the LoTSS RM catalogue for 725 sources of our unfiltered, spectroscopic redshift sample. Figure 12, top and bottom panels, show the RRM rms as a function of the source linear size and the corresponding distribution. Outliers beyond 2-σ are flagged. The RRM rms behaviour is flat.
	[image: thumbnail]	Fig. 12. RRM rms of the LoTSS RRM sample versus source linear size (top), mean fractional polarisation (mid), and linear size distribution of the sources we used for this analysis (bottom). We used bins of a width of 400 kpc.



The mean fractional polarisation increases with the linear size (Fig. 12, mid panel). Giant radio galaxies, with sizes larger than 700 kpc, have the largest values. This is possibly because the largest radio galaxies have a higher chance to exit the densest regions of their local environment and the filaments spines, and are thus affected by smaller amounts of depolarisation.
We also tested the RRM sample limited to |GRM| < 14 rad m−2, obtaining similar results.
The lack of correlation of the RRM rms with source linear size and spectral index (Sect. 4.3) indicates the absence of a clear dependence of the total RRM on source properties. This again points to our RRMs being dominated by the non-local, cosmic web component.
5. Results
5.1. Strength and evolution with redshift of filament magnetic fields
Following the approach of Paper II, we estimate the average strength of the magnetic field in filaments and its evolution with redshift by Bayesian fitting of a model of the RRM rms to that measured with our RRM sample filtered by GRMth = 14 rad m−2. The RRM rms model is assumed to be (see Paper II):
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where ne [cm−3] is the electron number density, B∥ [μG] is the magnetic field parallel to the LOS, and dl [pc] is the differential path length. All units are physical (proper) units. The term RRMf is the cosmic filament component and is computed for each of the 100 LOS we extracted from each magnetogenesis scenario. The term Arrm/(1 + z)2 accounts for an astrophysical component constant with redshift, either local or by intervening objects.
The gas density is taken from the LOS extracted from the MHD cosmological simulations. We only consider positions along the LOS where the gas contrast density (δg = ρg/⟨ρg⟩, with ρg the gas density) is greater than 1, which is a typical value to separate filaments from voids and because the underdensities give a negligible contribution to the RRM of the IGM (see Paper II).
As discussed in Paper II, and here in Sect. 4, the LOS of our polarised sources at low frequency tend to avoid galaxy clusters. To account for this, in Paper II we set a density contrast limit above which all LOS points were flagged. However, this does not account for the few sight lines that approach clusters with an impact parameter closer than R500 and that can contribute to the astrophysical component. Here we implement a procedure a little more sophisticated to mimic that the sources have different projected separations from clusters:

	
We search for the matter density maxima in each LOS and select those with matter density contrast above that at the cluster virial radius, which is ρM/ρc ≈ 50 or ρM/⟨ρM⟩≈160, where ρM is the density of the matter and ρc is the critical density of the Universe;



	
For each maximum, we draw a separation (x) from the distribution of Eqs. (4) and (5), setting σr = 2.51 R100 of the GRMth = 14 rad m−2 sample. Then we find the corresponding gas density contrast (δg, th) at that separation from a cluster (see Appendix A);



	
All pixels of the LOS with gas density contrast greater than δg, th and within a distance from the peak of 3 cMpc (comoving), are flagged and excluded from the RRM computation. The limit of 3 cMpc allows including clusters of any mass.




The strength of the proper magnetic field in filaments is assumed to follow the power law:
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where Bf, 0 is the strength at z = 0. The comoving field follows the power law:
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where8
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The field direction is set randomly and changes each time the LOS enters a new filament, that is wherever δg is above 1. To increase the statistics, we produce 120 realisation of the field directions for each LOS. Thus, there are 12 000 RRMf realisations for each cosmological model, 100 LOS times 120 field realisations.
For each realisation we compute the RRMf as a function of z assuming a single value of Bf, 0. The slope α is set in the range of [−5, 5], spaced by 0.5. For each value of α, the RRMf rms is computed with the 12 000 realisations, 2-σ outliers are excluded. RRMf are smoothed on a scale Δz = 0.1. RRMf have a linear dependence on Bf, 0. The RRMf for a generic value of α is obtained by linearly interpolating the two closest values of α that the RRMf have been computed for. This gives the functional dependence on the two parameters that a Bayesian fitting needs.
Our Bayesian fit is a three-free-parameter fit that we conduct with the package EMCEE9 (Foreman-Mackey et al. 2013). We set priors of Bf, 0 < 250 nG (Locatelli et al. 2021), Bf, 0 ≧ 0, and Arrm ≧ 0. Best-fit results for all magnetogenesis scenarios considered here are reported in Table 3 and the fit plots for an example case, primordial stochastic model with spectrum slope of αs = 0.0, are shown in Fig. 13. The magnetic field strength at z = 0 is in the range Bf, 0 = 20–27 ± 5 nG, which is the range of results for the different magnetogenesis models and the typical statistical error. The slope of the physical magnetic field is in the range α = 1.7–2.1 ± 0.4. The field strength thus increases at a rate consistent with a comoving field invariant with redshift, the comoving slope being β = [ − 0.3, 0.1]±0.4. This is steeper than the behaviour found in Paper II and it comes from the steeper RRM rms versus redshift of the RRM sample we use here. The term Arrm is in the range 1.02–1.14 ± 0.11 rad m−2.
Table 3. 
Best-fit parameters of the filament magnetic field strength and evolution with redshift to the measured RRM rms at 144-MHz of the sample filtered with GRMth = 14 rad m−2 and in case of an astrophysical component term of shape Arrm/(1 + z)2.

	[image: thumbnail]	Fig. 13. Best-fit results of equation (8) to the RRM rms as a function of the redshift computed from the GRM filtered sample. The gas density is taken from the LOS extracted from the MHD simulation of the primordial stochastic model with αs = 0.0. The case with Bf independent of δg is assumed here. Top-left and top-right: 2D distributions (dots), and 1-sigma and 2-sigma confidence level contours (solid lines) of the fit parameters α, Bf, 0, and Arrm. Bottom-left: RRM rms measured in redshift bins (circles) and best-fit curve (solid) and its error range (grey-shaded area). The fit component of the sole filaments is also shown (dashed line) along with its uncertainty (shaded area). Bottom-right: Evolution with redshift z of the best-fit filament physical (solid line) and comoving magnetic field strength (dashed). The error range is also shown (shaded areas).



We fitted Eq. (8) also using two other shapes of the astrophysical term instead of Arrm/(1 + z)2: (1) a cubed inverse dependence on redshift Arrm/(1 + z)3, which implies that the astrophysical RRM decreases with redshift as (1 + z)−1, and (2) an inverse dependence Arrm/(1 + z), which implies that the astrophysical RRM increases with redshift as (1 + z). The results are reported in the Tables 4 and 5. They are similar, consistent within the errors, to the previous case with: (1) Bf, 0 = 28–40 ± 7 nG, α = 1.2–1.6 ± 0.4, and Arrm = 1.04–1.20 ± 0.13 rad m−2, the strength is higher and the slope shallower compared to the standard case, possibly because of the degeneracy between these two quantities; (2) Bf, 0 = 11–15 ± 4 nG, α = 2.3–2.6 ± 0.5, and Arrm = 1.01–1.08 ± 0.09 rad m−2, the strength is smaller and the slope steeper.
Table 4. 
As for Table 3 except a shape Arrm/(1 + z)3 is used as an astrophysical component term.

Table 5. 
As for Table 3 except a shape Arrm/(1 + z) is used as an astrophysical component term.

The term Arrm/(1 + z)2 of Eq. (8) is meant to account for the local or intervening astrophysical objects component. Arrm is in the range 1.02–1.14 ± 0.11 rad m−2. If we assign to each source a contribution according to its redshift, the RRM rms because of the Arrm/(1 + z)2 term is 0.56–0.60 ± 0.06 rad m−2. Compared to the total rms of 1.54 ± 0.05 rad m−2, this corresponds to a fraction of 35–39 ± 4 percent, which is larger than the 21 ± 4 percent we estimated from clusters and CGM. The reasons we can identify are multiple: we are still missing an additional astrophysical component that contributes an additional ≈15 percent, either local or intervening; the astrophysical RM is not constant with redshift, as we assumed, and the corresponding astrophysical term does not depend on (1 + z)−2; a statistical difference (there is a tension at 2–3-σ). To start investigating the second of these options, we fit with different shapes of the astrophysical component term. The case with an astrophysical term decreasing with redshift, Arrm/(1 + z)3, gives an RRM rms contribution of 0.44–0.51 ± 0.06 rad m−2. This is a fraction of 29–33 ± 4 percent, which is closer to the observed 21 ± 4 percent than the previous, invariant with redshift case. The case with an astrophysical RRM increasing with redshift, Arrm/(1 + z), gives a fraction of 46–49 ± 4 percent, even larger than the invariant case. Even though the decreasing astrophysical term RRM shape is closest to the observed value, all shapes are in some tension.
In the previous fitting we assumed B as constant with the gas density. We perform a second series of fits using a model of the filament field where B ∝ ρg2/3, which corresponds to a magnetic field frozen to the plasma, a legitimate condition in the low density environment of filaments:
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where [image: equation] is the field strength at z = 0 and a gas density contrast of δg = 10, which is the typical value for cosmic filaments.
The results of the Bayesian fitting are reported in Table B.1 of Appendix B. We fitted the case with astrophysical component case of Arrm/(1 + z)2, which is mid way of the three shapes we tested. The ranges of the values are larger than in the previous fit, possibly because the computed RRMs now depend on ρg5/3. The field strength at δg = 10 and z = 0 ranges in [image: equation]–10 ± 2 nG The slope sits at α = 2.0–2.7 ± 0.7. The slope of the comoving field ranges in β = [0.0, 0.7]±0.7.
5.2. RRM of filaments from cosmological simulations
Here we compute the RRMf rms of filaments of the magnetogenesis scenarios as a function of redshift using the magnetic field distributions directly produced by the cosmological MHD simulations. For each scenario, we computed the RRM versus redshift for each of the 100 LOS and then computed the rms. To account for the LOFAR polarised sources sight lines avoiding clusters, we apply the same procedure defined in Sect. 5.1 to flag points at high density contrast. The results are shown in Fig. 14. The RRM rms measured from our sample in 40-source bins is also reported for comparison. The latter has either the term Arrm/(1 + z) (left panel) or Arrm/(1 + z)3 (right panel) subtracted off to only display the cosmic filament component. The term Arrm is set to 1.08 rad m−2 and 1.20 rad m−2, respectively, that are the top of the ranges of the corresponding sets of fittings. We also show the corresponding filament component of the best fit.
	[image: thumbnail]	Fig. 14. Filaments’ RRMf rms as a function of the redshift of the cosmological models used in this work. The RRMs are computed using the gas densities and magnetic fields from the MHD cosmological simulations (astroph and astroph 2 are the first and second astrophysical models discussed in Sect. 3). The error bars of the simulated LOS are reported, albeit smaller than the markers (the typical mean fractional error is 0.07 percent). The measured RRM rms is also shown for comparison, with the Arrm/(1 + z) (left panel) or Arrm/(1 + z)3 (right panel) term subtracted off to only display the filament component. The corresponding filament component of the best fit is also shown (red, thick, dashed line) along with its uncertainty (shaded area).



The comparison of the two panels of Fig. 14 shows a better match between the observed data and the simulations for the model with astrophysical RRM increasing with redshift, that is the shape Arrm/(1 + z), especially at low redshift.
A common feature of all primordial scenarios, either uniform or stochastic, is that their large filling factor for magnetic fields produce significant RRM already at high redshift, and their RRM rms show some slope. Their amplitude mostly depends on the initial normalisation. The astrophysical models produce cosmic fields late, injected by outflows and AGNs activity with a maximum at z ∼ 2, and have little power at high redshift. Their RRMf rms flattens and does not match the slope of the observed data.
At low redshift both the astrophysical models and the primordial models with highest power match the filament component of the fit to the observed data.
The slope of the observed RRM rms thus tends to favour primordial scenarios at high redshift. The stochastic models with αs ≥ 0 show RRM rms smaller than that measured already with the current normalisation, which is the highest consistent with CMB data (Paoletti & Finelli 2019; Paoletti et al. 2019), and look disfavoured by our sample. The model with αs = −1.0 and a normalisation that is 20 percent of the current limit from CMB data (i.e. 0.37 nG compared to the upper limit of 1.87 nG inferred by CMB modelling), looks to match the observed RRM rms. Its RRMf rms, also seems to match the observed data at low redshift. These considerations differ from the Paper II results, where the unfiltered sample gave an RRM rms flat at high redshift. We further elaborate on these differences in Sect. 6.
6. Discussion and conclusions
6.1. Origin of the RRM at low frequency
We have investigated possible correlations of the RRMs measured with LOFAR at 144 MHz with astrophysical sources to check whether their origin is the IGM or due to astrophysical sources.
We measured the RRM rms as a function of the projected separation of the source sight line from intervening galaxy clusters. We found an obvious excess at separations shorter than R500 for clusters of mass M > 1014 M⊙. This excess contributes for 19 percent to the total RRM rms. These are few sources (less than 2 percent) the polarisation fraction of which, some 0.6 percent, is much smaller than that of the bulk of the sources and close to the LoTSS detection limit. The sources whose sight lines pass through clusters are thus highly depolarised and only few of them survive complete depolarisation. At redshift beyond 0.5 the strong depolarisation stretches out to ≈R100. No obvious RRM excess is found beyond R500, which supports an IGM origin. The only exception is a possible small excess at a separation from cluster centres of some 2R100 ≈ 4R500, which might be associated to companion clusters typically found at that separation from rich clusters. We also find that the polarisation fraction increases with the separation from clusters, which indicates the density of the filament environment decreases with the separation from the cluster. We find no obvious excess for poor clusters and galaxy groups of mass M < 1014 M⊙, which indicates that only rich clusters can leave an RRM signature at this low frequency.
A similar analysis of the RRM rms as a function of the projected separation from massive galaxies (M* > 1011 M⊙) finds a possible hint of a shock in the CGM at the galaxy virial radius, which could possibly be produced by matter infalling from the cosmic web or outflows from the galaxies. This is small at some 0.5 rad m−2, and further investigations with larger RM samples or at higher frequencies are required to confirm it. POSSUM (Gaensler et al. 2010) or APERTIF (Adebahr et al. 2022) are well suited for conducting such an analysis. The RRM rms beyond the virial radius is 8 percent smaller than that of the entire sample, thus we find the galaxy CGM gives an additional contribution of astrophysical origin to the RRMs at this frequency. The polarisation fraction shows a clear, progressive decrement from the viral radius towards the galaxy centre and we argue the polarisation fraction of extragalactic background polarised sources can be a good tracer of the CGM. No obvious RRM trend is found for lower mass galaxies (M* < 1011 M⊙), as well as for the fractional polarisation of our lowest mass galaxy subsample (M* = 109–1010 M⊙).
A step forward in such an analysis can be done following Heesen et al. (2023) by only selecting star forming galaxies with large extraplanar outflows from the galaxy central regions. Also, the outflows orientation must be known, to select only cases where the LOS passes close to the galaxy minor axis and intercept the outflows. To our knowledge, such data are not yet available for the catalogue we use and such an analysis has to be postponed. The use of Mg II absorption lines in the sight lines of quasars can help identify galaxies with outflows (Bouché et al. 2007; Lundgren et al. 2012; Kacprzak et al. 2014; Schroetter et al. 2019) that have been suggested to harbor galaxy-scale extraplanar magnetic fields (Bernet et al. 2010; Joshi & Chand 2013; Farnes et al. 2014; Kim et al. 2016; Malik et al. 2020). This requires large spectroscopic datasets. A method as in Chang et al. (2015) can be used to separate star forming from quiescent galaxies. Overall, these are complex and extensive investigations that require their own dedicated work.
We also analysed the RRM rms as a function of source properties, such as size and spectral index, and we find no obvious correlation. This supports that the RRMs at this frequency have a marginal component of local origin. The polarisation fraction increases with the source size, which possibly is because larger sources extend beyond the centres of clusters and filament spines and are affected by lower depolarisation.
We thus conclude that the RRMs are dominated by the IGM/filaments component and only a contribution of ≈21 percent is of astrophysical object origin, that is galaxy clusters and galaxy CGM intervening along the source LOS. We note that the shape of the astrophysical contribution that better matches the RRM rms predicted by our MHD simulations implies that a further 25–30 percent of local origin might add up to the astrophysical contribution, but this is still uncertain. It is also worth noticing that, while the fractional polarisation is affected by local effects, the RRM rms is not, except when the depolarisation is high.
6.2. Magnetic fields in cosmic filaments
In this work we have filtered the LoTSS DR2 RMs, only selecting those with low GRM, to further reduce the residual GRM contamination after its subtraction. This produces a sample with an RRM rms ≈20 percent smaller than that of the unfiltered sample. There is negligible dependence of the RRM rms on the Galactic latitude and on GRM, which indicates little residual GRM contamination. The result is a smaller RRM rms which increases with redshift more steeply than in the original unfiltered sample.
The RRM rms as a function of redshift shows wiggles, the nature of which is still uncertain. They are unlikely to be due to GRM residuals. They are anti-correlated with the galaxy number density and thus unlikely are of local origin. Understanding their origin requires further investigation. They are associated with structures on scales of Δz ≈ 0.2, that is ≈800–900 Mpc. The wiggles thus are unlikely to appear in our MHD simulations whose boxes have a linear size of 42.5 Mpc.
Our model fitting of this sample finds a tension between the observed astrophysical component fractional contribution and that estimated from the fitting. The latter is larger by a factor of 1.5–2.5, depending on the shape of the term modelling the astrophysical component. We can identify a few possible causes of such a tension: (1) we are still missing an additional astrophysical component that contributes an additional ≈15 percent; (2) the astrophysical term has not the shapes we considered; (3) a statistical difference (it is at 2–4-σ). However, the data at low frequency are dominated by the IGM component and are not best to investigate the properties of the RRMs of astrophysical origin. This calls for RM data at higher frequency, that is dominated by the astrophysical component (see Paper I). Again, POSSUM and APERTIF can help in that.
The comparison of our data with the results of the MHD simulations of the magnetogenesis scenarios we consider in this work favours Arrm/(1 + z) as a shape for the astrophysical component term, which means that the RRM of astrophysical origin increases with redshift.
Assuming this astrophysical term, the best-fitting results are pretty independent of the magnetogenesis scenario used to draw the gas density. The average physical magnetic field strength in filaments at z = 0 is of Bf, 0 = 11–15 ± 4 nG. The slope as a function of (1 + z) is at α = 2.3–2.6 ± 0.5, while that of the comoving field is β = 0.3–0.6 ± 0.5, which is consistent with a comoving field invariant with redshift. This is steeper than our previous result of a physical field invariant with redshift and it comes from the steeper RRM versus redshift we found for this new GRM filtered sample.
The comparison with the RRM rms predicted by different magnetogenesis scenarios favours primordial models, either uniform or stochastic with a power spectrum slope of αs = −1.0. These models, having magnetic field power at high redshift, give an RRM rms increasing with redshift, as observed. Also at low redshift there is a good match with the observed data. The astrophysical scenarios produce magnetic fields late with little power at high redshift where their RRM rms flattens, inconsistent with the observations. A combined primordial and astrophysical model gives results similar to the primordial model and it is also favoured.
The amplitudes of the simulated primordial stochastic models look to be on the low side, i.e. even using the upper limits allowed by CMB constraints, the simulated RRM is significantly lower than the data. Only the α = −1.0 case, of those tested in this work, reproduces the LOFAR RRM data if an amplitude significantly smaller than the corresponding upper limits from the CMB is used. However, in this work we only simulated non-helical fields. Helical fields of primordial models may in principle produce a different pattern of RRMs (Mtchedlidze et al. 2022), as well as be subject to different constraints from CMB analysis. The power of the primordial uniform model is too high, but it can be fixed with a lower initial normalisation of the order of 0.05 nG.
Compared to the simulations used in Paper II, there are two main differences. First, the RRMs of the astrophysical models are higher, albeit smaller than the observed RRM by LOFAR. The increase in the magnetic output stems from the use of a 64 times finer mass resolution of the dark matter component and a 4 times better spatial resolution, giving better resolved star forming regions and galaxy evolution. This resulted in a larger fraction of low-mass halos (dwarf galaxies), which in turn has increased the magnetisation of voids and filaments and likely generated higher RRM even in the low density environments we explore in our analysis. Also, this model has been calibrated in more detail against both cosmic star formation history and the distribution of observable radio galaxies connected to the AGN model (Vazza et al. 2024). There are a couple of more items to be considered:

	
The basic result that a purely astrophysical origin scenario for extragalactic magnetic fields under predicts the amount of observed RRM at all redshift is consistent with Paper II and other works that reported incompatibility between this model and the non-detection of the Inverse Compton Cascade from blazars (Bondarenko et al. 2022; Tjemsland et al. 2024).



	
We must note that the level of the RRM predicted by other simulations is higher than what we predict here and in Paper II with our cosmological simulations (e.g. Arámburo-García et al. 2022, 2023; Blunier & Neronov 2024). This might signal that, despite how low the density where most of the RRM detected by LOFAR originates from, modern numerical simulations are not in agreement with their predictions in low-density environments, although they are able to reproduce the most basic properties of galaxy populations (e.g. stellar mass distribution and star formation history). This, in turn, strengthens the use of deep radio observations, like those used here, in giving strong constraints to feedback models applied to simulations of galaxy formation, in regimes which are otherwise very difficult to probe with other observational techniques.




The second significant difference with simulations in Paper II is the significantly smaller RRMs of the stochastic model with αs = 1. This is likely a resolution dependent effect. For the primordial models that have most of the power at small spatial scales, any change in resolution introduces more field reversals along the line of sight. The increased magnetic energy at small scales affects, both, the dynamics of gas already since the start of the simulation, as well as the small-scale distribution of magnetic fields at any epoch of the simulation. Combined with the removal of dense halos from this more resolved set of simulations, we think that this effect is plausibly responsible for a reduction of a factor ≈2 in the global RRM trend measured in this new set of simulations.
In summary, these trends call for future larger simulations, with even better resolution and detail on galaxy formation processes, and also including more realistic magnetic fields topologies (e.g. helicity) to seek a possible convergence of these RRMs on the density regime that is most relevant to compare with LOFAR observations.
We also would like to highlight that reducing the residual GRM contamination has significantly changed the redshift evolution scenario from flat to a significant evolution. Even if we have done an important work to minimise bias and residuals, this emphasises the need for even better GRM maps. A leap in this field can be obtained by POSSUM, thanks to both its high RM density and sensitivity.[10]https://lofar-mksp.org/[11]http://healpix.sf.net


1 Bootstrapping consists of resampling the sample a quantity is estimated with by randomly selecting sample elements. The quantity is then estimated using the resampling. This is repeated for a number of resamplings. From the distribution of the results the standard deviation is finally estimated.


2 enzo-project.org


3 Ry is the cluster radius within which the mean matter density is [image: equation], where ρc is the critical density of the Universe.


4 My is the mass within Ry.


5 Outliers were not flagged out when the number of sources in a bin was 5 or less, to avoid false outliers due to the poor statistics.


6 https://cdsarc.u-strasbg.fr/viz-bin/cat/J/ApJS/242/8


7 We only used the sources of de Gasperin et al. (2018) with safer spectral index, that is the records with keyword S_code labelled as S or M.


8 It comes from B ∝ ρg2/3 and hence B ∝ (1 + z)2, for a field frozen to the plasma.


9 https://pypi.org/project/emcee/


10 https://lofar-mksp.org/


11 http://healpix.sf.net
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Appendix A:  Gas density contrast versus distance from centre in a galaxy cluster
Using galaxy cluster simulations, Roncarelli et al. (2006) find the gas density contrast (δg = ρg/(Ωbρc) profile in galaxy clusters as a function of the distance from the centre in R200 units (x), where ρg is the gas density, Ωb is the baryonic density parameter, and ρc is the critical density of the Universe. The relation is a broken power law:
[image: thumbnail](A.1)
where b1 = 2.46 ± 0.03, b2 = 3.38 ± 0.29, and Rb/R200 = 1.14 ± 0.20. The normalisation can be estimated from their Fig. 5 as a ≈ 100. That relation is estimated using clusters of virial mass in the range 1.5 × 1014–3.5 × 1015 M⊙ and in the distance range of 0.3–3 R200. We found that our observed source closest to a cluster is at a projected separation of 0.27 R200 that is close to the lower limit of that range. Also, Eq. (A.1) returns δg(3 R200) = 2.75 that is lower than the typical density contrast of 10 in filaments and it does not contribute much to the RRMs we measure. Thus, when we draw the separations to clusters from their distribution we restrict them to the range above.

Appendix B:  Fitting with field strength dependent on the gas density
Results of the fitting of Eq. (8) using Bf depending on ρg as for Eq. (13) (Table B.1).
Table B.1. 
As for Table 3 except the magnetic field is dependent on the gas density as Bf ∝ ρg2/3.
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        RRM rms as a function of the GRM limit and Galactic latitude. Left: RRM rms of the spectroscopic redshift sample filtered by different GRM limits. The orange circle highlights the case with a limit of 14 rad m−2. Right: RRM rms as a function of Galactic latitude |b| for the case filtered with GRMth = 14 rad m−2.
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        RRM rms as a function of |GRM| of the spectroscopic redshift sample filtered by |GRM| < 14 rad m−2.
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        RRM distribution of the spectroscopic redshift sample filtered by |GRM| < 14 rad m−2. The case with no GRM filter is also shown for comparison.
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        RRM rms in redshift bins of 20 (left) and 40 (right) sources, each of the spectroscopic redshift sample filtered by |GRM| < 14 rad m−2. The linear fit (dashed line) and its uncertainty (shaded area) are also reported.

      

    

  
    
      Table 1. 

      Parameters of the primordial magnetic fields tested in our suite of cosmological simulations.

      
        


	(1)
	(2)
	(3)



	Model
	αs
	B1 Mpc



	
	
	[nG]





	primordial uniform
	–
	0.1



	primordial stochastic
	−1.0
	0.37



	primordial stochastic
	0.0
	0.35



	primordial stochastic
	1.0
	0.042



	primordial stochastic
	2.0
	0.003



	astroph 1
	–
	10−11



	astroph 2
	–
	10−11



	astroph 2 + stochastic
	−1.0
	0.37





      

      
Notes. The columns are: (1) model name; (2) spectral index of the magnetic power spectrum (“–” for uniform field setups); (3) amplitude of the comoving magnetic field smoothed on a comoving 1 Mpc scale.
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        RRM rms (top left), distribution (top right), and mean fractional polarisation (bottom left) of the full spectroscopic sample at 144 MHz in bins of the separation from the nearest galaxy cluster of mass M > 1.0 × 1014 M⊙ along the LOS. Bottom right: Same as the for the top left panel except it is for galaxy clusters of mass M < 1.0 × 1014 M⊙.

      

    

  
    
      Fig. 6. 
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        Mean fractional polariation (p) at 144 MHz in bins of the impact parameter from the nearest galaxy cluster of mass M > 1.0 × 1014 M⊙ along the LOS. The case of the no GRM filter sample restricted to the redshift range z = 0.5–0.75 is shown.

      

    

  
    
      Fig. 7. 
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        RRM rms at 144 MHz in bins of the impact parameter from the nearest galaxy cluster of mass M > 1.0 × 1014 M⊙ along the LOS. The full spectroscopic redshift sample and an RRM sample filtered by a GRMth limit are shown. The cases are shifted in separation for clarity.

      

    

  
    
      Table 2. 

      Main features of the galaxy subsamples used in Sect. 4.2.

      
        


	(1)
	(2)
	(3)
	(4)



	M* range
	Median σz
	Median M*
	Ngal



	[M⊙]
	
	[M⊙]
	





	> 1011
	0.042
	1011.2
	4.7 × 106



	1010–1011
	0.060
	1010.5
	29 × 106



	109–1010
	0.090
	109.6
	30 × 106





      

      
Notes. The columns are: (1) the galaxy M* range of the subsample; (2) subsample median redshift error (σz); (3) median M*; (4) subsample number of galaxies in the RRM sample footprint (Ngal).



    

  
    
      Fig. 8. 
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        RRM rms (top left) and ⟨p⟩ (top right) of the LoTSS RRM sample with a GRM limit of 14 rad m−2 versus source separation in kiloparsecs from galaxies of stellar mass M* > 1011 M⊙. The bin size is of 50 kpc. Bottom: as for top panels, except the separation is in virial radii, with bin size of 0.15 virial radii.

      

    

  
    
      Fig. 9. 
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        RRM rms (left) and ⟨p⟩ (right) of the LoTSS RRM sample with a GRM limit of 14 rad m−2 versus LOS projected separation in virial radii from galaxies of the three samples of stellar mass M* > 1011 M⊙, M* = 1010–1011 M⊙, and M* = 109–1010 M⊙. The bin size is of 0.15 virial radii.

      

    

  
    
      Fig. 10. 
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        Galaxy number density as a function of the redshift from the sample of galaxies with M* > 1011 M⊙ obtained from the DESI Legacy Surveys’ photometric galaxy catalogue.

      

    

  
    
      Fig. 11. 
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        RRM rms of the LoTSS RRM sample as a function of the spectral index obtained as described in the main text (top), polarisation fraction (mid), and spectral index distribution of the sources we used for this analysis (bottom). We used bins of a width of 0.2.

      

    

  
    
      Fig. 12. 
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        RRM rms of the LoTSS RRM sample versus source linear size (top), mean fractional polarisation (mid), and linear size distribution of the sources we used for this analysis (bottom). We used bins of a width of 400 kpc.

      

    

  
    
      Table 3. 

      Best-fit parameters of the filament magnetic field strength and evolution with redshift to the measured RRM rms at 144-MHz of the sample filtered with GRMth = 14 rad m−2 and in case of an astrophysical component term of shape Arrm/(1 + z)2.

      
        


	Model
	α
	Bf, 0
	Arrm
	β



	
	
	[nG]
	[rad m−2]
	





	stochastic αs = −1.0
	2.1 ± 0.4
	20 ± 4
	1.14 ± 0.10
	0.1 ± 0.4



	stochastic αs = 0.0
	1.9 ± 0.4
	24 ± 5
	1.12 ± 0.10
	−0.1 ± 0.4



	stochastic αs = 1.0
	1.8 ± 0.4
	24 ± 5
	1.10 ± 0.11
	−0.2 ± 0.4



	stochastic αs = 2.0
	1.8 ± 0.4
	25 ± 5
	1.11 ± 0.11
	−0.2 ± 0.4



	astroph
	1.8 ± 0.4
	27 ± 6
	1.06 ± 0.12
	−0.2 ± 0.4



	astroph 2
	1.9 ± 0.4
	24 ± 5
	1.02 ± 0.11
	−0.1 ± 0.4



	astroph 2 + stochastic αs = −1.0
	1.7 ± 0.4
	27 ± 6
	1.13 ± 0.10
	−0.3 ± 0.4



	uniform
	1.9 ± 0.5
	24 ± 6
	1.12 ± 0.11
	−0.1 ± 0.5





      

      
Notes. The case with density taken from simulations and constant magnetic field strength is reported. Columns are the magnetogenesis model studied (astroph and astroph 2 are the first and second astrophysical models discussed in Section 3) and the fit parameters: the slope α of the filament magnetic field behaviour as a function of redshift; the strength Bf, 0 of the filament magnetic field at z = 0; the astrophysical component term Arrm; the slope β of the comoving magnetic field. All cases are fit to the RRM rms computed in 20-source redshift bins.



    

  
    
      Fig. 13. 

      
        [image: thumbnail]
      

      
        Best-fit results of equation (8) to the RRM rms as a function of the redshift computed from the GRM filtered sample. The gas density is taken from the LOS extracted from the MHD simulation of the primordial stochastic model with αs = 0.0. The case with Bf independent of δg is assumed here. Top-left and top-right: 2D distributions (dots), and 1-sigma and 2-sigma confidence level contours (solid lines) of the fit parameters α, Bf, 0, and Arrm. Bottom-left: RRM rms measured in redshift bins (circles) and best-fit curve (solid) and its error range (grey-shaded area). The fit component of the sole filaments is also shown (dashed line) along with its uncertainty (shaded area). Bottom-right: Evolution with redshift z of the best-fit filament physical (solid line) and comoving magnetic field strength (dashed). The error range is also shown (shaded areas).

      

    

  
    
      Table 4. 

      As for Table 3 except a shape Arrm/(1 + z)3 is used as an astrophysical component term.

      
        


	Model
	α
	Bf, 0
	Arrm
	β



	
	
	[nG]
	[rad m−2]
	





	stochastic αs = −1.0
	1.6 ± 0.4
	28 ± 5
	1.20 ± 0.12
	−0.4 ± 0.4



	stochastic αs = 0.0
	1.4 ± 0.5
	35 ± 7
	1.17 ± 0.13
	−0.6 ± 0.5



	stochastic αs = 1.0
	1.4 ± 0.4
	34 ± 7
	1.14 ± 0.13
	−0.6 ± 0.4



	stochastic αs = 2.0
	1.3 ± 0.5
	35 ± 7
	1.15 ± 0.13
	−0.7 ± 0.5



	astroph
	1.3 ± 0.4
	38 ± 7
	1.07 ± 0.14
	−0.7 ± 0.4



	astroph 2
	1.5 ± 0.4
	32 ± 5
	1.04 ± 0.13
	−0.5 ± 0.4



	astroph 2 + stochastic αs = −1.0
	1.2 ± 0.5
	40 ± 8
	1.16 ± 0.13
	−0.8 ± 0.5



	uniform
	1.3 ± 0.4
	36 ± 7
	1.14 ± 0.13
	−0.7 ± 0.4





      

    

  
    
      Table 5. 

      As for Table 3 except a shape Arrm/(1 + z) is used as an astrophysical component term.

      
        


	Model
	α
	Bf, 0
	Arrm
	β



	
	
	[nG]
	[rad m−2]
	





	stochastic αs = −1.0
	2.6 ± 0.5
	11 ± 3
	1.07 ± 0.08
	0.6 ± 0.5



	stochastic αs = 0.0
	2.4 ± 0.5
	14 ± 4
	1.06 ± 0.08
	0.4 ± 0.5



	stochastic αs = 1.0
	2.4 ± 0.5
	13 ± 4
	1.06 ± 0.09
	0.4 ± 0.5



	stochastic αs = 2.0
	2.5 ± 0.5
	13 ± 4
	1.07 ± 0.09
	0.5 ± 0.5



	astroph
	2.3 ± 0.5
	15 ± 5
	1.03 ± 0.09
	0.3 ± 0.5



	astroph 2
	2.5 ± 0.4
	14 ± 4
	1.01 ± 0.09
	0.5 ± 0.4



	astroph 2 + stochastic αs = −1.0
	2.4 ± 0.5
	14 ± 5
	1.08 ± 0.08
	0.4 ± 0.5



	uniform
	2.5 ± 0.5
	13 ± 4
	1.07 ± 0.08
	0.5 ± 0.5





      

    

  
    
      Fig. 14. 

      
        [image: thumbnail]
      

      
        Filaments’ RRMf rms as a function of the redshift of the cosmological models used in this work. The RRMs are computed using the gas densities and magnetic fields from the MHD cosmological simulations (astroph and astroph 2 are the first and second astrophysical models discussed in Sect. 3). The error bars of the simulated LOS are reported, albeit smaller than the markers (the typical mean fractional error is 0.07 percent). The measured RRM rms is also shown for comparison, with the Arrm/(1 + z) (left panel) or Arrm/(1 + z)3 (right panel) term subtracted off to only display the filament component. The corresponding filament component of the best fit is also shown (red, thick, dashed line) along with its uncertainty (shaded area).

      

    

  
    
      Table B.1. 

      As for Table 3 except the magnetic field is dependent on the gas density as Bf ∝ ρg2/3.

      
        


	model
	α
	[image: equation]
	Arrm
	β



	
	
	[nG]
	[rad m−2]
	





	stochastic αs = -1.0
	2.7 ± 0.4
	4.0 ± 1.0
	1.30 ± 0.08
	0.7 ± 0.4



	stochastic αs = 0.0
	2.5 ± 0.7
	4.5 ± 2.3
	1.30 ± 0.10
	0.5 ± 0.7



	stochastic αs = 1.0
	2.6 ± 0.5
	4.2 ± 1.2
	1.28 ± 0.09
	0.6 ± 0.5



	stochastic αs = 2.0
	2.3 ± 0.8
	5.1 ± 2.4
	1.28 ± 0.12
	0.3 ± 0.8



	astroph
	2.1 ± 0.5
	7.9 ± 2.2
	1.15 ± 0.11
	0.1 ± 0.5



	astroph 2
	2.0 ± 0.6
	9.7 ± 3.2
	1.11 ± 0.12
	0.0 ± 0.6



	astroph 2 + stochastic αs = -1.0
	2.2 ± 0.6
	7.5 ± 2.4
	1.23 ± 0.11
	0.2 ± 0.6



	uniform
	2.2 ± 1.0
	5.3 ± 4.1
	1.26 ± 0.13
	0.2 ± 1.0





      

      
Notes. Columns are the same except [image: equation] is the filament field strength at z = 0 and gas density contrast δg = 10. A local component term as Arrm/(1 + z)2 is also used.
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