
2022Publication Year

2022-09-27T12:52:20ZAcceptance in OA@INAF

Magnetic field strength in cosmic web filamentsTitle

CARRETTI, ETTORE; VACCA, VALENTINA; O'Sullivan, S. P.; Heald, G. H.; 
Horellou, C.; et al.

Authors

10.1093/mnras/stac384DOI

http://hdl.handle.net/20.500.12386/32652Handle

MONTHLY NOTICES OF THE ROYAL ASTRONOMICAL SOCIETYJournal

512Number



MNRAS 512, 945–959 (2022) https://doi.org/10.1093/mnras/stac384 
Advance Access publication 2022 February 14 

Magnetic field strength in cosmic web filaments 

Ettore Carretti , 1 ‹ V. Vacca , 2 S. P. O’Sulli v an , 3 G. H. Heald , 4 C. Horellou, 5 H. J. A. R ̈ottgering, 6 

A. M. M. Scaife , 7 , 8 T. W. Shimwell, 6 , 9 A. Shulevski , 6 C. Stuardi 1 , 10 and T. Vernstrom 

4 

1 INAF Istituto di Radioastronomia, Via Gobetti 101, I-40129 Bologna, Italy 
2 INAF Osservatorio Astronomico di Cagliari, Via della Scienza 5,I- 09047 Selargius (CA), Italy 
3 School of Physical Sciences and Centre for Astrophysics & Relativity, Dublin City University, Glasnevin D09 W6Y4, Ireland 
4 CSIRO, Space and Astronomy, PO Box 1130, Bentley, WA 6102, Australia 
5 Chalmer s Univer sity of Technolo gy, Department of Space , Earth and Environment, Onsala Space Observatory, SE-43992 Onsala, Sweden 
6 Leiden Observatory, Leiden University, PO Box 9513, NL-2300 RA Leiden, The Netherlands 
7 Jodrell Bank Centre for Astrophysics, Department of Physics & Astronomy, University of Manchester, Manchester M13 9PL, UK 

8 The Alan Turing Institute, 96 Euston Road, London NW1 2DB, UK 

9 ASTRON, Netherlands Institute for Radio Astronomy, Oude Hoo g eveensedijk 4, NL-7991 PD Dwingeloo, The Netherlands 
10 Dipartimento di Fisica e Astronomia, Universit ́a di Bologna, via Gobetti 93/2, I-40122 Bologna, Italy 

Accepted 2022 February 8. Received 2022 February 7; in original form 2021 November 12 

A B S T R A C T 

We used the rotation measure (RM) catalogue derived from the LOFAR Two-metre Sky Survey Data Release 2 (LoTSS DR2) 
at 144 MHz to measure the evolution with redshift of the extragalactic RM (RRM: Residual RM) and the polarization fraction 

( p ) of sources in low-density environments. We also measured the same at 1.4 GHz by cross-matching with the NRAO VLA 

Sk y Surv e y RM catalogue. We find that RRM versus redshift is flat at 144 MHz, but, once redshift-corrected, it sho ws e volution 

at high significance. Also, p evolves with redshift with a decrement by a factor of ∼8 at z ∼ 2. Comparing the 144-MHz and 

1.4-GHz data, we find that the observed RRM and p are most likely to have an origin local to the source at 1.4 GHz, while a 
cosmic web filament origin is fa v oured at 144 MHz. If we attribute the entire signal to filaments, we infer a mean rest-frame RRM 

per filament of RRM 0 , f = 0 . 71 ± 0 . 07 rad m 

−2 and a magnetic field per filament of B f = 32 ± 3 nG. This is in agreement with 

estimates obtained with a complementary method based on synchrotron emission stacking, and with cosmological simulations 
if primordial magnetic fields are amplified by astrophysical source field seeding. The measurement of an RRM 0, f supports the 
presence of diffuse baryonic gas in filaments. We also estimated a conserv ati ve upper limit of the filament magnetic turbulence 
of σRRM 0 , f = 0 . 039 ± 0 . 001 rad m 

−2 , concluding that the ordered magnetic field component dominates in filaments. 

Key words: magnetic fields – polarization – methods: statistical – intergalactic medium – large-scale structure of the Universe. 
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 I N T RO D U C T I O N  

easuring the evolution of the cosmic magnetic field with cosmic 
ime helps to understand its genesis from primordial fields and 
hether field seeding and amplification by astrophysical sources 
as played a role (e.g. Akahori & Ryu 2011 ; Vazza et al. 2015 ;
ubramanian 2016 ; Vazza et al. 2017 ; O’Sulli v an et al. 2020 ;
r ́amburo-Garc ́ıa et al. 2021 ). Cosmic web filaments are ideal for

his purpose, since matter and fields are less processed and closer 
o the initial conditions. Furthermore, simulations predict that the 
ntensity of filament magnetic fields can help discriminate between 
he possible scenarios that have magnetized these cosmic structures 
e.g. Vazza et al. 2015 ). The time evolution can also inform us about
he evolution of extragalactic sources themselves, such as a change 
n the physical conditions of the source and its environment (e.g. 
ronberg et al. 2008 ; Berger et al. 2021 ). 
Ef fecti ve ways to study the magnetic field evolution with time are

he behaviour with redshift z of the rotation measure (RM) and the
 E-mail: carretti@ira.inaf.it 
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olarization fraction of extragalactic sources. The polarization angle 
of linearly polarized radiation travelling through a magnetized, 

onized gas is rotated by 

φ = RM λ2 (1) 

t wavelength λ. RM is 

M = 0 . 812 
∫ 0 

z 

n e ( z ′ ) B ‖ ( z ′ ) 
(1 + z ′ ) 2 

d l 

d z ′ 
d z ′ , (2) 

here z is the source redshift, the integration is performed from the
ource to the observer along the path-length l (pc), n e is the electron
ensity (cm 

−3 ), and B � is the magnetic field along the line of sight
 μG). Hence, RM bears information on the magnetized medium the
adiation travels through and can be used to trace the evolution of the
agnetic field (e.g. Kronberg et al. 2008 ). The polarization fraction

volution can be related to a change of depolarization (Sokoloff et al.
998 ) and, in turn, a change of magneto-ionic physical conditions at
he source (e.g. Berger et al. 2021 ) or in the intergalactic medium
IGM). 

The behaviour of the extragalactic source RM with redshift was 
nvestigated in the past decades, finding no evolution (Fujimoto, 
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Figure 1. Distribution with redshift of the sources used from the LOFAR 

LoTSS DR2 RM catalogue. 
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awabata & Sofue 1971 ; Reinhardt 1972 ; Kronberg, Reinhardt &
imard-Normandin 1977 ; Sofue, Fujimoto & Kawabata 1979 ; Kro-
berg & Perry 1982 ; Thomson & Nelson 1982 ; Welter, Perry &
ronberg 1984 ; Oren & Wolfe 1995 ; You, Han & Chen 2003 ; Bernet

t al. 2008 ; Vernstrom et al. 2018 ; Riseley et al. 2020 ). Ho we ver,
sing samples of a few hundred sources, Kronberg et al. ( 2008 ) and
amee et al. ( 2016 ) found a hint of evolution at low significance,
t GHz frequencies, which was attributed to RM originating local
o the source (Kronberg et al. 2008 ). This evolution was not
onfirmed using a much larger sample of 4003 sources (Hammond,
obishaw & Gaensler 2012 ), making the results inconclusive so far.
he evolution of RM with redshift has also been used to investigate

he magnetic field of the intracluster medium in galaxy clusters using
he differential RM of physical source pairs (Xu & Han 2022 ). 

No clear evolution of fractional polarization was found by Ham-
ond et al. ( 2012 ) and Lamee et al. ( 2016 ), while Berger et al. ( 2021 )

ecently found an anticorrelation in a low-brightness sample of 56
ources at 1.4 GHz that was attributed to evolution of the environment
ocal to the source. 

The detection of magnetic fields in filaments has been the subject
f intense research in recent years (Heald et al. 2020 ). Several
pper limits were set employing a number of different approaches
Brown et al. 2017 ; Vernstrom et al. 2017 ; Vacca et al. 2018 ;
’Sulli v an et al. 2019 ; Vernstrom et al. 2019 ; O’Sulli v an et al.
020 ; Locatelli et al. 2021 ) and a first detection was obtained
tacking the synchrotron emission from bridges connecting galaxy
lusters (Vernstrom et al. 2021 ). A direct detection of a filament
etween a close pair of interacting galaxy clusters was also obtained
stablishing the presence of magnetic fields in the IGM (Govoni
t al. 2019 ). Cosmological simulations have been run to study the
onditions required to generate magnetic fields in filaments that
ange from a few nG to a few tens of nG depending on whether
nly primordial fields or additional astrophysical source seeding are
nvolved (Akahori & Ryu 2010 , 2011 ; Gheller et al. 2015 ; Vazza
t al. 2015 , 2017 ; O’Sulli v an et al. 2020 ; Ar ́amburo-Garc ́ıa et al.
021 ). 
In this work, conducted within the LOFAR Magnetism Key Sci-

nce Project 1 (MKSP), we compute and analyse the behaviour with
edshift of the extragalactic source RM and fractional polarization
f a low-frequency (144 MHz) RM catalogue (O’Sulli v an et al. in
reparation). This catalogue was derived from Stokes Q and U
ata cubes of the LOFAR Two-metre Sky Survey Data Release 2
(LoTSS DR2; Shimwell et al. 2022 ; Shimwell et al. 2017 , 2019 )
n a collaborative effort between the LOFAR Surv e ys Ke y Science
roject 2 and the MKSP. At this low frequency the polarized radiation
an survive depolarization only if it is emitted and propagates through
ow-density environments (O’Sullivan et al. 2019 ; O’Sullivan et al.
020 ; Stuardi et al. 2020 ), and our analysis allows us to investigate the
volution of magnetism in such environments. We find that an origin
f RRM and p in cosmic web filaments is fa v oured and that enables
s to derive properties of the magnetic field in cosmic filaments such
s intensity and turbulence. 

This paper is organized as follows. Section 2 describes the RM
atalogues used in the analysis. Section 3 computes the behaviours
ith redshift and other related quantities at 144 MHz and 1.4 GHz.
ection 4 discusses the results and possible scenarios for the origin
f the RM and fractional polarization, and in Section 5 , we draw our
onclusions. 
NRAS 512, 945–959 (2022) 
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S  

S  

n  

a  
Throughout this paper, we assume a � CDM cosmological model
ith H 0 = 67.4 km s −1 Mpc −1 , �M 

= 0.315, and �� 

= 0 . 685
Planck Collaboration VI 2020 ). We also use the term h =
 0 /100 km s −1 Mpc −1 . 

 R M  C ATA L O G U E S  

.1 LoTSS DR2 

ur analysis is based on the RM catalogue derived from Stokes Q
nd U data cubes of the LoTSS DR2 surv e y (O’Sulli v an et al. in
reparation). Here we report the main catalogue features rele v ant to
his work. It consists of 2461 RMs detected at a central frequency of
44 MHz, bandwidth of 48 MHz, channel bandwidth of 97.6-kHz,
ngular resolution of 20 arcsec, o v er 5720 de g 2 , obtained using the
ethod of RM-synthesis (Brentjens & de Bruyn 2005 ). The RM

rror budget is dominated by random ionospheric RM correction
esiduals, which are ∼0.05 rad m 

−2 (O’Sulli v an et al. in preparation).
 systematic term as large as 0.1–0.3 rad m 

−2 is also present, again
elated to ionospheric RM correction residuals (Sotomayor-Beltran
t al. 2013 ; Porayko et al. 2019 ). A total number of 1949 sources had
 positive cross-match with redshift catalogues, 1046 of which are
pectroscopic redshifts. 

Photometric redshifts of the identified sources have a median error
f σz, phot ∼ 0 . 1, comparable to the redshift bin width used here,
nd we excluded them keeping sources with spectroscopic redshift
nly. A Galactic cut excluding sources at | b | < 25 ◦ was applied to
 xclude the re gion with highest Galactic RM v alues, gi ving 1016
ources. 

The source distribution with redshift is shown in Fig. 1 . The median
edshift is ∼0.5. Only a handful of sources have redshift z > 2 and
e limited our analysis to z < 2, for our final sample of 1003
bjects. 

.2 NVSS 

e also compared the results from the LoTSS RM catalogue with
hose at higher frequency (1.4 GHz) from the NRAO VLA Sky
urv e y (NVSS) RM catalogue. The NVSS RM catalogue (Taylor,
til & Sunstrum 2009 ) measured the RM of 37 543 sources with two
arrow bands, 42-MHz wide each, centred at 1365 and 1435 MHz,
nd at an angular resolution of 45 arcsec. It co v ers all Declinations

https://lofar-mksp.org/
https://lofar-surveys.org/
art/stac384_f1.eps
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Figure 2. Fractional excess f excess (equation 8 ) of each individual source of 
the selected LoTSS DR2 RM catalogue sample. 
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−40 ◦. Hammond et al. ( 2012 ) cross-matched it with a number
f redshift catalogues obtaining 4003 matches. All redshifts are 
pectroscopic. To match the selection criteria applied to the LoTSS 

M catalogue, we also restricted our NVSS RM sample to sources
t Galactic latitudes | b | > 25 ◦, resulting in a sample of 3406 sources
hat reduce to 3055 at the redshift limit of z < 2. 

Vernstrom et al. ( 2019 ) found that RM errors of Taylor et al. ( 2009 )
re o v erestimated for at least part of the sample and we recompute
hem following their equation (19): 

RM NVSS = 150 

√ 

2 σP 

P 

rad m 

−2 , (3) 

ith P the polarized intensity of the source, σ P its error, and 150 a
oefficient related to the wavelengths of the two NVSS frequency 
ands. 

 REDSHIFT  E VO L U T I O N  ANALYSIS  

.1 LoTSS 

he measured RM is the combination of Galactic (GRM), extragalac- 
ic, and noise components, where the extragalactic term is either local 
o the source or from the foreground IGM between the source and
he Milky Way, including filaments of the cosmic web: 

M = GRM + RM local + RM IGM 

+ RM noise . (4) 

 key point is that the first term has to be subtracted off to be left
ith the extragalactic component only (and noise), which we call the 
esidual RM (RRM) : 

RM = RM − GRM . (5) 

e estimate the GRM from Hutschenreuter et al. ( 2022 ), who
nferred a map of the Galactic RM from a suite of extragalactic
ource RM catalogues, including those from LoTSS and NVSS. 
his is a sophisticated evolution of former estimates of GRM maps 

e.g. Oppermann et al. 2015 ) with impro v ed errors, resolution, and
ampling of the parent catalogue collection of extragalactic source 
Ms. 
Since the extragalactic RRMs are generally distributed around 

ero, an estimate of the typical RRM intensity of a sample is the rms
eviation < RRM 

2 > 

1/2 . For the LoTSS sample, if we subtract the
RM contribution as estimated straight from the Hutschenreuter 

t al. ( 2022 ) map at the exact source position, we get an rms
eviation of RRM of < RRM 

2 > 

1/2 = 0.52 rad m 

−2 (excluding
 σ outliers), which further drops to 0.15 rad m 

−2 if estimated 
ith the median absolute deviation (MAD) statistics that is more 

obust against outliers. This is in contrast with the mean GRM
rror o v er all sources of 0.79 rad m 

−2 . The measured RRM rms
s 
〈
RRM 

2 
〉1 / 2 = 

√ 〈
RRM 

2 
source 

〉 + 

〈
RRM 

2 
noise 

〉
. The noise term has 

o be quadratically subtracted off to be left with the source term and
 noise larger than the measured term is unexpected. This is possibly
ecause our sample is part of the catalogue suite used to infer the
RM map and the GRM at the exact source position might be slightly
iased towards the source RM, which gives an oversubtraction 
the possible presence of extragalactic residuals in the GRM map 
s also mentioned by Hutschenreuter et al. 2022 ). Actually, an 
nspection of the GRM map shows that it can have a slight bump
t our source positions compared to the immediate surrounding 
elds. 
To test this further, for each source ,we computed the difference of

M and GRM with a reference term. As a reference we used GRM 1 ,
he median of the GRM map o v er a 1 ◦ diameter disc centred at the
ource position that is approximately the average spacing between 
ources in the catalogue suite used by Hutschenreuter et al. ( 2022 ).
he differences are 

M excess = RM − GRM 1 , (6) 

RM excess = GRM − GRM 1 . (7) 

heir ratio, the fractional excess, 

 excess = 

RM excess 

GRM excess 
, (8) 

s shown in Fig. 2 . Its median is f̄ excess = 0 . 986 ± 0 . 005 and has
 narrow deviation of σf excess = 0 . 15 (here we used the median and
ts deviation as estimated with the MAD statistics because they are

ore robust against the obvious outliers). This means it tends to
e RM = GRM for each individual source and suggests that GRM
ctually is slightly biased towards the source RM at its exact position.

Instead, to estimate the GRM we have then taken GRM 1 as defined
bo v e, because the median o v er a region around the source tends to
itigate the contribution of the bump at the source position (applying
 smoothing is also recommended by Hutschenreuter et al. 2022 ).
he distribution of the RRMs obtained with the GRMs so estimated

s shown in Fig. 3 . The RRM rms corrected for the noise is 
〈
RRM LoTSS 

2 
〉1 / 2 = 1 . 90 ± 0 . 05 rad m 

−2 , (9) 

here the noise terms are the RM measurement noise and the GRM 1 

rror quadratically subtracted off. Because of the presence of outliers, 
ere and throughout this paper, RRMs that are off by more than 2 σ
ere excluded. This result is broadly consistent with O’Sulli v an et al.

 2020 ), who estimated the differential RM rms of random pairs at the
ame frequency, which is 

√ 

2 times the RRM rms of a single source.
ividing their result by 

√ 

2 (we used their result on 42 random pairs
ithin 10-arcmin separation), we estimate an RRM rms of single 

ources of 〈 

RRM 

2 
rp 

〉 1 / 2 
= 1 . 3 ± 0 . 2 rad m 

−2 , (10) 

hich supports that the procedure applied here is correct. 
Fig. 4 , top panel, and Table 1 report the RRM mean of the LoTSS

ample in equal-width redshift bins. It is zero within 2 σ in all bins. 
Fig. 4 , bottom panel, and Table 1 report the RRM rms deviation

RRM 

2 
〉1 / 2 

in the same redshift bins (red solid line). It is flat with
MNRAS 512, 945–959 (2022) 
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M

Figure 3. Distribution of RRMs of the sample from the LoTSS RM 

catalogue. 
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Figure 4. Top panel: mean of the RRM sample selected from the LoTSS 
RM catalogue in equal-width redshift bins (red solid line). Individual RRMs 
are also shown (dots). Bottom panel: as for the top panel but for the RRM 

rms deviation (red solid line). The rest-frame RRM 0 corrected for the redshift 
effects C 1 (dashed line), C 2 (dot–dashed line), and C 3 (dotted line) are also 
plotted. Individual | RRM | s are shown as dots. 
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edshift, its linear fit gives a slope of β = −0.15 ± 0.15, consistent
ith no evolution with redshift out to z = 2. Here and throughout this
aper, the error terms (i.e. the RM measurement noise and the GRM 1 

rror) are quadratically subtracted off from the RRM rms estimates. 
The RRMs must be corrected for redshift effects to get the rest-

rame RRM 0 (see equation 2 ). Specifically , 

RM 0 = RRM (1 + z i ) 
2 , (11) 

here z i < = z is the redshift at which the Faraday Rotation occurs
long the line of sight and z the source redshift. If the RRM is
enerated at more locations along the line of sight, then 

RM 0 = 

∑ 

i 

� RRM i (1 + z i ) 
2 , (12) 

here � RRM i is the RRM contribution at redshift z i . What those
edshifts are depends on how the medium is organized along the line
f sight. RRM 0 can be written as 

RM 0 = C x RRM , (13) 

here C x is a correction factor depending on a model x of the medium
istribution. 

Three example cases bracket most of the possible models. 

(i) In the simplest case the RRM occurs close to the source, either
nternal to the source or in the surrounding medium. This gives 

 1 = (1 + z) 2 , (14) 

here z is the source redshift. 
(ii) At the other end, we have the case in which the non-redshift-

orrected RRM is generated evenly along the line of sight, which is
he IGM in the foreground. This gives 

 2 = 

1 

z 

∫ z 

0 
(1 + z ′ ) 2 d z ′ (15) 

= 

(1 + z) 3 − 1 

3 z 
. (16) 

(iii) A third case is similar to (ii), except it is the rest-frame RRM 0 

hat is evenly distributed. More specifically, the two models differ
n how RRM is distributed along the sight line. This model also
escribes the IGM and includes the scenario in which the RRM is
enerated by many cosmic web filaments along the line of sight. It
ives 

 3 = 1 + z. (17) 
NRAS 512, 945–959 (2022) 
Fig. 4 , bottom panel, and Table 1 report the RRM rms in redshift
ins corrected for C 1 , C 2 , and C 3 . Data were first corrected and then
inned. To check whether the increase with redshift is significant we
t them with a linear model, with the results shown in Table 2 . The
lope β is non-flat at high significance for all three cases ( β/ σβ =
2.0, 10.7, and 4.9, respectively, where σβ is the error of β) with
tudent’s t -test probabilities of p t = 1.8 × 10 −6 , 6.2 × 10 −5 , and
.2 × 10 −3 . Accounting for the redshift correction, there is evolution
f RRM 0 with redshift at high significance in the range 0 < z < 2 for
ll models we have considered. Spearman tests were also conducted
ith consistent results (see Table 2 ). 
The analysis was repeated excluding the sources close to the

alactic plane for different Galactic latitude ( b ) cuts. Fig. 5 shows
he case of RRM 0 with correction C 1 . The behaviours are similar
nd the increase with redshift z is present at all cuts. This excludes
ignificant systematics from residual Galactic RM contamination,
specially from the sources at lower | b | . 

We computed the RRM mean and rms deviation also in redshift
ins with equal number of sources, with consistent results (see
ppendix A ). 
An analysis of the fractional polarization evolution can help us

ith the interpretation because a change with redshift would mean a

art/stac384_f3.eps
art/stac384_f4.eps
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Table 1. RRM mean and rms of the LoTSS sample in the equal-width redshift bins z (bin centre). The rms of the 
rest-frame RRM 0 = C x for the three redshift correction models C x discussed in the text are also reported. 

z 〈 RRM 〉 〈
RRM 

2 
〉1 / 2 〈

(C 1 RRM) 2 
〉1 / 2 〈

(C 2 RRM) 2 
〉1 / 2 〈

(C 3 RRM) 2 
〉1 / 2 

(rad m 

−2 ) (rad m 

−2 ) (rad m 

−2 ) (rad m 

−2 ) (rad m 

−2 ) 

0.143 0.06 ± 0.10 1.71 ± 0.09 2.34 ± 0.12 2.01 ± 0.10 1.99 ± 0.10 
0.429 0.07 ± 0.11 1.82 ± 0.09 3.82 ± 0.21 2.75 ± 0.14 2.63 ± 0.13 
0.715 0.04 ± 0.17 2.25 ± 0.14 6.35 ± 0.37 4.12 ± 0.23 3.77 ± 0.22 
1.001 0.13 ± 0.21 1.89 ± 0.15 7.52 ± 0.62 4.39 ± 0.37 3.77 ± 0.31 
1.287 − 0.40 ± 0.25 1.85 ± 0.16 9.64 ± 0.90 5.23 ± 0.46 4.21 ± 0.39 
1.573 0.53 ± 0.32 1.67 ± 0.34 10.95 ± 2.15 5.63 ± 1.09 4.28 ± 0.86 
1.859 0.09 ± 0.39 1.53 ± 0.28 12.09 ± 2.17 5.97 ± 1.06 4.30 ± 0.76 

Table 2. Linear best-fitting parameters of the rest-frame RRM 0 rms of the LoTSS sample 
for the three models C x , x = 1, 2, 3. The fit function is RRM 0 = α + βz , with α the intercept 
and β the slope. The other parameters of the Table are the ratio t between β and its error σβ , 
the Student’s t -test probability that t = 0 – i.e. β is flat ( p t ), the Spearman’s rank correlation 
coefficient ρ between RRM 0 rms and z , and its probability of uncorrelation ( p ρ ). 

Model α β t = β/ σβ p t ρ p ρ
(rad m 

−2 ) (rad m 

−2 ) 

C 1 1.68 ± 0.31 5.84 ± 0.27 22.0 1 . 8 10 −6 1.00 0.0 
C 2 1.96 ± 0.25 2.34 ± 0.22 10.7 6 . 2 10 −5 1.00 0.0 
C 3 2.23 ± 0.31 1.33 ± 0.27 4.9 2 . 2 10 −3 0.96 4 . 5 10 −4 

Figure 5. RRM 0 rms corrected for C 1 excluding sources at three different 
Galactic latitude ( b ) cuts. 
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hange of the physical conditions at the sources or of the IGM o v er
osmic time. Fig. 6 , top panel, shows 〈 RRM 

2 〉 1/2 as a function of the
ractional polarization p , with no obvious correlation. The mean of
he fractional polarization as a function of redshift is also shown in
ig. 6 , bottom panel. There is clear anticorrelation: p is highest at low
 (some 5 per cent at z = 0.1) and steadily drops towards high redshift
0.65 per cent at z = 1.9). The behaviour is close to linear in log( p )- z
pace, the slope of the linear regression is β = −0.396 ± 0.044 with
atio β/ σβ = 9.0 and t -test p t = 8.9 × 10 −6 . The Spearman’s rank is
= −0.96 and p ρ = 7.3 × 10 −6 . The decrease is thus detected at a

igh confidence level. 
The mean source angular size in redshift bins is reported in Fig. 7 .

nly 269 sources have size information available. A decrement 
ith z is obvious from ≈500 arcsec at z = 0.1 to ≈70 arcsec

t z = 1.9, making a correlation with depolarization possible. We 
omputed also the physical sizes. The sources are very extended 
n average with mean sizes that run from ∼1.3 Mpc at low redshift
o ∼0.7 Mpc at high redshift. It is clear that the objects for which
he size information is available (269 out of 1003, 27 per cent) are
nly extended sources and with the compact sources absent from this
ub-sample. 

We separated the sources into blazars and radio galaxies 
i.e. all other radio sources such as radio galaxies, Seyferts, 
SOs, AGN) to broadly divide them in compact and extended 

ources. We used the classification from the BZCAT blazar cat- 
logue (Massaro et al. 2015 ), 3 SIMBAD data base, 4 and Sloan
igital Sk y Surv e y (SDSS) DR16 catalogue (Ahumada et al.
020 ) 5 – with this priority, respectively – included in the LoTSS 

M catalogue. All sources of our sample have a classifica- 
ion, of which 17 per cent are blazars. Radio galaxies domi-
ate except at z � 1.5 where the number of blazars becomes
omparable. 

.2 NVSS 

he RRMs of the NVSS RM–redshift catalogue (Hammond et al. 
012 ) were computed estimating the GRM as in Section 3.1 . 
The RRM dispersion of the entire sample, corrected for the RM
easurement error and the GRM 1 error, is 

〈
RRM 

2 
NVSS all 

〉1 / 2 = 13 . 28 ± 0 . 27 rad m 

−2 . (18) 

his is much larger than for the LoTSS sample, possibly because
f the smaller depolarization at higher frequency and hence the 
ource population comes from a more diverse environment. At 
igher frequencies, the polarized emission can survive after passing 
hrough higher density environments and hence develop higher RMs 
O’Sulli v an et al. 2020 ; Stuardi et al. 2020 ) 
MNRAS 512, 945–959 (2022) 
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Figure 6. Top panel: RRM rms deviation as a function of fractional 
polarization p of the LoTSS sample (solid line). Individual | RRM | s are 
also reported (dots). Bottom panel: mean of the fractional polarization p 
as a function of z of the LoTSS sample (solid line). Individual fractional 
polarizations are also reported (dots). 
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Figure 7. Mean source angular size as a function of z of the LoTSS sample 
(solid line). Individual sizes are also reported (dots). 
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Fig. 8 , top panel, shows the RRM rms deviation in redshift bins.
he behaviour is flat before correcting for redshift effects, while
fter correction with models C 1 , C 2 , and C 3 , an evolution with z
s obvious, albeit with smaller confidence compared to the LoTSS
ample. Both linear fit and Spearman rank results are reported in
able 3 . 
The middle panel of Fig. 8 shows RRM rms versus frac-

ional polarization p . There is a clear anticorrelation, a decrease
f RRM, initially steeper and then shallower. This behaviour is
imilar to the result of Hammond et al. ( 2012 ), who found an
nticorrelation up to the same p -value and then a flattening close
o their noise floor that they did not subtract in their plots.
hey associated that anticorrelation with depolarization: higher
RMs means the polarized radiation goes through higher den-

ity and higher magnetic field environments, which gives higher
epolarization. 
The fractional polarization p versus redshift (Fig. 8 , bottom panel)

ecreases up to z ∼ 0.7, then it is mostly flat (as found by Hammond
t al. 2012 ). This differs from the LoTSS sample where p decreases
ith z for the entire range. 
NRAS 512, 945–959 (2022) 
.3 LoTSS – NVSS o v erlap sample 

o better compare the NVSS and LoTSS samples, we have selected
he LoTSS RM catalogue sources with an NVSS RM entry and a
pectroscopic redshift, and then analysed the NVSS RMs at 1.4 GHz.
his NVSS sub-sample is thus restricted to the LoTSS sample and
e call it the NVSS/LoTSS sample. It consists of 437 sources, 427
f which have z < 2. 
The RRM rms of this sample is 

〈
RRM 

2 
NVSS / LoTSS 

〉1 / 2 = 5 . 72 ± 0 . 36 rad m 

−2 . (19) 

his is less than half the value derived for the whole NVSS sample,
onfirming that the LoTSS low-frequency catalogue selects for low-
ensity environments that generate lower RRMs. 
Fig. 9 shows the RRM rms as a function of z and p , and p as a

unction of redshift. It is worthwhile to note some differences of these
.4-GHz RRMs that are in low-density environments. The RRM rms
as a gentle increase with z, which is unseen in both the LoTSS
nd the whole NVSS sample. The increase is marginally significant
ith a slope that differs from zero by 3 . 3 σ and a p -value of p t =
.1 × 10 −2 . The redshift-corrected RRM 0 has a high significance
etection of an evolution with z for all models we considered
Table 4 ). 

The RRM anticorrelates with p , as in the NVSS case and differing
rom the LoTSS sample, up to p ∼ 8 per cent and then it flattens.
he fractional polarization decreases with z at high significance,
s at 144 MHz, albeit at a lower rate (a factor of ∼3 between
he two redshift range ends instead of ∼8), but different from the
hole 1.4-GHz sample that shows an initial evolution only. All
oints except one follow the decreasing trend and that single point
s at some 1 σ from the general trend. A linear–log space linear
t gives a slope of β = −0.242 ± 0.029 with ratio β/ σβ = 8.3
nd p -value of p t = 1.7 × 10 −5 . Spearman’s rank is ρ = −0.96,
 ρ = 7.3 × 10 −6 . 
We also separated the sources into blazars and radio galaxies, as

one for the LoTSS sample. All of the sources in the NVSS/LoTSS
ample have classifications, with 25 per cent being blazars. The
edshift distributions of the two groups are shown in Fig. 10 , where
adio galaxies dominate out to z ≈ 0.9, abo v e which blazars become
omparable or dominant. 

The large difference between the RRM rms at 144 MHz and
.4 GHz (1.9 and 5.7 rad m 

−2 ) suggests the RRMs at the two

art/stac384_f6.eps
art/stac384_f7.eps
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Figure 8. Top panel: NVSS sample RRM rms deviation in redshift bins 
(red solid line). The rest-frame RRM 0 corrected for the redshift effect C 1 

(dashed line), C 2 (dot–dashed line), and C 3 (dotted) are also plotted. The 
individual | RRM | s are reported as dots. Middle panel: RRM rms deviation 
as a function of fractional polarization p for the NVSS sample (solid line). 
Indi vidual | RRM | v alues are also reported (dots). Bottom panel: mean of 
fractional polarization p as a function of z for the NVSS sample (solid line). 
Individual fractional polarization values are also shown (dots). 
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requencies are different. In Fig. 11 , we plot them against each
ther. Indeed, the sources appear randomly distributed with no 
bvious trend, which would indicate the two sets of RRMs are
ifferent and thus of different origin. However, the large NVSS 

rror bars co v er most of the spread preventing us from drawing firm
onclusions. 

 DI SCUSSI ON  

.1 Environment 

he low RRM rms of ∼1.9 rad m 

−2 that we measure for the LoTSS
ample supports that the polarized emission at low frequency comes 
rom and propagates through low-density environments, where it can 
urvive depolarization, as found in earlier work (e.g. O’Sulli v an et al.
020 ; Stuardi et al. 2020 ). This also appears to be supported by the
igher frequency NVSS sample (1.4 GHz) that, once restricted to 
he sources in common with the LoTSS catalogue, has an RRM rms
pproximately two times smaller than the full sample. 

To further support these considerations, we measured the projected 
eparation in R 200 

6 units for our sources from the nearest galaxy
luster, for both LoTSS and NVSS samples, where R 200 is approxi-
ately the outer boundary of galaxy clusters. We use the catalogue

f 158,103 clusters by Wen & Han ( 2015 ) (see also Wen, Han & Liu
012 ) that spans 0.05 < z < 0.75 and has a mix of spectroscopic and
hotometric redshifts with errors up to 0.018. Masses of catalogue 
lusters are as low as 2 × 10 12 M � and the catalogue is more than
5 per cent complete for masses larger than 1.0 × 10 14 M �, which
o v ers well down to poor clusters. Note that the catalogue gives R 500 

7 

or each galaxy cluster and we estimate R 200 by the relation R 500 / R 200 

0.7 (Ettori & Balestra 2009 ). For each source of redshift z s , we
earch for the galaxy cluster with minimum projected separation in 
he redshift range | z gc − z s | < 0.036 (2 σ uncertainty), where z gc is
he cluster redshift. We restrict our search to sources with redshift in
he catalogue range and that are in the catalogue footprint, resulting
n 739 (LoTSS) and 1116 (NVSS) sources. The minimum projected 
eparation distributions are shown is Fig. 12 . Only a small fraction
f sources (6.2 per cent) in the LoTSS sample is within R 200 from
he nearest cluster, which increases to 21.5 per cent for the NVSS
ample. The median separation is 7.0 and 5.2 R 200 for LoTSS and
VSS, respectively. The distribution of the LoTSS sample peaks 

t ∼ 5 R 200 and then decreases towards separation 0, while for the
VSS sample it is mostly flat down to the smallest separations,
eaning that the peak is closer to separation 0. Overall, the 144-
Hz LoTSS sources tend to reside far from galaxy clusters, in low-

ensity environments, while the 1.4-GHz NVSS sources are closer 
o clusters with a marked peak within cluster boundaries. We do
ot ha ve a v ailable an equi v alent catalogue of galaxy groups and we
annot conduct a similar analysis for them. 

Considerations based on simple depolarization models bear similar 
onclusions. These are approximations of real cases, but are useful to
ive first-order estimates. As mentioned previously, the extragalactic 
M can be generated locally to the source or by the IGM through
hich the radiation propagates. In the former case, most of the
M and p are generated in the environment surrounding the source

Laing et al. 2008 ). Both this and the radiation propagating through
he IGM can be modelled by a turbulent slab (e xternal F araday
MNRAS 512, 945–959 (2022) 

 R 200 is the distance from the cluster centre where the density drops to 
00 times the critical density of the Universe. 
 R 500 is the distance from the galaxy cluster centre where the density is 
00 times the critical density of the Universe. 
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Table 3. Linear best-fitting parameters of the rest-frame RRM 0 rms of the NVSS sample for the 
three models C x , x = 1, 2, 3. The fit function is RRM 0 = α + βz , with α the intercept and β the 
slope. The other parameters of the Table are the ratio between β and its error σβ ( t ), the Student’s 
t -test probability that t = 0, i.e. β is flat ( p t ), the Spearman’s rank correlation coefficient ρ between 
RRM 0 and z , and its probability of no correlation ( p ρ ). 

Model α β t = β/ σβ p t ρ p ρ
(rad m 

−2 ) (rad m 

−2 ) 

C 1 − 0.91 ± 10.26 56.80 ± 8.90 6.4 7 . 0 10 −4 0.96 4 . 5 10 −4 

C 2 5.74 ± 5.25 25.32 ± 4.55 5.6 1 . 3 10 −3 0.96 4 . 5 10 −4 

C 3 8.64 ± 4.17 16.53 ± 3.62 4.6 3 . 0 10 −3 0.96 4 . 5 10 −4 
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ispersion) whose depolarization is described by the equation (Burn
966 ; Sokoloff et al. 1998 ): 

p 

p 0 
= e −2 σ 2 

RM λ
4 
, (20) 

here p and p 0 are the emerging polarization fraction and that of
he radiation entering the re gion, respectiv ely. The σ RM 

parameter is
he RM dispersion of the region, and λ is the observing wavelength.
ssuming the signal is totally depolarized for 8 p / p 0 = 1/30, the signal

an survive depolarization at 144 MHz for σRM 

〈 0 . 3 rad m 

−2 , which
ets a small limit for the RM turbulence it can go through and thus
equires low-density environments. 

.2 Fractional polarization behaviour 

here is a clear evolution with redshift of p and of the rest-frame
RM 0 for the LoTSS sample, for any redshift correction model we
se. This might happen local to the source or in the IGM along the
ine of sight. A comparison with the results at 1.4 GHz can help with
he interpretation. 

Fig. 13 , left-hand panel, shows the behaviour of p versus z for
ll of our three samples. LoTSS has the lo west v alues with a steady
ecrement with redshift, while NVSS has higher values that, after an
nitial decrement, becomes flat. NVSS/LoTSS is al w ays higher than
VSS, as expected since the emission is coming from lower density

nvironments, and it shows a steady decrease with redshift, similar
o LoTSS, albeit at a significantly lower rate. 

There are two possible explanations for the depolarization be-
aviour of the LoTSS sample, an astrophysical origin or beam
epolarization because the source size gets smaller at higher redshift
Fig. 7 ). The latter is a frequency-independent effect. The decrease
f p ( z) and its flattening at high redshift for the NVSS sample
as interpreted by Hammond et al. ( 2012 ) as a mixing of two
opulations with different polarization fractions: radio galaxies at
ow redshift and compact sources that have a lower polarization
raction at high redshift. The NVSS/LoTSS sample has a continuous
ecrement with redshift. Radio galaxies are the dominant population
p to z ∼ 0.9 and beam depolarization could explain it, but at z
 0.9 blazars are comparable or dominate and a flattening would

e expected. Similarly, the LoTSS sample has a transition at z ∼
.5, but no flattening is observed. In this context, we note that the
ngular diameter distance peaks at z ∼ 1.5 and is quite flat in the
ange z = [1, 2], thus beam depolarization alone cannot explain
he drop of p in that range. Finally, for the NVSS/LoTSS sample,
hat traces the similar environments of the full LoTSS sample, p
NRAS 512, 945–959 (2022) 

 We assumed this value because a depolarization of 10 per cent looked 
nsufficient and 1 per cent too much at this frequency where the typical 
ractional polarization is of a few per cent. 

t  

m  

M  

c  
nticorrelates with redshift as for LoTSS, but at a smaller rate, thus
t most only a minor component can be due to frequency-independent
epolarization. Note that the coarser beam at 1.4 GHz can generate
ore depolarization and correcting for it would further increase the

ifference in the p decrement rate between the two frequencies,
einforcing the conclusion that only a minor component of the
epolarization at 144 MHz can be attributed to beam depolarization.
e conclude that beam depolarization is unlikely to be the cause of
ost of the behaviour with redshift for p , leaving the astrophysical

rigin as the most likely explanation. An anticorrelation at 1.4 GHz
as also found by Berger et al. ( 2021 ) with a much smaller, lower
ux sample and they too excluded beam depolarization. 
As mentioned, the astrophysical origin of the p –z anticorrelation

an be either local to the source or in the IGM between us and the
ource. At 1.4 GHz, we can exclude the latter as the dominant term.
he depolarization of the NVSS/LoTSS sample at z = 1.9 is p / p 0 

30 per cent, measured as the ratio of the mean of p at the high-
nd low-redshift end. If this is due to the IGM, from equation ( 20 )
he depolarization would drop to 0.003 per cent at 144 MHz and
e would not see any polarized signal. Hence, the depolarization
bserved at 1.4 GHz must be local to the source and the components
bserved at 144 and 1400 MHz must be of a different nature. The
omponent that we see at 144 MHz has almost no depolarization
t 1.4 GHz. At 144 MHz, the depolarization is still compatible with
ither possible origin, and thus not inconsistent with being generated
y the IGM. We expect the IGM to consist of filaments whose number
ncreases with z leading to increasing depolarization with z. Among
ocal origin effects, a couple can be excluded. At both 144 and
400 MHz, the behaviour of p is unlikely to be due to a change of
opulation with redshift. As mentioned abo v e, a flattening would
e expected at high redshift, which is not observed. Also, effects
rom e xternal F araday dispersion (equation 20 ) are unlikely because
t high redshifts, the rest-frame frequency is higher by a factor of
1 + z) 2 and the depolarization is expected to be smaller, while the
pposite is observed. 
The behaviour of RRM versus p is different at 144 and 1400 MHz

Fig. 13 , right-hand panel, shows all of the three samples). It is anti-
orrelated with p at 1400 MHz for both the NVSS and NVSS/LoTSS
ample. That behaviour was associated by Hammond et al. ( 2012 )
ith the effect of depolarization: higher RRMs means the polarized

adiation goes through higher density and higher magnetic field envi-
onments.This usually gives higher turbulence and RRM dispersion,
nd in turn higher depolarization (e.g. equation 20 ). This points to
he RRM being generated at the source at 1.4 GHz. At 144 MHz,
t is flat and the RRM is independent of depolarization. This is a
otally different behaviour and again points to the RRM generation

echanism being different to that at higher frequency. Cosmological
HD simulations find that the RRM generated by filaments of the

osmic web along the line of sight is mostly independent of redshift
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Figure 9. Top panel: NVSS/LoTSS sample RRM rms deviation as a function 
of redshift (red solid line). The rest-frame RRM 0 corrected for the redshift 
effect C 1 (dashed line), C 2 (dot–dashed line), and C 3 (dotted line) are also 
plotted. Individual | RRM | values are reported as dots. Middle panel: RRM 

rms deviation as a function of fractional polarization p for the NVSS/LoTSS 
sample (solid line). Individual | RRM | are also reported (dots). Bottom panel: 
mean of fractional polarization p as a function of z for the NVSS/LoTSS 
sample (solid line). Individual fractional polarization are also reported (dots). 
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Akahori & Ryu 2011 ), because the increase of rest-frame RRM 0 

ith redshift (because of the higher number of filaments intercepted) 
s compensated by the redshift correction. RRM is also expected to 
e independent of p because RRM is uncorreleted with z while p
hanges. The flat behaviour of RRM versus p and z is thus consistent
ith that expected for a IGM/filaments scenario at 144 MHz and

gainst a local origin. Notice that for the 1.4-GHz NVSS/LoTSS 

ample, the RRM marginally increases with redshift, inconsistent 
ith a generation dominated by the IGM. 
In the next sections, we analyse in detail the two possible scenarios

t 144 MHz that could explain the behaviour that we observe for p ,
RM, and RRM 0 . 

.3 IGM filaments 

everal arguments, as described above, point to the RRM and p
e observe at 144 MHz being consistent with a generation from
laments of the cosmic web, e.g. the flat behaviour of RRM with p
nd z. Assuming that, we can derive some properties of the magnetic
eld of filaments. 
The depolarization is expected to follow a similar behaviour as 

escribed by equation ( 20 ) for the propagation of the polarized
mission through cosmic web filaments, which can be written as 

p 

p 0 
( z) = e 

−2 σ 2 
RRM 0 , f 

N f ( z) λ4 

, (21) 

here σRRM 0 , f is the average σ RM 

of a single filament and N f the
umber of filaments the radiation goes through. The term p 0 is taken
rom the linear fit of p at z = 0 (Section 3.1 ). We estimate the number
f filaments intercepted by each source of the LoTSS sample using
he filaments catalogues of Chen et al. ( 2015 ) and Carr ́on Duque
t al. ( 2021 ) that extend out to z = 0.7 and 2.2, respectively. The
atalogues co v er the area of the Sloan Digital Sk y Surv e y (SDSS)
nd 745 sources of our LoTSS sample fall in it. We assume a typical
lament transverse width of 3 Mpc (Cautun et al. 2014 ). The number
f filaments intercepted by the individual sources versus their redshift 
nd their quadratic fit 

 f ( z) = −1 . 08 z 2 + 17 . 89 z − 0 . 37 (22) 

re shown in Fig. 14 . 
The best fit of equation ( 21 ) to the depolarization as a func-

ion of z of the LoTSS sample is shown in Fig. 15 , left-hand
anel. The curve fits the data well, further supporting the cosmic
eb filament origin of the depolarization. The best estimate of 

RRM 0 , f is 

RRM 0 , f = 0 . 0389 ± 0 . 0010 rad m 

−2 , (23) 

hich gives an estimate of the average RM turbulence of fila-
ents (the first to our knowledge). We regard this as an upper

imit because part of the depolarization might be of a different
rigin. It is a conserv ati ve upper limit, for a cosmic filament
rigin is fa v oured and σRRM 0 , f is at least 50 per cent of our
stimate. 

If the RRM is generated by the filaments, then its rms deviation
s expected to be mostly flat with z (Akahori & Ryu 2011 ), as we
bserve at 144 MHz, and 

〈
RRM 

2 
0 

〉1 / 2 
is expected to increase with 

edshift as N 

1 / 2 
f ( z) (Akahori & Ryu 2010 ) because the path-length

hrough the filaments is a random walk and the RRM of each filament
an be either ne gativ e or positiv e. The best redshift correction for
laments is C 3 , as discussed in Section 3.1 . We fit the RRM 0 rms
alues that we measure with equal-width redshift bins for the LoTSS
ample with the function : 

RM 0 ( z) = RRM 0 , f N 

1 / 2 
f ( z) + A RRM 

, (24) 
MNRAS 512, 945–959 (2022) 

art/stac384_f9.eps


954 E. Carretti et al. 

M

Table 4. Linear best-fitting parameters of the rest-frame RRM 0 rms of the 
NVSS/LoTSS sample for the three models C x , x = 1, 2, 3. The fit function is RRM 0 

= α + βz , with α the intercept and β the slope. The other parameters of the table are 
the ratio between β and its error σβ ( t ), the Student’s t -test probability that t = 0, i.e. β
is flat ( p t ), the Spearman’s rank correlation coefficient ρ between RRM 0 and z , and its 
probability of no correlation ( p ρ ). 

Model α β t = β/ σβ p t ρ p ρ
(rad m 

−2 ) (rad m 

−2 ) 

C 1 − 6.5 ± 3.5 43.8 ± 3.1 14.3 1 . 5 10 −5 1.00 0.00 
C 2 − 0.8 ± 2.1 21.0 ± 1.8 11.7 3 . 9 10 −5 1.00 0.00 
C 3 1.3 ± 2.3 14.7 ± 2.0 7.5 3 . 3 10 −4 1.00 0.00 

Figure 10. Redshift distribution of radio galaxies and blazars of the 
NVSS/LoTSS sample. 

Figure 11. RRM at 144 MHz, RRM 144 , plotted versus that at 1.4-GHz, 
RRM 1400 , for the NVSS/LoTSS sample. Error bars are plotted 1-in-30 sources 
to a v oid too much confusion. 
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Figure 12. Distribution of the minimum projected separations of sources of 
the LoTSS and NVSS samples from galaxy clusters. Separations are plotted 
up to 40 R 200 for viewing reasons; there are 14 more sources of the LoTSS 
sample and 21 of the NVSS sample beyond that limit. 
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9 n e, f is estimated at z = 0.7 that in terms of comoving distance is mid-way 
out to z = 2, the range spanned by our data set. 
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here RRM 0, f is the average absolute value of the RRM 0 of an
ndividual filament, N f ( z) is taken from equation ( 22 ), and A RRM 

is a
onstant term that accounts for possible other components of different
rigin. The resulting fit is shown in Fig. 15 , right-hand panel. The
t is a good approximation of the data, making the filament scenario
elf-consistent again, and the resulting filament RRM 0, f is 

RM 0 , f = 0 . 71 ± 0 . 07 rad m 

−2 , (25) 
NRAS 512, 945–959 (2022) 
n broad agreement with the value of 1.5 rad m 

−2 from simulations
Akahori & Ryu 2010 ) and consistent with previous upper limits (e.g.
.8 rad m 

−2 by Amaral, Vernstrom & Gaensler 2021 ). The constant
erm of the fit is A RRM 

= 0 . 91 ± 0 . 18 rad m 

−2 . 
Assuming a typical value for the electron density in filaments 9 of

 e, f = 10 −5 cm 

−3 (Akahori & Ryu 2010 , 2011 ; Vazza et al. 2015 ), a
lament width of 3 Mpc (Cautun et al. 2014 ), and correcting it for the
ean inclination of a filament to the line of sight (see Appendix B ),
e get a filament magnetic field intensity parallel to the line of sight
f 

 ‖ , f = 18 . 6 ± 1 . 9 nG , (26) 

nd a filament total magnetic field of 

 f = 

√ 

3 B ‖ , f = 32 . 3 ± 3 . 2 nG , (27) 

ssuming no dependence on z of n e and the magnetic field B . This
s in agreement with Vernstrom et al. ( 2021 ) who found a magnetic
eld intensity per filament of 30 ≤ B f ≤ 60 nG using synchrotron
mission stacking. It is also consistent with previous cosmic web
agnetic field upper limits or estimates from simulations. Vernstrom

t al. ( 2017 ) and Brown et al. ( 2017 ) found upper limits of 30–
00 nG from cross-correlating synchrotron emission with the large-
cale structure distribution, Vacca et al. ( 2018 ) estimated fields of 10–
0 nG from simulations constrained by observations, Vernstrom et al.
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Figure 13. Left-hand panel: mean of fractional polarization p as a function of z for all the samples used in this paper (see the legend). Right-hand panel: RRM 

deviation (RRM rms ) as a function of p for all the samples used in this paper (see the legend). 

Figure 14. The number of filaments N f versus redshift of each source of the 
LoTSS sample that falls into the field co v ered by the filaments catalogues 
(dots). The best quadratic fit (solid line) and the mean in redshift bins (circles) 
are also reported. 
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 2019 ) estimated an upper limit of 40 nG with RMs of extragalactic
ource pairs, Amaral et al. ( 2021 ) found an upper limit of 50-nG
ross-correlating RMs with the galaxy distribution, O’Sulli v an et al. 
 2019 ) found an upper limit of 250 nG from a differential number
f filaments in the foreground of two lobes of a radio galaxy, and
ocatelli et al. ( 2021 ) estimated an upper limit of 250 nG based on
imulations constrained by non-detections. 

Our estimate is also in agreement with models based on primordial 
agnetic fields amplified by astrophysical source seeding, which 

redict fields of a few tens of nG in filaments, in contrast to a few nG
or models based on only primordial magnetic fields grown by MHD 

rocesses (e.g. Vazza et al. 2015 ; Ar ́amburo-Garc ́ıa et al. 2021 ). In
rinciple, models based only on primordial magnetic fields can reach 
he measured amplitudes but only in the cases that the primordial seed 
eld is at the top of the current upper limits (Vazza et al. 2017 ). In

he more general case, a boost by astrophysical source seeding is
equired (e.g. Vazza et al. 2015 , 2017 ). 

Our result of the detection of a filament RRM 0 supports the 
resence of a baryonic Warm-Hot Ionized Medium (WHIM) in 
laments, that cosmological simulations predict to contain some 
0 per cent of the cosmic baryons. 
We repeated the analysis fitting the RRMs measured in redshift 

ins with equal number of sources obtaining consistent results (see 
ppendix C ). 
An estimate of the turbulent component of the magnetic field of

 filament, assuming a Gaussian distribution, can be derived from 

RRM 0 , f and the Burn Law (Burn 1966 ; Tribble 1991 ; Felten 1996 ;
okoloff et al. 1998 ; Enßlin & Vogt 2003 ; Murgia et al. 2004 ) with 

RRM 0 , f = 0 . 812 n e σB ‖ , f 
√ 

l λB , (28) 

 turb , f = 2 
√ 

2 / π σB ‖ , f , (29) 

here B turb, f and σB ‖ , f are the mean turbulent magnetic field intensity 
nd the dispersion of its component parallel to the line of sight, l is the
adiation’s path-length through the filament, and λB is the coherence 
cale of the magnetic field. The latter is expected to be a few 100 h −1 

pc (Akahori & Ryu 2010 ) and we assume it to range within 0.4 <
B < 1.0 Mpc. Assuming for the other terms the same values we
sed to estimate B f , we find 3.5 � B turb, f � 5.5 nG. This is small
ompared to B f and so we conclude that the turbulent component is
ubdominant. 

.4 Local environment 

he other option is an origin of RRM and p local to the source for
he 144-MHz data. The following considerations can be drawn from 

he analysis conducted in Section 4.2 : 

(i) The behaviour with redshift of p at 144 MHz is still compatible
ith a local origin. The flat behaviour of RRM with p instead
isfa v ours it, because higher RRM values should be accompanied 
y stronger depolarization, as the 1.4-GHz data show. 
(ii) If the origin occurs local to the source it is usually in the
edium surrounding it (e.g. Laing et al. 2008 ) and increasing

epolarization (i.e. decreasing p ) might be related to larger turbulence 
t high redshift (equation ( 20 )). The observed sources are in low-
ensity environments far from galaxy clusters, as we have shown, 
nd thus have to be field or group galaxies that can be in a less relaxed
tate at high redshift than at present with higher turbulence. This can
xplain the behaviour at 1.4 GHz (see also Berger et al. 2021 ), but it
ould cause total depolarization at 144 MHz, which is not what we
bserve. 
MNRAS 512, 945–959 (2022) 
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Figure 15. Left-hand panel: polarization fraction p versus redshift of the LoTSS sample (circles) and best fit of the function of equation ( 21 ) (solid line). 
Right-hand panel: RRM 0 as a function of redshift of the LoTSS sample corrected for model C 3 (circles) and best fit of the function of equation ( 24 ) (solid line). 

 

d  

w  

S

5

W  

m  

a  

2  

o  

0  

p  

r  

W  

s  

i  

s

 

O
r  

t  

w  

w  

l
 

r  

e  

i  

a  

t
 

o  

d  

m

 

r

 

R  

c
 

w  

m  

w
 

1  

t  

f  

t  

t  

b  

t  

a
 

w  

0  

B  

v  

a  

t
 

a  

∼
 

e  

e  

a

 

f  

fi  

1  

a  

m  

a  

(  

a  

T  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/512/1/945/6528375 by IN
AF Trieste (O

sservatorio Astronom
ico di Trieste) user on 21 Septem

ber 2022
We conclude that our data disfa v our a local origin being the
ominant factor for both the RRM and p observed at 144 MHz,
hile it most likely is the dominant factor for the 1.4-GHz data (see
ection 4.2 ). 

 C O N C L U S I O N S  

e have analysed the LoTSS DR2 RM Catalogue containing RMs
easured at 144 MHz, and in particular a subset of sources with
 spectroscopic redshift and abo v e a Galactic latitude cut of | b | =
5 ◦, to study the behaviour with redshift of polarization quantities
f extragalactic sources in low-density environments in the range
 < z < 2. After subtracting the Galactic RM contribution and
roducing a catalogue of RRM, we measured the behaviour with
edshift of the RRM rms deviation and fractional polarization p .

e also measured 〈 RRM 

2 〉 1/2 as a function of p . We repeated the
ame analysis for NVSS RMs of sources in the LoTSS sample, to
nvestigate the behaviour of RRM and p measured at 1.4 GHz of the
ame sample from low-density environments. 

Our main findings are as follows: 

(i) At 144 MHz, the RRM rms is flat with redshift out to z = 2.
nce the redshift correction is applied, the rest frequency RRM 0 

ms increases with redshift at a high confidence level for all of
he correction models we considered, showing a clear evolution
ith redshift. At 1.4 GHz, the RRM shows a hint of an increase
ith redshift and RRM 0 increases with z at a high confidence

evel. 
(ii) At 144 MHz, the fractional polarization is anticorrelated with

edshift, at z = 1.9 it is ∼1/8th of that at z = 0.1, showing an
volution with redshift at a high confidence level. Also at 1.4 GHz, p
s anticorrelated with redshift at a high confidence le vel, e ven though
t a lower rate than at 144 MHz (at the high- z end, it is ∼1/3rd of
hat at the low- z end). 

(iii) The RRM rms is flat with p at 144 MHz and no increase
f RRM at low p is observed. At 1.4 GHz, instead, RRM rms
ecreases with p , indicating that sources with a higher RRM are
ore depolarized. 

These findings and our analysis lead us to the following main
esults: 
NRAS 512, 945–959 (2022) 
(i) There is a clear evolution with redshift of p and the rest-frame
RM 0 for the physically moti v ated redshift correction models we
onsidered. 

(ii) Polarized sources at 144 MHz reside far from galaxy clusters
ith a peak at ∼ 5 R 200 , confirming they are in low-density environ-
ents. The general 1.4-GHz population is closer to clusters, instead,
ith a substantial fraction within cluster boundaries. 
(iii) The RRM and p ( z) have a different origin at 144 MHz and

.4 GHz. Depolarization at 1.4 GHz is not mainly due to the radiation
ravelling through the IGM on large scales and a local origin is
a v oured for the RRM and depolarization at this frequency. A passage
hrough filaments of the cosmic web is fa v oured as the origin of
he RRM and p ( z) at 144 MHz. The depolarization with z, the flat
ehaviour of the RRM with z and p , and the fit of p and RRM 0 to
hat expected by the number of filaments along the line of sight are
ll consistent with such an origin. 

(iv) If we attribute the total RRM and p ( z) to cosmic web filaments,
e estimate an average RM for an individual filament of RRM 0 , f =
 . 71 ± 0 . 07 rad m 

−2 , and an average magnetic field per filament of
 f = 32 ± 3 nG , assuming no dependence on z of n e and B . This
alue fa v ours models where the field in filaments is amplified by
strophysical source seeding in contrast with models solely based on
he growth of primordial magnetic fields. 

(v) The detection of a filament RRM 0 supports the presence of
 diffuse WHIM in cosmic filaments that were predicted to contain
50 per cent of the cosmic baryons. 
(vi) We also estimate, for the first time, an a verage turb ulence in

ach filament of σRRM 0 , f = 0 . 0389 ± 0 . 0010 rad m 

−2 . We use it to
stimate the turbulent component of the magnetic field in filaments
nd find that it is subdominant. 

With this work we have applied RMs measured at low radio
requencies to detect and measure magnetic fields in cosmic web
laments. We have several hints that the bulk of what we observe at
44 MHz is generated in the IGM, while at 1.4 GHz the observations
re dominated by the local source environment. Our estimate for the
agnetic field in filaments is in agreement with that found using

n independent method based on synchrotron emission stacking
Vernstrom et al. 2021 ), indicating that these are complementary
nd ef fecti v e methods to inv estigate the cosmic web magnetism.
his work shows the importance of low-frequency observations and

he availability of sources with measured redshifts to investigate the
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agnetism in the cosmic web and its evolution with cosmic time. It
lso shows the importance of having RM measurements at different 
requencies to discriminate their origin. 

This is an important first step. Several new advances can be 
chieved in future work. Modelling of the behaviour with z of n e 
nd B f can impro v e our estimate of the filament magnetic field and
urbulence, and possibly estimate their evolution with redshift. Larger 
amples will impro v e the redshift resolution and bin sensitivity, 
hich will give a more detailed view of the evolution with redshift

nd extend it to higher redshifts. It will also allow separation into
ifferent source populations and investigations of their impact and 
heir own evolution. A first step will be achieved by completing the
oTSS surv e y and a further leap can be made with a polarization
urv e y carried out with SKA1-LOW (Braun et al. 2019 ). Comparing
esults at different frequencies has been essential to the determination 
f where the RRM is originating. Combining LoTSS, ASKAP- 
OSSUM (Gaensler et al. 2010 ), and APERTIF (Berger et al. 2021 )
ata, and in the future, those of the surv e ys of SKA1–LOW and
KA1–MID (Braun et al. 2019 ), will help establish more firmly

he RRM origin at several frequencies and at what frequency the 
GM component starts to pre v ail. The same surv e ys can also be
sed to impro v e the separation of the extragalactic and Galactic RM
omponents (Hutschenreuter et al. 2022 ), which is needed to impro v e
he o v erall precision of the RRM estimates. 
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aper describing it will be accepted for publication. The Hammond 
atalogue of NVSS RMs with redshift cross-matches (Hammond 
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Figure A1. Top panel: as for Fig. 4 , top panel, but the RRM mean is in 
redshift bins with equal number of sources (red solid line). Bottom panel: as 
for Fig. 4 , bottom panel, except the RRM rms deviation is in redshift bins 
with equal number of sources (red solid line). The number of bins is higher, 
redshift resolution is finer at low z and coarser at high z. The rest-frame RRM 0 

corrected for the redshift effect for the three models C x are also plotted. 
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PPENDIX  A :  R R M  E VO L U T I O N  WITH  

EDSHIFT  O F  T H E  LOTSS  SAMPLE  IN  

EDSHIFT  BINS  WITH  EQUA L  NUMBER  O F  

O U R C E S  

e computed the RRM mean and rms deviation of the LoTSS sample
n redshift bins with equal number of sources, 64 each (Fig. A1 ). The
edshift resolution is higher at low z and coarser at high z, so this can
NRAS 512, 945–959 (2022) 
ive a better view of where the rest-frame RRM 0 starts to increase.
he uncorrected RRM is bumpy compared to the case with equal-
idth bins, but it is still flat with a linear-fit slope of 0.13 ± 0.2.
ll of the rest-frame-corrected RRM 0 are b umpy, b ut they show a

lear increasing behaviour with z, starting from the low-redshift end.
 linear fit (Table A1 ) shows that the slope is again non-flat at a
igh confidence level: β/ σβ = 11.2, 7.2, 5.1 for the three correction
odels C 1 to C 3 , with Student’s t -test p -values of p t = 2.4 × 10 −8 ,

.4 × 10 −6 , and 1.1 × 10 −4 , respectively. That confirms a clear
volution of RRM 0 with z (see also the Spearman tests in Table A1 ).
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Table A1. As for Table 2, except it is for the case of redshift bins with equal number of 
sources. 

model α β t = β/ σβ p t ρ p ρ
(rad m 

−2 ) (rad m 

−2 ) 

C 1 1.24 ± 0.42 6.64 ± 0.59 11.2 2 . 4 10 −8 0.94 1 . 4 10 −7 

C 2 1.65 ± 0.28 2.91 ± 0.40 7.2 3 . 4 10 −6 0.88 1 . 4 10 −5 

C 3 1.87 ± 0.27 1.97 ± 0.39 5.1 1 . 1 10 −4 0.87 2 . 8 10 −5 
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PPENDIX  B:  M E A N  PATH-LENGTH  T H RO U G H  

 FILAMENT  

he path-length along the line of sight through a filament of width
 and inclination θ to the line of sight is 

 = 

D 

sin θ
. (B1) 

he mean path-length averaged over all filament orientations thus is 

 ̄= 

1 

4 π

∫ 2 π

0 
d ϕ 

∫ π
0 

D 

sin θ
sin θ d θ (B2) 

= 

π

2 
D. (B3) 

PPENDIX  C :  FILAMENT  MAGNETIC  FIELD  

STIMATE  WITH  REDSHIFT  BINS  WITH  

QUA L-NUMBER  O F  S O U R C E S  

ollowing the procedure of Section 4.3 , we repeated the estimate of
he total magnetic field of individual filaments using the RRM rms

easured in redshift bins with equal number of sources (Fig. A1 ). 
The fit of equation ( 24 ) to the rest frequency RRM 0 rms is shown

n Fig. C1 . The resulting filament RRM 0, f is 

RM 0 , f = 0 . 64 ± 0 . 07 rad m 

−2 . (C1) 

aking the same assumptions as for the main text we get a filament
otal magnetic field of 

 f = 29 ± 3 nG . (C2) 

his is consistent with the result of Section 4.3 , within the errors. 
igure C1. RRM 0 as a function of redshift of the LoTSS sample corrected
or model C 3 (circles) in the case of redshift bins with equal number of
ources and best fit of the function of equation ( 24 ) (solid line). 
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