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ABSTRACT

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
Sky Survey RM catalogue. We find that RRM versus redshift is flat at 144 MHz, but, once redshift-corrected, it shows evolution
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 favoured at 144 MHz. If we attribute the entire signal to filaments, we infer a mean rest-frame RRM
per filament of RRMg ¢ = 0.71 £ 0.07 rad m~2 and a magnetic field per filament of By = 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 RRMj ¢ supports the
presence of diffuse baryonic gas in filaments. We also estimated a conservative upper limit of the filament magnetic turbulence
of orrMm,; = 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.

polarization fraction of extragalactic sources. The polarization angle
¢ of linearly polarized radiation travelling through a magnetized,
ionized gas is rotated by

A¢ =RM )’ M

1 INTRODUCTION

Measuring the evolution of the cosmic magnetic field with cosmic
time helps to understand its genesis from primordial fields and
whether field seeding and amplification by astrophysical sources
has played a role (e.g. Akahori & Ryu 2011; Vazza et al. 2015;
Subramanian 2016; Vazza et al. 2017; O’Sullivan et al. 2020;
Aramburo-Garcia et al. 2021). Cosmic web filaments are ideal for RM = 0.812 /
this purpose, since matter and fields are less processed and closer 2

at wavelength A. RM is
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to the initial conditions. Furthermore, simulations predict that the
intensity of filament magnetic fields can help discriminate between
the possible scenarios that have magnetized these cosmic structures
(e.g. Vazza et al. 2015). The time evolution can also inform us about
the evolution of extragalactic sources themselves, such as a change
in the physical conditions of the source and its environment (e.g.
Kronberg et al. 2008; Berger et al. 2021).

Effective ways to study the magnetic field evolution with time are
the behaviour with redshift z of the rotation measure (RM) and the
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where z is the source redshift, the integration is performed from the
source to the observer along the path-length / (pc), n. is the electron
density (cm~3), and Bj is the magnetic field along the line of sight
(1G). Hence, RM bears information on the magnetized medium the
radiation travels through and can be used to trace the evolution of the
magnetic field (e.g. Kronberg et al. 2008). The polarization fraction
evolution can be related to a change of depolarization (Sokoloff et al.
1998) and, in turn, a change of magneto-ionic physical conditions at
the source (e.g. Berger et al. 2021) or in the intergalactic medium
(AGM).

The behaviour of the extragalactic source RM with redshift was
investigated in the past decades, finding no evolution (Fujimoto,
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Kawabata & Sofue 1971; Reinhardt 1972; Kronberg, Reinhardt &
Simard-Normandin 1977; Sofue, Fujimoto & Kawabata 1979; Kro-
nberg & Perry 1982; Thomson & Nelson 1982; Welter, Perry &
Kronberg 1984; Oren & Wolfe 1995; You, Han & Chen 2003; Bernet
et al. 2008; Vernstrom et al. 2018; Riseley et al. 2020). However,
using samples of a few hundred sources, Kronberg et al. (2008) and
Lamee et al. (2016) found a hint of evolution at low significance,
at GHz frequencies, which was attributed to RM originating local
to the source (Kronberg et al. 2008). This evolution was not
confirmed using a much larger sample of 4003 sources (Hammond,
Robishaw & Gaensler 2012), making the results inconclusive so far.
The evolution of RM with redshift has also been used to investigate
the magnetic field of the intracluster medium in galaxy clusters using
the differential RM of physical source pairs (Xu & Han 2022).

No clear evolution of fractional polarization was found by Ham-
mond et al. (2012) and Lamee et al. (2016), while Berger et al. (2021)
recently found an anticorrelation in a low-brightness sample of 56
sources at 1.4 GHz that was attributed to evolution of the environment
local to the source.

The detection of magnetic fields in filaments has been the subject
of intense research in recent years (Heald et al. 2020). Several
upper limits were set employing a number of different approaches
(Brown et al. 2017; Vernstrom et al. 2017; Vacca et al. 2018;
O’Sullivan et al. 2019; Vernstrom et al. 2019; O’Sullivan et al.
2020; Locatelli et al. 2021) and a first detection was obtained
stacking the synchrotron emission from bridges connecting galaxy
clusters (Vernstrom et al. 2021). A direct detection of a filament
between a close pair of interacting galaxy clusters was also obtained
establishing the presence of magnetic fields in the IGM (Govoni
et al. 2019). Cosmological simulations have been run to study the
conditions required to generate magnetic fields in filaments that
range from a few nG to a few tens of nG depending on whether
only primordial fields or additional astrophysical source seeding are
involved (Akahori & Ryu 2010, 2011; Gheller et al. 2015; Vazza
et al. 2015, 2017; O’Sullivan et al. 2020; Ardmburo-Garcia et al.
2021).

In this work, conducted within the LOFAR Magnetism Key Sci-
ence Project' (MKSP), we compute and analyse the behaviour with
redshift of the extragalactic source RM and fractional polarization
of a low-frequency (144 MHz) RM catalogue (O’Sullivan et al. in
preparation). This catalogue was derived from Stokes Q and U
data cubes of the LOFAR Two-metre Sky Survey Data Release 2
((LoTSS DR2; Shimwell et al. 2022; Shimwell et al. 2017, 2019)
in a collaborative effort between the LOFAR Surveys Key Science
Project? and the MKSP. At this low frequency the polarized radiation
can survive depolarization only if it is emitted and propagates through
low-density environments (O’Sullivan et al. 2019; O’Sullivan et al.
2020; Stuardi et al. 2020), and our analysis allows us to investigate the
evolution of magnetism in such environments. We find that an origin
of RRM and p in cosmic web filaments is favoured and that enables
us to derive properties of the magnetic field in cosmic filaments such
as intensity and turbulence.

This paper is organized as follows. Section 2 describes the RM
catalogues used in the analysis. Section 3 computes the behaviours
with redshift and other related quantities at 144 MHz and 1.4 GHz.
Section 4 discusses the results and possible scenarios for the origin
of the RM and fractional polarization, and in Section 5, we draw our
conclusions.

Uhttps://lofar-mksp.org/.
Zhttps://lofar-surveys.org/.

MNRAS 512, 945-959 (2022)

LoTSS

120

100

B [*)] [e]
o o o

number of sources

N
o

||
0.0 0.5 10 15 20 25 3.0 35
redshift

Figure 1. Distribution with redshift of the sources used from the LOFAR
LoTSS DR2 RM catalogue.

Throughout this paper, we assume a ACDM cosmological model
with Hy = 67.4km s~! Mpc™!, @y = 0.315, and Q, = 0.685
(Planck Collaboration VI 2020). We also use the term h =
Hy/100km s~ Mpc~!.

2 RM CATALOGUES

2.1 LoTSS DR2

Our analysis is based on the RM catalogue derived from Stokes Q
and U data cubes of the LoTSS DR2 survey (O’Sullivan et al. in
preparation). Here we report the main catalogue features relevant to
this work. It consists of 2461 RMs detected at a central frequency of
144 MHz, bandwidth of 48 MHz, channel bandwidth of 97.6-kHz,
angular resolution of 20 arcsec, over 5720 deg?, obtained using the
method of RM-synthesis (Brentjens & de Bruyn 2005). The RM
error budget is dominated by random ionospheric RM correction
residuals, which are ~0.05 rad m~2 (O’Sullivan et al. in preparation).
A systematic term as large as 0.1-0.3 rad m~? is also present, again
related to ionospheric RM correction residuals (Sotomayor-Beltran
et al. 2013; Porayko et al. 2019). A total number of 1949 sources had
a positive cross-match with redshift catalogues, 1046 of which are
spectroscopic redshifts.

Photometric redshifts of the identified sources have a median error
of o phot ~ 0.1, comparable to the redshift bin width used here,
and we excluded them keeping sources with spectroscopic redshift
only. A Galactic cut excluding sources at |b| < 25° was applied to
exclude the region with highest Galactic RM values, giving 1016
sources.

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

2.2 NVSS

We also compared the results from the LoTSS RM catalogue with
those at higher frequency (1.4 GHz) from the NRAO VLA Sky
Survey (NVSS) RM catalogue. The NVSS RM catalogue (Taylor,
Stil & Sunstrum 2009) measured the RM of 37 543 sources with two
narrow bands, 42-MHz wide each, centred at 1365 and 1435 MHz,
and at an angular resolution of 45 arcsec. It covers all Declinations
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>—40°. Hammond et al. (2012) cross-matched it with a number
of redshift catalogues obtaining 4003 matches. All redshifts are
spectroscopic. To match the selection criteria applied to the LoTSS
RM catalogue, we also restricted our NVSS RM sample to sources
at Galactic latitudes |b| > 25°, resulting in a sample of 3406 sources
that reduce to 3055 at the redshift limit of z < 2.

Vernstrom et al. (2019) found that RM errors of Taylor et al. (2009)
are overestimated for at least part of the sample and we recompute
them following their equation (19):

V2
P

with P the polarized intensity of the source, op its error, and 150 a
coefficient related to the wavelengths of the two NVSS frequency
bands.

i radm™2, 3)

ORMyyss = 150

3 REDSHIFT EVOLUTION ANALYSIS

3.1 LoTSS

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

RM = GRM + RMlocal + RMIGM + RMnoise~ (4)

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

RRM = RM — GRM. 5)

We estimate the GRM from Hutschenreuter et al. (2022), who
inferred a map of the Galactic RM from a suite of extragalactic
source RM catalogues, including those from LoTSS and NVSS.
This is a sophisticated evolution of former estimates of GRM maps
(e.g. Oppermann et al. 2015) with improved errors, resolution, and
sampling of the parent catalogue collection of extragalactic source
RMs.

Since the extragalactic RRMs are generally distributed around
zero, an estimate of the typical RRM intensity of a sample is the rms
deviation <RRM? > 2. For the LoTSS sample, if we subtract the
GRM contribution as estimated straight from the Hutschenreuter
et al. (2022) map at the exact source position, we get an rms
deviation of RRM of <RRM? > 2 = 0.52rad m~2? (excluding
20 outliers), which further drops to 0.15rad m~2 if estimated
with the median absolute deviation (MAD) statistics that is more
robust against outliers. This is in contrast with the mean GRM
error over all sources of 0.79rad m—2. The measured RRM rms

= J(RRMZ,,,..) + (RRMZ

is <RRM2> - source noise
to be quadratically subtracted off to be left with the source term and
anoise larger than the measured term is unexpected. This is possibly
because our sample is part of the catalogue suite used to infer the
GRM map and the GRM at the exact source position might be slightly
biased towards the source RM, which gives an oversubtraction
(the possible presence of extragalactic residuals in the GRM map
is also mentioned by Hutschenreuter et al. 2022). Actually, an
inspection of the GRM map shows that it can have a slight bump
at our source positions compared to the immediate surrounding
fields.

To test this further, for each source ,we computed the difference of
RM and GRM with a reference term. As a reference we used GRM,

). The noise term has
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Figure 2. Fractional excess fexcess (equation 8) of each individual source of
the selected LoTSS DR2 RM catalogue sample.

the median of the GRM map over a 1° diameter disc centred at the
source position that is approximately the average spacing between
sources in the catalogue suite used by Hutschenreuter et al. (2022).
The differences are

RMexcess =RM — GRM|, (6)
GRMycess = GRM — GRM;. 7
Their ratio, the fractional excess,
RM
fexcess = e 5 (8)
GRMEXCESS

is shown in Fig. 2. Its median is fiycess = 0.986 £ 0.005 and has
a narrow deviation of o, . = 0.15 (here we used the median and
its deviation as estimated with the MAD statistics because they are
more robust against the obvious outliers). This means it tends to
be RM = GRM for each individual source and suggests that GRM
actually is slightly biased towards the source RM at its exact position.

Instead, to estimate the GRM we have then taken GRM; as defined
above, because the median over a region around the source tends to
mitigate the contribution of the bump at the source position (applying
a smoothing is also recommended by Hutschenreuter et al. 2022).
The distribution of the RRMs obtained with the GRMs so estimated
is shown in Fig. 3. The RRM rms corrected for the noise is

1/2

(RRM_grss®) "~ = 1.90 £ 0.05 radm™, )

where the noise terms are the RM measurement noise and the GRM;,
error quadratically subtracted off. Because of the presence of outliers,
here and throughout this paper, RRMs that are off by more than 2o
were excluded. This result is broadly consistent with O’ Sullivan et al.
(2020), who estimated the differential RM rms of random pairs at the
same frequency, which is +/2 times the RRM rms of a single source.
Dividing their result by +/2 (we used their result on 42 random pairs
within 10-arcmin separation), we estimate an RRM rms of single
sources of

12
<RRM§p> —13402radm2, (10)

which supports that the procedure applied here is correct.
Fig. 4, top panel, and Table 1 report the RRM mean of the LoTSS
sample in equal-width redshift bins. It is zero within 2¢ in all bins.
Fig. 4, bottom panel, and Table 1 report the RRM rms deviation

<RRM2>1/2 in the same redshift bins (red solid line). It is flat with

MNRAS 512, 945-959 (2022)
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Figure 3. Distribution of RRMs of the sample from the LoTSS RM
catalogue.

redshift, its linear fit gives a slope of § = —0.15 £ 0.15, consistent
with no evolution with redshift out to z = 2. Here and throughout this
paper, the error terms (i.e. the RM measurement noise and the GRM;
error) are quadratically subtracted off from the RRM rms estimates.

The RRMs must be corrected for redshift effects to get the rest-
frame RRM) (see equation 2). Specifically ,

RRM, = RRM(1 + z;)?, (an

where z; < =z is the redshift at which the Faraday Rotation occurs
along the line of sight and z the source redshift. If the RRM is
generated at more locations along the line of sight, then

RRM, = Z ARRM, (1 + ;)% (12)
where ARRM,; is the RRM contribution at redshift z;. What those
redshifts are depends on how the medium is organized along the line
of sight. RRMj can be written as

RRM, = C, RRM, (13)

where C, is a correction factor depending on a model x of the medium
distribution.
Three example cases bracket most of the possible models.

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

Ci=+2)? (14)

where z is the source redshift.

(i1) At the other end, we have the case in which the non-redshift-
corrected RRM is generated evenly along the line of sight, which is
the IGM in the foreground. This gives

C, = 1/ (1+7)d7 (15)
ZJo
3 _
_ a4+ -1 (16)
3z

(iii) A third case is similar to (ii), except it is the rest-frame RRM
that is evenly distributed. More specifically, the two models differ
on how RRM is distributed along the sight line. This model also
describes the IGM and includes the scenario in which the RRM is
generated by many cosmic web filaments along the line of sight. It
gives

MNRAS 512, 945-959 (2022)
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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 corrected for the redshift
effects Cy (dashed line), C, (dot—dashed line), and C3 (dotted line) are also
plotted. Individual |RRM|s are shown as dots.

Fig. 4, bottom panel, and Table 1 report the RRM rms in redshift
bins corrected for Cy, C,, and Cs. Data were first corrected and then
binned. To check whether the increase with redshift is significant we
fit them with a linear model, with the results shown in Table 2. The
slope B is non-flat at high significance for all three cases (B/og =
22.0, 10.7, and 4.9, respectively, where o is the error of 8) with
Student’s -test probabilities of p, = 1.8 x 1076, 6.2 x 1073, and
2.2 x 1073, Accounting for the redshift correction, there is evolution
of RRM,, with redshift at high significance in the range 0 < z < 2 for
all models we have considered. Spearman tests were also conducted
with consistent results (see Table 2).

The analysis was repeated excluding the sources close to the
Galactic plane for different Galactic latitude (b) cuts. Fig. 5 shows
the case of RRM, with correction C;. The behaviours are similar
and the increase with redshift z is present at all cuts. This excludes
significant systematics from residual Galactic RM contamination,
especially from the sources at lower |b|.

We computed the RRM mean and rms deviation also in redshift
bins with equal number of sources, with consistent results (see
Appendix A).

An analysis of the fractional polarization evolution can help us
with the interpretation because a change with redshift would mean a
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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 RRMq = C, for the three redshift correction models Cy discussed in the text are also reported.

z (RRM) (RRM2)'/? ((C1 RRMP)"? (€ RRMP)Y? (3 RRMP)?
(rad m~2) (rad m~2) (rad m~2) (rad m~2) (rad m~2)
0.143 0.06 £ 0.10 1.71 + 0.09 234 £ 0.12 2.01 + 0.10 1.99 + 0.10
0.429 0.07 £ 0.11  1.82 + 0.09 3.82 + 021 275 + 0.14 2.63 + 0.13
0.715 0.04 £ 0.17 225+ 0.14 6.35 + 0.37 412 + 023 377 £ 022
1.001 0.3 + 021 1.89 £ 0.15 752 + 0.62 439 + 037 377 + 031
1.287 040 £ 025 1.85 + 0.16 9.64 + 0.90 523 + 046 421 + 039
1.573 053 + 032 1.67 + 034 10.95 + 2.15 563 + 1.09 428 + 0.86
1.859 0.09 £ 039 1.53 + 0.28 12.09 + 2.17 597 + 1.06 430 £ 076

Table 2. Linear best-fitting parameters of the rest-frame RRMg rms of the LoTSS sample
for the three models Cy, x = 1, 2, 3. The fit function is RRM( = « + Bz, with « the intercept
and B the slope. The other parameters of the Table are the ratio ¢ between f and its error o g,
the Student’s 7-test probability that r = 0 —i.e. g is flat (p;), the Spearman’s rank correlation
coefficient p between RRMg rms and z, and its probability of uncorrelation (p,).

Model o B t=plog 2z P DPp
(rad m~2) (rad m~2)
Cy 1.68 +0.31 5.84 +0.27 22.0 1.8 107° 1.00 0.0
C 1.96 £ 0.25 2.34+£0.22 10.7 6.2 1073 1.00 0.0
C3 2234031  1.334+027 4.9 221073 096 45107*
LoTSS on average with mean sizes that run from ~1.3 Mpc at low redshift
to ~0.7 Mpc at high redshift. It is clear that the objects for which
20.00 4~ |p| > 25° the size information is available (269 out of 1003, 27 per cent) are
17.54 -+ Ib| > 35° only extended sources and with the compact sources absent from this
— —F |b| > 45° M sub-sample.
IE 15.01 ! We separated the sources into blazars and radio galaxies
T 12.51 (i.e. all other radio sources such as radio galaxies, Seyferts,
= QSOs, AGN) to broadly divide them in compact and extended
£ 10.0 sources. We used the classification from the BZCAT blazar cat-
;o 751 alogue (Massaro et al. 2015),> SIMBAD data base,* and Sloan
o Digital Sky Survey (SDSS) DR16 catalogue (Ahumada et al.
5.0 2020)° — with this priority, respectively — included in the LoTSS
2.51 RM catalogue. All sources of our sample have a classifica-
tion, of which 17 percent are blazars. Radio galaxies domi-

0.0 T T T ; T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
redshift

Figure 5. RRMj rms corrected for C; excluding sources at three different
Galactic latitude (b) cuts.

change of the physical conditions at the sources or of the IGM over
cosmic time. Fig. 6, top panel, shows (RRM? ) /2 as a function of the
fractional polarization p, with no obvious correlation. The mean of
the fractional polarization as a function of redshift is also shown in
Fig. 6, bottom panel. There is clear anticorrelation: p is highest at low
z (some 5 per cent at z = 0.1) and steadily drops towards high redshift
(0.65 percent at z = 1.9). The behaviour is close to linear in log(p)-z
space, the slope of the linear regression is 8 = —0.396 =+ 0.044 with
ratio B/o 5 = 9.0 and t-test p, = 8.9 x 1075. The Spearman’s rank is
p=—0.96 and p, = 7.3 x 107, The decrease is thus detected at a
high confidence level.

The mean source angular size in redshift bins is reported in Fig. 7.
Only 269 sources have size information available. A decrement
with z is obvious from ~500 arcsec at z = 0.1 to &70 arcsec
at z = 1.9, making a correlation with depolarization possible. We
computed also the physical sizes. The sources are very extended

nate except at z 2 1.5 where the number of blazars becomes
comparable.

3.2 NVSS

The RRMs of the NVSS RM-redshift catalogue (Hammond et al.
2012) were computed estimating the GRM as in Section 3.1.

The RRM dispersion of the entire sample, corrected for the RM
measurement error and the GRM; error, is

(RRMZyss )'* = 13.28 £ 0.27 radm™2. (18)

This is much larger than for the LoTSS sample, possibly because
of the smaller depolarization at higher frequency and hence the
source population comes from a more diverse environment. At
higher frequencies, the polarized emission can survive after passing
through higher density environments and hence develop higher RMs
(O’Sullivan et al. 2020; Stuardi et al. 2020)

3https://www.ssdc.asi.it/bzcat/.
“http://simbad.u-strasbg.ft/simbad/.
Shttps://www.sdss.org/dr16/.
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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).

Fig. 8, top panel, shows the RRM rms deviation in redshift bins.
The behaviour is flat before correcting for redshift effects, while
after correction with models C;, C,, and C3, an evolution with z
is obvious, albeit with smaller confidence compared to the LoTSS
sample. Both linear fit and Spearman rank results are reported in
Table 3.

The middle panel of Fig. 8 shows RRM rms versus frac-
tional polarization p. There is a clear anticorrelation, a decrease
of RRM, initially steeper and then shallower. This behaviour is
similar to the result of Hammond et al. (2012), who found an
anticorrelation up to the same p-value and then a flattening close
to their noise floor that they did not subtract in their plots.
They associated that anticorrelation with depolarization: higher
RRMs means the polarized radiation goes through higher den-
sity and higher magnetic field environments, which gives higher
depolarization.

The fractional polarization p versus redshift (Fig. 8, bottom panel)
decreases up to z ~ 0.7, then it is mostly flat (as found by Hammond
et al. 2012). This differs from the LoTSS sample where p decreases
with z for the entire range.

MNRAS 512, 945-959 (2022)
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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).

3.3 LoTSS - NVSS overlap sample

To better compare the NVSS and LoTSS samples, we have selected
the LoTSS RM catalogue sources with an NVSS RM entry and a
spectroscopic redshift, and then analysed the NVSS RMs at 1.4 GHz.
This NVSS sub-sample is thus restricted to the LoTSS sample and
we call it the NVSS/LoTSS sample. It consists of 437 sources, 427
of which have z < 2.

The RRM rms of this sample is

(RRMZyyss rorss) - = 5.72 £ 0.36 radm ™2, (19)

This is less than half the value derived for the whole NVSS sample,
confirming that the LoTSS low-frequency catalogue selects for low-
density environments that generate lower RRMs.

Fig. 9 shows the RRM rms as a function of z and p, and p as a
function of redshift. It is worthwhile to note some differences of these
1.4-GHz RRMs that are in low-density environments. The RRM rms
has a gentle increase with z, which is unseen in both the LoTSS
and the whole NVSS sample. The increase is marginally significant
with a slope that differs from zero by 3.3 ¢ and a p-value of p, =
1.1 x 1072. The redshift-corrected RRMj has a high significance
detection of an evolution with z for all models we considered
(Table 4).

The RRM anticorrelates with p, as in the NVSS case and differing
from the LoTSS sample, up to p ~ 8 percent and then it flattens.
The fractional polarization decreases with z at high significance,
as at 144 MHz, albeit at a lower rate (a factor of ~3 between
the two redshift range ends instead of ~8), but different from the
whole 1.4-GHz sample that shows an initial evolution only. All
points except one follow the decreasing trend and that single point
is at some lo from the general trend. A linear-log space linear
fit gives a slope of B = —0.242 £ 0.029 with ratio flog = 8.3
and p-value of p; = 1.7 x 107>, Spearman’s rank is p = —0.96,
p,=173x 1075

We also separated the sources into blazars and radio galaxies, as
done for the LoTSS sample. All of the sources in the NVSS/LoTSS
sample have classifications, with 25 percent being blazars. The
redshift distributions of the two groups are shown in Fig. 10, where
radio galaxies dominate out to z =~ 0.9, above which blazars become
comparable or dominant.

The large difference between the RRM rms at 144 MHz and
1.4 GHz (1.9 and 5.7rad m~2) suggests the RRMs at the two
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Figure 8. Top panel: NVSS sample RRM rms deviation in redshift bins
(red solid line). The rest-frame RRMj corrected for the redshift effect C;
(dashed line), C, (dot-dashed line), and C3 (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).
Individual |[RRM]| values 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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frequencies are different. In Fig. 11, we plot them against each
other. Indeed, the sources appear randomly distributed with no
obvious trend, which would indicate the two sets of RRMs are
different and thus of different origin. However, the large NVSS
error bars cover most of the spread preventing us from drawing firm
conclusions.

4 DISCUSSION

4.1 Environment

The low RRM rms of ~1.9 rad m~ that we measure for the LoTSS
sample supports that the polarized emission at low frequency comes
from and propagates through low-density environments, where it can
survive depolarization, as found in earlier work (e.g. O’Sullivan et al.
2020; Stuardi et al. 2020). This also appears to be supported by the
higher frequency NVSS sample (1.4 GHz) that, once restricted to
the sources in common with the LoTSS catalogue, has an RRM rms
approximately two times smaller than the full sample.

To further support these considerations, we measured the projected
separation in Ro00® units for our sources from the nearest galaxy
cluster, for both LoTSS and NVSS samples, where Ry is approxi-
mately the outer boundary of galaxy clusters. We use the catalogue
of 158,103 clusters by Wen & Han (2015) (see also Wen, Han & Liu
2012) that spans 0.05 < z < 0.75 and has a mix of spectroscopic and
photometric redshifts with errors up to 0.018. Masses of catalogue
clusters are as low as 2 x 10'2M, and the catalogue is more than
95 per cent complete for masses larger than 1.0 x 10'*Mg, which
covers well down to poor clusters. Note that the catalogue gives Rsoo”
for each galaxy cluster and we estimate R, by the relation Rsoo/Rag0
~ (.7 (Ettori & Balestra 2009). For each source of redshift zs, we
search for the galaxy cluster with minimum projected separation in
the redshift range |z,c — z5| < 0.036 (20 uncertainty), where zg is
the cluster redshift. We restrict our search to sources with redshift in
the catalogue range and that are in the catalogue footprint, resulting
in 739 (LoTSS) and 1116 (NVSS) sources. The minimum projected
separation distributions are shown is Fig. 12. Only a small fraction
of sources (6.2 percent) in the LoTSS sample is within Ry from
the nearest cluster, which increases to 21.5 per cent for the NVSS
sample. The median separation is 7.0 and 5.2Ryyy for LoTSS and
NVSS, respectively. The distribution of the LoTSS sample peaks
at ~ 5Ry0 and then decreases towards separation 0, while for the
NVSS sample it is mostly flat down to the smallest separations,
meaning that the peak is closer to separation 0. Overall, the 144-
MHz LoTSS sources tend to reside far from galaxy clusters, in low-
density environments, while the 1.4-GHz NVSS sources are closer
to clusters with a marked peak within cluster boundaries. We do
not have available an equivalent catalogue of galaxy groups and we
cannot conduct a similar analysis for them.

Considerations based on simple depolarization models bear similar
conclusions. These are approximations of real cases, but are useful to
give first-order estimates. As mentioned previously, the extragalactic
RM can be generated locally to the source or by the IGM through
which the radiation propagates. In the former case, most of the
RM and p are generated in the environment surrounding the source
(Laing et al. 2008). Both this and the radiation propagating through
the IGM can be modelled by a turbulent slab (external Faraday

%Rogo is the distance from the cluster centre where the density drops to
200 times the critical density of the Universe.
"Rsno is the distance from the galaxy cluster centre where the density is
500 times the critical density of the Universe.
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Table 3. Linear best-fitting parameters of the rest-frame RRMg rms of the NVSS sample for the
three models Cy, x = 1, 2, 3. The fit function is RRMy = « + Bz, with « the intercept and S the
slope. The other parameters of the Table are the ratio between 8 and its error o g (1), the Student’s
t-test probability that 7 = 0, i.e. 8 is flat (p;), the Spearman’s rank correlation coefficient p between
RRMj and z, and its probability of no correlation (p,,).

Model o B t=plog Di P Do
(rad m~2) (rad m~2)

Ci —0.91 £ 10.26 56.80 £ 8.90 6.4 7.0107% 096 45107

Cy 574 £5.25 2532+ 455 5.6 1.3 1073 096 45107

C3 8.64 + 4.17 16.53 £3.62 4.6 3.01073 096 45107

dispersion) whose depolarization is described by the equation (Burn
1966; Sokoloff et al. 1998):

P _ ek, (20)
Po

where p and py are the emerging polarization fraction and that of
the radiation entering the region, respectively. The o gy parameter is
the RM dispersion of the region, and A is the observing wavelength.
Assuming the signal is totally depolarized for® p/p, = 1/30, the signal
can survive depolarization at 144 MHz for ogrpm (0.3 rad m~2, which
sets a small limit for the RM turbulence it can go through and thus
requires low-density environments.

4.2 Fractional polarization behaviour

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

Fig. 13, left-hand panel, shows the behaviour of p versus z for
all of our three samples. LoTSS has the lowest values with a steady
decrement with redshift, while NVSS has higher values that, after an
initial decrement, becomes flat. NVSS/LoTSS is always higher than
NVSS, as expected since the emission is coming from lower density
environments, and it shows a steady decrease with redshift, similar
to LoTSS, albeit at a significantly lower rate.

There are two possible explanations for the depolarization be-
haviour of the LoTSS sample, an astrophysical origin or beam
depolarization because the source size gets smaller at higher redshift
(Fig. 7). The latter is a frequency-independent effect. The decrease
of p(z) and its flattening at high redshift for the NVSS sample
was interpreted by Hammond et al. (2012) as a mixing of two
populations with different polarization fractions: radio galaxies at
low redshift and compact sources that have a lower polarization
fraction at high redshift. The NVSS/LoTSS sample has a continuous
decrement with redshift. Radio galaxies are the dominant population
up to z ~ 0.9 and beam depolarization could explain it, but at z
> 0.9 blazars are comparable or dominate and a flattening would
be expected. Similarly, the LoTSS sample has a transition at z ~
1.5, but no flattening is observed. In this context, we note that the
angular diameter distance peaks at z ~ 1.5 and is quite flat in the
range z = [1, 2], thus beam depolarization alone cannot explain
the drop of p in that range. Finally, for the NVSS/LoTSS sample,
that traces the similar environments of the full LoTSS sample, p

8We assumed this value because a depolarization of 10 percent looked
insufficient and 1 percent too much at this frequency where the typical
fractional polarization is of a few per cent.
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anticorrelates with redshift as for LoTSS, but at a smaller rate, thus
at most only a minor component can be due to frequency-independent
depolarization. Note that the coarser beam at 1.4 GHz can generate
more depolarization and correcting for it would further increase the
difference in the p decrement rate between the two frequencies,
reinforcing the conclusion that only a minor component of the
depolarization at 144 MHz can be attributed to beam depolarization.
We conclude that beam depolarization is unlikely to be the cause of
most of the behaviour with redshift for p, leaving the astrophysical
origin as the most likely explanation. An anticorrelation at 1.4 GHz
was also found by Berger et al. (2021) with a much smaller, lower
flux sample and they too excluded beam depolarization.

As mentioned, the astrophysical origin of the p—z anticorrelation
can be either local to the source or in the IGM between us and the
source. At 1.4 GHz, we can exclude the latter as the dominant term.
The depolarization of the NVSS/LoTSS sample at z = 1.9 is p/po
~ 30 per cent, measured as the ratio of the mean of p at the high-
and low-redshift end. If this is due to the IGM, from equation (20)
the depolarization would drop to 0.003 percent at 144 MHz and
we would not see any polarized signal. Hence, the depolarization
observed at 1.4 GHz must be local to the source and the components
observed at 144 and 1400 MHz must be of a different nature. The
component that we see at 144 MHz has almost no depolarization
at 1.4 GHz. At 144 MHz, the depolarization is still compatible with
either possible origin, and thus not inconsistent with being generated
by the IGM. We expect the IGM to consist of filaments whose number
increases with z leading to increasing depolarization with z. Among
local origin effects, a couple can be excluded. At both 144 and
1400 MHz, the behaviour of p is unlikely to be due to a change of
population with redshift. As mentioned above, a flattening would
be expected at high redshift, which is not observed. Also, effects
from external Faraday dispersion (equation 20) are unlikely because
at high redshifts, the rest-frame frequency is higher by a factor of
(1 + z)? and the depolarization is expected to be smaller, while the
opposite 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-
correlated with p at 1400 MHz for both the NVSS and NVSS/LoTSS
sample. That behaviour was associated by Hammond et al. (2012)
with the effect of depolarization: higher RRMs means the polarized
radiation goes through higher density and higher magnetic field envi-
ronments. This usually gives higher turbulence and RRM dispersion,
and in turn higher depolarization (e.g. equation 20). This points to
the RRM being generated at the source at 1.4 GHz. At 144 MHz,
it is flat and the RRM is independent of depolarization. This is a
totally different behaviour and again points to the RRM generation
mechanism being different to that at higher frequency. Cosmological
MHD simulations find that the RRM generated by filaments of the
cosmic 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 RRMg corrected for the redshift
effect C (dashed line), C, (dot—dashed line), and C3 (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).

(Akahori & Ryu 2011), because the increase of rest-frame RRM,
with redshift (because of the higher number of filaments intercepted)
is compensated by the redshift correction. RRM is also expected to

Magnetic fields in cosmic web filaments 953

be independent of p because RRM is uncorreleted with z while p
changes. The flat behaviour of RRM versus p and z is thus consistent
with that expected for a IGM/filaments scenario at 144 MHz and
against a local origin. Notice that for the 1.4-GHz NVSS/LoTSS
sample, the RRM marginally increases with redshift, inconsistent
with a generation dominated by the IGM.

In the next sections, we analyse in detail the two possible scenarios
at 144 MHz that could explain the behaviour that we observe for p,
RRM, and RRM,.

4.3 IGM filaments

Several arguments, as described above, point to the RRM and p
we observe at 144 MHz being consistent with a generation from
filaments of the cosmic web, e.g. the flat behaviour of RRM with p
and z. Assuming that, we can derive some properties of the magnetic
field of filaments.

The depolarization is expected to follow a similar behaviour as
described by equation (20) for the propagation of the polarized
emission through cosmic web filaments, which can be written as

-2 G]%RM()_f Ne(z) 24

ﬂ(z) =e , (1)
Po

where ogrwm, ¢ is the average oy of a single filament and Ny the
number of filaments the radiation goes through. The term p is taken
from the linear fit of p at z = 0 (Section 3.1). We estimate the number
of filaments intercepted by each source of the LoTSS sample using
the filaments catalogues of Chen et al. (2015) and Carrén Duque
et al. (2021) that extend out to z = 0.7 and 2.2, respectively. The
catalogues cover the area of the Sloan Digital Sky Survey (SDSS)
and 745 sources of our LoTSS sample fall in it. We assume a typical
filament transverse width of 3 Mpc (Cautun et al. 2014). The number
of filaments intercepted by the individual sources versus their redshift
and their quadratic fit

Ni(z) = —1.08 > 4+ 17.89z — 0.37 (22)

are shown in Fig. 14.

The best fit of equation (21) to the depolarization as a func-
tion of z of the LoTSS sample is shown in Fig. 15, left-hand
panel. The curve fits the data well, further supporting the cosmic
web filament origin of the depolarization. The best estimate of

ORRM ¢ 18
orRM,.f = 0.0389 £ 0.0010 rad m 2, 23)

which gives an estimate of the average RM turbulence of fila-
ments (the first to our knowledge). We regard this as an upper
limit because part of the depolarization might be of a different
origin. It is a conservative upper limit, for a cosmic filament
origin is favoured and ogrrm, ¢ is at least 50 percent of our
estimate.

If the RRM is generated by the filaments, then its rms deviation
is expected to be mostly flat with z (Akahori & Ryu 2011), as we
observe at 144 MHz, and <RRM(2)>I/ ? is expected to increase with
redshift as Nf1 / 2(z) (Akahori & Ryu 2010) because the path-length
through the filaments is a random walk and the RRM of each filament
can be either negative or positive. The best redshift correction for
filaments is C3, as discussed in Section 3.1. We fit the RRM, rms
values that we measure with equal-width redshift bins for the LoTSS
sample with the function :

RRM(z) = RRMy N;/*(2) + Agrms (24)
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Table 4. Linear best-fitting parameters of the rest-frame RRMy rms of the
NVSS/LoTSS sample for the three models Cy, x = 1, 2, 3. The fit function is RRMy
= o + Bz, with o the intercept and B the slope. The other parameters of the table are
the ratio between f and its error o g (1), the Student’s t-test probability that t = 0, i.e. 8
is flat (p;), the Spearman’s rank correlation coefficient p between RRMy and z, and its

probability of no correlation (p,).

Model o B t=plog Dt 0 Pp
(rad m~2) (rad m~2)
Cy —65+ 35 438 £3.1 14.3 15103 1.00 0.00
C —08+21 210+1.8 11.7 39107  1.00  0.00
C3 1.3 £ 23 147+2.0 7.5 33107 1.00 0.00
NVSS/LoTSS NVSS
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Figure 10. Redshift distribution of radio galaxies and blazars of the
NVSS/LoTSS sample.
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Figure 11. RRM at 144 MHz, RRM 44, plotted versus that at 1.4-GHz,

RRM 400, for the NVSS/LoTSS sample. Error bars are plotted 1-in-30 sources
to avoid too much confusion.

where RRMj ¢ is the average absolute value of the RRM, of an
individual filament, N¢(z) is taken from equation (22), and Aggrym 1s @
constant term that accounts for possible other components of different
origin. The resulting fit is shown in Fig. 15, right-hand panel. The
fit is a good approximation of the data, making the filament scenario
self-consistent again, and the resulting filament RRM ¢ is

RRM = 0.71 £ 0.07 rad m 2, (25)

MNRAS 512, 945-959 (2022)
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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 40Rygp for viewing reasons; there are 14 more sources of the LoTSS
sample and 21 of the NVSS sample beyond that limit.

in broad agreement with the value of 1.5 rad m~2 from simulations
(Akahori & Ryu 2010) and consistent with previous upper limits (e.g.
3.8rad m~? by Amaral, Vernstrom & Gaensler 2021). The constant
term of the fit is Argm = 0.91 £0.18 radm~2.

Assuming a typical value for the electron density in filaments® of
ne.t = 107> cm ™3 (Akahori & Ryu 2010, 2011; Vazza et al. 2015), a
filament width of 3 Mpc (Cautun et al. 2014), and correcting it for the
mean inclination of a filament to the line of sight (see Appendix B),
we get a filament magnetic field intensity parallel to the line of sight
of

Bjr=18.6 £ 1.9 nG, (26)
and a filament total magnetic field of
B = /3By =32343.2nG, 27)

assuming no dependence on z of n. and the magnetic field B. This
is in agreement with Vernstrom et al. (2021) who found a magnetic
field intensity per filament of 30 < By < 60nG using synchrotron
emission stacking. It is also consistent with previous cosmic web
magnetic field upper limits or estimates from simulations. Vernstrom
et al. (2017) and Brown et al. (2017) found upper limits of 30—
200 nG from cross-correlating synchrotron emission with the large-
scale structure distribution, Vacca et al. (2018) estimated fields of 10—
50 nG from simulations constrained by observations, Vernstrom et al.

e, 1 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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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;y) as a function of p for all the samples used in this paper (see the legend).
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Figure 14. The number of filaments Ny versus redshift of each source of the
LoTSS sample that falls into the field covered by the filaments catalogues
(dots). The best quadratic fit (solid line) and the mean in redshift bins (circles)
are also reported.

(2019) estimated an upper limit of 40 nG with RMs of extragalactic
source pairs, Amaral et al. (2021) found an upper limit of 50-nG
cross-correlating RMs with the galaxy distribution, O’Sullivan et al.
(2019) found an upper limit of 250nG from a differential number
of filaments in the foreground of two lobes of a radio galaxy, and
Locatelli et al. (2021) estimated an upper limit of 250 nG based on
simulations constrained by non-detections.

Our estimate is also in agreement with models based on primordial
magnetic fields amplified by astrophysical source seeding, which
predict fields of a few tens of nG in filaments, in contrast to a few nG
for models based on only primordial magnetic fields grown by MHD
processes (e.g. Vazza et al. 2015; Ardmburo-Garcia et al. 2021). In
principle, models based only on primordial magnetic fields can reach
the measured amplitudes but only in the cases that the primordial seed
field is at the top of the current upper limits (Vazza et al. 2017). In
the more general case, a boost by astrophysical source seeding is
required (e.g. Vazza et al. 2015, 2017).

Our result of the detection of a filament RRM, supports the
presence of a baryonic Warm-Hot Ionized Medium (WHIM) in

filaments, that cosmological simulations predict to contain some
50 per cent of the cosmic baryons.

We repeated the analysis fitting the RRMs measured in redshift
bins with equal number of sources obtaining consistent results (see
Appendix C).

An estimate of the turbulent component of the magnetic field of
a filament, assuming a Gaussian distribution, can be derived from
orrM,.f and the Burn Law (Burn 1966; Tribble 1991; Felten 1996;
Sokoloff et al. 1998; Enflin & Vogt 2003; Murgia et al. 2004) with

URRMO,f = 0812ne oBva \/I)LB, (28)
Bums = 2+/2/mop, (29)

where By, r and op,.rare the mean turbulent magnetic field intensity
and the dispersion of its component parallel to the line of sight, /is the
radiation’s path-length through the filament, and A is the coherence
scale of the magnetic field. The latter is expected to be a few 100 2!
kpc (Akahori & Ryu 2010) and we assume it to range within 0.4 <
Ap < 1.0 Mpc. Assuming for the other terms the same values we
used to estimate By, we find 3.5 < By, ¢ S 5.5nG. This is small
compared to By and so we conclude that the turbulent component is
subdominant.

4.4 Local environment

The other option is an origin of RRM and p local to the source for
the 144-MHz data. The following considerations can be drawn from
the analysis conducted in Section 4.2:

(i) The behaviour with redshift of p at 144 MHz is still compatible
with a local origin. The flat behaviour of RRM with p instead
disfavours it, because higher RRM values should be accompanied
by stronger depolarization, as the 1.4-GHz data show.

(1) If the origin occurs local to the source it is usually in the
medium surrounding it (e.g. Laing et al. 2008) and increasing
depolarization (i.e. decreasing p) might be related to larger turbulence
at high redshift (equation (20)). The observed sources are in low-
density environments far from galaxy clusters, as we have shown,
and thus have to be field or group galaxies that can be in a less relaxed
state at high redshift than at present with higher turbulence. This can
explain the behaviour at 1.4 GHz (see also Berger et al. 2021), but it
would cause total depolarization at 144 MHz, which is not what we
observe.
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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: RRMj as a function of redshift of the LoTSS sample corrected for model C3 (circles) and best fit of the function of equation (24) (solid line).

We conclude that our data disfavour a local origin being the
dominant factor for both the RRM and p observed at 144 MHz,
while it most likely is the dominant factor for the 1.4-GHz data (see
Section 4.2).

5 CONCLUSIONS

We have analysed the LoTSS DR2 RM Catalogue containing RMs
measured at 144 MHz, and in particular a subset of sources with
a spectroscopic redshift and above a Galactic latitude cut of |b| =
25°, to study the behaviour with redshift of polarization quantities
of extragalactic sources in low-density environments in the range
0 < z < 2. After subtracting the Galactic RM contribution and
producing a catalogue of RRM, we measured the behaviour with
redshift of the RRM rms deviation and fractional polarization p.
We also measured (RRM? ) ' as a function of p. We repeated the
same analysis for NVSS RMs of sources in the LoTSS sample, to
investigate the behaviour of RRM and p measured at 1.4 GHz of the
same 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.
Once the redshift correction is applied, the rest frequency RRM,
rms increases with redshift at a high confidence level for all of
the correction models we considered, showing a clear evolution
with redshift. At 1.4 GHz, the RRM shows a hint of an increase
with redshift and RRM, increases with z at a high confidence
level.

(ii) At 144 MHz, the fractional polarization is anticorrelated with
redshift, at z = 1.9 it is ~1/8th of that at z = 0.1, showing an
evolution with redshift at a high confidence level. Also at 1.4 GHz, p
is anticorrelated with redshift at a high confidence level, even though
at a lower rate than at 144 MHz (at the high-z end, it is ~1/3rd of
that at the low-z end).

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

These findings and our analysis lead us to the following main
results:

MNRAS 512, 945-959 (2022)

(1) There is a clear evolution with redshift of p and the rest-frame
RRM; for the physically motivated redshift correction models we
considered.

(ii) Polarized sources at 144 MHz reside far from galaxy clusters
with a peak at ~ SRy, confirming they are in low-density environ-
ments. The general 1.4-GHz population is closer to clusters, instead,
with a substantial fraction within cluster boundaries.

(iii) The RRM and p(z) have a different origin at 144 MHz and
1.4 GHz. Depolarization at 1.4 GHz is not mainly due to the radiation
travelling through the IGM on large scales and a local origin is
favoured for the RRM and depolarization at this frequency. A passage
through filaments of the cosmic web is favoured as the origin of
the RRM and p(z) at 144 MHz. The depolarization with z, the flat
behaviour of the RRM with z and p, and the fit of p and RRM, to
that expected by the number of filaments along the line of sight are
all consistent with such an origin.

(iv) If we attribute the total RRM and p(z) to cosmic web filaments,
we estimate an average RM for an individual filament of RRMy ¢ =
0.71 £ 0.07 rad m~2, and an average magnetic field per filament of
By = 32 £ 3 nG, assuming no dependence on z of n. and B. This
value favours models where the field in filaments is amplified by
astrophysical source seeding in contrast with models solely based on
the growth of primordial magnetic fields.

(v) The detection of a filament RRM, supports the presence of
a 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 average turbulence in
each filament of OrRRMy; = 0.0389 & 0.0010 rad m~2. We use it to
estimate the turbulent component of the magnetic field in filaments
and find that it is subdominant.

With this work we have applied RMs measured at low radio
frequencies to detect and measure magnetic fields in cosmic web
filaments. We have several hints that the bulk of what we observe at
144 MHz is generated in the IGM, while at 1.4 GHz the observations
are dominated by the local source environment. Our estimate for the
magnetic field in filaments is in agreement with that found using
an independent method based on synchrotron emission stacking
(Vernstrom et al. 2021), indicating that these are complementary
and effective methods to investigate the cosmic web magnetism.
This work shows the importance of low-frequency observations and
the availability of sources with measured redshifts to investigate the
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magnetism in the cosmic web and its evolution with cosmic time. It
also shows the importance of having RM measurements at different
frequencies to discriminate their origin.

This is an important first step. Several new advances can be
achieved in future work. Modelling of the behaviour with z of n.
and By can improve our estimate of the filament magnetic field and
turbulence, and possibly estimate their evolution with redshift. Larger
samples will improve the redshift resolution and bin sensitivity,
which will give a more detailed view of the evolution with redshift
and extend it to higher redshifts. It will also allow separation into
different source populations and investigations of their impact and
their own evolution. A first step will be achieved by completing the
LoTSS survey and a further leap can be made with a polarization
survey carried out with SKA1-LOW (Braun et al. 2019). Comparing
results at different frequencies has been essential to the determination
of where the RRM is originating. Combining LoTSS, ASKAP-
POSSUM (Gaensler et al. 2010), and APERTIF (Berger et al. 2021)
data, and in the future, those of the surveys of SKA1-LOW and
SKA1-MID (Braun et al. 2019), will help establish more firmly
the RRM origin at several frequencies and at what frequency the
IGM component starts to prevail. The same surveys can also be
used to improve the separation of the extragalactic and Galactic RM
components (Hutschenreuter et al. 2022), which is needed to improve
the overall precision of the RRM estimates.
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APPENDIX A: RRM EVOLUTION WITH
REDSHIFT OF THE LOTSS SAMPLE IN
REDSHIFT BINS WITH EQUAL NUMBER OF
SOURCES

‘We computed the RRM mean and rms deviation of the LoTSS sample
in redshift bins with equal number of sources, 64 each (Fig. Al). The
redshift resolution is higher at low z and coarser at high z, so this can
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Figure Al. 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,
corrected for the redshift effect for the three models C, are also plotted.

give a better view of where the rest-frame RRMj starts to increase.
The uncorrected RRM is bumpy compared to the case with equal-
width bins, but it is still flat with a linear-fit slope of 0.13 £ 0.2.
All of the rest-frame-corrected RRM, are bumpy, but they show a
clear increasing behaviour with z, starting from the low-redshift end.
A linear fit (Table A1) shows that the slope is again non-flat at a
high confidence level: /o g = 11.2,7.2, 5.1 for the three correction
models C; to C3, with Student’s #-test p-values of p, = 2.4 x 1078,
3.4 x 107%, and 1.1 x 107%, respectively. That confirms a clear
evolution of RRM, with z (see also the Spearman tests in Table A1).

220z Jaquieldag |z uo Jesn (8)sell] Ip 02IWOUoSY OLOIBAISBSSQ) 81sall] VNI Aq GZE€8ZS9/St6/1/Z 1 S/alNe/seiuw/woo dno oliwapese//:sdiy woll papeojumod]


http://dx.doi.org/10.1086/160523
http://dx.doi.org/10.1111/j.1365-2966.2008.13895.x
http://dx.doi.org/10.3847/0004-637X/829/1/5
http://dx.doi.org/10.1051/0004-6361/202140526
http://dx.doi.org/10.1007/s10509-015-2254-2
http://dx.doi.org/10.1051/0004-6361:20040191
http://dx.doi.org/10.1051/0004-6361/201833832
http://dx.doi.org/10.1093/mnras/staa1395
http://dx.doi.org/10.1051/0004-6361/201423995
http://dx.doi.org/10.1086/175726
http://dx.doi.org/10.1051/0004-6361/201833910
http://dx.doi.org/10.1093/mnras/sty3324
http://dx.doi.org/10.1017/pasa.2020.20
http://dx.doi.org/10.1051/0004-6361/201629313
http://dx.doi.org/10.1051/0004-6361/201833559
http://dx.doi.org/10.1051/0004-6361/202142484 
http://dx.doi.org/10.1046/j.1365-8711.1998.01782.x
http://dx.doi.org/10.1051/0004-6361/201220728
http://dx.doi.org/10.1051/0004-6361/202037635
http://dx.doi.org/10.1088/0034-4885/79/7/076901
http://dx.doi.org/10.1088/0004-637X/702/2/1230
http://dx.doi.org/10.1093/mnras/201.2.365
http://dx.doi.org/10.1093/mnras/253.1.147
http://dx.doi.org/10.1093/mnras/sty1151
http://dx.doi.org/10.1051/0004-6361/201220873
http://dx.doi.org/10.1088/1361-6382/aa8e60
http://dx.doi.org/10.1051/0004-6361/201526228
http://dx.doi.org/10.1093/mnras/stx424
http://dx.doi.org/10.3847/1538-4357/ab1f83
http://dx.doi.org/ 10.1093/mnras/stx3191
http://dx.doi.org/10.1093/mnras/stab1301
http://dx.doi.org/10.1086/161862
http://dx.doi.org/10.1088/0004-637X/807/2/178
http://dx.doi.org/10.1088/0067-0049/199/2/34
http://dx.doi.org/10.3847/1538-4357/ac4095
http://dx.doi.org/10.21105/joss.01298 
art/stac384_fa1.eps

Magnetic fields in cosmic web filaments 959

Table Al. As for Table 2, except it is for the case of redshift bins with equal number of

sources.

model o B t=Blog 'z P Do
(rad m~2) (rad m™2)

Ci 1244042  6.64+0.59 11.2 241078 094 141077

C 1.65+£0.28 2914040 7.2 3410°° 088 14107

C; 1.874+027 197 +0.39 5.1 1.1107* 087 28107

APPENDIX B: MEAN PATH-LENGTH THROUGH
A FILAMENT

The path-length along the line of sight through a filament of width
D and inclination 6 to the line of sight is

| = b (B1)
~ sinf’

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

B 1 27T T D )

= — do —— sinf df (B2)
47t J, o sinf

-"p (B3)

=5 D.

APPENDIX C: FILAMENT MAGNETIC FIELD
ESTIMATE WITH REDSHIFT BINS WITH
EQUAL-NUMBER OF SOURCES

Following the procedure of Section 4.3, we repeated the estimate of
the total magnetic field of individual filaments using the RRM rms
measured in redshift bins with equal number of sources (Fig. Al).

The fit of equation (24) to the rest frequency RRM, rms is shown
in Fig. C1. The resulting filament RRMj ¢ is

RRM; = 0.64 £ 0.07 rad m . (C1)

Making the same assumptions as for the main text we get a filament
total magnetic field of

By =29 £3nG. (C2)

This is consistent with the result of Section 4.3, within the errors.

(6]

~

N

RRMg = C3 RRM [rad m~2]
w

=
L

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
redshift

Figure C1. RRMj as a function of redshift of the LoTSS sample corrected
for model C3 (circles) in the case of redshift bins with equal number of
sources and best fit of the function of equation (24) (solid line).
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