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ABSTRACT

Measuring the properties of extragalactic magnetic fields through the effect of Faraday ro-
tation provides a means to understand the origin and evolution of cosmic magnetism. Here
we use data from the LOFAR Two-Metre Sky Survey (LoTSS) to calculate the Faraday ro-
tation measure (RM) of close pairs of extragalactic radio sources. By considering the RM
difference (ARM) between physical pairs (e.g. double-lobed radio galaxies) and non-physical
pairs (i.e. close projected sources on the sky), we statistically isolate the contribution of ex-
tragalactic magnetic fields to the total RM variance along the line of sight. We find a difference
in the rms of ARM between non-physical and physical pairs of 0.4 + 0.3 rad m~2, and a differ-
ence in the corresponding median |ARM]| values of 0.3 + 0.4 rad m~2. This enables us to place
an upper limit on the co-moving cosmological magnetic field strength of B < 2.5 nG on Mpc
scales. This limit is obtained by exploring a wide range of input magnetic field strengths in a
model of cosmic over-densities that realistically reflects the observed matter inhomogeneities
on large scales. We also compare the LOFAR RM data with a suite of cosmological MHD
simulations, that explore different magnetogenesis scenarios. Both magnetization of the large
scale structure by astrophysical processes such as galactic and AGN outflows, and simple
primordial scenarios with seed field strengths of B < 0.5 nG cannot be rejected by the cur-
rent data, while stronger primordial fields or models with dynamo amplification in filaments
are disfavoured. In general, LOFAR polarized sources are typically located in regions of the
Universe with low RM variance, making them excellent probes of the weak magnetization of
cosmic filaments and voids far from galaxy cluster environments.
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1 INTRODUCTION et al. 2018). In addition to understanding the influence of magnetic
fields on a range of different astrophysical scales, these studies can
provide important information on the physics of the early Universe
(Widrow et al. 2012). In particular, detecting the presence of mag-
netic fields in cosmic filaments and voids can provide important
constraints on magnetogenesis scenarios (Durrer & Neronov 2013;
Subramanian 2016), mainly because they are not as strongly mod-

Uncovering the origin and understanding the evolution of cos-
mic magnetic fields is one of the key science goals for present
and future radio telescopes (e.g. Gaensler et al. 2004; Akahori
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ified as the magnetic fields in galaxies and galaxy cluster environ-
ments. Direct detection of the non-thermal synchrotron emission
associated with fields in cosmic filaments may be possible (Vacca
et al. 2018; Vazza et al. 2019), while an alternative approach is to
use the Faraday rotation of linearly polarized radio sources to meas-
ure the field strength in thermal magnetized plasma along the line
of sight (Kronberg & Perry 1982; Oren & Wolfe 1995; Kolatt 1998;
Stasyszyn et al. 2010; Akahori et al. 2014). This approach should
also be possible in future large surveys of Fast Radio Bursts (FRB),
provided that thousands of FRB rotation measures will be available
(e.g. Hackstein et al. 2019).

The magnetic field properties of galaxies and the intergalactic
medium in groups and clusters of galaxies are well studied (e.g.
Carilli & Taylor 2002; Laing et al. 2008; Beck 2015; van Weeren
et al. 2019). However, the magnetic field properties of the pristine
gas far outside galaxy clusters in filaments and voids are poorly
constrained, with upper limits ranging from tens of nano-gauss
(Ravi et al. 2016; Vernstrom et al. 2019) and less (Blasi et al. 1999;
Planck Collaboration et al. 2016a; Pshirkov et al. 2016; Hackstein
etal. 2016; Bray & Scaife 2018) to lower limits of ~107'7 G (Nero-
nov & Vovk 2010; Tavecchio et al. 2011; Dermer et al. 2011; Dolag
et al. 2011; Taylor et al. 2011). Improving our understanding of
the strength and morphology of these fields will help to discrim-
inate between competing models for the origin of cosmic mag-
netism, such as a primordial origin (Grasso & Rubinstein 2001;
Widrow 2002; Kulsrud & Zweibel 2008) or at later times through
AGN and/or galactic outflows (Zweibel & Heiles 1997; Furlanetto
& Loeb 2001; Widrow 2002; Beck et al. 2013). Most notably, the
fall off in field strength with distance from dense regions of the Uni-
verse is less steep in the case of a primordial origin compared to a
later ‘magnetic pollution’ through outflows (Donnert et al. 2009;
Vazza et al. 2017).

Assessing the magnetisation of the Universe at large scales is
also crucial for the testing of models of dark matter. The presence
of significant large-scale magnetic fields has been suggested as a
possible explanation for the puzzling lack of infrared absorption in
the observed spectra of distant blazars (e.g. Tavecchio et al. 2012;
Horns et al. 2012). Axion-like particles (ALPs) are a promising
candidate for dark matter (Raffelt & Stodolsky 1988; Csdki et al.
2003) and they are predicted to oscillate into high-energy photons
(and back) in the presence of background magnetic fields, reducing
the effective opacity of emitted y-ray photons (Horns et al. 2012).
Photon-ALP oscillations are possible for lines of sight crossing
structures with ~ 1 — 10 nG on scales of a few ~ Mpc (Montanino
et al. 2017).

The focus of this paper is on using the Faraday rotation meas-
ure (RM) of a sample of extragalactic radio sources to constrain
the properties of the intergalactic magnetic field (IGMF) on large
scales. This approach probes the thermal gas density-weighted field
strength along the line of sight, where

telescope

RM[rad m—Z] = 0812f n, [cm‘3] BH [4G] dl [pel (1)

source

with B representing the line-of-sight magnetic field strength, n,
the free electron number density, and / the path length through the
magnetoionic medium. This is complementary to other radio stud-
ies which attempt to detect the faint synchrotron emission from re-
lativistic electrons in the cosmic web between clusters of galaxies
(e.g. Brown et al. 2017; Vernstrom et al. 2017; Vacca et al. 2018;
Botteon et al. 2018; Govoni et al. 2019).

In order to assess the contribution of the IGMF to the RM,
we need to study the contributions to the RM along the entire line

of sight. For a statistical sample of background polarized radio
sources, we are primarily concerned with the RM variance gener-
ated from extragalactic Faraday rotating material (‘leiM,ex) that can
be local or internal to the radio source itself or from the intergalactic
medium on large scales. Furthermore, there is a large contribution
from the interstellar medium (ISM) of the Milky Way (o-ﬁMAMW),
and a small contribution from the time-variable RM of the Earth’s
ionosphere (o-éM’i(m), in addition to measurement errors (o'ﬁMm).
The total RM variance is then

O%M =0 2RM,ex + 0] 2RM,MW + O%M,ion + 0] 2RM,err . (2)

The majority of recent investigations of RM variance have
been conducted at 1.4 GHz, mainly due to the catalog of 37,543
RMs produced from the NRAO VLA Sky Survey data (NVSS;
Condon et al. 1998; Taylor et al. 2009). Most investigations have
used this catalog to study the properties of the Milky Way (e.g.
Harvey-Smith et al. 2011; Stil et al. 2011; Oppermann et al. 2012;
Purcell et al. 2015; Hutschenreuter & Enflin 2019). However,
Schnitzeler (2010) and Oppermann et al. (2015) modelled both the
Galactic and extragalactic RM variance and found a best-fitting ex-
tragalactic RM variance of ~7 rad m~2. Recently, Vernstrom et al.
(2019) conducted an innovative study of close pairs of extragalactic
RMs to isolate an extragalactic RM variance of ~5 to 10 rad m™2.
The RM variance local to radio sources has been well studied for
individual objects, typically in groups or clusters of galaxies where
the hot, magnetized intracluster gas can dominate the RM vari-
ance (e.g. Laing et al. 2008). However, the contribution of Faraday
rotating material directly related to the radio sources themselves
can be significant in some cases (e.g. Rudnick & Blundell 2004;
O’Sullivan et al. 2013; Anderson et al. 2018; Banfield et al. 2019;
Knuettel et al. 2019). Importantly, since the RM variance local to
radio sources can vary from 10’s to 1000’s of rad m~2, isolating a
population of low RM variance sources is a key objective for exper-
iments that aim to probe foreground RM screens with high preci-
sion (Rudnick 2019). The ionospheric RM must also be considered
(Sotomayor-Beltran et al. 2013) since the typical contribution is of
O(1 rad m™2), which is similar to or larger than the signal from the
IGMF that we want to probe.

In this paper, we present an RM study in quite a different re-
gime for Faraday rotation, using the Low Frequency Array (LO-
FAR; van Haarlem et al. 2013) at 150 MHz. In particular, we use
data from the ongoing LOFAR Two-Metre Sky Survey (LoTSS;
Shimwell et al. 2019) from 120 to 168 MHz. This provides a
wavelength-squared coverage more than 600 times that of the
NVSS. Since the accuracy with which one can measure Faraday ro-
tation depends on the wavelength-squared coverage, the advantage
of RM studies at m-wavelengths is a dramatically higher precision
on individual RM measurements (O’Sullivan et al. 2018b; Van Eck
etal. 2018; Neld et al. 2018). However, the effect of Faraday depol-
arization increases substantially at long wavelengths, and while this
provides important information on the properties of the magnetic
field, it also means that a smaller fraction of radio sources are polar-
ized at a level which can be detected (e.g. Farnsworth et al. 2011).
This means that to reach a comparable polarized source density on
the sky, observations at metre wavelengths need to be much deeper
than cm-wavelengths (O’Sullivan et al. 2018a). To date, the ma-
jority of polarized sources at m-wavelengths have been large FRII
radio galaxies (e.g. Van Eck et al. 2018), whose polarized hotspots
and/or outer lobe regions extend well beyond the host galaxy envir-
onment, making them excellent probes of the IGMF and ideal for
this project.

In studying the extragalactic RM with these data, we follow
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the strategy of Vernstrom et al. (2019), hereafter V19, of taking the
RM difference between close pairs (< 20 arcmin) and then separat-
ing the samples into physical and non-physical (or random) pairs.
The physical pairs are typically double-lobed radio galaxies, while
the non-physical pairs are sources that are close in projection on
the sky but physically located at different redshifts. The key insight
upon which this experiment is based is that the RM variance due
to the Milky Way should vary with pair angular separation in a
similar manner for the physical and non-physical pairs, while the
extragalactic RM variance due to the IGMF is expected to be lar-
ger for the non-physical pairs because of the much larger cosmic
separation along the line of sight.

In Section 2, we describe the observational data and our clas-
sification scheme. The observational results are presented in Sec-
tion 3. Two approaches to placing model limits on intergalactic
magnetic fields are described in Section 4, while a discussion of
the implications are given Section 5, followed by the conclusions
in Section 6. Throughout this paper, we assume a ACDM cosmo-
logy with Hy = 67.8 km s™! Mpc™!, Q, = 0.308 and Q, = 0.692
(Planck Collaboration et al. 2016b).

2 DATA

The LoTSS is an ongoing survey of the northern sky with the LO-
FAR High Band Antennas, producing total intensity images and
catalogs with an angular resolution of ~6 arcsecond at 150 MHz
(Shimwell et al. 2019). From the second data release (DR2) sur-
vey pipeline (Tasse et al. 2020, in prep), polarization data products
(Stokes Q, U and V) are also being produced at an angular resol-
ution of 20 arcseconds. In this work we make use of the Stokes Q
and U data to find linearly polarized radio sources and derive their
Faraday rotation measure (RM) values.

The polarization data used here has a frequency range of 120
to 168 MHz with a channel bandwidth of 97.6 kHz. In order to ef-
ficiently find linearly polarized radio sources, we employ the tech-
nique of RM synthesis (Burn 1966; Brentjens & de Bruyn 2005)
where one takes a Fourier transform of the complex linear polariz-
ation vector, P(1?), defined as

P(?) = f F(g)e™" dg, 3)
to obtain the Faraday dispersion function, F(¢), which provides
the distribution of polarized emission as a function of Faraday
depth (¢) along the line of sight. In our case, the Faraday depth of
the peak of |F(¢)| is taken as the RM of the source. The LoTSS
data provides an RM resolution of ~1.15 radm=2 with a max-
imum scale of ~1.0 rad m~2 (i.e. no sensitivity to resolved Faraday
depth structures), and a maximum [RM]| of ~170 radm™2 (up to
~450 rad m~2 with half the sensitivity). The time-variable absolute
ionospheric RM correction was applied using RMEXTRACT! as part of
the standard PREFACTOR pipeline (e.g. de Gasperin et al. 2019). Re-
sidual ionospheric RM correction errors of ~0.1 to 0.3 rad m2 are
expected across a single 8 hr observation (Sotomayor-Beltran et al.
2013).

The polarization catalog is produced by running RM syn-
thesis®> on the Stokes Q and U images for each survey pointing
out to a radius of 2 degrees from the pointing centre. The catalog

1 https://github.com/lofar-astron/RMextract
2 https://github.com/mrbell/pyrmsynth
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used here is produced from 268 survey pointings which, consider-
ing the large overlap between adjacent pointings, covers a sky area
of ~2000 square degrees. The pointings used were not from a single
contiguous sky area but were chosen from DR2 pointings that had
been processed up to 2019 May 1. The pointings come from two
(partially covered) areas of the sky, from RA of 7 to 19 hrs with
Dec from 25 to 70°, and RA of 23 to 3 hrs with Dec from 10 to
40°. The large overlap between pointings means that the same po-
larized sources are often found in multiple pointings. These duplic-
ate sources were identified and only the source closest to a point-
ing centre was retained. The Faraday depth range was limited to
+120 rad m~? with a sampling of 0.3 rad m~2, mainly due to com-
puter processing and storage limitations. Searching over a larger
Faraday depth range (with a finer frequency channelisation) will be
required to find sources in regions of the sky with high mean RM
values, such as at low Galactic latitudes. A polarized source was
cataloged if the peak in the Faraday dispersion function (FDF) was
greater than 8 times the average noise in Q and U (i.e. o¢y, calcu-
lated from the rms of the wings of the real and imaginary parts of
the FDF at >100 rad m™2). For an 80 oy limit we expect a false de-
tection rate of ~107%, compared to 50-o; where it may be as high as
~4% (George et al. 2012). The Q and U frequency spectra were ex-
tracted at the source location and RM synthesis® was applied with
a finer sampling of 0.1 rad m~2. The catalogued RM value was ob-
tained from fitting a parabola to the amplitude of the complex FDE.
The error in each RM value was calculated in the standard way (e.g.
Brentjens & de Bruyn 2005) as the RM resolution divided by twice
the signal to noise (i.e. in our case this is ~ 0.580 gy / P), where P is
the peak polarized intensity in the FDF after correction for the po-
larization bias following George et al. (2012). polarized sources in
the Faraday depth range of —3 to +1 rad m~2 were mainly discarded
due to the presence of substantial contamination from instrumental
polarization, which is shifted from 0 radm=2 by the ionospheric
RM correction. The focus on this work is to obtain an initial cata-
log of close RM pairs. A more complete LOFAR RM catalog is
under construction with more uniform sky coverage, in addition to
the inclusion of sources without a close RM pair (O’Sullivan et
al. 2020, in preparation).

2.1 Classification of RM pairs

To obtain an initial sample of LOFAR RM pairs, we cross-matched
the preliminary LOFAR RM catalog (~1000 candidate polarized
sources over ~2000 sq. deg.) with itself, including only pairs with
separations < 20 arcminutes. After removing self-matches, and
limiting the minimum separation to 0.33 arcmin (i.e. the angular
resolution of the data of 20 arcsec), in addition to further quality
assurance checks, we were left with 349 pairs. This matches the
approach of V19, except for the minimum separation, which was
limited to 1.5 arcmin in their study. All LOFAR pairs were restric-
ted to come from the same pointing to avoid the systematic RM
errors introduced by the different ionosphere corrections for differ-
ent pointings. In fact, taking the RM difference between sources
within the same pointing (as we describe later) removes the major-
ity of the residual RM variance from the ionospheric RM correc-
tion, modulo direction-dependent variations on scales < 20 arcmin
(de Gasperin et al. 2018), leaving mainly the measurement errors
from the observational noise remaining. This means there is a more

3 https://github.com/CIR ADA-Tools/RM
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Figure 1. Example of a physical RM pair (left) and a non-physical, random RM pair (right). The cross and plus symbols represent the location of the peak
polarized intensity from which the RM value is taken. The contours outline the total intensity emission at an angular resolution of 20 arcsec, which is the
same resolution as the corresponding polarization data. The colorscale shows the 6 arcsec total intensity emission, used for the classification into physical and
random pairs. The insets show the Faraday spectra from the location of the cross and plus symbols in the top left and bottom right, respectively.

precise measurement of the RM difference between pairs compared
to the individual uncertainty on any one RM measurement.

Visual inspection was used to separate sources into physical
pairs (part of the same extragalactic radio source, e.g. two lobes)
and non-physical, random pairs (i.e. physically unrelated sources
projected close to each other on the sky). Classification of sources
into physical and random pairs was done by S. P. O’Sullivan.
This classification task was straightforward due to the high fidel-
ity LoTSS Stokes I images available at both 20 and 6 arcsecond
resolution. All pairs are at Galactic latitude |b| > 20 degrees, with
no obvious clustering of physical or random pairs in particular parts
of the sky. A Kolmogorov-Smirnov (KS) test provides no evidence
for the two samples having a different underlying distribution in
Galactic latitude (p = 0.2). The highest number of pairs for a single
catalog source is 4, with a median of 1. Examples of physical and
random pairs are shown in Fig. 1. Approximately 40% of the ran-
dom pairs have a compact source in the pair, while the resolved
physical pairs are exclusively double-lobed radio galaxies.

2.2 The RM difference in pairs

We are interested in investigating the difference in RM (ARM =
RM; — RM,) between pairs of sources (i.e. physical or random),
in addition to the behaviour as a function of the angular separation
(A6). Since the RM difference can be positive or negative, we ex-
pect a mean ARM of zero for large samples. Therefore, we calculate
the root-mean-squared (rms) in ARM as

1
V((ARMY) = \/NZ(RM' “RM:); . (4)

This is equivalent to ogy in Eqn. 2 in the case that the mean
RM tends to zero for large samples. The RM variance contributed
by the measurement errors can be subtracted from the total variance
to analyse the astrophysical signal. We calculate this term from
the quadrature sum of the errors on the individual RM measure-
ments. Unless otherwise stated, the variance from measurement er-

ARMps =

102
Physical
E—3 Random
€ 101
S 104
o
@]
1004 |
10° 101

A6 [arcmin]

Figure 2. Histogram of the angular separation (A6, in units of arcminutes)
of random (blue) and physical (orange) pairs. While the random pairs are
typically found at larger angular separations, there is a significant overlap
for random and physical pairs in the range of A6 from 2 to 10 arcmin.

rors have been subtracted from the quoted ARM,y,, values. The re-
sidual RM error from the ionosphere, which is typically larger than
the measurement error based solely on the signal to noise, is ac-
counted for by taking the RM difference between pairs in addition
to restricting the pairs to the same observational pointing. For small
samples or in the presence of outliers, the median can be a more
robust statistic. Therefore, in our analysis we also consider the me-
dian of the absolute values of the RM difference (i.e. |ARM]|edian)-

3 RESULTS

In Fig. 2, we show the histogram of angular separations (A6) for our
sample of 148 random pairs (RPs) and 201 physical pairs (PPs). In
both cases, we limited the maximum angular separation to 20 ar-
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Table 1. Summary of results in the RM difference (ARM) between pairs.

Classification N ARMipns ARMppse  |[ARMlmedian
rad m™2 rad m2 rad m™2
Random pairs (RP) 148 6.0+£0.5 5.5+0.4 1.5+£0.6
Physical pairs (PP) 201 1.4+0.1 1.4+0.1 0.7+0.1
RP: 2 to 10 arcmin 42 5.1£0.8 1.8+£0.3 1.2+£0.3
PP: 2 to 10 arcmin 75 1.4+0.2 1.4+0.2 0.9+0.2

ARMps«: Trimmed rms, with one outlier from the random pairs removed.

cmin, with the RPs extending down to ~1.5 arcmin and the PPs
limited to the lower cut-off of 0.33 arcmin (i.e. the angular resol-
ution). The limit of 20 arcmin was chosen because there are very
few PPs above this separation. There is a clear difference in that
the PPs are more often found at smaller angular separations (mean
of 2 arcmin) than the random pairs (mean of 12 arcmin). This is
expected since the PPs are limited to the linear size of the radio
source, while the RPs have no such restriction. Since we want to
compare the RPs and PPs, we are mainly interested in the region of
significant overlap in angular separation between the two samples
(in order to account for the Milky Way contribution). The overlap
region we define here is from ~2 to ~10 arcmin, with 42 RPs and
75 PPs in this region (Table 1). For context, V19 found 317 PPs
and 5111 RPs on angular scales from 1.5 to 20’. They chose an
overlap region of 3 to 11 arcmin, which contained 158 RPs and
208 PPs. Although V19 had significantly more sources, our meas-
urement errors are much lower, such that both experiments have
comparable statistical power. The individual RM values for each
pair are provided in Table 2.

Fig. 3 shows the individual values of (ARM)? and A6 for each
source pair, with the RPs indicated by plus symbols and the PPs
indicated by cross symbols. The mean RM error for our sample
is 0.026 rad m~2, and has a small contribution to the overall vari-
ance. The variance added by the measurement errors (i.e. o-ﬁMm
in Eqn. 2) for physical and random pairs as a function of angular
size is approximately constant, and shown in Fig. 3 as dashed and
dot-dashed lines with values of ~0.0018 rad?> m™.

The root-mean-square of the RM difference for all RPs,
ARMimsrp = 6.0 + 0.5 radm™? while ARMpepp = 14 +
0.1 radm™2 (in all cases we quote the rms with the error vari-
ance subtracted, and the associated uncertainty is the standard error
in the mean). Kolmogorov-Smirnov (KS) and Anderson-Darling
(AD) tests indicate that the difference between RPs and PPs is
significant at > 50 (with p-values of ~1077 and ~107* respect-
ively). The empirical cumulative distribution function (ECDF) of
(ARM)? is shown in Fig. 4, with all PPs and RPs shown with dot-
ted lines. This difference is dominated by the general trend of larger
ARM variations at larger angular separations (Fig. 3), as is expec-
ted if the Milky Way ISM is the dominant contributing factor to the
RM variance on these angular scales (e.g. Stil et al. 2011).

If we restrict the comparison only to the region of signific-
ant overlap in angular separation (i.e. 2 to 10 arcmin), then we
have ARM;pogp = 5.1 + 0.8 radm™2 and ARM, pp = 1.4 +
0.1 radm~2. However, the rms for the RPs is strongly affected by
one outlier, with the highest value of ARM,, in the sample of
~954 rad’> m~* (highlighted by a box in Fig 3). Therefore, we intro-
duce the “trimmed rms” (ARM;,.) with this outlier removed. This
reduces the rms of the RPs to ARMy gp = 1.8+0.3 rad m2, giving
a difference of 0.4+0.3 rad m~2 between the RPs and PPs between 2
and 10 arcmin. These results are summarised in Table 1, along with
the median values of |ARM]|. Similarly, there is a large difference in
the median |ARM]| values for all RPs and PPs of ~0.8 rad m™2, but a
smaller difference of 0.3 + 0.4 rad m~2 between RPs and PPs in the

MNRAS 000, 1-12 (2019)
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Figure 3. Scatter plot of the squared difference in RM, (ARM)? in units
of rad? m™, between pairs of radio sources versus the angular separation
(A8, in units of arcminutes). Physical pairs are shown as orange cross sym-
bols while the random pairs are shown as blue plus symbols (with the out-
lier highlighted by a box). Power-law fits to the physical and random pair
data are shown as solid orange and blue lines, respectively. The small, con-
stant contributions to (ARM)? from the measurement errors are shown for
physical and random pairs as horizontal orange dashed and blue dot-dashed
lines, respectively. The gray dotted vertical lines bound the overlap region
of 2 to 10 arcmin.
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Figure 4. Empirical cumulative distribution functions (ECDFs) of the
squared difference in RM, (ARM)? in units of rad? m™*, between pairs of
radio sources. The dashed blue and orange lines correspond to all the data
for physical and random pairs, respectively, while the solid blue and orange
lines show only the corresponding data for physical and random pairs in the
overlapping region of angular separation from 2 to 10 arcmin.

overlap region. For the uncertainty in the median values (Williams
2001), we use standard error in the median (i.e. v7/2 times the
standard error in the mean). KS and AD tests indicate that the RPs
and PPs in the overlap region are not significantly different for these
sample sizes (p-values of 0.17 and 0.06, respectively). The exclu-
sion of the outlier does not significantly affect the KS or AD test
results (p-values of 0.20 and 0.08). The ECDFs of (ARM)? for only
those RPs and PPs in the overlapping angular separation region of
2 to 10 arcmin are shown with solid lines in Fig. 4.

We also fit a power-law function to the RPs and PPs
data, (ARM)®> = kA@”, where k is a constant with units of
rad> m™* arcmin™. We find kgp = 0.6 + 1.0, ygp = 0.6 + 0.4 and
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Figure 5. Plot of the RM structure functions (i.e. mean bins of (ARM)? as a
function of the pair angular separation, Af) with the noise power from meas-
urement errors subtracted, for PPs (orange) and RPs (blue). The orange and
blue dotted lines show the power-law fits to the PPs and RPs, respectively.
The RPs bin at the smallest angular separation has only 7 data points, and
may be unreliable. For comparison, we also include the structure function
results from the 1.4 GHz data of Vernstrom et al. (2019) for PPs (red) and
RPs (dark blue).

kpp = 0.25 £ 0.04, ypp = 0.8 £ 0.2. These fits are shown in Fig. 3.
The difference in (ARM)? between the power-law fits at the aver-
age separation in the overlapping region (i.e. 6°) is ~0.8 rad”> m™.
This is larger than the values estimated from the rms and median
differences between RPs and PPs from 2 to 10 arcmin, which is not
unexpected given that the fits are obtained using all the data. At-
tempts at fitting only the data in the overlapping region were poorly
constrained, so we do not include them here.

To more directly compare with the results of V19, we calculate
the mean of (ARM)? as a function of the angular separation, i.e. the
RM structure function (SF), with

(ARM(AG)*) = % Z[RM] (6) - RM,(0 + AO)]? . 5)

This is done separately for the RPs and PPs, and they are plotted
in Fig. 5 in addition to the V19 RM structure functions. By fit-
ting power-laws to these data in a similar manner to above, with
<(ARM)2> = ksp AG”SF, we find kSF,RP =0.2+0.1, YSERP = 1.9+0.2
(with the outlier removed) and ksgpp = 1.8 +£0.3, ysppp = 0.4 £0.1.
These fits are shown by dotted lines in Fig. 5. The values of ysg are
in stark contrast with those found in V19 (ysprpNvss = 0.6 = 0.1,
vsrppNvss = 0.8 £ 0.2) with the RPs slope being much steeper
than in V19 and the PPs slope being much flatter. Also notable is
that the overall amplitude is smaller in both cases compared to V19
(kSF,RPA,NVSS = 50+30, kSF,PP.NVSS = 11£15). These differences have
important implications for the nature of the extragalactic Faraday
rotating material and are addressed in the next section.

3.1 Comparison with RM data at 1.4 GHz

We find that 203 out of the 698 source components in this study
(~29%) have corresponding RM values at 1.4 GHz in the Taylor
et al. (2009) catalog. The vast majority, 91% (97%), of the cor-
responding RM values are consistent within 30~ (50) of the com-
bined RM error. The LOFAR sources that are not in the NVSS
RM catalog are on average ~3 times fainter in total intensity

at 150 MHz. This means that the majority of the LOFAR po-
larized sources are too faint to be detected in the NVSS. For
those pairs that have counterparts in the V19 catalog, we find
ARMrms,RP,NVSS ~ 18 rad I’Il_2 and ARMrms,PP,NVSS ~ 5 rad m‘z,
which is consistent with the results presented in V19. However, for
the exact same sources we find ARMysrprLoFaR ~ 5 Tad m~2 and
ARMrms,PP,LOFAR ~ 2rad m‘z.

For the RPs, the large difference in the RM variance proper-
ties of these sources between 1.4 GHz and 150 MHz is most likely
related to the broader range of Faraday depths that are probed local
to the sources at 1.4 GHz (in terms of both the larger synthesised
beam and the extent of the source polarization detected). It may
also be the case that Faraday complexity is affecting the observed
RM value at 1.4 GHz, as ~40% of the RPs include a compact radio
source. The smaller difference between the 1.4 GHz and 150 MHz
data for PPs support this idea as more of the RM structure is re-
solved for the individual sources. However, more detailed investig-
ation is needed with high angular resolution observations of these
sources at 1.4 GHz to test this. In general, this indicates that the
LOFAR observations are only sensitive to the low RM variance re-
gions of these radio sources, and that the differences between the
V19 results and those presented here are most likely related to the
RM properties of the local source environment.

This hypothesis is further supported by direct comparison of
the RM structure function values found in the previous section and
shown in Fig. 5. The difference between the RP data at 1.4 GHz
and 150 MHz is ~7 rad m~2, which is comparable to the total ex-
tragalactic RM variance estimated by V19, Schnitzeler (2010) and
Oppermann et al. (2015). One possibility is that this may reflect the
typical contribution to the RM variance at 1.4 GHz provided by the
magnetized intracluster medium surrounding radio galaxies. In this
case, the Faraday depolarization caused by small scale magnetic
field fluctuations in these environments is sufficient to completely
depolarize the emission at 150 MHz, thus removing the majority of
these sources from the LOFAR sample.

Finally, the much steeper slope of the RM structure function
for RPs (compared to V19, see Fig. 5) may more cleanly reflect
the RM variance from the Milky Way on these angular scales, if
the extragalactic RM variance contribution is indeed much lower
for the LOFAR data (more data for the PPs at large angular sep-
arations are needed to test this hypothesis). In fact, the LOFAR
data are more consistent with the model Milky Way RM structure
function derived in Akahori et al. (2013), who used MHD simu-
lations to model the RM variance contribution expected from the
Milky Way towards high Galactic latitudes. This may also be re-
lated to the flattening of the slope of the RM structure function
towards smaller angular scales (as probed by the PPs), reflect-
ing the growing dominance of the extragalactic RM contribution,
with ((ARM)?) < 1.6 rad> m™* on the smallest angular separations
(Fig. 5). We use this limit as a constraint for cosmological simula-
tions in Section 4.2.

4 SIMULATIONS
4.1 Monte Carlo Modelling of Extragalactic RM Pairs

In order to understand the implications for the properties of inter-
galactic magnetic fields based on the results in Section 3, we de-
velop some basic simulations of extragalactic Faraday rotation. We
use models for the magnetic field and electron density of voids and
filaments that are consistent with observational knowledge, in or-
der to calculate the RM along different cosmic sight lines for RPs
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and PPs with a range of angular separations. This model allows us
to perform a complete survey of the strength and correlation length
of magnetic fields in the intergalactic medium (IGM), constrained
by the RM observations, albeit under a few simplifying assump-
tions on the distribution of free electrons, and on the existence of a
single typical correlation scale of magnetic fields along the lines of
sight probed by our observations of galaxies. Although simple, the
model described below is a significant advance on models that con-
sider only homogenous distributions of electron density and mag-
netic field along the line of sight, and can be developed further as
our understanding of the observational facts improve (e.g. after ob-
taining the redshift distribution of the sources in our sample).

Following Blasi et al. (1999) and Pshirkov et al. (2016), we
model the electron number density along cosmic lines of sight as
ne(z) = n,(0)(1 + 8,)(1 + 2), with n,(0) = 1.8 x 1077 cm™ and §,
being the electron overdensity. We draw the electron overdensity
6, from a log-normal distribution, with J, varying on scales of the
Jeans length, A;(z) ~ 2.3(1 + z)~' Mpc. The log-normal distribu-
tion is given by

2
P(,) = _w} . (6)

1
—————exp
2o ,(1 +6,) { 207

where the mean (u,) and standard deviation (o) of the logar-
ithm of the 6, distribution are constrained from observations of the
Lyman-a forest (e.g. Bi & Davidsen 1997), with o,.(z) = 0.08 +
5371 +2)' —4.21(1 +2)2 + 1.44(1 + 2)~% and u,(z) = —0.(2)*/2.
For close pairs of sources we also need to include a prescrip-
tion for the correlation of the densities along adjacent lines of
sight. For this we use the two-point galaxy correlation function
&(r,z2) = (r/re) (1 + 2", including its expected redshift evol-
ution, with y ~ 1.8 and ry ~ 5h~! Mpc (e.g. Mo et al. 2010). We
consider this correlation function valid for scales between 0.2/~
to 30h~" Mpc. Practically, we implement the correlated draws us-
ing a bi-variate Gaussian distribution before taking the exponential,
where the off-diagonal terms of the covariance matrix are given by
&6 =1In(1 +€) (e.g. Coles & Jones 1991; Chuang et al. 2015; Bar-
atta et al. 2019). For separations between adjacent cells larger than
30h7! Mpc, we draw from an uncorrelated log-normal distribution,
while the same density is assigned for cell separations less than
0.2h~! Mpc.

We model the magnetic field strength as a scaled function of
the density and redshift following B(z) = By[n.(z)/n.(0)]*/3, which
is a reasonable expectation in the case of isotropic gas compres-
sion in filaments of the cosmic web (e.g. Locatelli et al. 2018), In
this case, we have By as the co-moving cosmological magnetic field
strength in nG. The correlation length of the magnetic field (/) is
set in fractions of the Jeans length, with random orientations as-
signed at each step by multiplying the amplitude of the field by a
number drawn from a uniform [—1, 1] distribution. The RM val-
ues were obtained by summing the RM contributions over all cells
along an individual line of sight (from the source to us), while ac-
counting for the RM redshift dilution of (1 + z)? in each cell.

Since we do not know the redshift distribution of our sample,
we randomly draw sources from a log-normal redshift distribution
(u; = —1, o, = 1), which has a median of z ~ 0.37 and is con-
sistent with the redshift distribution of polarized extragalactic radio
sources (Vernstrom et al. 2019; Hardcastle et al. 2019; O’Sullivan
et al. 2018a). However, we limit the redshift to a maximum of 1 for
the PPs and 4 for the RPs following the corresponding maximum
redshifts found in V19. We note that the actual redshift distribution
of the LOFAR data may be somewhat different because the sources
are typically fainter in total intensity that those at 1.4 GHz (Sec-
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Figure 6. Based on the model described in Section 4.1, here we show the
parameter space for the average extragalactic magnetic field strength (B in
nG) and correlation length (/p in dimensionless units of the Jeans length,
A7). The value of |ARM|medianRP — |ARM|median,pp is shown by the colour
scale, which is linearly interpolated between the model output at the grid
points (shown as dots). The solid black line shows the locus of the me-
dian difference in ARM between RPs and PPs for the observational data of
0.3 radm™2, with the dashed and dot-dash lines corresponding to one and
two times the standard error in the median of £0.4 rad m~2. Thus, to the left
of the dashed line provides a limit on the average extragalactic magnetic
field strength of By < 2.5 nG for magnetic field correlation lengths in the
range 0.1 < Ig/A; < 1000.

tion 3.1). Similarly, we do not know the projected linear size distri-
bution of our physical pairs, but we can again reasonably model this
as a log-normal distribution (15 = —1, o = 1) in Mpc units based
on the projected linear size distributions for LOFAR radio galaxies
in Hardcastle et al. (2019). For an angular size ranging from 2 to
10 arcmin, this gives a maximum linear size of ~5 Mpc and a min-
imum of ~24 kpc, which is consistent with the range of linear sizes
of LOFAR polarized sources (O’Sullivan et al. 2018a). In general,
this aspect of the analysis can be substantially improved when the
redshifts of the LOFAR polarized sources become available in the
upcoming LoTSS DR2 value-added catalog.

For the PPs, we first draw the redshift of the radio galaxy. Then
we draw the linear size from the linear size distribution and com-
pute the separation, 8, between the pair using the angular diameter
distance. We construct two sight lines to the radio galaxy, only al-
lowing the range 2 < 6 < 10arcmin, to obtain the RM for each
sight line, before calculating the RM difference (in a random man-
ner). For the RPs, we draw a redshift for each radio galaxy, with a
fixed 6 of 6 arcmin (i.e. the mean observational separation for the
RPs in the overlap region), before calculating the RM difference.
To create distributions of ARM, we calculate the RM difference for
10,000 draws each for both RPs and PPs. This produced smooth
distributions of ARM from which we could obtain reliable statist-
ics.

We then generate ARM distributions for RPs and PPs for a
grid of By and Iy values. The simulations are run for a grid of 0.1 <
By < 10 nG and 0.1 < [g/4; < 10, both with 10 even steps in
log space. To extend the grid to large values of /g, we also produce
ARM distributions for 10 < [z/4; < 1000 in 5 even steps in log
space (i.e. for a total of 150 grid points). We employ a parallelized
version of the code (using the joblib python library*), which takes

4 https://joblib.readthedocs.io/en/latest/parallel.html
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Figure 7. Simulated distribution of ARM(A#)? as a function of angular sep-
aration for three numerical models, as described in Section 4.2, compared
with LOFAR data. The solid lines show the mean values and the shaded
region shows the 1o dispersion. The dark shaded region outlining the LO-
FAR data is identical to that shown in Fig. 5 for the PPs. The dashed blue
line give the prediction for a uniform primordial model using By = 1 nG
(comoving), while the solid blue line is the result of post-processing by res-
caling it to Byp = 0.5 nG (comoving). The variance around each model is
due to the redshift distribution of sources.

approximately 3 weeks to run on 24 cores. The median of |ARM|
was chosen as the most robust statistic for comparison with the
observational data (see Table 1). This is because the mean (ARM)?
values from the model are strongly affected by outliers, due to the
lognormal density distribution (e.g. Blasi et al. 1999).

Figure 6 shows the value of |[ARM|nedianrp — [ARM|median pp
for variations in B, and /z. The solid, dashed and dot-dash lines
correspond to the observed median difference of 0.3 rad m~2, and
one and two times the standard error in the median, respectively.
We consider the region to the left of the dot-dashed contour of
1.1 rad m~? as consistent with the data (i.e. the observed difference
of 0.3 rad m~2 plus twice value of the standard error in the median
of 0.4 radm™2). Therefore, this places a conservative limit on the
co-moving cosmological magnetic field of By < 2.5 nG for correl-
ation lengths ranging from 0.1 < Iz/A; < 1000. This limit should
not be confused with the magnetic field strength in filaments which
can often be up to 20 times larger in this model. We note that the
individual |ARM|cgian Values for RPs and PPs from the simulation
for By < 2.5 nG do not exceed the corresponding observational
values in Table 1. This is expected because the individual observa-
tional values are still contaminated by the Milky Way contribution
(which is absent from the model). This provides further evidence
for the robustness of this simple model of extragalactic magnetic
fields.

4.2 Comparison with cosmological simulations

For an alternative constraint, we use the results of recent magneto-
hydrodynamical (MHD) simulations considering several different
scenarios for the origin and amplification of extragalactic magnetic
fields (Vazza et al. 2017). The comparison that we focus on in this
case is with the LOFAR RM structure function for the PPs on small
angular scales (c.f. Fig. 5 for A@ < 1 arcmin). We consider this

the most relevant constraint because the extragalactic contribution
to the structure function may begin to dominate at small angular
scales since the contribution of the Milky Way ISM is expected to
decline steeply with decreasing angular scale (e.g. Akahori et al.
2013, 2014). In contrast to the model described in Section 4.1,
here the 3-dimensional distribution of magnetic fields and elec-
tron density in the cosmic volume are self-consistently produced
by the MHD simulation, depending on different assumed scenarios
for magnetogenesis. Here we focus on three of the most realistic
scenarios, within a larger survey of 25 models presented in Vazza
et al. (2017). A detailed survey of all models allowed by the LO-
FAR data is beyond the scope of the current work, but will become
more feasible when we know the redshift distribution of the LO-
FAR sources.

The three different scenarios were simulated in a comoving
(85 Mpc)® volume with 10243 cells, using the ENZO code (Vazza
et al. 2017). The different prescriptions for the injection and evol-
ution of magnetic fields were: a) a primordial, uniform, volume-
filling, comoving magnetic field of By = 1 nG at the beginning of
the simulation; b) a primordial model starting from the much lower
level of B, = 10~ nG but including a run-time modelling of dy-
namo amplification of the magnetic field; c) an “astrophysical” run
in which the magnetic field is injected solely by feedback events
from star forming regions and/or active galactic nuclei. For scenario
a), a residual level of magnetization (~1 to 10 nG) is present every-
where in the cosmic volume. However, in scenarios b) and c) the
average magnetization is a steeper function of density. Particularly
in the astrophysical scenario, very little magnetic fields are present
outside of the virial volume of matter halos, due to the strong asso-
ciation between sources of magnetization and the halos. For more
details we refer the reader to Vazza et al. (2017) and Gheller &
Vazza (2019).

In order to construct synthetic RM structure functions for the
PPs for each magnetogenesis scenario, simulated maps of Faraday
rotation for a 4° field of view were created, before obtaining deep
lightcones by stacking different snapshots along the line of sight.
We note that the generation of synthetic RM structure functions for
RPs was beyond the scope of the current work, but will be invest-
igated in a future publication. In detail, using different snapshots of
the above runs, we integrated along lightcones up to z = 0.5, and
simulated (ARM)? for PPs, by placing pairs of sources at regular
intervals of 85 Mpc (co-moving) along the line of sight (i.e. at the
end of each of the co-moving volumes used to produce the stacked
sequence of Faraday rotation). Note that the pairs are not located
at the physical location of the AGN outflows. We first randomly
drew 1500 sources, with [RM| > 0.03 rad m~2, for 22 evenly spaced
redshift bins. We then computed the ARM(A)? statistics at each
redshift, and finally produced the observable total distribution of
ARM(AH)? by weighting each structure function by the distribution
function of source redshifts approximately derived from V19. Con-
sidering the constant spatial resolution of the cosmological simu-
lations (83 kpc/cell), we note that scales below 1 arcmin are not
resolved by the simulation for the z < 0.07 portion of the lightcone.
While this effect is small, considering that little magnetic structure
is expected below 100 kpc in the low density part of the cosmic web
(e.g. Vazza et al. 2015), this likely makes our simulated distribution
of (ARM)? for A@ < 1 arcmin a lower limit of the true distribution
that can be expected for each model.

Figure 7 shows the simulated distribution of ARM(A6)? as a
function of angular separation for the three models, enabling a dir-
ect comparison with the LOFAR data (dark shaded region). Note
that the RM variance from the Milky Way is not included in the
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models (so the model trends are not expected to exceed the LOFAR
curve). Both the uniform primordial model (blue dashed line) and
the dynamo amplification model (green) are inconsistent with the
LOFAR observations. Based on the typical range of magnetic field
measured within filaments in these runs (Gheller & Vazza 2019,
fig. 6), this suggests a limit of < 10 to 100 nG on the average
magnetization of filaments crossed by the polarized emission ob-
served with LOFAR. On the other hand, the astrophysical scenario
(red line) gives a more reasonable agreement with the LOFAR data,
which follows from the fact that in this case the magnetic fields in
filaments are far less volume filling, with a broad distribution of
values centred around ~ 1 nG. Considering the present data, we
note that a simple rescaling of the uniform primordial field by a
factor of ~ 1/2 produces a similar result as in the astrophysical
scenario. This in turn suggests that By ~ 0.5 nG is the new limit
on the strength of primordial magnetic fields that can be inferred
from the LOFAR data (at least in the simple case of a spatially uni-
form seed magnetic field). Conversely, no rescaling can reconcile
the simulated statistics of ARM(A6)? in the dynamo case, because
the observed scatter in the LOFAR observations is more than one
order of magnitude smaller than what is produced by the large fluc-
tuations that are present across the distribution of filaments in the
dynamo scenario (e.g. Ryu et al. 2008).

5 DISCUSSION

The goal of this work is to isolate the extragalactic RM variance
from the other contributions along the line of sight (e.g. Eqn. 2).
The RM variance introduced by the ionosphere (o-,zwyion) was ac-
counted for by restricting the RM difference of close pairs of radio
sources, (ARM)?, to come from the same observational pointing, in
addition to the standard correction of the time-variable ionosphere
RM as described in Section 2. The RM variance contributed by
measurement errors (O%Mym) was subtracted from the quoted rms
values, although the effect of this is minor due to the small LO-
FAR RM errors (~ 0.03 rad m~2). We then split the (ARM)? sample
into pairs from the same physical source (physical pairs; PPs) and
non-physical, random pairs on the sky (random pairs; RPs). The
comparison of these two samples can then be used to account for
the Milky Way contribution (‘TZRM,MW) in a statistical sense. In prin-
ciple, this leaves only the contribution from extragalactic Faraday
rotation. By analysing the difference in (ARM)? between RPs and
PPs in three different ways (rms, median & power-law fits) in Sec-
tion 3, we find that the extragalactic RM variance (U%{M’ex) of our
LOFAR data is < 1 rad’> m™*. In particular, we focus on the trimmed
rms difference between RPs and PPs of 0.4 + 0.3 radm™2 and the
median difference of 0.3 + 0.4 rad m2, with both obtained in the
range of angular scales with appreciable overlap (i.e. 2 to 10 ar-
cmin).

5.1 The Faraday medium local to radio sources

For the purpose of this discussion, we further split the extragalactic
RM variance into contributions local to the sources (O-ZRM,local) and
from the intergalactic medium in filaments and voids on large
scales (O-zRM,IGMF)' At 1.4 GHz, V19 found an rms difference of ~5
to 10 rad m~2 between RPs and PPs. This is similar to ORMex ~
7 radm~2 estimated by Schnitzeler (2010) and Oppermann et al.
(2015) at 1.4 GHz. However, our result at 150 MHz appears to be
in large conflict with the 1.4 GHz results, as one does not expect
a frequency-dependent RM contribution from magnetic fields in
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voids and filaments. Instead, what our results strongly suggest is
that the rms difference of ~5 to 10 rad m~2 found in V19 between
RPs and PPs is dominated by RM variance local to the source
(i.e. from a'ﬁMJocal).

Indeed, V19 estimate that the average difference in local dens-
ity or magnetic field strength in RPs needs to be only a factor of
~1.7 larger than the average difference in density or magnetic field
strength between PPs. For our LOFAR data, there must be a much
smaller variation in the magnetoionic properties between RPs and
PPs. Assuming a redshift distribution similar to that in V19, then
the difference in magnetoionic properties between RPs is at most
15% larger than in PPs. Therefore, the difference between our res-
ults and V19 is not only about the higher RM precision provided
by LOFAR but also points towards a significantly different popula-
tion (or sub-population) of polarized radio sources being probed at
150 MHz (see Section 3.1).

For example, for a polarized signal to be detected at 150 MHz,
only small amounts of Faraday depolarization within the LOFAR
synthesised beam are possible (e.g. less than 0.4 rad m~2 on scales
< 20 arcsec for the most common model of external Faraday dis-
persion, Burn (1966), with p(1) « e"z"lziMﬂ). Alternatively, the po-
larized signal may originate from a compact emission region on
sub-beam scales (e.g. hotspots), and thus the inferred Faraday de-
polarization would not represent the RM variance on larger scales
(i.e. as would be relevant for physical pairs on scales > 100 kpc).
In any case, for radio sources in regions of dense magnetized gas,
such as near the centre of groups and clusters of galaxies, there is
likely too much Faraday depolarization for emission to be detec-
ted at 150 MHz. Furthermore, large asymmetries in the Faraday
rotation properties of opposite lobes are often found in these rich
environments due to, for example, the Laing-Garrington effect (La-
ing 1988; Garrington et al. 1988), which would make the detection
of polarized emission from physical pairs less likely compared to
physically large radio sources that are closer to the plane of the sky
(e.g. Saripalli & Subrahmanyan 2009). This is consistent with re-
cent results that find the majority of polarized detections in LOFAR
data are from hotspots of FRII radio galaxies that are not associ-
ated with galaxy clusters and have large physical sizes (O’Sullivan
et al. 2018a; Stuardi et al. 2020; Mahatma et al. 2020). Therefore,
we expect that LOFAR polarized sources are typically located in
regions of the Universe with low RM variance. This makes them
ideal probes of the weak magnetization of the cosmic filaments and
voids far from galaxy cluster environments.

5.2 Model limits on intergalactic magnetic fields

In Section 4, we take two approaches to deriving upper limits on
intergalactic magnetic fields in filaments and voids. In one ap-
proach, we use a Monte Carlo model to generate distributions of
ARM for RPs and PPs in a universe with an inhomogeneous mat-
ter distribution and with a magnetic field which is a function of the
density inhomogeneities (i.e. B o n2"?). The model allows us to
explore a wide range of input co-moving cosmological magnetic
field strengths (0.1 < By < 10 nG) and correlations lengths (0.1 <
Ig/A; < 1000). For this model, we find that the median |ARM]| is the
best statistical indicator due to the highly non-Gaussian ARM dis-
tribution. Using the observational constraint of the difference in the
median [ARM]| between RPs and PPs of 0.3 + 0.4 rad m~> provides
a upper limit of By < 2.5 nG for magnetic field correlation lengths
Ig/; <1000 (where A4; ~ 2.3 Mpc at z = 0). This limit is compar-
able with upper limits on the primordial field from CMB measure-
ments (Planck Collaboration et al. 2016a), and more than an order
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of magnitude better than the upper limit of ~37 nG on the strength
of the IGMF derived in V19 (for a homogenous universe with n, of
1075 cm™ and a magnetic field correlation length of 1 Mpc).

In the second approach, we compare our observational results
with cosmological MHD simulations (Vazza et al. 2017) in three
different scenarios: a) a primordial field of By = 1 nG, b) a primor-
dial field of By = 10~ nG with dynamo amplification, and c) mag-
netization only from AGN and galactic outflows. In this approach,
the most useful constraint comes from the RM structure function
on the smallest angular scales because this should have the smallest
contribution from the RM variance of the Milky Way (which is not
included in the models). In particular, synthetic RM structure func-
tions for PPs were created from the simulations (as described in
Section 4.2) and constrained by the data for angular separations less
than 1 arcmin (i.e. ((ARM)?) < 1.6 rad’> m™). Both the scenario of
magnetization by astrophysical processes (e.g. AGN and galactic
outflows) and the primordial case are consistent with the data, once
the primordial field is scaled to a smaller initial (spatially uniform)
seed field of By < 0.5 nG. The dynamo amplification scenario is
inconsistent with the data as it produces ARM fluctuations that are
too large. These inferences can be considered preliminary, since
one of the main limitations of the comparison between the models
and the data is our lack of knowledge of the exact redshift distribu-
tion of the observed radio sources. For example, we do not know
the true distribution of physical (and angular) separations for PPs
as a function of redshift. Furthermore, we have not included a cos-
mological model for the RPs, again due to redshift uncertainty. For
future work, in addition to more realistic models based on observed
redshifts, we plan to explore how the LOFAR data might also con-
strain the morphology of primordial magnetic fields, whose initial
spectra are already constrained by PLANCK observations (Planck
Collaboration et al. 2016a). In general, this highlights the poten-
tial of LOFAR data to realistically discriminate between competing
magnetogenesis scenarios.

5.3 Upcoming advances

Much more can be achieved in the near future with LOFAR. In par-
ticular, we expect the sample of pairs to potentially increase by an
order of magnitude for the full LoTSS survey, helping to push well
into the sub-nG regime for the study of cosmic magnetic fields.
In the near term, host galaxy identifications and redshifts will be
provided by the value-added data products in LoTSS DR2. We ex-
pect to get photometric or spectroscopic redshifts for ~80% of the
polarized sources in our current sample (O’Sullivan et al. 2018a).
With the LOFAR-WEAVE survey (Smith et al. 2016), we expect
spectroscopic redshifts for all the polarized radio sources in LoTSS
up to at least z = 1. In combination with the high-fidelity 6 arc-
sec total intensity images provided by the LoTSS survey, these
redshifts will enable precise linear size estimates of the sources,
which will further enhance our ability to distinguish between mag-
netoionic material local to the source and that associated with cos-
mic filaments and voids. In addition, splitting the sample into red-
shift bins (in addition to Az bins for the random pairs) will allow
investigations of the evolution of magnetic fields with cosmic time.

In order to learn more about the properties of LOFAR po-
larized sources (and the IGMF), we will need to consider several
other properties, such as the degree of polarization/depolarization,
the total intensity spectral index, the radio source morphology, the
environment, etc. Such investigations are important to allow a bet-
ter understanding of the different astrophysical contributions to the
total observed RM variance, to weight the RM variance of each

sub-population in an appropriate manner (e.g. Rudnick 2019), and
to potentially remove blazars from the sample. This should be done
in combination with other upcoming RM surveys at higher fre-
quencies (e.g. POSSUM, VLASS; Gaensler et al. 2010; Lacy et al.
2019), which can probe cosmic magnetic fields in high density en-
vironments that are currently inaccessible for LOFAR. In the longer
term, both the SKA-Low and SKA-Mid (e.g. Braun et al. 2015,
and references therein) will be essential to further map out the
frequency-dependent behaviour of the extragalactic RM variance
in order to uncover the nature of magnetic fields in the cosmic web.

6 CONCLUSIONS

We have presented a Faraday rotation study of 349 close pairs of
extragalactic radio sources with LOFAR, to investigate the prop-
erties of extragalactic magnetic fields. The data used are from the
ongoing LOFAR Two-Metre Sky Survey (LoTSS; Shimwell et al.
2019), which is imaging the northern sky in continuum polariza-
tion from 120 to 168 MHz. The large bandwidth at such low fre-
quencies provides exceptional RM precision, with typical errors of
~0.03 rad m~2, which is ~ 300 times better than in the previous
best study (Vernstrom et al. 2019). By considering the variance of
the RM difference between physical pairs (e.g. double-lobed radio
galaxies) and random pairs (i.e. physically different sources with
close projected separations on the sky), we can statistically sep-
arate the extragalactic component of the RM variance from that
due to the Milky Way. In the region of overlapping angular scales
from 2 to 10 arcmin, we find a trimmed rms RM difference of 1.8 +
0.3 rad m~2 for 41 random pairs and 1.4+0.2 rad m~2 for 75 physical
pairs, providing an estimate for the extragalactic rms RM contribu-
tion of 0.4 + 0.3 rad m~2. A similar estimate of 0.3 + 0.4 radm2 is
provided by analysis of the median |ARM]|. This shows that LOFAR
polarized sources probe regions of low extragalactic RM variance.

This result is in apparent conflict with estimates of the ex-
tragalactic variance of ~5 radm™ derived from observations at
1.4 GHz (Vernstrom et al. 2019). There is no expectation of a
frequency-dependent RM from magnetic fields in cosmic filaments
and voids. Therefore, our results point to the contribution of mag-
netoionic material local to the radio source as the dominant ex-
tragalactic contribution at 1.4 GHz (e.g. the magnetized IGM of
galaxy groups and clusters). This means that sources in Vernstrom
et al. (2019) with large RM variance local to the source are depol-
arized below the detection limit at 150 MHz. With these sources
missing from the LOFAR sample, our data are probing the low RM
variance Universe, providing even more stringent constraints on the
magnetization of the cosmic web away from galaxy cluster envir-
onments.

To investigate the implication of our results for the strength of
magnetic fields in filaments and voids, we develop a model to calcu-
late the RM difference between adjacent pairs of cosmic sight-lines.
The model accurately reflects real cosmic over-densities, includ-
ing the expected density correlation for close pairs, and describes a
‘frozen-in’ magnetic field that scales with the density. We use this
model to generate ARM distributions for random and physical pairs
in the cases of co-moving cosmological magnetic fields strengths
(By) ranging from 0.1 to 10 nG. We find that the difference in the
median |[ARM]| provides the most robust statistical constraint. This
allows us to place a conservative limit of By < 2.5 nG for magnetic
field correlations lengths between ~0.1 and 1000 Mpc.

We also compare our results with a suite of cosmological
MHD simulations, allowing us to investigate some different mag-
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netogenesis scenarios. In particular, we investigated the RM vari-
ance generated in three different scenarios: a strong initial prim-
ordial field of 1 nG, a weak primordial field of 10~ nG but with
dynamo amplification, and an astrophysical scenario where mag-
netic field is injected by AGN and galactic outflows. To constrain
the different simulation scenarios, we use the RM structure func-
tion of physical pairs on angular scales less than 1 arcmin. We do
this because these data should have the lowest RM variance contri-
bution from the Milky Way (which is not included in the model).
We find that both the astrophysical scenario and a primordial scen-
ario with a weaker seed field of B < 0.5 nG are consistent with
the current data. Interestingly, the dynamo amplification scenario
is disfavoured because the dispersion in RM is much larger than
the observed scatter in the LOFAR data.

In the coming years, we will be able to significantly expand
on the current sample, in addition to adding redshift information
for the host galaxies of the radio sources. This will allow us to push
well into the sub-nG regime and further constrain both the origin
and evolution of cosmic magnetic fields on large scales.
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