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ABSTRACT

Measuring the properties of extragalactic magnetic fields through the effect of Faraday rotation
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 rotation
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 extragalactic
magnetic fields to ARM along the line of sight between non-physical pairs. From our analysis,
we find no significant difference between the ARM distributions of the physical and non-
physical pairs, limiting the excess Faraday rotation contribution to <1.9 rad m~2 (~95 per cent
confidence). We use this limit with a simple model of an inhomogeneous universe to place an
upper limit of 4 nG on the cosmological co-moving magnetic field strength on Mpc scales. We
also compare the RM data with a more realistic suite of cosmological magnetohydrodynamical
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 magnetic field strengths <0.5 nG cannot be rejected by the
current data; while stronger primordial fields or models with dynamo amplification in filaments
are disfavoured.

Key words: techniques: polarimetric — galaxies: active—galaxies: magnetic fields—large-
scale structure of Universe —radio continuum: galaxies.
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1 INTRODUCTION

Uncovering the origin and understanding the evolution of cosmic
magnetic fields is one of the key science goals for present and
future radio telescopes (e.g. Gaensler, Beck & Feretti 2004; Akahori
et al. 2018). In addition to understanding the influence of magnetic
fields on a range of different astrophysical scales, these studies can

* E-mail: shane.osullivan@dcu.ie
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provide important information on the physics of the early Universe
(Widrow et al. 2012; Jedamzik & Pogosian 2020). In particular,
detecting the presence of magnetic fields in cosmic filaments and
voids can provide key constraints on magnetogenesis scenarios
(Durrer & Neronov 2013; Subramanian 2016), mainly because they
are not as strongly modified as the magnetic fields in galaxies and
galaxy cluster environments. 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
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polarized radio sources to measure 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,
Gaensler & Ryu 2014). This approach should also be possible
in future large surveys of fast radio bursts (FRB), provided that
thousands of FRB rotation measures (RMs) 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, Burles &
Olinto 1999; Hackstein et al. 2016; Pshirkov, Tinyakov & Urban
2016; Planck Collaboration XIX 2016b; Bray & Scaife 2018) to
lower limits of ~107'7 G (Neronov & Vovk 2010; Dermer et al.
2011; Dolag et al. 2011; Tavecchio et al. 2011; Taylor, Vovk
& Neronov 2011). Improving our understanding of the strength
and morphology of these fields will help to discriminate between
competing models for the origin of cosmic magnetism, 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 Universe 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).

Constraining the magnetization of the Universe on large scales
can also help test models of dark matter. For example, axion-like
particles (ALPs) are a promising dark matter candidate (Raffelt &
Stodolsky 1988; Csdki et al. 2003), which are predicted to oscillate
into high-energy photons (and back) in the presence of background
magnetic fields (Horns et al. 2012). Photon-ALP oscillations are
estimated to be possible on scales of a few Mpc in the presence
of magnetic field strengths ranging from ~1 to 10 nG (Montanino
et al. 2017).

The focus of this paper is on using the Faraday 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) = 0812/ n, (cm*f‘) BH (1G) dl (pc)» (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
studies that attempt to detect the faint synchrotron emission from
relativistic electrons in the cosmic web between clusters of galaxies
(e.g. Brown et al. 2017; Vernstrom et al. 2017; Botteon et al. 2018;
Vacca 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 generated from
extragalactic Faraday rotating material (cr}%M’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‘}%M’MW), and a small
contribution from the time-variable RM of the Earth’s ionosphere
(ORp.ion)- in addition to measurement errors (ogy; ). The total RM
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variance is then

2 _ 2 2 2 2
ORM = ORM.ex T ORM,MW T ORM.ion T ORM.err * @3

The majority of recent investigations of RM variance have been
conducted at 1.4 GHz, mainly due to the catalogue of 37 543 RMs
produced from the NRAO VLA Sky Survey data (NVSS; Condon
etal. 1998; Taylor, Stil & Sunstrum 2009). Most investigations have
used this catalogue to study the properties of the Milky Way (e.g.
Harvey-Smith, Madsen & Gaensler 2011; Stil, Taylor & Sunstrum
2011; Oppermann et al. 2012; Purcell et al. 2015; Hutschenreuter
& EnBlin 2019). However, Schnitzeler (2010) and Oppermann et al.
(2015) modelled both the Galactic and extragalactic RM variance
and found a best-fitting extragalactic 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 ~5-10 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 variance (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 2003; 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 tens to thousands
of radm~2, isolating a population of low RM variance sources is
a key objective for experiments that aim to probe foreground RM
screens with high precision (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 regime
for Faraday rotation, using the Low Frequency Array (LOFAR; van
Haarlem et al. 2013) at 144 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 rotation depends on
the wavelength-squared coverage, the advantage of RM studies at
m-wavelengths is a dramatically higher precision on individual RM
measurements (Neld et al. 2018; O’Sullivan et al. 2018b; Van Eck
etal. 2018). However, the effect of Faraday depolarization 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 polarized at a level that
can be detected (e.g. Farnsworth, Rudnick & Brown 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 majority 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 environment,
making them excellent probes of the IGMF and ideal for this project.

In studying the extragalactic RM with these data, we follow the
strategy of Vernstrom et al. (2019), hereafter V19, of taking the RM
difference between close pairs (<20 arcmin) and then separating
the samples into physical and non-physical (or random) pairs. The
physical pairs (PPs) 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
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the extragalactic RM variance due to the IGMF is expected to be
larger 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 classifi-
cation scheme. The observational results are presented in Section 3.
Two approaches to placing model limits on IGMFs 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 cosmology with Hy = 67.8 km s~' Mpc~',
Qym = 0.308, and 2, = 0.692 (Planck Collaboration XIII 2016a).

2 DATA

The LoTSS is an ongoing survey of the northern sky with the
LOFAR High Band Antennas, producing total intensity images and
catalogues with an angular resolution of ~6 arcsec at 144 MHz
(Shimwell et al. 2019). From the second data release (DR2) survey
pipeline (Tasse et al., in preparation), polarization data products
(Stokes Q, U, and V) are also being produced at an angular resolution
of 20 arcsec. In this work, we make use of the Stokes Q and U data
to find linearly polarized radio sources and derive their Faraday RM
values.

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

o0
PG = / F(g)e™* dg, 3)
—00

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 maximum
scale of ~1.0 radm™2 (i.e. no sensitivity to resolved Faraday
depth structures), and a maximum |[RM| of ~170 rad m~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).
Residual ionospheric RM correction errors of ~0.1-0.3 rad m~2 are
expected across a single 8 h observation (Sotomayor-Beltran et al.
2013).

The polarization catalogue is produced by running RM synthesis?
on the Stokes Q and U images for each survey pointing out to a radius
of 2° from the pointing centre. The catalogue used here is produced
from 268 survey pointings that, considering the large overlap
between adjacent pointings, covers a sky area of ~2000 deg?. 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 h with Dec. from 25 to 70°, and
RA of 23 to 3 h with Dec. from 10 to 40°. The large overlap
between pointings means that the same polarized sources are often
found in multiple pointings. These duplicate sources were identified
and only the source closest to a pointing centre was retained. The
Faraday depth range was limited to 4120 rad m~2 with a sampling

Uhttps://github.com/lofar-astron/RMextract
Zhitps://github.com/mrbell/pyrmsynth
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of 0.3 radm~2, mainly due to computer processing and storage
limitations. Searching over a larger Faraday depth range (with a
finer frequency channelization) 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 catalogued if the peak in
the Faraday dispersion function (FDF) was greater than 8 times the
average noise in Q and U (i.e. o gy, calculated from the rms of the
wings of the real and imaginary parts of the FDF at >100 rad m~2).
For an 80y limit we expect a false detection rate of ~107%,
compared to 50 oy Where it may be as high as ~4 per cent (George,
Stil & Keller 2012). The Q and U frequency spectra were extracted
at the source location and RM synthesis® was applied with a finer
sampling of 0.1 rad m~2. The catalogued RM value was obtained
from fitting a parabola to the amplitude of the complex FDF. 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 oy/P), where P
is the peak polarized intensity in the FDF after correction for the
polarization bias following George et al. (2012). Polarized sources
in the Faraday depth range of —3 to +1 radm~> were mainly
discarded due to the presence of substantial contamination from
instrumental polarization, which is shifted from 0 rad m~2 by the
ionospheric RM correction. The focus on this work is to obtain an
initial catalogue of close RM pairs. A more complete LOFAR RM
catalogue is under construction with more uniform sky coverage,
in addition to the inclusion of sources without a close RM pair
(O’Sullivan et al., in preparation).

2.1 Classification of RM pairs

To obtain an initial sample of LOFAR RM pairs, we cross-matched
the preliminary LOFAR RM catalogue (~1000 candidate polarized
sources over ~2000 deg?) with itself, including only pairs with
separations <20 arcmin. 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 restricted to come from the
same pointing to avoid the systematic RM errors introduced by
the different ionosphere corrections for different pointings. In fact,
taking the RM difference between sources within the same pointing
(as we describe later) removes the majority of the residual RM
variance from the ionospheric RM correction, 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 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 (RPs; 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-fidelity
LoTSS Stokes / images available at both 20 and 6 arcsec resolution.
All pairs are at Galactic latitude |b| > 20°, 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

3https://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 random RM pair on the right is composed of two double-lobed
radio galaxies, for which linear polarization is only detected in one lobe of each. 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 colourscale 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.

102

[Z1 Physical
E—3 Random

A6 [arcmin]

Figure 2. Histogram of the angular separation (A#, 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 A9 from 2 to 10 arcmin.

two samples having a different underlying distribution in Galactic
latitude (p = 0.2). The highest number of pairs for a single catalogue
source is 4, with a median of 1. Examples of physical and random
pairs are shown in Fig. 1. Approximately 40 per cent of the random
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
(A0). Since the RM difference can be positive or negative, we expect
amean ARM of zero for large samples. Therefore, we calculate the
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root mean square (rms) in ARM as

e 1

The RM variance contributed by the measurement errors (O o
in equation 2) 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 measurements. Unless
otherwise stated, the variance from measurement errors have been
subtracted from the quoted ARM,,; values. 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 median of
the absolute values of the RM difference (i.e. |ARM|nedian)-

3 RESULTS

In Fig. 2, we show the histogram of angular separations (A8) for
our sample of 148 RPs and 201 PPs. In both cases, we limited the
maximum angular separation to 20 arcmin, 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 resolution). 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 arcmin. They
chose an overlap region of 3—11 arcmin, which contained 158 RPs
and 208 PPs. Although V19 had significantly more sources, our
measurement errors are much lower, such that both experiments
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Table 1. Summary of results in the RM difference (ARM) between pairs.

Classification N ARM;p ARMimsx  |ARM|median
(rad m~2) (rad m~2) (rad m~2)
Random pairs (RP) 148 6.0 £0.5 55+04 1.5+14
Physical pairs (PP) 201 14£0.1 14 +0.1 0.7+0.6
RP: 2-10 arcmin 42 5.1£0.8 1.8+0.3 1.2+£0.6
PP: 2-10 arcmin 75 1.4+02 1.4+02 0.9 +£0.6

Note. ARMpg,: Trimmed rms, with one outlier from the random pairs
removed.

Table 2. Table of the coordinates, angular separation and RM values of all
sources in the sample. The ID column indicates classification as a random or
physical pair with the ‘r’ or ‘p’ suffix. The nominal RM error value does not
include the error from the ionosphere RM correction, and thus is only valid
in the case of taking the difference in RM between pairs in this catalogue.

ID RA Dec. A6 RM RM error
(J2000) (J2000) (arcmin) (radm~2) (radm~2)
Ip 00:18:09.27 31:01:19.19 248  —76.848  0.045
Ip 00:18:08.39  31:03:47.53 248  —177.338  0.016
2p 00:29:00.04  29:42:15.88 122 —62950  0.010
2p 00:29:05.56  29:42:01.73 122 —60.584  0.007
3p 00:44:34.09 12:11:26.59 0.80 —15.581  0.013
3p 00:44:36.24 12:10:50.60 0.80 —14.323  0.005
4p 00:45:59.20  22:26:54.03 750 —45.683  0.016
4p 00:46:31.67 22:27:06.75 750  —48.699  0.026
5p 00:46:54.30 12:57:06.82 356 —12.789  0.006
5p 00:46:52.13 12:53:35.36 356 —13.192  0.020
6r 00:47:06.84 12:44:52.99 1261  —11.804  0.030
6r 00:46:54.30 12:57:06.82 1261  —12.789  0.006
Tp 00:51:02.21 13:13:37.38 552 —14.196  0.054
Tp 00:50:44.09 13:16:56.84 552 —17.856  0.033
8r 00:53:23.20  33:27:25.21 887 —57.024  0.016
8r 00:52:40.78 33:26:51.98 8.87 —63.782  0.039
9 01:01:23.40  29:28:52.50 185 —67.635  0.043
9 01:01:30.60  29:27:53.26 1.85 —70.170  0.028

Note. Except of the full table that is available online.

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 A# 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 variance.
The variance added by the measurement errors (i.e. ogy . in
equation (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 rms of the RM difference for all RPs, ARMyyrp =
6.0 £ 0.5 radm~2 while ARMypp = 1.4 £ 0.1 radm™2 (in
all cases we quote the rms with the error variance subtracted,
and the associated uncertainty is the standard error in the mean).
KS and Anderson-Darling (AD) tests indicate that the difference
between RPs and PPs is significant at >5¢ (with p-values of ~10~7
and ~107*, respectively). The empirical cumulative distribution
function (ECDF) of (ARM)? is shown in Fig. 4, with all PPs and RPs
shown with dotted lines. This difference is dominated by the general
trend of larger ARM variations at larger angular separations (Fig. 3),
as is expected if the Milky Way ISM is a significant contributing
factor to the RM variance on these angular scales (e.g. Stil et al.
2011).
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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
(A6, in units of arcminutes). Physical pairs are shown as orange cross
symbols while the random pairs are shown as blue plus symbols (with the
outlier 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,
constant 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 grey dotted vertical lines bound the overlap
region of 2—10 arcmin.
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Figure 4. 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.

If we restrict the comparison only to the region of sig-
nificant overlap in angular separation (i.e. 2-10 arcmin), then
we have ARMyrp = 5.1 £ 0.8 radm™ and ARMppp =
1.4 £ 0.1 radm~2. However, the rms for the RPs is strongly
affected by one outlier, with the highest value of ARM,s in
the sample of ~954 rad> m™ (highlighted by a box in Fig 3).
Therefore, we introduce the ‘trimmed rms’ (ARM,:) with this
outlier removed. This reduces the rms of the RPs to ARM;psrp =
1.8 £ 0.3 rad m 2, giving a difference of 0.4 & 0.3 rad m~> between
the RPs and PPs between 2 and 10 arcmin. The difference in the
median values of |ARM]| for RPs and PPs in the overlap region

MNRAS 495, 2607-2619 (2020)

202 ABIN 2z U0 15aNB Aq 6251 ¥85/2092/€/S6/2I01E/SEIUW/ W09 dNod1Wapeo.//:Sd)ly WOl papeojumod



2612  S. P. O’Sullivan et al.

-4- Physical (1.4 GHz)
-4- Random (1.4 GHz)
1024 —— Physical (144 MHz)
—}— Random (144 MHz)

-
-

101 4

(ARM(A6)2) [rad? m—4]

100 4

100 101
A6 [arcmin]

Figure S. Plot of the RM structure functions [i.e. mean bins of (ARM)? as
a function of the pair angular separation, A@] with the noise power from
measurement errors subtracted, for PPs (orange) and RPs (blue) at 144 MHz.
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 seven
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 circles) and RPs (dark blue circles), connected by dashed lines.

is 0.3 £ 0.8 rad m~2. For the uncertainties in the median | ARM],
we use the median absolute deviation (i.e. half the interquartile
range). These results are summarized in Table 1. The ECDFs of
(ARM)? for only those RPs and PPs in the overlapping angular
separation region of 2—10 arcmin are shown with solid lines in
Fig. 4. 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 exclusion of the outlier does
not significantly affect the KS or AD test results (p-values of 0.20
and 0.08). Therefore, based on the difference in the trimmed rms
(ARMyps:) values of 0.4 + 0.3 radm~2 and the difference in the
median values of |[ARM| of 0.3 £ 0.8 radm~2, we consider a
conservative upper limit on the excess Faraday rotation contribution
between RPs to be 1.9 rad m~? (i.e. the median difference plus twice
the uncertainty). We use this upper limit to derive a model limit on
extragalactic magnetic fields in Section 4.1.

3.1 Trends in ARM as a function of angular separation

We also fit a power-law function to the RPs and PPs data, (ARM)? =
k AO7, where k is a constant with units of rad> m~* arcmin~". We
find krp = 0.6 £ 1.0, yrp = 0.6 £ 0.4 and kpp = 0.25 £+ 0.04,
yep = 0.8 £ 0.2. These fits are shown in Fig. 3. The difference
in (ARM)? between the power-law fits at the average separation in
the overlapping region (i.e. 6 arcmin) is ~0.8 rad’> m™*. Attempts
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(A0)?) = % > [RM;(6) — RMa(6 + AO)J?. )

i

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
fitting power laws to these data in a similar manner to above,
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with ((ARM)2> = ksp AQVSF, we find ks]:,Rp =02=% 01, Y SERP =
1.9 £ 0.2 (with the outlier removed) and ksgpp = 1.8 = 0.3, Y sppp =
0.4 £ 0.1. These fits are shown by dotted lines in Fig. 5. The values
of ysr are in stark contrast with those found in V19 (ysgrpnvss =
0.6 £ 0.1, yspppnvss = 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,RP,NVSS =50 + 30, kSFA,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.

3.2 Comparison with RM data at 1.4 GHz

We find that 203 out of the 698 source components in this study
(~29 per cent) have corresponding RM values at 1.4 GHz in the
Taylor et al. (2009) catalogue. The vast majority, 91 per cent
(97 per cent), of the corresponding RM values are consistent
within 30 (50) of the combined RM error. The LOFAR sources
that are not in the NVSS RM catalogue are on average ~3 times
fainter in total intensity at 144 MHz. This means that the majority
of the LOFAR polarized sources are too faint to be detected in
the NVSS, while the majority of the NVSS sources are depo-
larized at LOFAR frequencies (e.g. O’Sullivan et al. 2018a). For
those pairs that have counterparts in the V19 catalogue, we find
ARMrms,RP,NVSS ~ 18 radm~2 and ARMrms,PPﬁNVSS ~ 5 rad mfz,
which is consistent with the results presented in V19. However, for
the exact same sources we find ARMysrprorar ~ 5 rad m~2 and
ARM; s ppLoFAR ~ 2 rad m~2. Furthermore, the median degrees of
polarization for these RPs and PPs at 1.4 GHz are ~7 per cent and
~11 per cent, respectively, while at 144 MHz they are significantly
lower at ~1.5 per cent and ~3 per cent, respectively.

This large difference in both the RM variance and degree of
polarization of the same sources at 1.4 GHz and 144 MHz is most
likely related to the broader range of Faraday depths that are probed
local to the sources at 1.4 GHz. A plausible scenario is that the
LOFAR observations are only sensitive to the low RM variance
regions of these sources, and that the differences between the V19
results and those presented here are due to the RM properties of
the local source environment. The difference in angular resolution
between these studies (a factor of 3) may also play a role and a more
detailed investigation is needed, including high angular resolution
observations at 1.4 GHz.

The above hypothesis is supported by comparison of the RM
structure functions at 144 MHz and 1.4 GHz (analysed in Section 3.1
and shown in Fig. 5). The difference between the RP data at 1.4 GHz
and 144 MHz is ~10 rad m~2, which is comparable to the total
extragalactic RM variance estimated by V19, Schnitzeler (2010) and
Oppermann et al. (2015). This likely reflects the typical contribution
to the RM variance at 1.4 GHz provided by the magnetized
intragroup/intracluster medium surrounding radio galaxies. In this
case, the Faraday depolarization caused by these environments is
sufficient to depolarize the majority of sources below the detection
threshold at 144 MHz, leaving only the low RM variance regions
of some of these sources detectable with LOFAR.

The 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 separations are needed to
test this hypothesis). The flattening of the slope of the RM structure
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Figure 6. Plot of the average RM, [(RM)|, versus the RM difference,
|ARM]|, for each pair. A Spearman rank test indicates they are weakly
correlated, with a correlation coefficient of 0.2, at a significant level (p-
value ~1073).

function towards smaller angular scales (as probed by the PPs),
may reflect a growing contribution of the extragalactic RM variance
(relative to the Milky Way), with ((ARM)?) < 1.6 rad’> m~ on the
smallest angular separations (Fig. 5). We use this limit as a constraint
for cosmological magnetohydrodynamical (MHD) simulations in
Section 4.2.

If the Milky Way dominates the RM variance, then we might
expect the average RM of each pair to be correlated with ARM,
because the average RM is known to be dominated by the Milky Way
(e.g. Oppermann et al. 2012). In Fig. 6, we plot the absolute value
of the average RM, [(RM)|, versus the absolute value of the RM
difference, | ARM]|, for each pair. A Spearman rank test indicates
these quantities are weakly correlated (correlation coefficient of
0.23) with a significance of ~4.40 (p-value ~ 10~°). The correlation
for PPs is slightly stronger (0.26, p-value ~ 10~*) than for RPs (0.20,
p-value ~ 1072). This indicates that, as expected, the Milky Way
contributes to the RM variance even on these small angular scales.
However, it remains unclear what the exact contribution is relative
to the extragalactic RM variance. A much higher surface density of
polarized sources on the sky is required to accurately estimate the
Milky Way RM contribution for this data set

4 SIMULATIONS

4.1 Monte Carlo modelling of extragalactic RM pairs

In order to understand the implications for the properties of
IGMFs based on the results in Section 3, we develop some basic
simulations of extragalactic Faraday rotation. We use a model of
an inhomogeneous evolving universe, with an initial cosmological
magnetic field, the strength of which is scaled with the local
density variations. This model allows us to calculate the RM along
cosmic sightlines to PPs and RPs for different angular and redshift
separations. We investigate a wide range of initial magnetic field
strengths and correlation lengths, which are then constrained by the
RM observations. In Section 4.1.1, we comment on some of the
limitations of this model and compare this approach with simpler
models in Section 4.1.2.

Following Blasi et al. (1999) and Pshirkov et al. (2016), we model
the electron number density along cosmic lines of sight as n.(z) =

IGMF limits with LOFAR 2613
1. (0)(1 + 8.)(1 + z)?, with ,(0) = 1.8 x 10~7 cm™ and §, being
the electron overdensity. We draw the electron overdensity §, from
a lognormal distribution, with §, varying on scales of the Jeans
length, A;(z) ~ 2.3(1 + z)~'> Mpc. The lognormal distribution is
given by

_ 2
P((Se) _ _ [In(1 + 6.) /fLe(Z)] } . (6)

1
ex
V2mo.(1+8,) P { 202

where the mean (,) and standard deviation (o) of the logarithm of
the §, distribution are constrained from observations of the Lyman
o forest (e.g. Bi & Davidsen 1997), with o,(z) = 0.08 4+ 5.37(1 +
)7 —421(1 +2)72 + 1.44(1 + z)~3 and p.(z) = —0.(z)*/2. For
close pairs of sources we also need to include a prescription for the
correlation of the densities along adjacent lines of sight. For this we
use the two-point galaxy correlation function &(r, z) = (r/rg) V(1
+ z)~®* 7, including its expected redshift evolution, with y ~ 1.8
and ry ~ 5h~! Mpc (e.g. Mo, van den Bosch & White 2010). We
consider this correlation function valid for scales between 0.2 and
30 h~! Mpc. Practically, we implement the correlated draws using
a bi-variate Gaussian distribution before taking the exponential,
where the off-diagonal terms of the covariance matrix are given by
Ec=1In(1+£)(e.g. Coles & Jones 1991; Chuang et al. 2015; Baratta
et al. 2019). For separations between adjacent cells larger than
30 h~! Mpc, we draw from an uncorrelated lognormal distribution,
while the same density is assigned for cell separations less than
0.2~ Mpc.

We model the magnetic field strength as a scaled function of the
density and redshift following B(z) = Bo[n.(z)/n.(0)]*?, which is
a reasonable expectation in the case of isotropic gas compression
(e.g. Locatelli, Vazza & Dominguez-Fernandez 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 assigned at
each step by multiplying the amplitude of the field by a number
drawn from a uniform [—1, 1] distribution. The RM values were
obtained by summing the RM contributions over all cells along an
individual line of sight (from the source to us), while accounting
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 lognormal redshift distribution
(u; =—1,0,=1), which has amedian of z ~ 0.37 and is consistent
with the redshift distribution of polarized extragalactic radio sources
(O’Sullivan et al. 2018a; Hardcastle et al. 2019; Vernstrom et al.
2019). 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 (Section 3.2).
Similarly, we do not know the projected linear size distribution of
our physical pairs, but we can again reasonably model this as a
lognormal distribution (u)s = —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 catalogue.

For the PPs, we first draw the redshift of the radio galaxy, then the
linear size, and compute the separation, 6, between the pair using
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Figure 7. Plot of | ARM|median,RP — |ARM|medianpp (in rad m~2) versus
the input initial cosmological magnetic field strength (Bg in nG), provided by
the inhomogeneous universe model, described in Section 4.1. The lines trace
the growth in the difference in the Faraday rotation between RPs and PPs for
increasing values of By. The shaded regions outline the upper limits on By
for various magnetic field correlation lengths (/p in units of the Jeans length,
1), provided by the points at which the upper limit of 1.9 rad m~2 (derived
in Section 3) intersects with the lines. The line furthest to the right defines
the upper limit of By < 4 nG on Mpc scales.

the angular diameter distance. We construct two sightlines to the
radio galaxy, only allowing the range 2 < # < 10 arcmin, to obtain
the RM for each sightline, before calculating the RM difference
(in a random manner). 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 10000 draws each for both RPs and PPs.
This produced smooth distributions of ARM from which we could
obtain reliable statistics.

We then generate ARM distributions for RPs and PPs for a grid
of By and [ values. The simulations are run for a grid of 0.1 <
By <10 nG and 0.1 < [p/A; < 10, both with 10 even steps in log
space. To extend the grid to large values of /3, we also produce
ARM distributions for 10 < Iz/x; < 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
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).

Fig. 7 shows the value of |ARM|nedianrp — |ARM |medianpp fOr
variations in By and /z. The shaded regions outline the allowed
values of By based on the limit of 1.9 radm~2 from Section 3.
The lines show the dependence of the excess Faraday rotation
contribution to RPs on By, for correlation lengths in the range 0.1
< Ig/x; < 1000. Only small variations are present in the model
output for 0.1 < Ig/x; < 10 so we just show one line for the average
dependence. This places a conservative limit on the co-moving
cosmological magnetic field of By < 4 nG for correlation lengths
on Mpc scales (with smaller By limits for larger /). This limit should
not be confused with the magnetic field strength in overdensities,

“https://joblib.readthedocs.io/en/latest/parallel.html
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which can be an order of magnitude larger due to the scaling with
density in this model.

4.1.1 Limitations of the Monte Carlo model

While the above model is a good approximation for spherical
overdensities and underdense regions like voids, a major limitation
of this approach is that it does not accurately describe the density
variations expected in cosmic sheets and filaments. If the contribu-
tion of magnetic fields in sheets and filaments to the observed RM
is significant, then it is plausible that the magnetic field limits from
this model are overestimated. Further limitations of the model are
the assumption of how the magnetic field scales with the electron
density, as well as the existence of a single correlation scale of
magnetic fields along the line of sight.

Although limited, we consider this model an advance on models
with a homogenous electron density distribution and magnetic field
strength along the line of sight. The inhomogeneous model can be
developed further by incorporating more realistic electron density
distributions that better represent cosmic sheets and filaments, in
addition to better modelling of the physical properties of the sources
in the sample after obtaining their redshifts.

4.1.2 Alternative approaches to magnetic field limits

The simplest model one can adopt is of a homogeneous universe,
where the excess ARMy, of <1.9 rad m~2 comes from a uniform
IGM along the line of sight between the RPs. In this case, we take
the median redshift of the RPs to be 0.4 in order to estimate the
average electron density of 1, = 1,(0)(1 + z)* ~ 5 x 1077 cm™3,
with an rms magnetic field in the IGM (Bigm.ms) having a coherence
length (/) of 1 Mpc. We take the typical distance between the RPs
to be L ~ 1 Gpc (using the median Az of ~0.4 between RPs found
in V19). This leads to a limit of Bigm.ms < 260 nG, for

o <19 BioM. tms n,
RMLex ’ 260 nG 5x 1077 cm—3

/ L 12
X | ——— rad m2. (7)
1 Mpc 1 Gpc

However, as we expect the RM signal to be dominated by overdense
regions along the line of sight (e.g. Akahori & Ryu 2011), we con-
sider the limits from the inhomogeneous model more appropriate,
even though our inhomogeneous model does not accurately describe
the filamentary structure of the cosmic web as seen in cosmological
simulations.

Alternatively, one could assume the extragalactic RM variance
between RPs is completely dominated by cosmic sheets and
filaments (with an insignificant contribution from voids). In this
case, a limit on the rms magnetic field strength in the sheets and
filaments (Bgament) can be estimated. Using the same coherence
length and path-length as above, and assuming that 25 per cent of
the line of sight between RPs (i.e. fL ~ 0.25 Gpc) is intersected by
sheets or filaments (e.g. Cautun et al. 2014), we find that an rms
magnetic field strength of ~26 nG and an average electron density
of 107 ¢cm™3, could provide

o <19 Bﬁlamem ( Ne filament )
fiex =27\ 260G ) \10-5 cm3

12
X ! /L rad m2. (8)
1 Mpc 1 Gpe
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If we further assume that the magnetic field in the filaments scales
from an initial cosmological field as (ne flameni/7¢(0))*?, then the
initial field would be ~2 nG (within a factor of 2 of our limit of
4 nG in Section 4.1).

4.2 Comparison with cosmological simulations

For constraints based on a more realistic model of the universe,
we use the results of recent MHD simulations considering several
different scenarios for the origin and amplification of extragalactic
magnetic fields (Vazzaet 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 (cf. Fig. 5 for A6 < 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 three-dimensional distribution of magnetic fields and electron
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
etal. (2017). A detailed survey of all models allowed by the LOFAR
data is beyond the scope of the current work, but will become more
feasible when we know the redshift distribution of the LOFAR
sources.

The three different scenarios were simulated in a co-moving
(85Mpc)® volume with 10243 cells, using the ENZO code (Vazza
et al. 2017). The different prescriptions for the injection and
evolution of magnetic fields were (a) a primordial, uniform, volume-
filling, co-moving magnetic field of By = 0.5 nG at the beginning of
the simulation; (b) a primordial model starting from the much lower
level of By = 10~ nG but including a run-time modelling of dynamo
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),
aresidual level of magnetization (~1-10 nG) is present everywhere
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 haloes, due to the strong association
between sources of magnetization and the haloes. 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 light-cones 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 investigated in a future publication. In detail, using different
snapshots of the above runs, we integrated along light-cones 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). 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.
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Figure 8. Simulated distribution of ARM(A)? as a function of angular
separation 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 lo dispersion. The dark shaded region outlining the
LOFAR data is identical to that shown in Fig. 5 for the PPs. The blue
line gives the prediction for a uniform primordial model of By = 0.5 nG (co-
moving). The variance around each model is due to the redshift distribution
of sources.

Fig. 8 shows the simulated distribution of ARM(A6G)? as a
function of angular separation for the three models, enabling a
direct comparison with the LOFAR data (dark shaded region).
Note that the RM variance from the Milky Way is not included
in the models (so the model trends are not expected to exceed
the LOFAR curve). The dynamo amplification model (green) is
quite far from our 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-
100 nG on the average magnetization of filaments crossed by the
polarized emission observed with LOFAR. On the other hand, the
astrophysical scenario (red line) and the uniform primordial model
(blue line) give 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. This in turn suggests that By &~ 0.5 nG
is the upper limit on primordial magnetic fields that can be derived
from the LOFAR data. Conversely, no rescaling can reconcile the
simulated statistics of ARM(A®)? 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 fluctuations
that are present across the distribution of filaments in the dynamo
scenario (e.g. Ryu et al. 2008).

We note that the constant spatial resolution of the cosmological
simulations (83 kpc per cell) means that scales below 1 arcmin
are not resolved by the simulation for the z < 0.07 portion of the
light-cone. 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. It is also important to note that the
simulated pairs were not placed at the physical location of the AGN
outflows. In general, this was done to avoid a strong contribution
from the ambient AGN medium to all sources, which would have
the effect of increasing the RM variance for a fixed primordial
field strength. To remain consistent with the LOFAR data, this
would then have pushed the magnetic field limits even lower and
made assessing the dynamo amplification scenario in filaments
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difficult. Our approach is also potentially more consistent with
the data because we do not expect to detect polarized emission
from LOFAR sources embedded in dense magnetoionic media
(e.g. Stuardi et al. 2020). This means the dynamo scenario is
disfavoured solely in cosmic filaments, and not in denser regions
like in the intracluster medium. The ability to model magnetic
field fluctuations on small scales would need to be added to the
simulations before a more realistic distribution of radio galaxy
environments could be included. Our hypothesis for the difference
between the V19 and LOFAR results (i.e. the difference being due
to the ambient radio galaxy medium) could be tested with such an
implementation.

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. equation 2).
The RM variance introduced by the ionosphere (o,%M’ion) was
accounted 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 ;) was subtracted from the quoted rms
values, although the effect of this is minor due to the small LOFAR
RM errors (~0.03 rad m~2). We then split the (ARM)? sample into
pairs from the same physical source (PPs) and non-physical, random
pairs on the sky (RPs). The comparison of these two samples can
then be used to account for the Milky Way contribution (o2y; yw) in
a statistical sense. In principle, this leaves only the contribution
from extragalactic Faraday rotation (UI%M_SX). By analysing the
difference in (ARM)? between RPs and PPs in Section 3, we
limit the extragalactic RM contribution between the LOFAR RPs to
<1.9 rad m~2 (~95 per cent confidence).

5.1 The Faraday medium local to radio sources

For the discussion, we split the extragalactic RM variance into
contributions local to the source (ogy 1oc,) and from the intergalactic
medium in the more distant foreground (o2y; ;gur)- At 1.4 GHz,
V19 found an rms difference of ~5-10 rad m~2 between RPs and
PPs. This is similar to o rpex ~ 7 rad m~2 estimated by Schnitzeler
(2010) and Oppermann et al. (2015) at 1.4 GHz. However, our result
at 144 MHz (i.e. opmex < 1.9 radm~2) appears to be in conflict
with the 1.4 GHz results, as one does not expect a strong frequency-
dependent ormicmr. We investigated this further in Section 3.2,
where we found that (a) the majority of the 144 MHz polarized
sources were not detected in the NVSS at 1.4 GHz (because they are
too faint, as LoTSS is ~10 times more sensitive for steep spectrum
sources), (b) most polarized sources at 1.4 GHz are not detected at
144 MHz (due to Faraday depolarization), and importantly (c) the
polarized sources in common have a smaller ARM;y,s (and degree
of polarization) at 144 MHz. This indicates that the larger rms
difference of ~5-10 rad m~2 found in V19 between RPs and PPs
is due to RM variance in the magnetized environment local to the
sources (i.e. from o3y ocq)-

For example, for a polarized signal to be detected at 144 MHz,
only small amounts of Faraday depolarization within the LOFAR
synthesized beam are possible (e.g. less than 0.4 rad m~2 on scales
<20 arcsec for the most common model of external Faraday
dispersion, Burn (1966), with p(1) o e—ZqﬁMA“‘). Alternatively, the
polarized signal may originate from a compact emission region
on sub-beam scales (e.g. hotspots), and thus the inferred Faraday
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depolarization 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 detected at 144 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 (Garrington et al. 1988; Laing 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 recent results that find the majority of polarized
detections in LOFAR data are from hotspots of FRII radio galaxies
that are not associated with galaxy clusters and have large physical
sizes (O’Sullivan et al. 2018a; Stuardi et al. 2020; Mahatma et
al. in preparation). 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 the co-moving cosmological magnetic field strength. In one
approach, we use a Monte Carlo model to generate distributions
of ARM for RPs and PPs in a universe with an inhomogeneous
matter distribution and with a magnetic field strength that scales
with the density inhomogeneities (i.e. B o n%/*). 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 distribution. Using the observational constraint of
the difference in the median |ARM]| between RPs and PPs being
<1.9 radm~2 provides an upper limit of By < 4 nG for magnetic
field correlation lengths in the range 0.1 < Ig/A; < 10 (where A; ~
2.3 Mpc at z = 0). This limit is comparable with upper limits on the
primordial field from CMB measurements (Planck Collaboration
XIX 2016b), and almost 10 times lower than the upper limit of
~37 nG derived in V19.

In the second approach, we compare our observational results
with cosmological MHD simulations (Vazzaet al. 2017) in three dif-
ferent scenarios: (a) a strong initial primordial field of By = 0.5 nG,
(b) a primordial field of By = 10~° nG with dynamo amplification,
and (c) magnetization 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 functions 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, for an initial (spatially uniform) primordial 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 distribution
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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. Also, the simulated PPs are not placed
at the location of AGN outflows (i.e. no model contribution of
ORM.locat)» Which leads to more conservative upper limits on the
seed field and provides constraints that are more relevant to the
dynamo amplification of field in filaments (rather than in more
dense regions such as near galaxy clusters). Furthermore, we have
not included a model for the RPs, mainly due to the lack of
redshift information. For future work, in addition to more realistic
models based on observed redshifts and environments, we plan to
explore how the LOFAR data might also constrain the morphology
of primordial magnetic fields, whose initial spectra are already
constrained by PLANCK observations (Planck Collaboration XIX
2016b). In general, this highlights the potential 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
particular, 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 expect to
get photometric or spectroscopic redshifts for ~80 per cent 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 arcsec
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 magnetoionic
material local to the source and that associated with cosmic filaments
and voids. In addition, splitting the sample into redshift 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 polarized
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
better 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 frequencies (e.g. POSSUM, VLASS; Gaensler et al. 2010;
Lacy et al. 2020), which can probe cosmic magnetic fields in high-
density environments 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 ex-
tragalactic radio sources with LOFAR, to investigate the properties
of extragalactic magnetic fields. The data used are from the ongoing
LoTSS (Shimwell et al. 2019), which is imaging the northern sky in
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continuum polarization from 120 to 168 MHz. The large bandwidth
at such low frequencies provides exceptional RM precision, with
typical errors of ~0.03 rad m~2, which are ~300 times better than
available for previous studies (e.g. Vernstrom et al. 2019).

By considering the variance of the RM difference between
physical pairs (e.g. double-lobed radio galaxies) and non-physical,
random pairs (i.e. physically different sources with close projected
separations on the sky), we statistically separate 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 4+ 0.2 radm~2 for 75 physical pairs, providing an
estimate of +0.4 £ 0.3 rad m~ for the excess Faraday rotation expe-
rienced by random pairs. A similar estimate of +0.3 & 0.8 rad m 2 is
found from an analysis of the median |ARM|. A KS test indicates
that there is no significant difference between the ARM distributions
of random and physical pairs in the region of overlapping angular
scales. Using the difference in the median |ARM| values, we place
an upper limit of 1.9 radm~2 (~95 per cent confidence) on the
excess extragalactic Faraday rotation contribution to random pairs
over physical pairs.

This result is in apparent conflict with estimates of the extragalac-
tic variance of ~5-10 rad m~2 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 magnetoionic
material local to the radio source as the dominant extragalactic
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 depolarized below
the detection limit at 144 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 environments.

To investigate the implication of our results for the strength of
the co-moving cosmological magnetic field (By), we use a model of
an inhomogeneous universe to calculate the RM difference between
adjacent pairs of cosmic sightlines. We use this model to generate
ARM distributions for random and physical pairs for a wide range
of input values of By and the field correlation length. This allows us
to place a limit of By < 4 nG on Mpc scales.

We also compare our results with a suite of cosmological MHD
simulations, allowing us to investigate different magnetogenesis
scenarios. In particular, we investigated the RM variance generated
in three different scenarios: a strong initial primordial field of
0.5 nG, a weak primordial field of 10~ nG but with dynamo
amplification, and an astrophysical scenario where magnetic field
is injected solely by AGN and galactic outflows. To constrain the
different simulation scenarios, we use the observed RM structure
function of physical pairs on angular scales less than 1 arcmin,
because these data should have the lowest RM variance contribution
from the Milky Way (which is not included in the model). We
find that both the astrophysical scenario and a primordial scenario
(with a seed field of B < 0.5 nG) are consistent with the current
data. Interestingly, the dynamo amplification in cosmic filaments
is disfavoured because the RM dispersion 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
into the sub-nG regime and further constrain both the origin and
evolution of cosmic magnetic fields on large scales.
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