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ASTRONOMY

Polarized accretion shocks from the cosmic web

Tessa Vernstrom'2¥, Jennifer West3, Franco Vazza®>%, Denis Wittor®4,

Christopher John Riseley*>2, George Heald?

On the largest scales, galaxies are pulled together by gravity to form clusters, which are connected by filaments
making a web-like pattern. Radio emission is predicted from this cosmic web, which should originate from the
strong accretion shocks around the cosmic structures. We present the first observational evidence that Fermi-
type acceleration from strong shocks surrounding the filaments of the cosmic web, as well as in peripherals of
low-mass clusters, is at work in the Universe. Using all-sky radio maps and stacking on clusters and filaments, we
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have detected the polarization signature of the synchrotron emission with polarization fractions >20%, which is
best explained by the organization of local magnetic fields by strong shock waves both at the cluster peripheries
and between clusters. Our interpretation is well supported by a detailed comparison with state-of-the-art cos-

mological simulations.

INTRODUCTION

The cosmic web is the term used to refer to the clusters (and super-
clusters), filaments, and voids that make up the large-scale structure
of the Universe (I). In A cold dark matter (ACDM) cosmology, this
web is formed from the anisotropic gravitational collapse of matter
from primordial overdensities. Clusters of galaxies are the most
dense regions of space, forming at the intersections of the cosmic
web. Galaxy clusters are connected by filaments. However, voids,
the most underdense regions in the Universe, fill most of the
volume. Since the seminal works by Y. B. Zeldovich in 1970 (2), it
has been understood that the formation of self-gravitating cosmic
structures cannot proceed without having ordinary matter
undergo strong shock heating, which must fill enormous volumes
of the Universe with T ~ 10° to 10”7 K of plasma.

The synchrotron cosmic web refers to the synchrotron emission
that is expected to be generated in these regions from intergalactic
magnetic fields and by electrons accelerated by shocks from infall-
ing matter through the diffusive shock (Fermi-I) acceleration mech-
anism (DSA) (3). Many simulations predict and model this
synchrotron emission (4-9); however, observational confirmation
of these models has remained elusive.

There have been numerous detections and studies of diffuse
radio emission in clusters (10—12). This emission consists of differ-
ent categories such as radio halos, which are centrally located large-
scale diffuse sources that roughly follow the intracluster medium
mass distribution and are generally produced through second-
order Fermi acceleration (Fermi-II) (13, 14) and/or secondary elec-
trons for cosmic ray acceleration (15-17). Another class of diffuse
emission is that of cluster shocks or relics. These are diffuse sources
that come from particles (re)accelerated by intracluster shock waves
from mergers (18-20). Of these types of sources, only about 100
have been detected, and they have only been seen in high-mass
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clusters (mass in solar mass units >10'* Mg). More than 40% of
clusters show evidence of a disturbed dynamical state (mergers)
(21), while less than 10% have had detections of radio emission
that are expected to accompany mergers (10).

It is thought that similar processes should be present in between
clusters in intercluster bridges and filaments as well. To date, only a
few inter- and intracluster bridges have been found to host detect-
able diffuse radio emission (22—25). Even within the now most well-
studied radio intercluster bridge, the particle acceleration mecha-
nism for the emission is debated between Fermi-I processes (22)
and more turbulent Fermi-II processes (26). While such radio de-
tection is compatible with synchrotron emission by weak magnetic
fields organized on scales of megaparsecs, the mechanism that
could accelerate ultrarelativistic electrons in such diluted plasmas
(or the potential contribution from radio galaxies or other
sources) remains more debatable. A plausible scenario to refill
such giant volumes, away from any other galaxy, would be Fermi-
type acceleration by shocks forming at the periphery of filaments.
The existence of such shocks is still an unproven core concept of
our models of cosmic structure formation and growth. The magnet-
ic field strength in filaments is still not well known, with values from
diffuse synchrotron emission ranging from 30 to 100 nG (from
either equipartition or inverse Compton scattering calculations or
comparison with DSA simulations) (27-30) and from Faraday rota-
tion measure (RM) studies ranging from 10 to 100 nG (31-35).
Moreover, it is still unknown how turbulent the environment
inside filaments is.

While the overdense matter distribution tracked by galaxies has
long since been detected with optical and infrared surveys, the pres-
ence of diluted and hot plasmas in between galaxies has so far been
detected only in a statistical way. The method of stacking filaments,
or pairs of clusters to detect filamentary emission between them, has
had success in recent years via the thermal Sunyaev-Zel'dovich
effect (36, 37), weak lensing (38, 39), the dark matter mass-to-
light ratio (40), thermal x-ray emission (27, 41, 42), and, by our
group, radio synchrotron emission (27). However, in general, the
number of known clusters is not large enough for such stacking ex-
periments, and a tracer for clusters and groups must be used. Pairs
of luminous red galaxies (LRGs) are a commonly used tracer. LRGs
are early-type massive galaxies that are known to usually reside in
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the centers of groups or clusters (43—45) and are identified in optical
surveys in much larger numbers than galaxy clusters. Stacking many
clusters or pairs of clusters decreases the noise, allowing one to look
for an average signal from the objects well below the noise level of
the image. In some cases, stacking may be the only method of ob-
serving such faint or diffuse emission (as direct imaging, even with
future telescopes, may still have imaging limitations and be affected
by confusion of galaxies).

Using LRGs from the Sloan Digital Sky Survey (SDSS) Data
Release 7 LRG catalog (46), we stacked 612,025 pairs of LRGs or
clusters that are physically near each other in three-dimensional
(3D) space, i.e., with physical separations between 1 and 15 Mpc.
These cluster pairs are most likely connected by filaments (from
here, these are referred to as the “connected” pairs, although not
all of the pairs are in reality connected by filaments). To perform
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the stacking, cutouts were made of all the pairs, which were then
rotated and scaled. This ensured that the clusters and filaments
would line up and any signal would add together. To compare,
we also stacked on pairs of clusters that are separated in physical
space by hundreds or thousands of megaparsecs although, due to
projection, still appear near to each other on the sky (these pairs
are a control sample where strong filamentary emission is not ex-
pected and are referred to as “unconnected” pairs). We stacked on
data from two radio surveys: the 1.4-GHz total and polarized inten-
sity maps from the recently released High-band north (HBN)
Global Magneto-Ionic Medium Survey (GMIMS) survey (47) and
the 30-GHz maps in total and polarized intensity from the Planck
mission (48). In addition to stacking on pairs of clusters, we also
stacked on single clusters, also using the LRGs as cluster tracers,
to look for diffuse polarized emission from these low-mass
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Fig. 1. Stacked images and residual images from the Stokes / total intensity maps. The first column (A to D) is the stacked images, whereas the second column (E to
H) is the residual after model subtraction. Top to bottom: The rows are connected pairs of 1.4 GHz, connected pairs of 30 GHz, unconnected pairs of 1.4 GHz, and
unconnected pairs of 30 GHz. The boxes show the area used to measure the average signals, with the yellow being from the low-frequency work and the red boxes
being sized to the total intensity signal in this work. (I) Spectrum from the four previously detected low-frequency data points (27) and the two high-frequency points for
the detected intercluster emission, with the red points and line measured from inside the yellow box of (E) and (F) and the blue points measured from the smaller

red boxes.
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(<10 Mg) groups and clusters. Using the polarized intensity data
is key for determining the type of emission processes at play in any
detected signal, as well as for providing information about the or-
dering of the magnetic fields or turbulence of the environment.

RESULTS

In all cases of cluster pair stacking, we produced an image of the
cluster pairs. We then modeled the cluster emission (excluding
the central intercluster region), and we subtracted it to obtain a re-
sidual image showing any excess emission between the clusters that
could be attributed to filaments or intercluster bridges.

In the sample of connected cluster pairs, we detect intercluster
emission in total intensity at both frequencies between the clusters.
This emission is not detected in the sample of unconnected cluster
pairs. The mean values for the intercluster regions are measured
inside of a box whose height is set to be just less than the separation
of the LRG positions, with the separations ranging from 1 to 15
Mpc, and the width set to include the largest detected signal in all
the maps. The size does not correspond to an exact physical scale or
size, but rather the pixel sizes are set relative to the cluster pair sep-
aration. Statistics were computed over all the pixels in this box for all
the stack residual images of intercluster regions in this work and in
the previous low-frequency detections (27) to compare the values
over the same regions. The detected signal in both polarization
maps and all low-frequency maps is well fit by the same box size;
however, both the total intensity residuals at 1.4 and 30 GHz are
spatially smaller than the polarized signals; thus, computing the
mean in this box for the total intensity may underestimate the
signal as it includes more pixels without detectable emission. It is
not clear whether this is a physical effect, e.g., the total intensity
is more concentrated in the inner region of a filament, or decreased
signal-to-noise ratio of the total intensity across the region, or some
combination. However, because of this, we also fit smaller boxes
separately to the two total intensity residual signals using a curve
of growth to choose the box size for each signal. We report the av-
erages in these smaller boxes, as well as the bigger box used in the
low-frequency work, which is more fitted to the polarized emission
as well. The images from the total intensity stacking, with the dif-
ferent box sizes highlighted, and the spectrum from the intercluster
emission are shown in Fig. 1.

For the brightness temperature spectral index when combined
with the low-frequency radio detections (27), over the range of
73 MHz to 30 GHz, we find ay = —3.05 + 0.15 when using the
values from the larger low-frequency box and ar = —2.85 + 0.1
when using the smaller total intensity boxes. Converting from
brightness temperature to flux density, the spectral index o =
—1.05 £ 0.15 and a = — 0.85 + 0.1. These are consistent with each
other to within uncertainties. This spectral index is consistent with
the expectation of electron acceleration by quasi-stationary strong
shocks. Such strong shocks are similar to the structure formation
shocks that are expected at the extreme periphery of cosmic struc-
tures. If we assume that the emission is from shocks, we can use the
spectral index to get the average Mach number of the shocks, M

1—a

M= (1)

In this case, the Mach number for the signal in the intercluster
region is M = 6.4 assuming o = —1.05, with Mach numbers as low as
3.3 with the 1o uncertainty in the spectral index (the Mach number
calculation breaks down for a > —1).

We also find an even stronger detection of polarized emission, at
both frequencies, in between connected clusters. No significant de-
tection was found for the unconnected pairs. The polarized fraction
(polarized intensity divided by total intensity) of this filamentary
emission between the connected clusters is found to be ~12 to
50% at both frequencies at the peaks of the total intensity emission,
with values of 20 to 60% when comparing the averages over the
same regions (see Table 1). This is considered a high polarization
fraction as normal galaxies are in the low percent range, and this
implies the presence of ordered magnetic fields. The images from
the pair stacking in polarized intensity are shown in Fig. 2. The
values for the measured residual signals in the region between
cluster pairs in all connected cases are reported in Table 1 (with
the values for the unconnected or null sample given in table S2).
We note that a two-sample Kolmogorov-Smirnov test was per-
formed between the connected and unconnected pairs from a dis-
tribution of intercluster region values for both frequencies and
polarizations, and all had P << 0.00001.

When looking at single clusters, if there are low-level shocks or
relics, these would be situated at the periphery and again have high
polarization fractions, with the center of the clusters expected to be

—1—a

Table 1. Average values for the central residuals of the stacked images after model subtraction. F is the polarized fraction. The “big box" values refer to the
measurement of the mean inside the yellow box as seen in Figs. 1 and 2 and the same across all maps and those in (27). The “small box" values refer to the means
measured in smaller boxes optimized for the total intensity signal, separately in the GMIMS and Planck data (shown as red boxes inFigs. 1 and 2). The uncertainties
listed are detailed in the “Uncertainty” section in Materials and Methods. The uncertainties in parentheses for the polarization fractions are the uncertainties when
taking into account the covariance. The T, refers to the peak value for each map in the central regions, whereas Peak(/) gives the total intensity peak values and
the polarized intensity at those total intensity peak locations. Similar values for the unconnected or control sample are shown in table S2.

Name (T alboy ronnestes (TEmelEos connected Peak T onnected Peak(l) Tconnected
GMIMS | (mK) 0.11 + 0.06 0.22 + 0.07 0.6 £0.1 0.6 £0.1

GM|MSP(mK) .................................. oogioo3 ........................................ 014i0050311006 ..................................... 0301006 ......
GM|M5F(%) ................................... 304;50(40) ....................................... 5 0i30(23) ...................................... 5 0i10(10)50i10(10) .....
p|anck/(u|() ..................................... 0021002 ........................................ oogi0020144_,004 ..................................... 014i004 ......
PlaanP(PK) .................................. 0015i00040018i0005 .................................... 0 0331,000300134;0003
PlaanF(%) .................................... 75i80(70) ......................................... 2 zig(s) .......................................... 2 oi 3(7) ......................................... 1 2i6 (5) .......
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Fig. 2. Stacked images and residual images from the polarized intensity maps. The first column (A to D) is the stacked images, whereas the second column (E to H) is
the residual after model subtraction. Top to bottom: The columns are connected pairs of 1.4 GHz, connected pairs of 30 GHz, unconnected pairs of 1.4 GHz, and un-

connected pairs of 30 GHz.

depolarized due to turbulence. At both frequencies, we find bright
emission in total intensity peaking in the center of the clusters and
falling off radially to a distance of approximately 1 Mpc. In the po-
larized intensity, the emission extends further out to a distance of 2
to 3 Mpc. The brightness in the 1.4-GHz polarized intensity falls off
radially as well but more slowly than in the total intensity. The 30-
GHz polarized intensity is strongly depolarized in the central region
out to a distance of roughly 0.5 Mpc, with a brighter ring of emis-
sion outside the center. Looking at the polarized fraction of the 1.4-
GHz single clusters, as opposed to the polarized intensity, the depo-
larization in the center is much more apparent. The polarized frac-
tion shows a ring of higher polarization fraction around the cluster
center. The polarization fraction near the cluster center is <10% in-
creasing to 20 to 25% in the ring. If we fit a Gaussian model to the

Vernstrom et al., Sci. Adv. 9, eade7233 (2023) 15 February 2023

1.4-GHz polarized intensity, based on the width and shape outside
the center, we can see that the center is about 10% depolarized com-
pared to the model Gaussian. The images of the single cluster stacks
can be seen in Fig. 3. The polarization fractions from the full pair
images, the pair residual images, and single cluster are shown
in Fig. 4.

The ring or offset nature of the polarized emission around the
clusters explains the difference in appearance between the pair
images in total and polarized intensity (see Figs. 1 and 2). In the
case of the 1.4-GHz polarization data, a single central bright
source is seen in the pairs image, rather than the two bright
sources at the positions of the clusters, as is seen in the total inten-
sity image. In the 30-GHz polarized intensity pairs image, there is a
centrally located bright emission, and at the positions of the two
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Fig. 3. Stacks on single clusters. The top row shows the 1.4-GHz images; total intensity is on the left, and polarized intensity is on the right. The bottom row shows the
30-GHz Planck maps; again, total and polarized intensities are on the left and right, respectively.

clusters, there appears to be a deficit of signal. By comparing these
images of the connected pairs with the simple addition of stacking
of single clusters and combining them, we find no excess between
the unconnected pairs, whereas the connected pairs still show a de-
tection in between the clusters. Further details about the uncertain-
ties in the reported values are given in Materials and Methods.

DISCUSSION

To make sure that the detection is really related to clusters and not
just chance or random emission detected on the sky, we repeated the
detection stacking experiment using random sky positions instead
of clusters, and not once was any signal seen in neither total nor
polarized intensity. We also stacked on pairs of known radio galax-
ies instead of clusters and found the spectral index in total intensity
to be much shallower (a7 = —2.4). No detection was seen in polar-
ized intensity at 1.4 GHz, and at 30 GHz, only a slight polarized
signal was seen at the location of the galaxies with a polarization
fraction of 2 to 3% (details on these tests are given in the supplemen-
tary text). This is in line with the expectation that normal galaxies
are not strongly polarized, with fractions of less than 10%. Looking
at the current largest catalog of polarized sources (49), the mean

Vernstrom et al., Sci. Adv. 9, eade7233 (2023) 15 February 2023

polarization fraction of all detected sources is only 6%, and only
1.7% of the sources have a fraction of >20%, or a sky density of
highly polarized point sources of just 0.02 per square degree.
Thus, with the total intensity alone (as with the original low-fre-
quency detections), it was difficult to rule out galaxies as a major
contributor; however, the high degree of polarization strongly
favors a nongalactic origin. No other circumstance produced the
specific pattern of a ring of polarized emission around the source
or cluster. Other sources (like galaxies) might mimic or contribute
to the emission seen in the cluster center. However, it would be ex-
pected that only accretion or merger shocks can produce the ob-
served peripheral and ring-like highly polarized emission.

The results seen from stacking single clusters fit well in line with
the theory, although this emission has not been observed before at
these faint levels, at these distances from the clusters, or in low-mass
clusters. From a compilation of known cluster relics (11), relics tend
to be found at distances around 0.5 to 2 Mpc from the cluster
centers; in double relic systems, the average distance is 1.03 Mpc
(12). They also tend to be strongly polarized (20 to 30%) (10-12),
while the central part of the clusters may be filled with diffuse emis-
sion from radio halos, which, to date, have not been detected in po-
larized intensity due to the high levels of turbulence in the central
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Fig. 4. Polarization fractions of the 1.4- and 30GHz stacks and residuals. (A and B) The 1.4- and 30-GHz stack polarization fractions, respectively. (C and D) Polarization
fractions from the stack residuals. (E) The polarization fraction for the single cluster stacking on the 1.4-GHz data. All are zoomed in from the original maps to avoid the
noisy regions away from any signal.
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regions of the clusters causing depolarization. Individual detections
of relics have only been made in approximately 100 clusters, all with
higher masses. Thus, the stacking of the single LRGs or clusters and
the clear highly polarized ring of emission provide strong evidence
that this type of emission persists even in smaller cluster or group
systems below previous detection thresholds.

Simulations of structure formation also predict a larger popula-
tion of shocks, with a Mach number overall increasing with the
radius, as a result of ubiquitous supersonic accretions at the periph-
ery of clusters (50, 51). These shocks are expected to contribute to
some level of synchrotron radio emission, typically below the detec-
tion level of known radio relics (5, 52). Until now, radio emission
from these shocks has never been observed. At these radii, the pre-
dicted amplitude of the radio emission associated with these shocks
is quite uncertain, owing to the poorly constrained amplitude of
magnetic fields, which may scale with the actual scenario for mag-
netogenesis. For example, by simulating the cross-correlation signal
between the halo distribution and the diffuse synchrotron radio
emission from structure formation shocks, recently, it has been
shown that the correlated radio signal is quite different, depending
on whether magnetic fields have been seeded by primordial or as-
trophysical mechanisms, out to several megaparsecs from the center
of halos (53).

Direct detections of radio emission from filaments remain chal-
lenging. An initial detection of a signal between stacked pairs at low
radio frequencies has been made in our earlier work (27). There
have been detections of intercluster bridges (22, 23, 25), as well as
intracluster bridges such as seen in the Coma cluster (24), although
none of these included any polarization detection or analysis and
are primarily detected at low frequencies.

Recent work (34) used Faraday RMs from the Low-Frequency
Array (LOFAR) Two-meter Sky Survey Data Release 2 (LoTSS
DR2) (54, 55) to estimate magnetic field values in filaments of 32
* 3 nG, consistent with the findings from the low-frequency stack-
ing of our group (27), which estimated magnetic field values from
the low-frequency stacking in the 40- to 60-nG range (which remain
consistent with this work with the a ~ —1 spectral index, and the
equipartition equation breaks down for a > —1.). If the emission de-
tected here is from filaments, as assumed from the LOFAR RM
work, then the fact that the line-of-sight magnetic field strength
(from RMs) is roughly equal to the plane-of-the-sky magnetic
field strength (from synchrotron emission) again implies a low
level of turbulence in filaments.

The closest comparisons to this work, in terms of frequency
range and polarization measurements, come from studies of
cluster relics. There have only been a handful of relics detected
and studied at high (>3-GHz) frequencies. The two most well-
studied relics, with the most high-frequency data (including the
only relics studied at 30 GHz), are the “Sausage” and “Toothbrush”
relics. These two, with a handful of others at mid to high frequen-
cies, have been found to have power-law spectra with spectral
indices ranging from —0.9 to —1.44 and polarization fractions in
the range of 13 to 40% (56-59).

While few in number, the findings from studies of cluster relics
agree well with the findings in this work. The excess between the
stacked connected clusters has a spectral index in the range of
—0.85 £ 0.1 to —1.05 £ 0.15, consistent with typical values of
~ —1 from relic compilations (10, 12) (and references therein). In
another compilation of relics (I1), the minimum reported

Vernstrom et al., Sci. Adv. 9, eade7233 (2023) 15 February 2023

integrated flux density of a known relic at 1.4 GHz was 2.4 millijan-
sky (m]y) (with a mean of the reported relics being tens of millijan-
skys). Here, the intercluster signal at 1.4 GHz, converted to jansky,
has an average value of roughly 1 mJy (although as an average over a
large angular area). Recent observations are pushing the bounds to
discover previously unidentified low—surface brightness relics, such
as the LOFAR observation in (29) that found a radio relic with an
average surface brightness of 13 mJy arc min ~2 at 144 MHz (or less
than 1 mJy arc min ~2 when scaled to 1.4 GHz).

The polarization fractions measured here, both for the cluster
outskirts of the single cluster stacking and for the intercluster
region of pairs, have values of >20% (see Fig. 4 and Table 1).
Both measurements are in line with the findings from cluster
relics. High degrees of polarization imply a highly ordered magnetic
field. For relics, this should result from the compression, which
aligns unordered magnetic fields with the shock plane. The high
degree of polarization that we see here leads us to the conclusion
that we detected shocked emission with our stacking analysis.
This is the first detection of shocked emission in filaments and
low-mass clusters.

To see how these findings compare with theoretical predictions,
we used the latest version of Eulerian cosmological simulations with
extragalactic magnetic fields. The simulation covers a comoving
volume of 100°Mpc?® with a constant spatial resolution of 41.6 per cell
(comoving), and it evolved a simple uniform magnetic field of By =
107'° G comoving, in a ACDM cosmology and using ideal magne-
tohydrodynamics. The total radio intensity of this simulation has
already been computed (5). However, we computed the Stokes Q
and U parameters of this emission at 1.4 GHz and at the average
redshift of the real sample of cluster pairs (z = 0.08).

Thus, we estimated the polarized intensity at 1.4 GHz, which is
the first prediction of the polarized emission in such large simulated
cosmological volumes. We added noise and convolved the simula-
tions by a beam matching the size of the GMIMS 1.4-GHz data.
Using a catalog of halo pairs in the simulation, a similar stacking
procedure was repeated on the simulated total and polarized inten-
sity images. These can be seen in Fig. 5.

The resulting stacked images are very similar in appearance to
that of the real data images (Figs. 1 and 2), as well as there being
a residual central excess in both total and polarized intensity repre-
senting the average from intercluster or filament emission. Before
any model subtraction, the total intensity shows two peaks at the
halo locations, as is seen in the real data images. Furthermore, it
shows a ring of diffuse emission around the cluster outskirts. This
ring is not seen in the real data. However, the simulations do not
include any other radio sources (e.g., radio galaxies or radio
halos), underestimating the emission in the central cluster
regions. Hence, the brightness of the central cluster regions in the
real data is likely just brighter in comparison to the outskirts where
the shocked ring resides. The polarized intensity from the simula-
tions looks visually similar to the real polarized intensity images.
The central halo regions are depolarized, and they are surrounded
by rings of emission. Furthermore, the emission peaks at the center
where these rings overlap.

The mean of the central filament region of the simulated stack-
ing is 8.2 uK in total intensity and 2.2 pK in polarized intensity. This
is a factor of approximately 10 to 30 smaller in total intensity com-
pared to the intercluster signal in the real 1.4-GHz data (depending
on which box is used for measurement). In polarized intensity, the
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Fig. 5. Stack images and residual images from stacking on simulations. (A) and (B) are the stacked image and residual image from the total intensity, while (C) and (D)
are the stacked image and residual image from the polarized intensity. These are from the simulation with no rescaling and By = 0.1 nG and are the averages from 50

resampled iterations with different noise arrays.

mean is a factor of 37 smaller than the 1.4-GHz polarization signal.
The mean fractional polarization from the simulated regions after
beam convolution is approximately 25%, a decrease of more than
half from before the beam convolution (original values of ~70%
in emitting regions of the raw simulated images). This value is in
line with what is seen in other predictions from simulation in
terms of beam depolarization from cluster shocks when the beam
size is larger than the physical scale of the shocks (60). This value
of 25% is also similar to what is seen in the real data stacking (with
values ranging around 60% at 1.4 GHz or closer to 20% at 30 GHz;
see Table 1).

Since the simulated values came out below the detected ampli-
tudes, we wanted to see how much stronger the simulated magnetic
fields would need to be to match the data. The stacking of the sim-
ulated data was repeated assuming larger magnetic field values.
Therefore, we recomputed the unpolarized and polarized emission
in the simulation assuming magnetic field values that were rescaled
by factors of 2, 3, and 4. The scaling of the synchrotron emission
after these variations is very well approximated by B2, considering
that the magnetic fields in simulated cluster outskirts are always
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smaller than the microwave-equivalent magnetic field [Bovp =
3.27 uG(1 + 2)?] and that the emission from structure formation
shocks has the flattest possible radio spectrum (with the rare excep-
tion of the steeper emission expected from internal merger shocks,
possibly related to radio relics). The final stacked values do increase
approximately like the scale factor squared. The largest scale factor
ends up with the filament region being 1.2 times larger than that
measured in the total intensity 1.4-GHz data, with the polarized in-
tensity still a factor of nearly 2.5 smaller than the 1.4-GHz polariza-
tion signal. However, taking into account the uncertainties in the
data and the possibility of imperfect subtraction of the cluster com-
ponent in the central regions, it seems that a scale factor of 3 to 4
produces simulated stacks that not only visually resemble the data
but also have comparable amplitudes. On the other hand, the shock
acceleration efficiency for relativistic electrons used here is rather
conservative, as it implies a ~1% overall conversion of shock
kinetic power into cosmic ray electron power. Recent works using
particle in cell simulations, however, tentatively produced a factor
~10 larger efficiency for the strong shocks responsible for the
radio emission from our simulated cosmic web (61). A larger
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acceleration efficiency would mean that the magnetic field strengths
would not need to be increased by as much.

Using the same base simulation with a uniform primordial mag-
netic field, a recent work using LOFAR RMs (62) was able to rule
out the simple uniform primordial magnetic field model assumed
in the cosmological simulations we analyzed here, based on the evo-
lution of RMs in filaments in favor of a stochastic primordial model.
A variety of primordial model, with an initial power-law distribu-
tion of tangled magnetic fields, has been shown to be potentially
compatible with available limits from the modeling of high-order
multipoles in the cosmic microwave background (63). For
example, stochastic primordial models with a “blue” spectrum actu-
ally can have a larger magnetic field energy than uniform primor-
dial ones, distributed into their fluctuating field, yet they can be
equally compatible with low-redshift radio observables (64). On
the other hand, when comparing the uniform versus stochastic pri-
mordial models for long lines of sight probing to high redshift (z =
3), the different evolutionary trends of uniform and tangled mag-
netic fields allow further narrowing down the models for cosmic
magnetism allowed by radio data [see fig. 6 in the work of Carretti
et al. (62)]. Thus, the stacking analysis here, which used the z = 0
(then scaled to z = 0.08), may still be compatible, or perhaps more
so, with the stochastic primordial model as well. However, the
region from which the stacked signal comes from is across the over-
density regime in which signatures of primordial magnetism may
mix with the outcome of compression and magnetic field amplifi-
cation (at least to some extent) driven by structure formation pro-
cesses, hence magnetic fields likely amplified by small-scale dynamo
in the intracluster/intragroup medium. Therefore, the careful mod-
eling of the stacking of radio emission from cluster pairs in more
sophisticated models of cosmic magnetism must be deferred to
future work. Until then, this work provides the only observational
evidence for polarized accretion shocks in filaments from a primor-
dial magnetogenesis model.

While the previous total intensity low-frequency detection was
an important first step and is strengthened by the total intensity de-
tections in this work, it did leave room to question whether the
emission was from diffuse emission in filaments (versus just galax-
ies or other sources) and did not answer the question of the type of
particle acceleration mechanism at play. Here, the polarization
signal, both in its strength and spatial shape, in combination with
the total intensity detections, really confirms that what we are seeing
is the predicted emission from the formation and growth of the
large-scale structure of the Universe.

MATERIALS AND METHODS

Throughout this work, we adopt a ACDM cosmology from (65)
with Q,,, = 0.3075, Q4 = 0.6910, and H, = 67.74 km s ~! Mpc ~%,
and we define the spectral index, a, such that the observed flux
density I at frequency v follows the relation I, « v*%, while the spec-
tral index in units of brightness temperature is defined as ar=a — 2.

Data

We make use of data from the GMIMS (47) HBN. The survey
covered 72% of the sky from declination of —30° to +87° at all
right ascension. The survey was carried out in both total intensity
and linear polarization (I, Q, U) over the range of 1280 to 1750 MHz
(with a channel width of 236.8 kHz), using the John A. Galt
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Telescope (diameter, 25.6 m) at the Dominion Radio Astrophysical
Observatory. The spectral and Faraday depth cubes are publicly
available. The Faraday depth, ¢, is defined as

I=L
¢ = 0.81J n, By dl rad m 2
1=0

(2)

where the integral is along the line of sight from the source at /=0 to
the observer at distance L, #. is the electron density, and Bj is the
magnetic field strength along the line of sight (or the parallel com-
ponent). If the polarization is expressed as an exponential vector(P
= p e*X), where x is the polarization angle, then when integrating
over all possible Faraday depths

N +inf 2igh?
P(\Y) F(¢) e dd

—inf

3)

where P(\?) is the complex observed polarization vector. By taking
the Fourier transform, one can obtain a complex Faraday depth
cube, F(¢). Every spatial pixel in the cube gives a spectrum that de-
scribes how the amplitude of the polarization vector changes as a
function of Faraday depth. For this work, we find the peak polarized
intensity image. The value at each pixel in this image is given by the
peak value of F(¢). We also average the Stokes I over the spectral
cube to make a central frequency Stokes I image.

In addition to the GMIMS data, we also make use of the Planck
30-GHz maps (48). At the high frequency of the Planck data, the
polarized emission vector undergoes negligible Faraday rotation
in contrast to the lower-frequency GMIMS data, where the
Faraday rotation is more than 400 times greater. For example, at
typical Galactic Faraday depths (~ |150| rad m ~2) and over a
path length of a few tens of kiloparsecs (the path through the
Galaxy), the rotation at 30 GHz is expected to be less than 1°,
whereas at 1.4 GHz, the polarization vector would undergo nearly
a full 360° rotation. This Faraday rotation may lead to depolariza-
tion particularly for lines of sight where rotation and emission are
occurring together (such as diffuse emission from different distanc-
es within the Galaxy). This depolarization effect should be less of an
issue for emission from a distant coherent polarized source;
however, it may result in a decrement in the observed signal in
the lower-frequency observation. However, given the power-law
spectrum, the polarized emission should be substantially brighter
and may be easier to detect. Thus, we perform our analysis at
both frequencies.

The Planck data are all sky maps in Stokes I, Q, and U. We gen-
erated the polarized intensity map, P, as

P=yQ+U (4)

The effective beam width at 30 GHz is approximately 32 arc min.
Although in this work, the Planck maps were converted to a lower
resolution of approximately 1°to reduce noise.

All images were in the Healpix format (66), with the GMIMS
data having Ngiqe = 256 and the Planck maps having Nq. = 128.
The Stokes I and polarized intensity images are shown in fig. S1,
with the image properties given in table S1.

As with (27), we use LRGs as a tracer of large-scale structure. We
use the SDSS Data Release 7 LRG catalog (46) (with a total number
of LRGs in the catalog of ~1,400,000, all with photometric red-
shifts). The presence of an LRG does not guarantee a group or
cluster, and thus, there will be a portion of the pairs used that do
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not contribute to any detected signal or may dilute a true astrophys-
ical signal. However, using LRGs as tracers provides a sufficiently
large sample that the majority should still be representative.
Cross-matching the SDSS groups and cluster catalog (67) with the
LRG catalog found that 86% of the groups and cluster had an LRG
match within 1 Mpec.

From all of the computed pairs with a comoving separation of 1
< AR <15 Mpc, we select only those with angular separations of 50
< AB [arc min ] < 180. The lower limit is set so there is at least one
beam width between the pairs. The upper limit is set to keep from
having too large of a range of AOs interpolated onto the same grid.
From this, we have a total of N = 612,025 LRG pairs. We note that
the original work in (27) used 390,808 pairs, whereas the total
number that met the original criteria was 1,198,412. Some pairs
with larger physical separations (but still within the criteria) were
missed in the original sample selection; this is discussed further
in the Supplementary Materials.

The separation distributions and the redshift distribution are
shown in fig. S2. The average angular separation of the pairs is
(A0) = 101 arc min, with the average comoving physical separation
(AR) ~ 11.4 Mpc. The average redshift of the pairs is (z) = 0.08 +
0.01, with a maximum redshift of z,,,, = 0.255. The lower limit
on the angular separation filters out the higher-redshift pairs that
were included in (27).

Stacking method

We follow the method for stacking laid out in similar filament stack-
ing works (36-38), with details also in (27). For each pair, we follow
the method laid out in these previous works and make a 2D cutout
or stamp around the two LRGs. This cutout is transformed onto a
normalized 2D image coordinate system (X, Y), with one LRG
placed at (0, —1) and the other placed at (0, +1). This requires
both a scaling of the pixel sizes and a rotation to align the two
LRGs along the vertical axis. This scale factor and rotation angle
will be different for each individual cutout. The transformation
from sky coordinates to a normalized grid is applied to each
cutout map. Then, the average background signal in the cutout is
estimated. The mean signal in the annular region 9 < r < 10,
where (% = X? + Y?), is subtracted as an estimate of the local back-
ground. This is done to ensure that the mean value of each cutout
going into the stack is approximately zero. After the transformation
and background subtraction, each cutout is added to the previous
cutouts. A weight image is also made for each cutout. The weight
consists of ones and zeros: one where a pixel is valid (i.e., not
NaN or inf values) and zero if the pixel is invalid. The weight
maps are also summed. The final stacked images are then made
by dividing the image sums by the weight sums. Through the regrid-
ding and rescaling process, the surface brightness of the emission is
conserved.

A model for the emission outside the region between the LRGs is
derived by assuming radial symmetry around each LRG excluding
the region between the pair, and then the model for each individual
LRG is added together. The model for the two LRGs is then sub-
tracted from the stacked image to get a residual image. Any excess
emission between the two LRGs would be apparent in this residual.
Further details on this procedure are given in (27) or (37).

Concerns about the assumption of symmetry for this method of
modeling the cluster contribution were addressed in the low-fre-
quency radio stacking paper (27), as well as here by stacking on
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single clusters. It is shown that stacking on single LRGs or clusters
does produce a radially symmetric signal if enough samples are in-
cluded. We note that for truly connected cluster pairs, it is likely that
there would be at least slightly higher signal in the direction of the
pair or connection. This may thus contribute to any signal found in
this intercluster region by using the above method for subtraction.
However, as this paper discusses emission from intercluster regions
or filaments, as well as cluster outskirts, that emission would still
count as detection of emission from large-scale structures.

Resampling and null tests

To test whether any detected emission between the cluster pairs may
be coming from filaments, we performed a null or control test. For
this, we selected N = 612,025 LRG pairs with the same angular sep-
aration distribution as the physical LRG pairs but with physical sep-
arations much larger than 15 Mpc. Given that the Az between the
two LRGs must be larger for a larger physical separation, these null
pairs cannot have the same redshift distribution as the physical
pairs. However, at least one LRG in the pair is selected to have a
similar redshift as a corresponding physical pair of LRGs, thus
giving at least one LRG of the pair approximately the same redshift
distribution. We would not expect any strong or filamentary excess
between these unconnected pairs, beside the possible residual emis-
sion from large-scale structures of the cosmic web, randomly pro-
jected along the line of sight. On the basis of cosmological
simulations, we can expect this signal to be <10 times lower than
the signal from filaments physically joining pairs of interacting
halos (68). Stacks were made in the same way as the physical
pairs, with the same number of pairs. We performed 500 null
tests for each radio map, with randomly chosen LRGs for each test.

To test the scatter of the physical LRG pairs, we bootstrapped the
sample. We selected 75% of the total number of pairs, randomly
chosen with replacement, and repeated the stack for each map.
We performed this bootstrapping 500 times for each map. From
this, we can look at the scatter of any detected signal. This also
helps to alleviate any effect of bright outliers in the stack.

To check the overall chance occurrence or variance of the stacks,
we chose N rg pairs of random sky positions with the same angular
separation distribution of the physical pairs and stacked on these
random sky positions. This was repeated 100 times. All of the
images shown are the averages taken across the different iterations
of the resampling.

Uncertainty

To obtain the uncertainties listed in Table 1, we measured the mean
in the different box sizes at all positions in the residual maps. We did
this by convolving the residual maps with a mean filter having the
shape of the bigger boxes, as well as the optimized total intensity
boxes. We then looked at the distributions of pixel values from
these convolved maps everywhere outside the central box regions
and measured the SDs. This tells us, given the noise per pixel and
the correlation scale of the noise, how common it is to find another
region in the same map that would yield the same results or higher
than is reported in the central region. The mean filter—convolved
maps for all the connected pair residuals are shown in fig. S3 for
the 1.4-GHz data and in fig. S4 for the 30-GHz data, along with
the pixel histograms compared with the measured central values.
Using the total intensity boxes, the central excesses in total and po-
larized intensities at both frequencies have signal-to-noise ratios of
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2.8 to 4. In all cases, the values of the central excesses for connected
pair maps are always higher than when compared to the unconnect-
ed test cases (comparing Table 1 to table S2).

When computing the polarization fractions, the uncertainty
from the total intensity and polarized intensity is propagated
through, but the polarization fraction uncertainty also takes into
account any covariance. To estimate the covariance between the
total and polarized intensities, we choose Ny random positions
on the sky and stacked at the same random positions for both
maps and repeated this 50 times. For each random stack, we com-
puted the variance for each map and the covariance between the
total and polarized intensities and used the average of the 50 covari-
ances. The average correlation coefficient between the 1.4-GHz po-
larizations is 0.35, and the average for the 30-GHz maps is 0.45. The
polarized fraction uncertainties in Table 1 are given with and
without taking into account this covariance estimate.

Single clusters

The appearance of the polarized intensity pair stacks differs mark-
edly from that of the stacks seen in total intensity. In the case of the
GMIMS polarization data, a single central bright source is seen in
the stacked image rather than the two bright sources at the positions
of the clusters as is seen in the total intensity data. In the Planck
polarized intensity stacks, there is a centrally located bright emis-
sion, and at the positions of the two clusters, there appears to be a
deficit of signal.

To investigate the nature of this deficit, we performed tests of
stacking on a single cluster. This was performed in the same
manner as the pair stacking (i.e., same sample and same grid);
however, for each real cluster pair, one of the clusters was replaced
by a randomly selected position at the same angular distance away.
This was performed using the sample of connected clusters, as well
as the more general sample of clusters that the unconnected pairs
were chosen from. This test was performed 100 times for each
map (e.g., 100 stacks for the GMIMS and Planck connected pairs
and 100 for the unconnected clusters). This was done separately
for clusters at each of the transformed coordinate positions such
that there were now tests where the clusters were at (0, +1) and a
random position at (0, —1) and the reverse.

The averages of 100 of these stacks for the polarized intensity
maps are shown in fig. S5. From these, we can see that the individual
clusters are not just compressed circular sources at the positions of
the LRGs. In both cases, they are much more diffuse or spread out.
In addition, in both cases, the exact position corresponding to the
LRG is not the peak. This is quite noticeable in the case of Planck,
which shows a decrement, or hole, around the position of the LRG,
forming a ring of signal around the LRG position. This is also the
case in the GMIMS data, although to a much lesser extent, but the
signal does decrease slightly at the LRG position.

When the top and bottom single cluster stacks are averaged to-
gether, the resulting signal patterns closely resemble that which is
seen in the pair stacking (Fig. 2, A to D). Thus, although none of
the polarization pair stacks look like two distinct clusters, that is
the case. We can also subtract off these coadded single stacks
from the original pair stacks; this is shown in fig. S5. In this case,
the connected pair stacking still shows a central excess in the
regions between the two clusters; however, the unconnected tests
no longer show any excess signal in the central region. This
implies that the connected pairs are simply the addition of stacking
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two independent clusters, whereas in the physically related case, the
two independent cluster stacks added together cannot account for
all the emission seen in the region between them.

In this test, the original stacking setup was maintained such that
the “pair” was made up of a single LRG and a randomly chosen po-
sition at the same distance away from it as the “real” physical
pairing. This maintained the same scaling and rotation to
compare with the pair stacking. However, seeing that there was de-
tectable emission in the single cluster stacks, we decided to investi-
gate this further. We chose all the LRGs from the original catalog
that have 0.025 < z < 0.3 (N = 280,050) and stacked with those po-
sitions as the central positions. This allowed for a scaling based
solely on redshift such that the pixel units have a physical scale in
megaparsecs. We performed 100 iterations of this test for each map
using a randomly selected subset of the single LRGs available in
each iteration. The results from the averages of these 100 stacks
are shown and discussed in the Results section.

Simulations

Similar to our previous paper (27), we have used the cosmological
simulation of extragalactic magnetic fields presented in (5), which
was produced using the magnetohydrodynamic code ENZO (www.
enzo-project.org). The simulation domain covers a comoving
volume of 100°> Mpc® with a uniform grid of 2400° cells and
2400% dark matter particles, giving a constant spatial resolution of
41.6 per cell (comoving). The simulation was initialized with a
simple uniform magnetic field of By = 107'° G comoving at z =
45, and the adopted cosmological parameters for the ACDM
model are Qpy = 0.0478, Qpyp = 0.2602, QO = 0.692, and Hy =
67.8 km/s per megaparsec.

This simulation does not include radiative gas cooling, star for-
mation, or feedback processes on the premise that such processes
are not crucial to model the production of large-scale radio emis-
sion in the shocked cosmic web. The latter is computed, for this
updated modeling, with a more advanced approach than in our
paper I or in previous works. For recent applications of this large
simulation to the modeling of low-frequency radio surveys, see
also (69) and (70).

To compute the radio emission from the shocked cosmic web,
we followed the approach of (71). Here, we summarize the main
steps of the computation, and we point to (71) for details.

Using a velocity jump-based shock finder, we searched for shock
waves in the simulation. Following equations 1 and 2 of (71), we
computed the radio emission at a distance r from the shock front
as the convolution of the electron energy spectrum at distance r
and the modified Bessel function: I(v, r) « [ n.(E, r)F(E)dE. Sim-
ilarly, we computed the perpendicular and parallel part of the emis-
sionas I, (v, 1) x / ne(E, r)[F(E) — G(E)]dE and I;(v, 1) / ne.(E,
r)[F(E) + G(E)]dE, respectively. Using these quantities, we comput-
ed the corresponding polarized emission as

ZI(V)HeXp[Zi(smt + RM\?)]

Io V) = los
p l( ) ZI(V)

los

()

following (72). In the equation above, IT = (I, — I,)/(I + I,) is the
intrinsic degree of polarization, €;,, is the intrinsic angle of polari-
zation, \ is the wavelength corresponding to the observing
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frequency v, and RM is the rotation measure. The latter is computed
as

RM(x)=812JX ne By dl (6)

0 1073cm=3 uG kpc

The RM at a distance x from the observer depends on the
thermal electron number density, n, and the magnetic field parallel
to the line of sight, By

Equation 5 is directly connected to the Stokes parameters. Here,
the denominator corresponds to Stokes I, while the real part and the
imaginary part of the numerator correspond to Stokes Q and U,
respectively.

All physical quantities that are needed to compute the polarized
emission are directly taken from the simulation. This leaves the ac-
celeration efficiency & [see equation A10 in (71)] as the only free
parameter in our model. £ directly enters the normalization of the
electron spectrum, and here, we use § = 0.02, which has proven to be
a reliable choice in the past (71, 73). A zoom-in of the simulated
Stokes images (I, Q, and U) for a rectangular 570 Mpc x 30 Mpc
x 100 Mpc region of the ENZO cosmological simulation used to
produce the theoretical expectations from the shocked cosmic
web is shown in fig. S6. The last panel gives the polarization fraction
of the emission, also including the effect of Faraday rotation along
the line of sight, using the 3D magnetic field information simulated
at run time. Figure S7 shows the combined total intensity radio
emission along with x-ray emission and the magnetic field
vectors. The volume is placed at z = 0.08, and the resolution of
cells is 41.66 kpc (comoving). The image shows the formation of
sharp emission features surrounding the periphery of cosmic struc-
tures (filaments and outskirts of halos), where strong shocks contin-
uously form. Such features are often associated with the strongest
degree of polarization in the model, while the emission from the
multitude of weaker (merger) shocks in the innermost regions of
halos overall shows a smaller degree of polarization, owing to the
depolarization by intracluster magnetic fields.

Taking the output of the simulations, we scaled the emission to a
set redshift equal to the mean of the LRG pairs sample, z = 0.08. We
converted the units to jansky and then added random Gaussian
noise to the images. We then convolved the Stokes I, Q, and U
images by a 40—arc min beam to match that of the GMIMS data.
After convolution, we generated a polarized intensity P image
from the beam-convolved Stokes Q and U maps. We used the
same catalog of mass halos, described in (27), as clusters that are
within 15 Mpc of each other (Ny,,0s = 2036). With this sample of
physically nearby halos, we repeated the same type of stacking pro-
cedure (e.g., same pixel grid and scaling as the real data) and stacked
the pairs of halos in both the total intensity and polarized intensity.
We created a final stacked image from the simulated pairs in both
total and polarized intensity.

Given that the number of simulated pairs is much less than the
real number of LRG pairs, we created 50 stack realizations from the
simulations by repeating the stacks with randomly generated resam-
pled (with replacement) simulated halo pairs, as well as flipping the
orientations of the pairs, and generating different noise realizations
with each iteration. The noise added was approximately a factor of
10 to 20 lower than the noise in the real GMIMS maps, as /Npajos 1S
17 times smaller than /Nj g, meaning the noise would be reduced
by a smaller amount from stacking of the halo pairs. We then took
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the average of the 50 simulation stack realizations and performed a
similar model of cluster emission and subtraction to obtain a resid-
ual filamentary excess; examples of these can be seen in Fig. 5. This
was repeated using the scaling factors of 2, 3, and 4 for the magnetic
field strengths in the simulations to produce a scaling relation of B>
on the synchrotron emission. The measured values for the filamen-
tary excess emission in the total and polarized intensity simulation
stacked images are presented in table S3.

One thing to note here is that the simulations only include radio
emission from shocks. They do not include emission from galaxies
or other sources of diffuse emission (e.g., radio halo-like emission
or Fermi-II processes), so it is likely that this is something of a lower
limit, or less than the data stacking, inherently because of this
reason. Therefore, while any filamentary emission, and the outskirts
of clusters, is thought to be dominated by shocks to produce diffuse
emission, there is likely more that contributes to the data stacking.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs. S1 to S10

Tables S1 to S3

References

REFERENCES AND NOTES

1. J.R.Bond, L. Kofman, D. Pogosyan, How filaments of galaxies are woven into the cosmic
web. Nature 380, 603-606 (1996).

2. Y.B. Zel'dovich, Gravitational instability: An approximate theory for large density pertur-
bations. Astron. Astrophys. 5, 84-89 (1970).

3. R.D. Blandford, J. P. Ostriker, Particle acceleration by astrophysical shocks. Astrophys. J.
221, L29-132 (1978).

4. F.Vazza, M. Briggen, C. Gheller, S. Hackstein, D. Wittor, P. M. Hinz, Simulations of extra-
galactic magnetic fields and of their observables. Class. Quantum Gravity 34,
234001 (2017).

5. F.Vazza, S. Ettori, M. Roncarelli, M. Angelinelli, M. Briiggen, C. Gheller, Detecting shocked
intergalactic gas with x-ray and radio observations. Astron. Astrophys. 627, A5 (2019).

6. C. Gheller, F. Vazza, J. Favre, M. Briiggen, Properties of cosmological filaments extracted
from Eulerian simulations. Mon. Not. R. Astron. Soc. 453, 1164-1185 (2015).

7. P.A. Araya-Melo, M. A. Aragén-Calvo, M. Briiggen, M. Hoeft, Radio emission in the cosmic
web. Mon. Not. R. Astron. Soc. 423, 2325-2341 (2012).

8. K. Dolag, A. M. Bykov, A. Diaferio, Non-thermal processes in cosmological simulations.
Space Sci. Rev. 134, 311-335 (2008).

9. J. Donnert, K. Dolag, H. Lesch, E. Miiller, Cluster magnetic fields from galactic outflows.
Mon. Not. R. Astron. Soc. 392, 1008-1021 (2009).

10. R.J.van Weeren, F. de Gasperin, H. Akamatsu, M. Briiggen, L. Feretti, H. Kang, A. Stroe,

F. Zandanel, Diffuse radio emission from galaxy clusters. Space Sci. Rev. 215, 16 (2019).

11. L.Feretti, G. Giovannini, F. Govoni, M. Murgia, Clusters of galaxies: Observational properties
of the diffuse radio emission. Astron. Astrophys. Rev. 20, 54 (2012).

12. C. Stuardi, A. Bonafede, K. Rajpurohit, M. Briiggen, F. de Gasperin, D. Hoang, R. J. van
Weeren, F. Vazza, Using the polarization properties of double radio relics to probe the
turbulent compression scenario. arXiv:2207.00503 [astro-ph.CO] (2022).

13. G.Brunetti, A. Lazarian, Compressible turbulence in galaxy clusters: Physics and stochastic
particle re-acceleration. Mon. Not. R. Astron. Soc. 378, 245-275 (2007).

14. G.Brunetti, A. Lazarian, Acceleration of primary and secondary particles in galaxy clusters
by compressible MHD turbulence: From radio haloes to gamma-rays. Mon. Not. R. Astron.
Soc. 410, 127-142 (2011).

15. B. Dennison, Formation of radio halos in clusters of galaxies from cosmic-ray protons.
Astrophys. J. 239, L93-196 (1980).

16. K. Dolag, T. A. EnB3lin, Radio halos of galaxy clusters from hadronic secondary electron
injection in realistic magnetic field configurations. Astron. Astrophys. 362, 151-157 (2000).

17. U. Keshet, A. Loeb, Using radio halos and minihalos to measure the distributions of
magnetic fields and cosmic rays in galaxy clusters. Astrophys. J. 722, 737-749 (2010).

12 of 15

£202 ‘gz Arenige uo 610°80Us 195" MMM//:SATIY WOJ) popeo jUMO


https://arxiv.org/abs/2207.00503

SCIENCE ADVANCES | RESEARCH ARTICLE

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34

Vernstrom et al., Sci. Adv. 9, eade7233 (2023)

T. A. Ensslin, P. L. Biermann, U. Klein, S. Kohle, Cluster radio relics as a tracer of shock waves
of the large-scale structure formation. Astron. Astrophys. 332, 395-409 (1998).

M. Hoeft, M. Briiggen, Radio signature of cosmological structure formation shocks. Mon.
Not. R. Astron. Soc. 375, 77-91 (2007).

F. de Gasperin, E. Orrt, M. Murgia, A. Merloni, H. Falcke, R. Beck, R. Beswick, L. Birzan,

A. Bonafede, M. Briiggen, G. Brunetti, K. Chyzy, J. Conway, J. H. Croston, T. EnBlin, C. Ferrari,
G. Heald, S. Heidenreich, N. Jackson, G. Macario, J. McKean, G. Miley, R. Morganti,

A. Offringa, R. Pizzo, D. Rafferty, H. Rottgering, A. Shulevski, M. Steinmetz, C. Tasse, S. van
der Tol, W. van Driel, R. J. van Weeren, J. E. van Zwieten, A. Alexov, J. Anderson, A. Asgekar,
M. Avruch, M. Bell, M. R. Bell, M. Bentum, G. Bernardi, P. Best, F. Breitling, J. W. Broderick,
A. Butcher, B. Ciardi, R. J. Dettmar, J. Eisloeffel, W. Frieswijk, H. Gankema, M. Garrett,

M. Gerbers, J. M. Griessmeier, A. W. Gunst, T. E. Hassall, J. Hessels, M. Hoeft, A. Horneffer,
A. Karastergiou, J. Khler, Y. Koopman, M. Kuniyoshi, G. Kuper, P. Maat, G. Mann, M. Mevius,
D. D. Mulcahy, H. Munk, R. Nijboer, J. Noordam, H. Paas, M. Pandey, V. N. Pandey,

A. Polatidis, W. Reich, A. P. Schoenmakers, J. Sluman, O. Smirnov, C. Sobey, B. Stappers,
J. Swinbank, M. Tagger, Y. Tang, I. van Bemmel, W. van Cappellen, A. P. van Duin, M. van
Haarlem, J. van Leeuwen, R. Vermeulen, C. Vocks, S. White, M. Wise, O. Wucknitz, P. Zarka, M
87 at metre wavelengths: The LOFAR picture. Astron. Astrophys. 547, A56 (2012).

C. Jones, W. Forman, Einstein Observatory images of clusters of galaxies. Astrophys. J. 511,
65-83 (1999).

F. Govoni, E. Orrt, A. Bonafede, M. lacobelli, R. Paladino, F. Vazza, M. Murgia, V. Vacca,

G. Giovannini, L. Feretti, F. Loi, G. Bernardi, C. Ferrari, R. F. Pizzo, C. Gheller, S. Manti,

M. Briiggen, G. Brunetti, R. Cassano, F. de Gasperin, T. A. En3lin, M. Hoeft, C. Horellou,

H. Junklewitz, H. J. A. Réttgering, A. M. M. Scaife, T. W. Shimwell, R. J. van Weeren, M. Wise, A
radio ridge connecting two galaxy clusters in a filament of the cosmic web. Science 364,
981-984 (2019).

A. Botteon, R. J. van Weeren, G. Brunetti, F. de Gasperin, H. T. Intema, E. Osinga, G. Di
Gennaro, T. W. Shimwell, A. Bonafede, M. Briiggen, R. Cassano, V. Cuciti, D. Dallacasa,

F. Gastaldello, S. Mandal, M. Rossetti, H. J. A. Réttgering, A giant radio bridge connecting
two galaxy clusters in Abell 1758. Mon. Not. R. Astron. Soc. 499, L11-L15 (2020).

A. Bonafede, G. Brunetti, F. Vazza, A. Simionescu, G. Giovannini, E. Bonnassieux,

T. W. Shimwell, M. Briggen, R. J. van Weeren, A. Botteon, M. Brienza, R. Cassano, A. Drabent,
L. Feretti, F. de Gasperin, F. Gastaldello, G. di Gennaro, M. Rossetti, H. J. A. Rottgering,

C. Stuardi, T. Venturi, The coma cluster at low frequency array frequencies. . Insights into
particle acceleration mechanisms in the radio bridge. Astrophys. J. 907, 32 (2021).

T. Venturi, S. Giacintucci, P. Merluzzi, S. Bardelli, G. Busarello, D. Dallacasa, S. P. Sikhosana,
J. Marvil, O. Smirnov, H. Bourdin, P. Mazzotta, M. Rossetti, L. Rudnick, G. Bernardi,

M. Briiggen, E. Carretti, R. Cassano, G. Di Gennaro, F. Gastaldello, R. Kale, K. Knowles,

B. S. Koribalski, I. Heywood, A. M. Hopkins, R. P. Norris, T. H. Reiprich, C. Tasse, T. Vernstrom,
E. Zucca, L. H. Bester, J. M. Diego, J. Kanapathippillai, Radio footprints of a minor merger in
the Shapley Supercluster: From supercluster down to galactic scales. Astron. Astrophys.
660, A81 (2022).

G. Brunetti, F. Vazza, Second-order fermi reacceleration mechanisms and large-scale
synchrotron radio emission in intracluster bridges. Phys. Rev. Lett. 124, 051101 (2020).
T. Vernstrom, G. Heald, F. Vazza, T. J. Galvin, J. L. West, N. Locatelli, N. Fornengo, E. Pinetti,
Discovery of magnetic fields along stacked cosmic filaments as revealed by radio and x-ray
emission. Mon. Not. R. Astron. Soc. 505, 4178-4196 (2021).

T.Vernstrom, B. M. Gaensler, S. Brown, E. Lenc, R. P. Norris, Low-frequency radio constraints
on the synchrotron cosmic web. Mon. Not. R. Astron. Soc. 467, 4914-4936 (2017).

N. Locatelli, F. Vazza, A. Bonafede, S. Banfi, G. Bernardi, C. Gheller, A. Botteon, T. Shimwell,
New constraints on the magnetic field in cosmic web filaments. Astron. Astrophys. 652,
A80 (2021).

S. Brown, T. Vernstrom, E. Carretti, K. Dolag, B. M. Gaensler, L. Staveley-Smith, G. Bernardi,
M. Haverkorn, M. Kesteven, S. Poppi, Limiting magnetic fields in the cosmic web with
diffuse radio emission. Mon. Not. R. Astron. Soc. 468, 4246—4253 (2017).

T. Vernstrom, B. M. Gaensler, L. Rudnick, H. Andernach, Differences in Faraday rotation
between adjacent extragalactic radio sources as a probe of cosmic magnetic fields. As-
trophys. J. 878, 92 (2019).

S. P. O'Sullivan, M. Briiggen, F. Vazza, E. Carretti, N. T. Locatelli, C. Stuardi, V. Vacca,

T. Vernstrom, G. Heald, C. Horellou, T. W. Shimwell, M. J. Hardcastle, C. Tasse, H. Rottgering,
New constraints on the magnetization of the cosmic web using LOFAR Faraday rotation
observations. Mon. Not. R. Astron. Soc. 495, 2607-2619 (2020).

A.D. Amaral, T. Vernstrom, B. M. Gaensler, Constraints on large-scale magnetic fields in the
intergalactic medium using cross-correlation methods. Mon. Not. R. Astron. Soc. 503,
2913-2926 (2021).

E. Carretti, V. Vacca, S. P. O'Sullivan, G. H. Heald, C. Horellou, H. J. A. Réttgering,

A. M. M. Scaife, T. W. Shimwell, A. Shulevski, C. Stuardi, T. Vernstrom, Magnetic field
strength in cosmic web filaments. Mon. Not. R. Astron. Soc. 512, 945-959 (2022).

15 February 2023

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

V. P. Pomakov, S. P. O'Sullivan, M. Briiggen, F. Vazza, E. Carretti, G. H. Heald, C. Horellou,
T. Shimwell, A. Shulevski, T. Vernstrom, The redshift evolution of extragalactic magnetic
fields. Mon. Not. R. Astron. Soc. 515, 256-270 (2022).

A. de Graaff, Y.-C. Cai, C. Heymans, J. A. Peacock, Probing the missing baryons with the
Sunyaev-Zel'dovich effect from filaments. Astron. Astrophys. 624, A48 (2019).

H. Tanimura, G. Hinshaw, I. G. McCarthy, L. Van Waerbeke, N. Aghanim, Y.-Z. Ma, A. Mead,
A. Hojjati, T. Troster, A search for warm/hot gas filaments between pairs of SDSS luminous
red galaxies. Mon. Not. R. Astron. Soc. 483, 223-234 (2019).

J. Clampitt, H. Miyatake, B. Jain, M. Takada, Detection of stacked filament lensing between
SDSS luminous red galaxies. Mon. Not. R. Astron. Soc. 457, 2391-2400 (2016).

S. D. Epps, M. J. Hudson, The weak-lensing masses of filaments between luminous red
galaxies. Mon. Not. R. Astron. Soc. 468, 2605-2613 (2017).

T. Yang, M. J. Hudson, N. Afshordi, How dark are filaments in the cosmic web? Mon.

Not. R. Astron. Soc. 498, 3158-3170 (2020).

H. Tanimura, N. Aghanim, A. Kolodzig, M. Douspis, N. Malavasi, First detection of stacked x-
ray emission from cosmic web filaments. Astron. Astrophys. 643, L2 (2020).

H. Tanimura, N. Aghanim, M. Douspis, N. Malavasi, X-ray emission from cosmic web
filaments in SRG/eROSITA data. Astron. Astrophys. 667, A161 (2022).

J. G. Hoessel, J. E. Gunn, T. X. Thuan, The photometry properties of brightest cluster
galaxies. I. Absolute magnitudes in 116 nearby Abell clusters. Astrophys. J. 241,
486-492 (1980).

D. P. Schneider, J. E. Gunn, J. G. Hoessel, CCD photometry of Abell clusters. I. Magnitudes
and redshifts for 84 brightest cluster galaxies. Astrophys. J. 264, 337-355 (1983).

M. Postman, T. R. Lauer, Brightest cluster galaxies as standard candles. Astrophys. J. 440,
28 (1995).

P. A. A. Lopes, Empirical photometric redshifts of luminous red galaxies and clusters in the
Sloan Digital Sky Survey. Mon. Not. R. Astron. Soc. 380, 1608-1620 (2007).

M. Wolleben, T. L. Landecker, K. A. Douglas, A. D. Gray, A. Ordog, J. M. Dickey, A. S. Hill,
E. Carretti, J. C. Brown, B. M. Gaensler, J. L. Han, M. Haverkorn, R. Kothes, J. P. Leahy,

N. McClure-Griffiths, D. McConnell, W. Reich, A. R. Taylor, A. J. M. Thomson, J. L. West, The
global magneto-ionic medium survey: A Faraday depth survey of the Northern sky cov-
ering 1280-1750 MHz. Astron. J. 162, 35 (2021).

Planck Collaboration, R. Adam, P. A.R. Ade, N. Aghanim, Y. Akrami, M. . R. Alves, F. Argiieso,
M. Arnaud, F. Arroja, M. Ashdown, J. Aumont, C. Baccigalupi, M. Ballardini, A. J. Banday,
R. B. Barreiro, J. G. Bartlett, N. Bartolo, S. Basak, P. Battaglia, E. Battaner, R. Battye,

K. Benabed, A. Benoit, A. Benoit-Lévy, J. P. Bernard, M. Bersanelli, B. Bertincourt, P. Bielewicz,
I. Bikmaev, J. J. Bock, H. Béhringer, A. Bonaldi, L. Bonavera, J. R. Bond, J. Borrill, F. R. Bouchet,
F. Boulanger, M. Bucher, R. Burenin, C. Burigana, R. C. Butler, E. Calabrese, J. F. Cardoso,
P. Carvalho, B. Casaponsa, G. Castex, A. Catalano, A. Challinor, A. Chamballu, R. R. Chary,
H. C. Chiang, J. Chluba, G. Chon, P. R. Christensen, S. Church, M. Clemens, D. L. Clements,
S. Colombi, L. P. L. Colombo, C. Combet, B. Comis, D. Contreras, F. Couchot, A. Coulais,

B. P. Crill, M. Cruz, A. Curto, F. Cuttaia, L. Danese, R. D. Davies, R. J. Davis, P. de Bernardis,
A. de Rosa, G. de Zotti, J. Delabrouille, J. M. Delouis, F. X. Désert, E. Di Valentino,

C. Dickinson, J. M. Diego, K. Dolag, H. Dole, S. Donzelli, O. Doré, M. Douspis, A. Ducout,
J. Dunkley, X. Dupac, G. Efstathiou, P. R. M. Eisenhardt, F. Elsner, T. A. EnBlin, H. K. Eriksen,
E. Falgarone, Y. Fantaye, M. Farhang, S. Feeney, J. Fergusson, R. Fernandez-Cobos, F. Feroz,
F. Finelli, E. Florido, O. Forni, M. Frailis, A. A. Fraisse, C. Franceschet, E. Franceschi, A. Frejsel,
A. Frolov, S. Galeotta, S. Galli, K. Ganga, C. Gauthier, R. T. Génova-Santos, M. Gerbino,

T. Ghosh, M. Giard, Y. Giraud-Héraud, E. Giusarma, E. Gjerlew, J. Gonzalez-Nuevo,

K. M. Gorski, K. J. B. Grainge, S. Gratton, A. Gregorio, A. Gruppuso, J. E. Gudmundsson,

J. Hamann, W. Handley, F. K. Hansen, D. Hanson, D. L. Harrison, A. Heavens, G. Helou,

S. Henrot-Versillé, C. Hernandez-Monteagudo, D. Herranz, S. R. Hildebrandt, E. Hivon,

M. Hobson, W. A. Holmes, A. Hornstrup, W. Hovest, Z. Huang, K. M. Huffenberger, G. Hurier,
S.lli¢, A. H. Jaffe, T. R. Jaffe, T. Jin, W. C. Jones, M. Juvela, A. Karakci, E. Keihdnen, R. Keskitalo,
I. Khamitov, K. Kiiveri, J. Kim, T. S. Kisner, R. Kneissl, J. Knoche, L. Knox, N. Krachmalnicoff,
M. Kunz, H. Kurki-Suonio, F. Lacasa, G. Lagache, A. Léhteenmaki, J. M. Lamarre, M. Langer,
A. Lasenby, M. Lattanzi, C. R. Lawrence, M. Le Jeune, J. P. Leahy, E. Lellouch, R. Leonardi,
J. Ledn-Tavares, J. Lesgourgues, F. Levrier, A. Lewis, M. Liguori, P. B. Lilje, M. Lilley,

M. Linden-Vgrnle, V. Lindholm, H. Liu, M. Lopez-Caniego, P. M. Lubin, Y. Z. Ma, J. F. Macias-
Pérez, G. Maggio, D. Maino, D. S. Y. Mak, N. Mandolesi, A. Mangilli, A. Marchini, A. Marcos-
Caballero, D. Marinucci, M. Maris, D. J. Marshall, P. G. Martin, M. Martinelli, E. Martinez-
Gonziélez, S. Masi, S. Matarrese, P. Mazzotta, J. D. McEwen, P. McGehee, S. Mei,
P.R.Meinhold, A. Melchiorri, J. B. Melin, L. Mendes, A. Mennella, M. Migliaccio, K. Mikkelsen,
M. Millea, S. Mitra, M. A. Miville-Deschénes, D. Molinari, A. Moneti, L. Montier, R. Moreno,
G. Morgante, D. Mortlock, A. Moss, S. Mottet, M. Miinchmeyer, D. Munshi, J. A. Murphy,
A. Narimani, P. Naselsky, A. Nastasi, F. Nati, P. Natoli, M. Negrello, C. B. Netterfield,

H. U. Ngrgaard-Nielsen, F. Noviello, D. Novikov, I. Novikov, M. Olamaie, N. Oppermann,

E. Orlando, C. A. Oxborrow, F. Paci, L. Pagano, F. Pajot, R. Paladini, S. Pandolfi, D. Paoletti,
B. Partridge, F. Pasian, G. Patanchon, T. J. Pearson, M. Peel, H. V. Peiris, V. M. Pelkonen,

O. Perdereau, L. Perotto, Y. C. Perrott, F. Perrotta, V. Pettorino, F. Piacentini, M. Piat,

13 of 15

£202 ‘gz Arenige uo 610°80Us 195" MMM//:SATIY WOJ) popeo jUMO



SCIENCE ADVANCES | RESEARCH ARTICLE

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Vernstrom et al., Sci. Adv. 9, eade7233 (2023)

E. Pierpaoli, D. Pietrobon, S. Plaszczynski, D. Pogosyan, E. Pointecouteau, G. Polenta,

L. Popa, G. W. Pratt, G. Prézeau, S. Prunet, J. L. Puget, J. P. Rachen, B. Racine, W. T. Reach,
R. Rebolo, M. Reinecke, M. Remazeilles, C. Renault, A. Renzi, I. Ristorcelli, G. Rocha,

M. Roman, E. Romelli, C. Rosset, M. Rossetti, A. Rotti, G. Roudier, B. Rouillé d'Orfeuil,

M. Rowan-Robinson, J. A. Rubifio-Martin, B. Ruiz-Granados, C. Rumsey, B. Rusholme, N. Said,
V. Salvatelli, L. Salvati, M. Sandri, H. S. Sanghera, D. Santos, R. D. E. Saunders, A. Sauvé,
M. Savelainen, G. Savini, B. M. Schaefer, M. P. Schammel, D. Scott, M. D. Seiffert, P. Serra,
E. P. S. Shellard, T. W. Shimwell, M. Shiraishi, K. Smith, T. Souradeep, L. D. Spencer,

M. Spinelli, S. A. Stanford, D. Stern, V. Stolyarov, R. Stompor, A. W. Strong, R. Sudiwala,

R. Sunyaev, P. Sutter, D. Sutton, A. S. Suur-Uski, J. F. Sygnet, J. A. Tauber, D. Tavagnacco,
L. Terenzi, D. Texier, L. Toffolatti, M. Tomasi, M. Tornikoski, D. Tramonte, M. Tristram, A. Troja,
T. Trombetti, M. Tucci, J. Tuovinen, M. Tirler, G. Umana, L. Valenziano, J. Valiviita, F. Van
Tent, T. Vassallo, L. Vibert, M. Vidal, M. Viel, P. Vielva, F. Villa, L. A. Wade, B. Walter,

B. D. Wandelt, R. Watson, I. K. Wehus, N. Welikala, J. Weller, M. White, S. D. M. White,

A. Wilkinson, D. Yvon, A. Zacchei, J. P. Zibin, A. Zonca, Planck 2015 results. |. Overview of
products and scientific results. Astron. Astrophys. 594, A1 (2016).

A. R. Taylor, J. M. Stil, C. Sunstrum, A rotation measure image of the sky. Astrophys. J. 702,
1230-1236 (2009).

J.-H. Ha, D. Ryu, H. Kang, Gamma-ray and neutrino emissions due to cosmic-ray protons
accelerated at intracluster shocks in galaxy clusters. Astrophys. J. 892, 86 (2020).

S. Planelles, S. Borgani, V. Quilis, G. Murante, V. Biffi, E. Rasia, K. Dolag, G. L. Granato,

C. Ragone-Figueroa, Exploring the role of cosmological shock waves in the Dianoga
simulations of galaxy clusters. Mon. Not. R. Astron. Soc. 507, 5703-5719 (2021).

T. Hodgson, F. Vazza, M. Johnston-Hollitt, B. McKinley, Stacking the synchrotron cosmic
web with FIGARO. Publ. Astron. Soc. Aust. 39, E033 (2021).

C. Gheller, F. Vazza, Multiwavelength cross-correlation analysis of the simulated cosmic
web. Mon. Not. R. Astron. Soc. 494, 5603-5618 (2020).

T. W. Shimwell, H. J. A. Rottgering, P. N. Best, W. L. Williams, T. J. Dijkema, F. de Gasperin,
M. J. Hardcastle, G. H. Heald, D. N. Hoang, A. Horneffer, H. Intema, E. K. Mahony, S. Mandal,
A. P. Mechev, L. Morabito, J. B. R. Oonk, D. Rafferty, E. Retana-Montenegro, J. Sabater,

C. Tasse, R. J. van Weeren, M. Briiggen, G. Brunetti, K. T. Chyzy, J. E. Conway, M. Haverkorn,
N. Jackson, M. J. Jarvis, J. P. McKean, G. K. Miley, R. Morganti, G. J. White, M. W. Wise, |. M. van
Bemmel, R. Beck, M. Brienza, A. Bonafede, G. C. Rivera, R. Cassano, A. O. Clarke, D. Cseh,
A. Deller, A. Drabent, W. van Driel, D. Engels, H. Falcke, C. Ferrari, S. Frohlich, M. A. Garrett,
J.J. Harwood, V. Heesen, M. Hoeft, C. Horellou, F. P. Israel, A. D. Kapinska, M. Kunert-Baj-
raszewska, D. J. McKay, N. R. Mohan, E. Orrq, R. F. Pizzo, I. Prandoni, D. J. Schwarz,

A. Shulevski, M. Sipior, D. J. B. Smith, S. S. Sridhar, M. Steinmetz, A. Stroe, E. Varenius,

P. P. van der Werf, J. A. Zensus, J. T. L. Zwart, The LOFAR two-metre sky survey. I. Survey
description and preliminary data release. Astron. Astrophys. 598, A104 (2017).

T. W. Shimwell, C. Tasse, M. J. Hardcastle, A. P. Mechev, W. L. Williams, P. N. Best,

H. J. A. Rottgering, J. R. Callingham, T. J. Dijkema, F. de Gasperin, D. N. Hoang, B. Hugo,
M. Mirmont, J. B. R. Oonk, |. Prandoni, D. Rafferty, J. Sabater, O. Smirnov, R. J. van Weeren,
G. J. White, M. Atemkeng, L. Bester, E. Bonnassieux, M. Briiggen, G. Brunetti, K. T. Chyzy,
R. Cochrane, J. E. Conway, J. H. Croston, A. Danezi, K. Duncan, M. Haverkorn, G. H. Heald,
M. lacobelli, H. T. Intema, N. Jackson, M. Jamrozy, M. J. Jarvis, R. Lakhoo, M. Mevius,

G. K. Miley, L. Morabito, R. Morganti, D. Nisbet, E. Orrd, S. Perkins, R. F. Pizzo, C. Schrijvers,
D. J. B. Smith, R. Vermeulen, M. W. Wise, L. Alegre, D. J. Bacon, I. M. van Bemmel,

R. J. Beswick, A. Bonafede, A. Botteon, S. Bourke, M. Brienza, G. Calistro Rivera, R. Cassano,
A. O. Clarke, C. J. Conselice, R. J. Dettmar, A. Drabent, C. Dumba, K. L. Emig, T. A. Enflin,
C. Ferrari, M. A. Garrett, R. T. Génova-Santos, A. Goyal, G. Gurkan, C. Hale, J. J. Harwood,
V. Heesen, M. Hoeft, C. Horellou, C. Jackson, G. Kokotanekov, R. Kondapally, M. Kunert-
Bajraszewska, V. Mahatma, E. K. Mahony, S. Mandal, J. P. McKean, A. Merloni, B. Mingo,
A. Miskolczi, S. Mooney, B. Nikiel-Wroczynski, S. P. O'Sullivan, J. Quinn, W. Reich,

C. Roskowinski, A. Rowlinson, F. Savini, A. Saxena, D. J. Schwarz, A. Shulevski, S. S. Sridhar,
H.R. Stacey, S. Urquhart, M. H. D. van der Wiel, E. Varenius, B. Webster, A. Wilber, The LOFAR
two-metre sky survey. Il. First data release. Astron. Astrophys. 622, A1 (2019).

A. Stroe, T. Shimwell, C. Rumsey, R. van Weeren, M. Kierdorf, J. Donnert, T. W. Jones,

H. J. A. Rottgering, M. Hoeft, C. Rodriguez-Gonzalvez, J. J. Harwood, R. D. E. Saunders, The
widest frequency radio relic spectra: Observations from 150 MHz to 30 GHz. Mon.

Not. R. Astron. Soc. 455, 2402-2416 (2016).

M. Kierdorf, R. Beck, M. Hoeft, U. Klein, R. J. van Weeren, W. R. Forman, C. Jones, Relics in
galaxy clusters at high radio frequencies. Astron. Astrophys. 600, A18 (2017).

K. Rajpurohit, F. Vazza, M. Hoeft, F. Loi, R. Beck, V. Vacca, M. Kierdorf, R. J. van Weeren,

D. Wittor, F. Govoni, M. Murgia, C. J. Riseley, N. Locatelli, A. Drabent, E. Bonnassieux, A
perfect power-law spectrum even at the highest frequencies: The toothbrush relic. Astron.
Astrophys. 642, L13 (2020).

F. Loi, M. Murgia, V. Vacca, F. Govoni, A. Melis, D. Wittor, M. Kierdorf, A. Bonafede,

W. Boschin, M. Brienza, E. Carretti, R. Concu, L. Feretti, F. Gastaldello, R. Paladino,

K. Rajpurohit, P. Serra, F. Vazza, Spectropolarimetric observations of the CIZA J2242.8+5301

15 February 2023

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

northern radio relic: No evidence of high-frequency steepening. Mon. Not. R. Astron. Soc.
498, 1628-1637 (2020).

P. Dominguez-Fernandez, M. Briiggen, F. Vazza, M. Hoeft, W. E. Banda-Barragan,

K. Rajpurohit, D. Wittor, A. Mignone, D. Mukherjee, B. Vaidya, Morphology of radio relics —
II. Properties of polarized emission. Mon. Not. R. Astron. Soc. 507, 2714-2734 (2021).

R. Xu, A. Spitkovsky, D. Caprioli, Electron acceleration in one-dimensional nonrelativistic
quasi-perpendicular collisionless shocks. Astrophys. J. 897, L41 (2020).

E. Carretti, S. P. O'Sullivan, V. Vacca, F. Vazza, C. Gheller, T. Vernstrom, A. Bonafede, Magnetic
field evolution in cosmic filaments with LOFAR data. Mon. Not. R. Astron. Soc. 518,
2273-2286 (2022).

D. Paoletti, F. Finelli, Constraints on primordial magnetic fields from magnetically-induced
perturbations: Current status and future perspectives with LiteBIRD and future ground
based experiments. J. Cosmol. Astropart. Phys. 2019, 028 (2019).

F. Vazza, D. Paoletti, S. Banfi, F. Finelli, C. Gheller, S. P. O'Sullivan, M. Briiggen, Simulations
and observational tests of primordial magnetic fields from Cosmic Microwave Background
constraints. Mon. Not. R. Astron. Soc. 500, 5350-5368 (2021).

Planck Collaboration, P. A. R. Ade, N. Aghanim, M. Arnaud, M. Ashdown, J. Aumont,

C. Baccigalupi, A. J. Banday, R. B. Barreiro, J. G. Bartlett, N. Bartolo, E. Battaner, R. Battye,
K. Benabed, A. Benoit, A. Benoit-Lévy, J. P. Bernard, M. Bersanelli, P. Bielewicz, J. J. Bock,
A. Bonaldi, L. Bonavera, J. R. Bond, J. Borrill, F. R. Bouchet, F. Boulanger, M. Bucher,

C. Burigana, R. C. Butler, E. Calabrese, J. F. Cardoso, A. Catalano, A. Challinor, A. Chamballu,
R.R. Chary, H. C. Chiang, J. Chluba, P. R. Christensen, S. Church, D. L. Clements, S. Colombi,
L. P. L. Colombo, C. Combet, A. Coulais, B. P. Crill, A. Curto, F. Cuttaia, L. Danese, R. D. Davies,
R.J. Davis, P. de Bernardis, A. de Rosa, G. de Zotti, J. Delabrouille, F. X. Désert, E. Di Valentino,
C. Dickinson, J. M. Diego, K. Dolag, H. Dole, S. Donzelli, O. Doré, M. Douspis, A. Ducout,
J. Dunkley, X. Dupac, G. Efstathiou, F. Elsner, T. A. EnBlin, H. K. Eriksen, M. Farhang,

J. Fergusson, F. Finelli, O. Forni, M. Frailis, A. A. Fraisse, E. Franceschi, A. Frejsel, S. Galeotta,
S.Galli, K. Ganga, C. Gauthier, M. Gerbino, T. Ghosh, M. Giard, Y. Giraud-Héraud, E. Giusarma,
E. Gjerlow, J. Gonzalez-Nuevo, K. M. Gorski, S. Gratton, A. Gregorio, A. Gruppuso,

J. E.Gudmundsson, J. Hamann, F. K. Hansen, D. Hanson, D. L. Harrison, G. Helou, S. Henrot-
Versillé, C. Herndndez-Monteagudo, D. Herranz, S. R. Hildebrandt, E. Hivon, M. Hobson,
W. A. Holmes, A. Hornstrup, W. Hovest, Z. Huang, K. M. Huffenberger, G. Hurier, A. H. Jaffe,
T.R. Jaffe, W. C. Jones, M. Juvela, E. Keihdnen, R. Keskitalo, T. S. Kisner, R. Kneissl, J. Knoche,
L. Knox, M. Kunz, H. Kurki-Suonio, G. Lagache, A. Lédhteenméki, J. M. Lamarre, A. Lasenby,
M. Lattanzi, C. R. Lawrence, J. P. Leahy, R. Leonardi, J. Lesgourgues, F. Levrier, A. Lewis,
M. Liguori, P. B. Lilje, M. Linden-Vernle, M. Lopez-Caniego, P. M. Lubin, J. F. Macias-Pérez,
G. Maggio, D. Maino, N. Mandolesi, A. Mangilli, A. Marchini, M. Maris, P. G. Martin,

M. Martinelli, E. Martinez-Gonzalez, S. Masi, S. Matarrese, P. McGehee, P. R. Meinhold,

A. Melchiorri, J. B. Melin, L. Mendes, A. Mennella, M. Migliaccio, M. Millea, S. Mitra,

M. A. Miville-Deschénes, A. Moneti, L. Montier, G. Morgante, D. Mortlock, A. Moss,

D. Munshi, J. A. Murphy, P. Naselsky, F. Nati, P. Natoli, C. B. Netterfield, H. U. Ngrgaard-
Nielsen, F. Noviello, D. Novikov, I. Novikov, C. A. Oxborrow, F. Paci, L. Pagano, F. Pajot,

R. Paladini, D. Paoletti, B. Partridge, F. Pasian, G. Patanchon, T. J. Pearson, O. Perdereau,

L. Perotto, F. Perrotta, V. Pettorino, F. Piacentini, M. Piat, E. Pierpaoli, D. Pietrobon,

S. Plaszczynski, E. Pointecouteau, G. Polenta, L. Popa, G. W. Pratt, G. Prézeau, S. Prunet,

J. L. Puget, J. P. Rachen, W. T. Reach, R. Rebolo, M. Reinecke, M. Remazeilles, C. Renault,
A. Renzi, |. Ristorcelli, G. Rocha, C. Rosset, M. Rossetti, G. Roudier, B. Rouillé d'Orfeuil,

M. Rowan-Robinson, J. A. Rubifio-Martin, B. Rusholme, N. Said, V. Salvatelli, L. Salvati,

M. Sandri, D. Santos, M. Savelainen, G. Savini, D. Scott, M. D. Seiffert, P. Serra, E. P. S. Shellard,
L. D. Spencer, M. Spinelli, V. Stolyarov, R. Stompor, R. Sudiwala, R. Sunyaev, D. Sutton,

A. S. Suur-Uski, J. F. Sygnet, J. A. Tauber, L. Terenzi, L. Toffolatti, M. Tomasi, M. Tristram,
T. Trombetti, M. Tucci, J. Tuovinen, M. Tirler, G. Umana, L. Valenziano, J. Valiviita, F. Van
Tent, P. Vielva, F. Villa, L. A. Wade, B. D. Wandelt, I. K. Wehus, M. White, S. D. M. White,

A. Wilkinson, D. Yvon, A. Zacchei, A. Zonca, Planck 2015 results. XlIl. Cosmological pa-
rameters. Astron. Astrophys. 594, A13 (2016).

K. M. Gorski, E. Hivon, A. J. Banday, B. D. Wandelt, F. K. Hansen, M. Reinecke, M. Bartelmann,
HEALPix: A framework for high-resolution discretization and fast analysis of data distrib-
uted on the sphere. Astrophys. J. 622, 759 (2005).

E. Tempel, T. Tuvikene, R. Kipper, N. I. Libeskind, Merging groups and clusters of galaxies
from the SDSS data. The catalogue of groups and potentially merging systems. Astron.
Astrophys. 602, A100 (2017).

F. Vazza, N. Locatelli, K. Rajpurohit, S. Banfi, P. Dominguez-Fernandez, D. Wittor,

M. Angelinelli, G. Inchingolo, M. Brienza, S. Hackstein, D. Dallacasa, C. Gheller, M. Briiggen,
G. Brunetti, A. Bonafede, S. Ettori, C. Stuardi, D. Paoletti, F. Finelli, Magnetogenesis and the
cosmic web: A joint challenge for radio observations and numerical simulations. Galaxies
9, 109 (2021).

T. Hodgson, F. Vazza, M. Johnston-Hollitt, B. McKinley, FIGARO simulation: Fllaments &
GAlactic RadiO simulation. Publ. Astron. Soc. Aust. 38, E047 (2021).

14 of 15

£202 ‘gz Arenige uo 610°80Us 195" MMM//:SATIY WOJ) popeo jUMO



SCIENCE ADVANCES | RESEARCH ARTICLE

70. M.S.S. L. Oei, R. J. van Weeren, F. Vazza, F. Leclercq, A. Gopinath, H. J. A. Réttgering, Fil-
amentary baryons and where to find them. A forecast of synchrotron radiation from merger
and accretion shocks in the local cosmic web. Astron. Astrophys. 662, A87 (2022).

71. D. Wittor, M. Hoeft, F. Vazza, M. Briiggen, P. Dominguez-Ferndndez, Polarization of radio
relics in galaxy clusters. Mon. Not. R. Astron. Soc. 490, 3987-4006 (2019).

72. B.J.Burn, On the depolarization of discrete radio sources by Faraday dispersion. Mon.
Not. R. Astron. Soc. 133, 67-83 (1966).

73. D.Wittor, S. Ettori, F. Vazza, K. Rajpurohit, M. Hoeft, P. Dominguez-Fernandez, Exploring the
spectral properties of radio relics — I: Integrated spectral index and Mach number. Mon.
Not. R. Astron. Soc. 506, 396-414 (2021).

74. C.L.Bennett, D. Larson, J. L. Weiland, N. Jarosik, G. Hinshaw, N. Odegard, K. M. Smith,

R. S. Hill, B. Gold, M. Halpern, E. Komatsu, M. R. Nolta, L. Page, D. N. Spergel, E. Wollack,
J. Dunkley, A. Kogut, M. Limon, S. S. Meyer, G. S. Tucker, E. L. Wright, Nine-year Wilkinson
Microwave Anisotropy Probe (WMAP) observations: Final maps and results. Astrophys. J.
208, 20 (2013).

75. J.F.L.Simmons, B. G. Stewart, Point and interval estimation of the true unbiased degree of
linear polarization in the presence of low signal-to-noise ratios. Astron. Astrophys. 142,
100-106 (1985).

76. L.Bonavera, J. Gonzélez-Nuevo, F. Argleso, L. Toffolatti, Statistics of the fractional polar-
ization of compact radio sources in Planck maps. Mon. Not. R. Astron. Soc. 469,
2401-2411 (2017).

77. J. M. Stil, B. W. Keller, S. J. George, A. R. Taylor, Degree of polarization and source counts of
faint radio sources from stacking polarized intensity. Astrophys. J. 787, 99 (2014).

78. J.J.Condon, W.D. Cotton, E. W. Greisen, Q. F. Yin, R. A. Perley, G. B. Taylor, J. J. Broderick, The
NRAO VLA sky survey. Astron. J. 115, 1693-1716 (1998).

79. J.J. Condon, Radio emission from normal galaxies. Annu. Rev. Astron. Astrophys. 30,
575-611 (1992).

80. J.-L. Starck, A. Bijaoui, B. Lopez, C. Perrier, Image reconstruction by the wavelet transform
applied to aperture synthesis. Astron. Astrophys. 283, 349-360 (1994).

81. J-L. Starck, Y. Moudden, P. Abrial, M. Nguyen, Wavelets, ridgelets and curvelets on the
sphere. Astron. Astrophys. 446, 1191-1204 (2006).

82. T.Hodgson, M. Johnston-Hollitt, B. McKinley, N. Hurley-Walker, Searching for the syn-
chrotron cosmic web again: A replication attempt. Publ. Astron. Soc. Aust. 39, E013 (2022).

83. R.B.Wayth, E. Lenc, M. E. Bell, J. R. Callingham, K. S. Dwarakanath, T. M. O. Franzen, B.-Q. For,
B. Gaensler, P. Hancock, L. Hindson, N. Hurley-Walker, C. A. Jackson, M. Johnston-Hollitt,
A. D. Kapiriska, B. McKinley, J. Morgan, A. R. Offringa, P. Procopio, L. Staveley-Smith, C. Wu,
Q. Zheng, C. M. Trott, G. Bernardi, J. D. Bowman, F. Briggs, R. J. Cappallo, B. E. Corey,

A. A. Deshpande, D. Emrich, R. Goeke, L. J. Greenhill, B. J. Hazelton, D. L. Kaplan, J. C. Kasper,
E. Kratzenberg, C. J. Lonsdale, M. J. Lynch, S. R. McWhirter, D. A. Mitchell, M. F. Morales,
E. Morgan, D. Oberoi, S. M. Ord, T. Prabu, A. E. E. Rogers, A. Roshi, N. U. Shankar, K. S. Srivani,
R. Subrahmanyan, S. J. Tingay, M. Waterson, R. L. Webster, A. R. Whitney, A. Williams,

C. L. Williams, GLEAM: The Galactic and extragalactic all-sky MWA survey. Publ. Astron. Soc.
Aust. 32, E025 (2015).

84. N.Hurley-Walker, J. R. Callingham, P.J. Hancock, T. M. O. Franzen, L. Hindson, A. D. Kapirska,

J. Morgan, A. R. Offringa, R. B. Wayth, C. Wu, Q. Zheng, T. Murphy, M. E. Bell,

K. S. Dwarakanath, B. For, B. M. Gaensler, M. Johnston-Hollitt, E. Lenc, P. Procopio,

L. Staveley-Smith, R. Ekers, J. D. Bowman, F. Briggs, R. J. Cappallo, A. A. Deshpande,
L. Greenhill, B. J. Hazelton, D. L. Kaplan, C. J. Lonsdale, S. R. McWhirter, D. A. Mitchell,

Vernstrom et al., Sci. Adv. 9, eade7233 (2023) 15 February 2023

M. F. Morales, E. Morgan, D. Oberoi, S. M. Ord, T. Prabu, N. U. Shankar, K. S. Srivani,
R. Subrahmanyan, S. J. Tingay, R. L. Webster, A. Williams, C. L. Williams, GaLactic and ex-
tragalactic all-sky Murchison Widefield Array (GLEAM) survey — . A low-frequency extra-
galactic catalogue. Mon. Not. R. Astron. Soc. 464, 1146-1167 (2017).

85. M. W. Eastwood, M. M. Anderson, R. M. Monroe, G. Hallinan, B. R. Barsdell, S. A. Bourke,
M. A. Clark, S. W. Ellingson, J. Dowell, H. Garsden, L. J. Greenhill, J. M. Hartman, J. Kocz,
T. J. W. Lazio, D. C. Price, F. K. Schinzel, G. B. Taylor, H. K. Vedantham, Y. Wang, D. P. Woody,
The radio sky at meter wavelengths: m-Mode analysis imaging with the OVRO-LWA. Astron.
J. 156, 32(2018).

Acknowledgments: We would like to acknowledge the help of H. Tanimura, J. Stil, and

A. Thomson. Funding: J.W. acknowledges the support of the Natural Sciences and Engineering
Research Council of Canada (NSERC) through grant RGPIN-2015-05948 and of the Canada
Research Chairs program. The Dunlap Institute is funded through an endowment established
by the David Dunlap family and the University of Toronto. F.V. acknowledges financial support
from the Horizon 2020 program under the ERC Starting Grant MAGCOW (no. 714196). D.W. is
funded by the Deutsche Forschungsgemeinschaft (DFG; German Research Foundation)
(441694982). C.J.R. acknowledges financial support from the ERC Starting Grant “DRANOEL"
(no. 714245). The cosmological simulation was run on the Piz Daint supercomputer at CSCS-
ETH (Lugano), under project s1096. We acknowledge the Gauss Centre for Supercomputing e.V.
(www.gauss-centre.eu) for supporting this project by providing computing time through the
John von Neumann Institute for Computing (NIC) on the GCS Supercomputer JUWELS at Jiilich
Supercomputing Centre (JSC), under project no. hhh44 and TuMiB (PI: D.W.). Author
contributions: T.V. was the lead on this project carrying out the methods and analysis and
writing of the majority of the text. J.W. was involved in the inception of the idea, providing
valuable feedback about the analysis and techniques and interpretation as well as edits to the
text. F.V. and D.W. supplied the cosmological simulations, as well as the text describing them.
F.V. and D.W. also provided text and feedback regarding the interpretation. G.H. and C.J.R.
provided feedback on the text and on the interpretation. Competing interests: The authors
declare that they have no competing interests. Data and materials availability: All data
needed to evaluate the conclusions in the paper are present in the paper and/or the
Supplementary Materials. All data used are publicly accessible. The GMIMS maps can be
obtained from www.canfar.net/storage/vault/list/AstroDataCitationDOI/CISTI.CANFAR/21.
0003/data/release. The Planck data can be obtained from https://irsa.ipac.caltech.edu/data/
Planck/release_3/all-sky-maps/. The Owens Valley Long Wavelength Array map was obtained
from https://lambda.gsfc.nasa.gov/product/foreground/fg_ovrolwa_radio_maps_get.cfm.
Information on obtaining GLEAM images can be found at www.mwatelescope.org/gleam. The
LRG catalog can be downloaded from https://cdsarc.cds.unistra.fr/viz-bin/cat/J/MNRAS/380/
1608. The full list of pairs of LRGs used in this work can be accessed at https://zenodo.org/
record/7395299. In this work, we used the ENZO code (http://enzo-project.org), the product of
a collaborative effort of scientists at many universities and national laboratories. Samples of our
simulations are available at https://cosmosimfrazza.myfreesites.net/the_magnetic_cosmic_
web. Other python packages used are accessible at https://healpy.readthedocs.io/en/latest/ for
Healpy and www.astropy.org for Astropy.

Submitted 2 September 2022
Accepted 13 January 2023
Published 15 February 2023
10.1126/sciadv.ade7233

15 of 15

£202 ‘gz Arenige uo 610°80Us 195" MMM//:SATIY WOJ) popeo jUMO


http://www.gauss-centre.eu
http://www.canfar.net/storage/vault/list/AstroDataCitationDOI/CISTI.CANFAR/21.0003/data/release
http://www.canfar.net/storage/vault/list/AstroDataCitationDOI/CISTI.CANFAR/21.0003/data/release
https://irsa.ipac.caltech.edu/data/Planck/release_3/all-sky-maps/
https://irsa.ipac.caltech.edu/data/Planck/release_3/all-sky-maps/
https://lambda.gsfc.nasa.gov/product/foreground/fg_ovrolwa_radio_maps_get.cfm
http://www.mwatelescope.org/gleam
https://cdsarc.cds.unistra.fr/viz-bin/cat/J/MNRAS/380/1608
https://cdsarc.cds.unistra.fr/viz-bin/cat/J/MNRAS/380/1608
https://zenodo.org/record/7395299
https://zenodo.org/record/7395299
http://enzo-project.org
https://cosmosimfrazza.myfreesites.net/the_magnetic_cosmic_web
https://cosmosimfrazza.myfreesites.net/the_magnetic_cosmic_web
https://healpy.readthedocs.io/en/latest/
http://www.astropy.org

Science Advances

Polarized accretion shocks from the cosmic web
Tessa Vernstrom, Jennifer West, Franco Vazza, Denis Wittor, Christopher John Riseley, and George Heald

Sci. Adv., 9 (7), eade7233.
DOI: 10.1126/sciadv.ade7233

View the article online

https://www.science.org/doi/10.1126/sciadv.ade7233
Permissions

https://lwww.science.org/help/reprints-and-permissions

Use of this article is subject to the Terms of service

Science Advances (ISSN ) is published by the American Association for the Advancement of Science. 1200 New York Avenue NW,
Washington, DC 20005. The title Science Advances is a registered trademark of AAAS.

Copyright © 2023 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works. Distributed under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC).

£202 ‘gz Arenige uo 610°80Us 195" MMM//:SATIY WOJ) popeo jUMO


https://www.science.org/content/page/terms-service

	INTRODUCTION
	RESULTS
	DISCUSSION
	MATERIALS AND METHODS
	Data
	Stacking method
	Resampling and null tests
	Uncertainty
	Single clusters
	Simulations

	Supplementary Materials
	This PDF file includes:

	REFERENCES AND NOTES
	Acknowledgments

