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Abstract
Recently Vernstrom et al. (2021, MNRAS) claimed the first definitive detection of the synchrotron cosmic web, obtained by ‘stacking’
hundreds of thousands of pairs of close-proximity clusters in low-frequency radio observations and looking for a residual excess signal
spanning the intracluster bridge. A reproduction study by Hodgson et al. (2022, PASA, 39, e013), using both the original radio data as well
as new observations with the Murchison Widefield Array, failed to confirm these findings. Whilst the detection remains unsure, we here
turn to stacking a simulated radio sky to understand what kind of excess radio signal is predicted by our current best cosmological models of
the synchrotron cosmic web. We use the FIlaments & GAlactic RadiO (FIGARO; Hodgson et al. 2021a, PASA, 38, e047) simulation, which
models both the synchrotron cosmic web as well as various subtypes of active galactic nucleii and star-forming galaxies. Being a simulation,
we have perfect knowledge of the location of clusters and galaxy groups which we use in our own stacking experiment. Whilst we do find
an excess radio signature in our stacks that is attributable to the synchrotron cosmic web, its distribution is very different to that found by
Vernstrom et al. (2021, MNRAS). Instead, we observe the appearance of excess emission on the immediate interiors of cluster pairs as a result
of asymmetric, ‘radio relic’-like shocks surrounding cluster cores, whilst the excess emission spanning the intracluster region—attributable
to filaments proper—is two orders of magnitude lower and undetectable in our experiment even under ideal conditions.
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1. Introduction

The imagery of the ‘cosmic web’ has been used to describe the
Universe on the very largest of scales. It describes the ongoing
process of structure formation, starting with primordial pertur-
bations in the mass distribution of the early Universe, and since
growing into an ontology of structures: large-scale voids, emp-
tying onto surrounding sheets, collapsing down into filaments,
and feeding into galaxy groups and clusters. Empirical evidence
of this structure has come from galaxy surveys (e.g. Baugh et al.
2004), but cosmological simulations also suggest that these struc-
tures are much more massive than the galaxies that trace them
out (e.g. Cen & Ostriker 1999; Davé et al. 2001), with up to 40%
of the baryon population of the Universe—the so-called ‘missing
baryon’ population (e.g. Nicastro et al. 2017)—located along the
filaments and around the periphery of clusters. Empirical corrob-
oration has proved difficult since the majority of the matter that
traces this structure is predicted to exist in a low density, warm-
hot (105 − 107 K), and highly ionised state, rendering it extremely
difficult to detect in practice.

Nonetheless, numerous reports have claimed tentative detec-
tion of this ‘warm-hot intergalactic medium’ (WHIM), backing
up the simulation predictions. Eckert et al. (2015), Nicastro et al.
(2018), de Graaff et al. (2019), and Tanimura et al. (2019, 2020),
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for example, used a range of techniques such as molecular absorp-
tion lines and statistical (stacking) detections of the Sunyaev–
Zeldovich effect to claim detections of this large-scale structure.
Perhaps the most definitive accounting for the missing baryon
population was recently made by Macquart et al. (2020) using
fast radio bursts to trace the intervening density of the Universe,
and finding it to be overdense consistent with the missing baryons
residing, hidden, along the line of sight.

Simulations have also pointed to the existence of a radio syn-
chrotron component that traces out the cosmic web (e.g. Brown
2011; Araya-Melo et al. 2012; Vazza et al. 2015, 2019). This hypoth-
esised emission is driven by accretion processes occurring within
the WHIM—as part of the ongoing large-scale structure forma-
tion of the Universe—that are expected to produce strong shocks,
with Mach numbers in the range M∼ 10− 100. These shocks
occur in the low density peripheries of clusters and around fil-
aments, and they are capable of accelerating a small fraction of
the ambient electron population to relativistic energies by way of
diffusive shock acceleration processes (e.g. Keshet et al. 2009). In
the presence of intracluster magnetic fields, which we expect to
be on the order of a few nG (e.g. Pshirkov, Tinyakov, & Urban
2016; O’Sullivan et al. 2019; Vernstrom et al. 2019; Carretti et al.
2022), these energetic electron populations should radiate their
energy as synchrotron emission. But their emission is extremely
faint. Simulations by Vazza et al. (2015), for example, predict only
the very brightest peaks of emission from the synchrotron cosmic
web to be detectable with the current generation of radio tele-
scopes, and detection ismademore difficult still due tomuchmore
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luminous radio populations such as active galactic nuclei (AGNs)
or star-forming galaxies (SFGs).

The difficulty of direct detection has driven statistical detec-
tion techniques, and foremost among these has been the cross-
correlation method. This method seeks to overcome both the
problem of the faint signal of the synchrotron cosmic web and
the obscuring effect of the more luminous radio source popula-
tions by essentially integrating across a large area of sky. It does
this by identifying a ‘best guess’ distribution of the synchrotron
cosmic web in a region of the sky and performing a radial cross-
correlation of this kernel with the observed radio emission. In
theory, a peak at or near 0◦ offset would indicate a detection of the
cosmic web. In practice, however, lots of other emission sources
cluster similarly and pollute the signal (Hodgson et al. 2021a). And
so while the cross-correlation analysis of Vernstrom et al. (2017)
did indeed detect a peak at 0◦, they were unable for this reason
to make any kind of definitive claim of detection. Meanwhile, a
similar cross-correlation analysis by Brown et al. (2017) found no
detection at all.

Recently, however, there was a notable development in this
field with the announcement of the radio detection of filaments by
Vernstrom et al. (2021), herein V2021. This was also a statistical
detection, but instead the authors employed a stacking technique.
Their method used luminous red galaxies (LRGs) derived from the
Sloan Digital Sky Survey Data Release 5 (Lopes 2007) as tracers
for overdense regions such as clusters and galaxy groups. These
LRGs had photometric redshift data, and so it was possible to cre-
ate a catalogue of LRG pairs separated by no more than 15Mpc,
with the assumption that close-proximity clusters will, on average,
be connected by filaments. V2021 proceeded by stacking contin-
uum images from two low-frequency radio surveys, the GaLactic
and Extragalactic All-sky MWAa survey (GLEAM; Wayth et al.
2015; Hurley-Walker et al. 2017) and the Owens Valley Radio
Observatory Long Wavelength Array (OVRO-LWA; Eastwood
et al. 2018). Pairs of LRGs were extracted from these sky sur-
veys, rotated, rescaled, and stacked along a normalised coordinate
frame such that each pair was positioned at x= −1 and 1, respec-
tively. After many such pairs were stacked, the expectation was
that the image noise would be sufficiently reduced so that excess
filamentary emission would become detectable along the bridge
between -1 and 1. Indeed, V2021 reported excess filamentary emis-
sion along this bridge at 118MHz with a temperature of 0.22 K
and having a spectral index of α = −1.0. Moreover, a null test
with spatially distant pairs of LRGs produced no excess emission.
The result of V2021 is surprising for a number of reasons, not
least in that it implies intracluster magnetic field strengths that are
stronger than previous upper limits, in the range of 30− 60 nG
for a significant fraction of filaments. In fact, we should note this
is strictly a lower limit, as not all LRG pairs are centrally aligned
with a host cluster or galaxy group, and further only a fraction of
these will in fact be connected by filament.

Given this surprising result, Hodgson et al. (2022), herein
H2022, attempted to reproduce this result by stacking both the
original GLEAM survey data as well as stacking new observations
made with Phase II of the MWA (Wayth et al. 2018). Their stack-
ing methodology closely followed that described in V2021 and
stacked the same catalogue of LRG pairs as well as additional,
differently parameterised catalogues of LRG pairs. In each case,

aMurchison Widefield Array (Tingay et al. 2013).

no excess emission was detected that resembled the broad excess
intracluster emission as detected in V2021.

Whilst it remains unclear the cause for this discrepancy in
results, we can meanwhile turn to cosmological simulations to
ask what kind stacking profile we should expect. In this paper,
we make use of the FIlaments and GAlactic RadiO simulation
(FIGARO; Hodgson et al. 2021a) to perform our own simulated
stacking experiment. FIGARO simulates the low to mid frequency
radio sky including AGN and SFG populations, against a backdrop
of large-scale diffuse cosmic web synchrotron emission produced
by Vazza et al. (2019), the largest magneto-hydrodynamic (MHD)
cosmological simulation to date. Crucially, these different radio
populations coherently cluster together with respect to an underly-
ing mass distribution drawn from the same cosmological volume.
FIGARO is able to produce light cones of each of these populations
for both configurable fields of view and variable redshift depths.

We use FIGARO to create ten, 15◦ × 15◦ fields at 150MHz
using an observing configuration designed to match the MWA
Phase I instrument (Tingay et al. 2013). We aim to reproduce the
stacking methodology of V2021 and H2022 applied to these sim-
ulated radio fields and thus construct simulated stacked profiles
of both the synchrotron cosmic web as well as the much brighter
embedded radio populations of AGN and SFG. The primary devi-
ation from their methodology, however, is that we do not need to
use LRGs as a proxy for cluster locations, since we have perfect
knowledge of the location of dark matter (DM) halos through-
out our fields, and we can thus stack clusters and galaxy groups
directly. We hope by doing this exercise to give a sense of the
expected magnitude and distribution of excess emission signature
expected from any future stacking experiments.

This paper begins by outlining the construction of the 15◦ ×
15◦ simulated fields in Section 2. We follow in Section 3 by out-
lining the stacking process, which includes our choice of DM halo
pairs. Finally, in Section 4 we discuss the results of our stacks, our
predictions for future, deeper stacking experiments as well as the
challenges of the technique.

Throughout this paper we assume a �CDM cosmological
model, with density parameters �BM = 0.0478 (baryonic matter),
�DM = 0.2602 (DM), and �� = 0.692, and the Hubble constant
H0 = 67.8 km s−1 Mpc−1. These values are consistent with those
used in both FIGARO and, ultimately, the original simulation by
Vazza et al. (2019).

2. Field construction

The first step in this exercise was to produce the simulated fields
that we would ultimately use in our stacking experiment. To pro-
duce these fields, we made use of the FIGARO simulation, which
allowed us to construct realistic maps of the radio sky incorpo-
rating not just the synchrotron cosmic web, but also AGN and
SFG populations. FIGARO is built off an underlying 1003 Mpc3
MHD cosmological simulation from Vazza et al. (2019) which,
for our purposes, allows us to track the evolution of mass den-
sity, accretion shocks, and the resulting radio synchrotron cosmic
web emission. To this, AGN and SFG populations were added in
accordance to the underlying mass distribution using the Tiered
Radio Extragalactic Continuum Simulation (T-RECS; Bonaldi
et al. 2019), ultimately allowing us to create a realistic radio sky
where mass, extragalactic radio sources, and the synchrotron cos-
mic web are distributed and cluster accurately with regards to one
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another. The full details of FIGARO, including its calibration of
cosmic web emission to the observed radio relic population, are
provided in Hodgson et al. (2021a).

We have used FIGARO to construct ten 15◦ × 15◦ fields—or
‘realisations’—out to a redshift depth of z = 0.6 and at an observ-
ing frequency of 150MHz. As with the original FIGARO, each
realisation differs by laterally offsetting and rotating the simu-
lation volume by some random factor each time it is appended
in redshift space. For low redshifts, each realisation can appear
quite drastically different depending on whether, by chance, the
lateral offset places a massive cluster in the near foreground, or
perhaps instead a massive void. By using ten such realisations, we
hope to give a good sense of near-field cosmic variance. With a
field this large, however, it becomes necessary to laterally repli-
cate the underlying cosmological volume for redshifts z > 0.09,
since the field of view spans greater than the 100Mpc width of the
underlying cosmological volume. The result of this is that there
will be increasing redundancy of any stacking procedure as we go
deeper in redshift space, since the same cosmic web features will
be repeated more than once across the field of view. In practice,
however, this increasing redundancy at high redshifts is mitigated
by our selection criteria for halo pairs (see below) as we make use
of a much more local region of redshift space, with more than half
of the DM halo pairs located within z < 0.2. Moreover, whilst a
cosmic web feature may appear more than once across a redshift
slice, each will be obscured by a unique foreground of AGN, SFG,
and unrelated cosmic web emission. The higher redshift cosmic
web emission, meanwhile, serves primarily as a potentially obfus-
cating background to this foreground emission, just as we’d expect
in practical observations of the radio sky.

For each of these realisations, FIGARO produces a catalogue
of AGNs, SFGs, and DM halos, as well as a map incorporating the
flux sum of cosmic web emission along the line of sight (in units
Jy pixel−1).

The next step is to transform the FIGARO catalogue into a map
of the sky. In an effort to approximate the results of V2021 and
H2022, we produce this map at the resolution of the MWA Phase
I instrument. We do this by first constructing a map of the sky, in
units Jy pixel−1, where the pixel scale is sufficiently smaller than
the MWA Phase I point spread function (PSF). FIGARO already
provides us with such a map for the cosmic web, which we have
set to a pixel scale of 4′′ × 4′′. And in the case of the AGN and
SFG populations, we model these as simple point sources—that
is, single pixel values—which is a good approximation given the
low resolution of the MWA Phase I instrument. The final step
is to convolve this map with the MWA Phase I PSF, transform-
ing the units from Jy pixel−1 to Jy beam−1. At no point do we add
simulated thermal or sky noise to our images.

To do this final step, we need to model the MWA Phase I PSF.
We have used a sample of archival Phase I observations from the
original GLEAM survey to accurately reconstruct the shape of the
PSF based on the geometry of the array, elevation of the pointings,
and weighting of the baselines. Note that these archival observa-
tions are centred with a declination of δ = 18.6◦, corresponding
to the necessary low elevation pointings used in both V2021 and
H2022 to observe the LRG population. These low elevation point-
ings result in a fairly significant lengthening of the PSF, and it is
important in this simulated stacking that we replicate this elon-
gated elliptical beam. Using the same process described in H2022,
we find a PSF as shown in shown in Figure 1. When fitted with

Figure 1. The dirty beamused in thismodelling, which closely approximates the Phase
I 154 MHz MWA dirty beam at ∼19◦ declination and 30 min integration time. The red
lines indicate the 2D profile of the dirty beam and the blue lines indicate the elliptical
Gaussian fit with parameters 196.4′′ × 141.6′′ and position angle−14.5◦.

an elliptical Gaussian, this PSF has dimensions 196.4′′ × 141.6′′,
with position angle −14.5◦. For simplicity, we use this this fitted
Gaussian beam when constructing our fields.

With these steps complete, we produce sky maps for each real-
isation. As an example, in Figure 2 we show the inner region of
realisation 1. On the left of the figure, we show the AGN and SFG
population after having been convolved with the fitted Gaussian
beam, and on the right the synchrotron cosmic web having been
convolved to the resolution of the same beam. For each realisation
we produce maps of: the AGN and SFG populations; the cosmic
web emission; and a third combined map.

2.1. Point source subtraction

Both V2021 and H2022 perform a point source subtraction step,
with the aim to avoid contamination from comparatively bright
AGN and SFG sources during stacking. In V2021, wavelet-based
point source subtraction was performed upon GLEAM images,
down to a threshold of 5 times the image noise, correspond-
ing to about 175 mJy beam−1 at 154MHz. H2022 instead used
the residuals after cleaning, removing all emission brighter than
approximately 60 mJy beam−1, with the assumption that bright
emission—point-like or not—was unlikely to be attributable to
filamentary emission.

We employ this latter cleaning technique to simply and effec-
tively remove bright AGN and SFG emission. The cleaning of
our dirty images was performed using a simple image-based algo-
rithm, the equivalent of the Hogbom clean algorithm (Högbom
1974) or the purely ‘minor’ cycles of the Clark algorithm (Clark
1980). The gain parameter was set at 0.1, and the process was con-
tinued for each image until no peaks remained above a lower flux
threshold, which we set as 10 mJy beam−1.
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Figure 2. A∼6◦ × 6◦ subregion of the field 1, having been convolved with a Gaussian beam approximating the MWA Phase I beam. The colour scale for eachmap has been capped
at the 99.5th percentile pixel value. Left: The AGN and SFGmap, with a bright 30 Jy source located near the centre. Prior to stacking, this is cleaned down to 10mJy beam−1. Right:
The cosmic webmap, showing some nearby, extended emission structures in the bottom left.

3. Stacking

3.1. Selection of halo pairs

Before we can perform stacking, we must first create a catalogue of
DM halo pairs. In V2021 and H2022, LRG pairs were drawn from
the LRG catalogue constructed by Lopes (2007) if they met the
following criteria: where the angular separation of a pair θ satisfied
20′ < θ < 180′; and the physical separation satisfied 1Mpc< R<

15Mpc (comoving).b
In contrast to V2021 and H2022, where cluster locations were

inferred only by using LRGs as proxy, we have perfect knowledge
of the DM halos within the simulation. It is therefore possible for
us to exhaustively extract all such DM halo pairs that meet this cri-
teria. Doing so, however, would result in a population of DM pairs
with notably different distribution of spatial and angular separa-
tion, as well as skewed towards significantly deeper redshifts than
used in these prior experiments. In fact, the stacking procedure is
relatively sensitive to the distribution of pairs used in the stack,
and in particular their angular separation (as this determines the
required rescaling of the image during stacking) as well as their
redshift (as this will on average determine the flux).

Thus we have chosen to select DM halo pairs that approximate
the angular, spatial, and redshift distribution LRG pairs found in
the ‘Max 15 Mpc’ catalogue from H2022. To do this, we have sim-
ply binned this reference catalogue in all three dimensions so as
to roughly generate a probability distribution. From our exhaus-
tive list of DM halo pairs, mass limited to M� > 1012.5, we have
extracted, without replacement, 70 000 DM halo pairs across the
ten realisations based on this probability distribution. In Figure 3,
we plot the redshift, angular separation and spatial separation of
our 70 000 DM halo pairs in (blue) in comparison to those found
in the Max 15 Mpc catalogue (red). This process does a reason-
ably good job at replicating the LRG pair distribution, including
the twin peaks found in the redshift distribution that is artifact
found in the original LRG catalogue of Lopes (2007). There is,
however, some small deviation between the two distributions, and

bThe lower threshold on R is not documented in V2021, but was provided in personal
communication, as was the use of a comoving distance metric.

Figure 3. The redshift, angular separation and spatial separation distributions of our
catalogue of halo pairs (blue) compared to the ‘Max 15 Mpc’ catalogue of LRG pairs
from H2022 (red). Histograms are normalised so as to integrate to unity.

this has arisen where our own DM halo catalogue was exhausted
for certain combinations of parameters.

3.2. Stacking andmodelling methodology

Stacking proceeds nearly identically as described in V2021, and
using the same code as used in H2022. We briefly summarise the
process here. For a given catalogue, we first identify a maximum
scaling factor and associatedmaximum pixel length. Then for each
DM halo pair, we rescale the image, strictly larger, such that the
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pixel distance between the DM halo pair exactly matches the max-
imum pixel length. This rescaled image is then rotated so that the
line spanning the DM halo pair is rotated to horizontal and such
that each DM halo is aligned to normalised coordinates at (−1, 0)
and (+1, 0), before the image is then cropped and stacked onto
previously processed cutouts. A respective weight map is also cre-
ated, set to one for valid cutout pixels or to zero for invalid or out
of bounds pixels, and this is similarly stacked. Finally, when all
halos have been processed and stacked, the stacked DM halo pairs
are divided by the stacked weight maps.

Once stacking is completed, as with both V2021 and H2022,
we observe clearly discernible peaks of emission at the stacked
DM halo centres, at (−1, 0) and (+1, 0). V2021 made the assump-
tion that the majority of this emission is attributable to cluster
emission such as AGN and SFG populations, radio halos, and
other radio emission processes typically found in cluster environ-
ments. Crucially, they also made the assumption that this cluster
emission should be, on average, radially symmetric, as opposed
to the weaker filamentary emission which should only be present
between the pair of clusters. Thus V2021 constructed a radio pro-
filemodel for this core emission based on the exterior radial profile
around each peak, and which they could later subtract so as to
reveal excess intracluster emission. To do this, the profile was cal-
culated by finding the radial average of emission around each of
the central peaks, but calculated only across a 180◦ sweep strictly
‘behind’ the intracluster region (i.e. for x< −1 or x> 1, for each
peak, respectively).

H2022 implemented an identical modelling procedure and ver-
ified this process on synthetic cosmic web images. We have used
their modelling code without modification.

3.3. Noise estimation

In V2021 and H2022, the final stacked images were shown to be
approximately normally distributed. This arises quite naturally as
the original images are themselves dominated by noise arising
from system noise, sky temperature and sidelobe confusion. In
this case, we do not start off with noisy images: our simulated
fields do not have any injected noise. Nonetheless, we find that
after stacking, our stacked images have the appearance of noise
that arises from variably sized cutouts of real emission features
being scaled and rotated many thousands of times. To measure
the typical distribution of pixels within our stacks, we construct
an area within our model-subtracted stacks sufficiently far from
either peak as well as the intracluster region: this excluded region
is therefore the union of the region bounded by −1< x< 1 and
−1< y< 1, as well as the regions with radius r < 0.2 of either
peak at (−1, 0) or (1, 0). In Figure 4, we show in the upper panel
the distribution of these pixels from the combined (AGN, SFG,
cosmic web) stack. In fact, this distribution of pixels is still well
approximated by a Gaussian distribution, as illustrated by the close
fit of the Gaussian envelope parameterised by σ = 7.34, and we
shall proceed to quantify the noise herein simply by the standard
deviation.

Additionally, we note that this noise is spatially correlated
across the stacked images. The size of this spatial correlation is
a function both of the original resolution of the fields prior to
stacking combined with magnitude of rescaling operations dur-
ing stacking. Following H2022, we measure the resulting ‘effective
resolution’ of the stacked image by way of autocorrelating the
image. For example, in the lower panel of Figure 4 we show the

Figure 4. The noise properties of the stacked image for all combined observables
with Gaussian beam, calculated across themodel-subtracted image, excluding circular
regions around the peaks of radius r= 0.2 and the inner region boundef by−1< x< 1
and −1< y< 1. Upper panel: The distribution of the pixel values (blue) and a fitted
Gaussian (dashed black line) showing the stacked noise is approximately normal in
distribution. Lower panel: The radial autocorrelation of this region, showing the pixel
to pixel correlation. The dotted black line indicates the half width, half maximum of
this autocorrelation.

autocorrelation of the combined image, using the same area over
which we made the earlier noise calculation. From this plot we
can read off a half width at half maximum value of 0.11 for the
autocorrelation, which corresponds to an effective resolution of
the original stacked image having a full width at half maximum
(FWHM) of 0.16.c Emission structures on scales larger than this
effective resolution are likely therefore to be extended.

4. Results and discussion

We begin by presenting the stacked results for the synchrotron
cosmic web alone, which we isolate here to focus on its unique
signature. These results stack 70 000 DM halo pairs across all ten
realisations, and in this case we have not undertaken any point
source subtraction. In Figure 5a, the upper plots show the stacked
image on two different colour scales, in which the upper right
is scaled to emphasise the noise at 2.5µJy beam−1. We observe
peaks centred approximately at (−1, 0) and (1, 0), and having
maximum values of approximately 90 µJy beam−1 and FWHM
widths of about 0.28. In the lower left plot, we show the model
constructed as per Subsection 3.2, and in the lower right panel we
show the stack after model subtraction. In Figure 5b, we show one-
dimensional profiles showing: at the top, the profile along y= 0 of
the original stacked image compared to the model; in the second
row, the profile along y= 0 of the residual image; in the third row,
the tranverse mean in the region −0.2< y< 0.2 as a function of
x; and finally at the bottom, the longitudinal mean in the region

cThe effective resolution of the original image is related to the HWHM of the autocor-
relation by the relation θFWHM = √

2 · θHWHM. This derives from the fact that the autocor-
relation of a Gaussian function produces another Gaussian, with its width increased by a
factor of

√
2.
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Figure 5. The synchrotron cosmic web stack, with estimated noise 2.5 µJy beam−1 and effective resolution 0.21. The left peak has a maximum of 89.46 µJy beam−1 and a FWHM
of 0.27; the right peaks at 91.1µJy beam−1 and has a FWHM of 0.28.
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−0.95< x< 0.95 as a function of y. We apply the transverse mean
in an attempt to draw out any faint but wide signals along the intr-
acluster region; whilst the longitundinal mean attempts to bring
out any faint signals the might span the length of the intracluster
region.

The peaks that we observe are primarily the result of radio
relic-like shocks surrounding the clusters and galaxy groups of the
FIGARO simulation. As noted in Hodgson et al. (2021a), some
96% of the radio power of cosmic web emission in FIGARO was
located about the 100most massive DM halos, within the spherical
regions r < 1.5r200 (where r200 is the M� = 200ρc virial radius of
the cluster). This radio power is generated by stationary accretion
shocks that are morpologically akin to radio relics, often appearing
as thin, elongated arcs that trace the shock front.

Outside of cluster peripheries, as noted in Hodgson et al.
(2021a), the emission that traces the filaments proper is orders of
magnitude fainter. Indeed, examining Figure 5 closely, we make
no detection of faint filament emission along the intracluster
region in our stack, nor in the one-dimensional profile, or the
transverse and longitudinal means. Our modelling suggests that
in a stacking experiment like this, the intracluster region will be
devoid of any detectable emission attributable to the cosmic web.

We do, however, note a curious detail about the peaks: they are
asymmetric about their respective centres. Both the left and right
peaks are actually shifted slightly inward, and this is made espe-
cially clear when we construct the model, which assumes radial
symmetry, as seen in the top panel of Figure 5b. As a result, the
residual image in the lower right of Figure 5b shows peaks of
emission left behind, and this is illustrated further in the one-
dimensional profile of the residual image in panel two of Figure 5b,
where we see peaks slightly interior to the halo pair reaching more
than 5σ . We expand upon this feature shortly.

Next, we turn to the results in Figure 6 of stacking the com-
bined fields, which incorporate all of the AGN, SFG, and cosmic
web emission in one. This combined field has had bright sources
subtracted, primarily AGN and SFG sources, by cleaning down
to 10mJy beam−1. These additional sources increase the stacked
noise which is about three times higher at 7.3 µJy beam−1. As
previously, we note in these stacks bright peaks of emission at
x = {−1,+1}, however in this case they are much brighter, at
approximately 373 µJy beam−1, as well as much narrower, hav-
ing a FWHM width of about 0.15. The effective resolution of the
map is 0.16, meaning these peaks are essentially point-like, and are
dominated by the compact emission of the AGN and SFG popula-
tion. Note that the peak width is much narrower than observed in
V2021, however it is similar to that found in H2022 and consistent
with what would be expected after stacking a principally unre-
solved population of sources. Also note that the maximum peak
values are primarily simply a function of the cleaning threshold.

Any cosmic web emission present in the stacked map is dom-
inated by these AGN and SFG populations. In the top panel of
Figure 6b, we show the one-dimensional profile of the combined
stack in blue, and in dashed blue the cosmic web contribution
(after cleaning) towards this peak. Whilst the cosmic web con-
tribution is extended, having a FWHM of 0.28, this is lost in the
combined peaks, which as we noted appear point-like. Moreover,
the slight asymmetry of the cosmic web contribution is lost
amongst the added noise of the AGN and SFG populations. The
one-dimensional profile of the residual stack after model subtrac-
tion now shows no evidence of the peaks slightly interior to the
halo pair that we observed earlier, and in fact there is a negative

peak at x= −0.92; since this depression is not mirrored on both
sides of the stack about the centre at x= 0, we attribute this to
stack noise.

The stated temperature of the filaments detected in V2021 was
100± (40)mK at 150MHz. This value is equivalent to a flux den-
sity in our stacks of 51 µJy beam−1, which would amount to an
approximately 7σ signal in the noisier, combined stack. It is clear
that these simulated stacks do not support either the magnitude or
location of the excess emission as detected in V2021.

4.1. The ubiquity of ‘relic’-like shocks

One of the key observations made about FIGARO in Hodgson
et al. (2021a) was the degree to which the distribution of emis-
sion sources within the synchrotron cosmic web differed from
prior expectations. It had been expected that emission structures
traced the underlying mass of the filaments. Indeed, the Vazza
et al. (2019)MHD simulation showed that the X-ray emission does
trace this mass distribution. However, for the synchrotron com-
ponent of the cosmic web, Hodgson et al. (2021a) noted a large
population of emission structures in the spherical shell of DM
halos, in the range 0.75 · r200 < r < 1.5 · r200 where r200 is the virial
radius of the DM halo. These emission structures were morpho-
logically similar to radio relics, most often tracing parenthetical
arcs on opposing sides of the DM halo core. Outside of these
regions, the filaments hosted emission orders ofmagnitude fainter.
However, the mechanism for these shocks differs from radio relics:
whilst relics are predominantly driven by cluster-scale merger
events, the majority of these shocks are driven by strong accre-
tion shocks at the virial boundary of overdense regions, forming
stationary emission structures.

As we have noted, the cosmic web stacks display a unique asym-
metry about the stacking centres, and instead peak slightly interior
to halo pairs, at around x= ±0.95. In Figure 7 we show zoomed
plots of the peaks of the stacked cosmic web, showing the one-
dimensional profile along y= 0 around each peak. In addition to
the peaks positioned interior to the intracluster region, we also
note in these zoomed plots the presence of a second smaller peak at
around x= ±1.05, and point of inflection in the vicinity of x= ±1.

These features can be attributed to asymmetric accretion
shocks about cluster peripheries, combinedwith projection effects.
If we consider a double ‘relic’ cluster—two arcs of emission about
an otherwise radio-quiet cluster core—then depending on the
angle of observation this system will either appear as two sep-
arate peaks of emission, a single peak of emission where both
the relic pair and the DM halo core are aligned along the line of
sight, or some intermediary combination. When integrated over
many such systems in the stacked image, these projection effects
will contribute both to an emission peak at x= {−1, 1} as well
as additional emission immediately surrounding. Moreover, the
asymmetry of the double-peak structure indicates that on average
that the interior relic is more emissive (see Figure 8 for one such
example). We can infer that the interior shock is subject to some
combination of stronger shocks, a denser or hotter electron envi-
ronment, or stronger magnetic fields; these are reasonable effects
where the interior environment is slightly more compressed than
the exterior.

4.2. Filamentary emission

We have not been able to detect excess filamentary emission in
our stacks that is detectable above the stacking noise. However,
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Figure 6. The combined (AGN, SFG, cosmic web) stack, with estimated noise 7.3µJy beam−1 and effective resolution 0.16. The left peak has amaximum of 374.9µJy beam−1 and
a FWHM of 0.16; the right peaks at 371.7µJy beam−1 and has a FWHM of 0.14.
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Figure 7. Zoomed plots of the peaks at x= {−1, 1} in the one-dimensional profile
of the stacked synchrotron cosmic web along y= 0 from Figure 6b. Note the profile
peaks are interior to the intracluster region, at approximately x= ±0.95, as well as the
inflection point at around x= ±1.

Figure 8. An example from FIGARO of asymmetric accretion-driven shocks about the
periphery of interacting clusters. We observe three close-proximity clusters in the red-
shift range 0.15< z< 0.2, with approximate virial radii (r200) indicated by dashed red
lines. The contours show the integrated radio emission along the line of sight observed
at 150 MHz and at a FWHMbeam resolution of 20′. The rightmost cluster displays a pair
of parenthetical arcs of emission about its centre, however with the interior arc signif-
icantly brighter. Whilst the projection makes some emission appear centrally located
within cluster interiors, all emission is located at a radius from cluster centres of at
least r> 0.8 · r200.

we could suppress this stacking noise if we could exclude all fore-
ground and background emission sources, and stack the DM halo
pairs in isolation. V2021 attempted a similar calculation on the
same simulation data from Vazza et al. (2019) and we reproduce

this exercise here, however differing in a few key respects: we
extract, isolate, and rotate the halo pair from within the three-
dimensional volume, whereas they used only a flattened map;
we use the simulation emission calibrated as per Hodgson et al.
(2021a), resulting in an approximately sixfold increase in total
emission across the volume; and in our analysis we also calcu-
late the ‘background’ emission against which any excess would be
measured. The latter difference is important, as the model con-
struction method used here and in V2021 measures the excess
emission with respect to the background, not the true strength of
the filamentary emission itself.

Our method proceeded by extracting all halos with M >

1012.5M� from the two nearest snapshots of the original MHD
simulation, of which there are 931, and finding all halo pairs with
comoving distance in the range 1Mpc< r < 15Mpc and angular
separation 20′ < θ < 180′ when placed at a redshift of z = 0.14,
of which there are 4 919 pairs. For each pair, we have rotated
and scaled the volume to align the pair at normalised coordinates
x= {−1, 1} and removed all emission in the foreground or back-
ground where |z| > 0.5. To match the method used in V2021, all
emission was placed at a redshift of z = 0.14, however our method
differs in that we use the PSF used throughout this paper and that
we set the observing frequency to 150MHz.

In Figure 9 we present the results of this isolated stack, showing
the mean flux density of the full stack in the upper panel, and in
the centre we show both the one-dimensional strip of values of this
stack (blue) as well as the mean value across the region −0.25<

y< 0.25 (red). The peaks near x= {−1, 1} have a mean value of
162µJy beam−1, with both peaks offset towards the interior.d The
mean value in the intracluster region spanning −0.5< x< 0.5
and −0.25< y< 0.25 is 4.4 µJy beam−1 or equivalently 8.7 mK.
This value is in comparison to the mean background emission
of 3.0 µJy beam−1, which we have calculated as the mean value
across the full exterior 180◦ sweep about each peak, in the radial
range 0.5< r < 1.5. The excess filamentary emission with respect
to this background is therefore 1.4 µJy beam−1 or equivalently
2.7 mK.

In the lower panel of Figure 9, we also present the distribu-
tion of individual halo pair contributions to the mean intracluster
excess. Clearly, a small fraction of halo pairs are responsible for the
bulk of the measured excess emission along the bridge, with the
majority providing negligible signal. Note also that the turnover
at lower excess fluxes is an artificial result of the minimum mass
threshold; modification of this lower threshold moves the location
of the peak in this distribution.

This is an artificial exercise, however it does tell us a couple
of things. Firstly, that there is indeed a small intracluster excess
present in the underlying simulation; secondly, that this emission
is some two orders of magnitude lower than the cosmic web emis-
sion around the periphery of clusters and groups; and thirdly, that
a small handful of intracuster pairs are responsible for the bulk of
the emission. Detecting this excess with stacking, however, would
require vastly more pairs of DM halos and observed sky area to
sufficiently suppress the stacking noise. For example, we would

dThe cosmic web peaks here are brighter than those stated previously in our stacked
cosmic web. This discrepancy arises as the model construction process used in stacking
subtracts away the mean background emission (produced from unrelated foreground and
background emission sources) and so the peak values given there are actually only the
excess peak emission above this background. In the case of the cosmic web stack, this
background emission was 65.5 µJy beam−1.
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Figure 9. Stacked cosmic web emission between DM halo pairs (with M> 1012.5M�,
1 Mpc< r< 15 Mpc) within the original simulation volume (snapshots 166 & 188) from
Vazza et al. (2019), set at a redshift z= 0.14 and an observing frequency of 118 MHz.
Crucially, this stack isolates the halo pair from all foreground and background emis-
sion. Upper panel: The stacked image of halo pairs, scaled such that the colour
saturates at the 99th percentile pixel. Centre panel: The values measured between the
two halo peaks (blue) along the line indicated in dashed blue; and the mean values
(red) calculated in the region between the dashed red lines. Lower panel: The distribu-
tion of excess intracluster emission for individual halo pairs, showing that themajority
of the bridge excess is the result of just a small handful of pairs.

need to increase the number of stacked DM halo pairs in our
simulated stacks from 70 000 to approximately 17 million to allow
a 3σ detection of this excess filamentary emission.

4.3. Limitations on the current study

The conflicting findings between V2021 and H2022 remain unre-
solved. Whilst this simulated stacking exercise does not support
the findings of V2021, it’s important to note some key limita-
tions. In this section, we discuss some of the salient limitations
of the underlying MHD simulation as well as explore possibilities
where the simulated synchrotron emission along filaments might
be amplified.

The first important caveat of note is that in the densest, most
massive parts of theMHD simulation volume, there is good reason
to believe synchrotron emission is underestimated. This under-
estimation arises from the simulation ignoring the role of fossil
electrons—electrons that have been previously accelerated either
by AGN or historic large-scale accretion shocks—in increasing

the acceleration efficiency of shocks. AGN were not modelled as
part of the original MHD simulation upon which FIGARO is
based, nor were the accumulated effects of earlier epoch shocks;
instead, the electron population was always assumed to be at ther-
mal equilibrium. The result of this is to underestimate synchrotron
emission in dense environments, especially cluster interiors where
fossil electrons can reasonably be expected to survive hundreds
of millions of years (e.g. Hodgson et al. 2021b). In the develop-
ment of FIGARO, we attempted to mitigate this by calibrating the
simulated relics to match the known radio relic population (Nuza
et al. 2012): dense regions subject to weak shocks had their elec-
tron acceleration efficiency artificially increased to 10−2. Beyond
these dense cluster environments, however, the origin, prevalence,
and lifetimes of fossil electrons in cluster peripheries and in intr-
acluster environments is poorly understood. For example, in their
discovery of a ridge of radio emission between merging clusters
Abell 399 and 401, Govoni et al. (2019) noted that the observed
radio emission was three orders of magnitude brighter than from
similar ENZO-based simulations. If, however, the ridge was filled
with a population of electrons at energies γ � 1000, it was possible
to boost their simulation emission to match the observation. They
did not attempt to explain the origin of this hypothetical fossil
electron population, or whether it was especially plausible.e Whilst
Abell 399 and 401 were separated by 3Mpc, in general a high den-
sity of energetic fossil electrons (γ � 1000) is implausible across
the kind of large (〈r〉 = 10Mpc), low density intracluster environ-
ments that are typical of the LRG pairs used in V2021. At best,
therefore, a large and energetic fossil electron population could be
used to boost nearby pairs of clusters, but cannot be used to boost
the filament strength in general.

Wemust also consider the limited volume of our originalMHD
simulation, at just 1003 Mpc3. This volume reproduces only a
handful of massive ∼1014M� clusters, whilst the full region over
which V2021 andH2022 performed their stack includes numerous
clusters on the order of 1015M�. Whilst few in number, these most
massive clusters are likely to be outliers in terms of their contri-
bution to cosmic web emission. It is not clear, however, how such
clusters would affect the stacked signal, and whether they would
contribute substantially to the intracluster region, or instead sim-
ply increase the signal at x= {−1, 1}. The answer to this question
must await larger volume MHD simulations.

Another key input to the MHD simulation is the value that
was set for the primordial magnetic field. This was set as 0.1 nG,
about a factor of 10 lower than the upper limits derived from cos-
mic microwave background observations (Planck Collaboration
et al. 2016). In low density environments, dynamo amplification
processes are believed to be negligible and observational data has
placed tight limits on such effects (O’Sullivan et al. 2020). The
resulting magnetic field strengths in these sparse environments
are instead primarily the result of adiabatic gas compression, and
the field strengths along filaments are therefore closely related
to the primordial field strength. For values of B
 BCMB, where
BCMB is the equivalent magnetic field strength of the cosmic
microwave background and is approximately 3.25(1+ z)2 mG, the
synchrotron emission, S, along filaments scales as S∝ B2 (Hoeft &
Brüggen 2007). Thus, for small increases in the magnetic seeding
scenario, we can significantly amplify the cosmic web emission.
This ‘lever’, however, operates globally on both the filaments

eBrunetti & Vazza (2020) suggest instead that turbulent Fermi II processes could
account for the emission.
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proper as well as the relics and quickly becomes unphysically
bright. As noted, in the construction of FIGARO, we have already
calibrated the cosmic web emission using the radio relic popu-
lation; further amplification would render a large population of
previously hidden radio relics now plainly visible, in contradiction
to their observed population statistics. In a sense, then, the bright-
est outliers of the cosmic web provide a relatively tight constraint
on any amplification of the primordial magnetic field.

Finally, we can also consider the effect of a non-uniform pri-
mordial magnetic field. Whilst the MHD simulation of Vazza et al.
(2019) initialised a uniform magnetic field at redshift z = 45, it
is possible that these primordial fields already had more complex
spatial configurations. Such a change could result in the radio sig-
nal of the cosmic web becoming increasingly different outside of
DM halo interiors. Dedicated simulations, however, are the only
way to accurately predict their effects (e.g. Vazza et al. 2021).

5. Conclusion

We have reproduced the stacking and modelling methodology
used V2021, and more recently in H2022, using the recently pub-
lished FIGARO simulation. Using FIGARO, we have constructed
ten 15◦ × 15◦ fields of the radio sky at 150MHz and for redshifts
z < 0.6, as observed by the MWA Phase I instrument. We have
identified 70 000 DM halo pairs, forming a similar sample to that
used in H2022, and have stacked these pairs for each of the com-
bined radio sky (AGNs, SFGs, and synchrotron cosmic web) as
well as the synchrotron cosmic web in isolation.

Ultimately, we have been unable to reproduce the specific loca-
tion of excess intracluster emission observed by V2021. Instead,
we observe an excess of emission in the stacks as a result of
the cosmic web on the immediate interiors of the stacked peaks
at x= {−1, 1}. These peaks are the result of stationary accretion
shocks about the periphery of clusters and galaxy groups, and the
asymmetry we observe is likely the result of more emissive inte-
rior shocks due to compression effects. These cosmic web peaks,
however, are dominated by the AGN and SFG populations when
we construct the combined stack, and the small asymmetric peak
is obscured by the additional stacking noise.

The true intracluster excess emission in the region −0.5< x<

0.5 is consistent with the noise in our stacked images. In a fol-
low up stack, where we have isolated pairs of DM halos from all
foreground and background emission to reduce the stacking noise
further, we do find that the intracluster bridge has a small excess of
emission compared to the background, but that this excess is two
orders of magnitude fainter than the cosmic web peaks.

Our stacking experiment here represents a best case scenario:
we know the DM halo population perfectly, and there is no noise
or errors associated with our observations. Real-world observa-
tions and stacking experiments instead stack noisy, imperfectly
calibrated images, and currently only have LRGs as an heuristic
proxy for the location of clusters. Unless some of the noted lim-
itations to the underlying MHD simulation prove to significantly
change the results shown here, it would seem stacking LRG pairs
is an especially difficult technique for the detection of the syn-
chrotron cosmic web and future detection attempts will need to
stack significantly larger areas of the sky.

Acknowledgements. The authors thank Tessa Vernstrom for provid-
ing additional details regarding the methodology used in V2021. F.V.

acknowledges financial support from the ERC Starting Grant ‘MAGCOW’,
no. 714196. The cosmological simulations on which this work is based have
been produced using the ENZO code (http://enzo-project.org), running on
Piz Daint supercomputer at CSCS-ETHZ (Lugano, Switzerland) under project
s805 (with F.V. as PI, and the collaboration of C. Gheller and M. Brüggen).
We also acknowledge the usage of online storage tools kindly provided by the
INAF Astronomical Archive (IA2) initiative (http://www.ia2.inaf.it).

References

Araya-Melo, P. A., Aragón-Calvo, M. A., Brüggen, M., & Hoeft, M. 2012,
MNRAS, 423, 2325

Baugh, C. M., et al. 2004, MNRAS, 351, L44
Bonaldi, A., Bonato, M., Galluzzi, V., Harrison, I., Massardi, M., Kay, S., De

Zotti, G., & Brown, M. L. 2019, MNRAS, 482, 2
Brown, S. D. 2011, JApA, 32, 577
Brown, S., et al. 2017, MNRAS, 468, 4246
Brunetti, G., & Vazza, F. 2020, PhRvL, 124, 051101
Carretti, E., et al. 2022, MNRAS, 512, 945
Cen, R., & Ostriker, J. P. 1999, ApJ, 514, 1
Clark, B. G. 1980, A&A, 89, 377
Davé, R., et al. 2001, ApJ, 552, 473
de Graaff, A., Cai, Y.-C., Heymans, C., & Peacock, J. A. 2019, A&A,

624, A48
Eastwood, M. W., et al. 2018, AJ, 156, 32
Eckert, D., et al. 2015, Natur, 528, 105
Govoni, F., et al. 2019, Sci, 364, 981
Hodgson, T., Bartalucci, I., Johnston-Hollitt, M., McKinley, B., Vazza, F., &

Wittor, D. 2021b, ApJ, 909, 198
Hodgson, T., Johnston-Hollitt, M., McKinley, B., & Hurley-Walker, N. 2022,

PASA, 39, e013
Hodgson, T., Vazza, F., Johnston-Hollitt, M., & McKinley, B. 2021a, PASA,

38, e047
Hoeft, M., & Brüggen, M. 2007, MNRAS, 375, 77
Högbom, J. A. 1974, A&AS, 15, 417
Hurley-Walker, N., et al. 2017, MNRAS, 464, 1146
Keshet, U., Katz, B., Spitkovsky, A., & Waxman, E. 2009, ApJ, 693, L127
Lopes, P. A. A. 2007, MNRAS, 380, 1608
Macquart, J. P., et al. 2020, Nature, 581, 391
Nicastro, F., Krongold, Y., Mathur, S., & Elvis, M. 2017, AN, 338, 281
Nicastro, F., et al. 2018, Natur, 558, 406
Nuza, S. E., Hoeft, M., van Weeren, R. J., Gottlöber, S., & Yepes, G. 2012,

MNRAS, 420, 2006
O’Sullivan, S. P., et al. 2019, A&A, 622, A16
O’Sullivan, S. P., et al. 2020, MNRAS, 495, 2607
Planck Collaboration, et al. 2016, A&A, 594, A19
Pshirkov, M. S., Tinyakov P. G., & Urban F. R., 2016, PhRvL, 116, 191302
Tanimura, H., Aghanim, N., Douspis,M., Beelen, A., & Bonjean, V. 2019, A&A,

625, A67
Tanimura, H., Aghanim, N., Kolodzig, A., Douspis, M., & Malavasi, N. 2020,

A&A, 643, L2
Tingay, S. J., et al. 2013, PASA, 30, e007
Vazza, F., Ettori, S., Roncarelli, M., Angelinelli, M., Brüggen, M., & Gheller, C.

2019, A&A, 627, A5
Vazza, F., Ferrari, C., Brüggen, M., Bonafede, A., Gheller, C., & Wang, P. 2015,

A&A, 580, A119
Vazza, F., Paoletti, D., Banfi, S., Finelli, F., Gheller, C., O’Sullivan, S. P., &

Brüggen, M. 2021, MNRAS, 500, 5350
Vernstrom, T., Gaensler, B. M., Brown, S., Lenc, E., & Norris, R. P., 2017,

MNRAS, 467, 4914
Vernstrom, T., Gaensler, B. M., Rudnick, L., & Andernach, H. 2019, ApJ,

878, 92
Vernstrom, T., Heald, G., Vazza, F., Galvin, T. J., West, J. L., Locatelli, N.,

Fornengo, N., & Pinetti, E. 2021, MNRAS,
Wayth, R. B., et al. 2015, PASA, 32, e025
Wayth, R. B., et al. 2018, PASA, 35, e033

https://doi.org/10.1017/pasa.2022.26 Published online by Cambridge University Press

http://enzo-project.org
http://www.ia2.inaf.it
https://doi.org/10.1111/j.1365-2966.2012.21042.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.423.2325A
https://doi.org/10.1111/j.1365-2966.2004.07962.x
https://ui.adsabs.harvard.edu/abs/2004MNRAS.351L.44B
https://doi.org/10.1093/mnras/sty2603
https://ui.adsabs.harvard.edu/abs/2019MNRAS.482....2B
https://doi.org/10.1007/s12036-011-9114-4
https://ui.adsabs.harvard.edu/abs/2011JApA...32.577B
https://doi.org/10.1093/mnras/stx746
https://ui.adsabs.harvard.edu/abs/2017MNRAS.468.4246B
https://doi.org/10.1103/PhysRevLett.124.051101
https://ui.adsabs.harvard.edu/abs/2020PhRvL.124e1101B
https://doi.org/10.1093/mnras/stac384
https://ui.adsabs.harvard.edu/abs/2022MNRAS.512.945C
https://doi.org/10.1086/306949
https://ui.adsabs.harvard.edu/abs/1999ApJ...514....1C
https://ui.adsabs.harvard.edu/abs/1980A&A....89.377C
https://doi.org/10.1086/320548
https://ui.adsabs.harvard.edu/abs/2001ApJ...552.473D
https://doi.org/10.1051/0004-6361/201935159
https://ui.adsabs.harvard.edu/abs/2019A&A...624A.48D
https://doi.org/10.3847/1538-3881/aac721
https://ui.adsabs.harvard.edu/abs/2018AJ....156...32E
https://doi.org/10.1038/nature16058
https://ui.adsabs.harvard.edu/abs/2015Natur.528.105E
https://doi.org/10.1126/science.aat7500
https://ui.adsabs.harvard.edu/abs/2019Sci...364.981G
https://doi.org/10.3847/1538-4357/abe384
https://ui.adsabs.harvard.edu/abs/2021ApJ...909.198H
https://doi.org/10.1017/pasa.2022.9
https://doi.org/10.1017/pasa.2021.32
https://ui.adsabs.harvard.edu/abs/2021PASA...38...47H
https://doi.org/10.1111/j.1365-2966.2006.11111.x
https://ui.adsabs.harvard.edu/abs/2007MNRAS.375...77H
https://ui.adsabs.harvard.edu/abs/1974A&AS...15.417H
https://doi.org/10.1093/mnras/stw2337
https://ui.adsabs.harvard.edu/abs/2017MNRAS.464.1146H
https://doi.org/10.1088/0004-637X/693/2/L127
https://ui.adsabs.harvard.edu/abs/2009ApJ...693L.127K
https://doi.org/10.1111/j.1365-2966.2007.12203.x
https://ui.adsabs.harvard.edu/abs/2007MNRAS.380.1608L
https://doi.org/10.1038/s41586-020-2300-2
https://ui.adsabs.harvard.edu/abs/2020Natur.581.391M
https://doi.org/10.1002/asna.201713343
https://ui.adsabs.harvard.edu/abs/2017AN....338.281N
https://doi.org/10.1038/s41586-018-0204-1
https://ui.adsabs.harvard.edu/abs/2018Natur.558.406N
https://doi.org/10.1111/j.1365-2966.2011.20118.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.420.2006N
https://doi.org/10.1051/0004-6361/201833832
https://ui.adsabs.harvard.edu/abs/2019A&A...622A.16O
https://doi.org/10.1093/mnras/staa1395
https://ui.adsabs.harvard.edu/abs/2020MNRAS.495.2607O
https://doi.org/10.1051/0004-6361/201525821
https://ui.adsabs.harvard.edu/abs/2016A&A...594A.19P
https://doi.org/10.1103/PhysRevLett.116.191302
https://ui.adsabs.harvard.edu/abs/2016PhRvL.116s1302P
https://doi.org/10.1051/0004-6361/201833413
https://ui.adsabs.harvard.edu/abs/2019A&A...625A.67T
https://doi.org/10.1051/0004-6361/202038521
https://ui.adsabs.harvard.edu/abs/2020A&A...643L...2T
https://doi.org/10.1017/pasa.2012.007
https://ui.adsabs.harvard.edu/abs/2013PASA...30....7T
https://doi.org/10.1051/0004-6361/201935439
https://ui.adsabs.harvard.edu/abs/2019A&A...627A...5V
https://doi.org/10.1051/0004-6361/201526228
https://ui.adsabs.harvard.edu/abs/2015A&A...580A.119V
https://doi.org/10.1093/mnras/staa3532
https://ui.adsabs.harvard.edu/abs/2021MNRAS.500.5350V
https://doi.org/10.1093/mnras/stx424
https://ui.adsabs.harvard.edu/abs/2017MNRAS.467.4914V
https://doi.org/10.3847/1538-4357/ab1f83
https://ui.adsabs.harvard.edu/abs/2019ApJ...878...92V
https://doi.org/10.1093/mnras/stab1301
https://doi.org/10.1017/pasa.2015.26
https://ui.adsabs.harvard.edu/abs/2015PASA...32...25W
https://doi.org/10.1017/pasa.2018.37
https://ui.adsabs.harvard.edu/abs/2018PASA...35...33W
https://doi.org/10.1017/pasa.2022.26

	
	Introduction
	Field construction
	Point source subtraction
	Stacking
	Selection of halo pairs
	Stacking and modelling methodology
	Noise estimation
	Results and discussion
	The ubiquity of "2018`relic"2019`-like shocks
	Filamentary emission
	Limitations on the current study
	Conclusion

