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ABSTRACT

Cosmological simulations predict the presence of warm hot thermal gas in the cosmic filaments that connect galaxy clusters.
This gas is thought to constitute an important part of the missing baryons in the Universe. In addition to the thermal gas,
cosmic filaments could contain a population of relativistic particles and magnetic fields. A detection of magnetic fields in
filaments can constrain early magnetogenesis in the cosmos. So far, the resulting diffuse synchrotron emission has only been
indirectly detected. We present our search for thermal and non-thermal diffuse emission from intercluster regions of 106 paired
galaxy clusters by stacking the 0.6-2.3 keV X-ray and 144 MHz radio data obtained with the eROSITA telescope onboard the
Spectrum-Roentgen-Gamma (SRG) observatory and LOw Frequency ARray (LOFAR), respectively. The stacked data do not
show the presence of X-ray and radio diffuse emission in the intercluster regions. This could be due to the sensitivity of the data
sets and/or the limited number of cluster pairs used in this study. Assuming a constant radio emissivity in the filaments, we find
that the mean radio emissivity is not higher than 1.2 x 10~* ergs~! cm~ Hz~!. Under equipartition conditions, our upper limit
on the mean emissivity translates to an upper limit of ~ 75 nG for the mean magnetic field strength in the filaments, depending
on the spectral index and the minimum energy cutoff. We discuss the constraint for the magnetic field strength in the context of

the models for the formation of magnetic fields in cosmic filaments.

Key words: galaxies: clusters: intracluster medium — diffuse radiation —large-scale structure of Universe.

1 INTRODUCTION

Cosmological simulations predict the presence of a complex web of
cosmic filaments connecting high matter density regions of galaxy
clusters. Cosmic filaments are thought to contain, in addition to
dark matter and galaxies, warm-hot intergalactic matter (WHIM)
with temperatures of 10°-107 K and low particle densities of 1 —
10 particles m~> (e.g. Dave et al. 2001).

The presence of X-ray diffuse emission in cosmic filaments has
been reported by several works over the last few decades. For
instance, Werner et al. (2008) reported a So detection of X-ray
emission in the 1.2 Mpc-wide region connecting interacting merging
system of Abell 222 and Abell 223 (z = 0.21) with XMM-Newton
0.5-2.0 keV observations. Eckert et al. (2015) found a filamentary X-
ray structure beyond the virial radius (R,;; = 2.1 Mpc) of the massive
(M = 1.8 x 10" My,) galaxy cluster Abell 2744 in the XMM-
Newton 0.5-1.2 keV data. Bulbul et al. (2016) detected cool (0.8—

*E-mail:  hoang@hs.uni-hamburg.de  (DNH);
hamburg.de (MB); annalisa.bonafede @unibo.it (AB)

mbrueggen @hs.uni-

1 keV) filamentary gas at the distance of Ry to the centre of Abell
A1750 with Suzaku. There is no galaxy cluster found at the location
of the filament that is interpreted as the denser, hotter phase of
WHIM. Recently, Reiprich et al. (2021) reported the detection of a 15
Mpc-long region of warm-hot diffuse X-ray emission in between the
cluster pair Abell 3391-Abell 3395 and multiple structures beyond
Ry with the extended ROentgen Survey with an Imaging Telescope
Array (eROSITA; Merloni et al. 2012; Predehl et al. 2021) onboard
the SRG mission. Using indirect stacking technique, Tanimura et al.
(2020) found a 4.2¢ X-ray signal from 30 to 100 Mpc long cosmic
filaments (Malavasi et al. 2020) using the 0.56-1.21 keV ROSAT
data. Vernstrom et al. (2021) reported a 5o X-ray diffuse emission in
the stacked regions between pairs of luminous red galaxies (LRGs)
separated by distance below 15 Mpc using the archival data obtained
with the ROSAT All Sky Survey (RASS; Triimper 1993). Tanimura
et al. (2022) detected excess X-ray emission with 3.80 significance
from the 463 stacked filaments with length between 30 and 100 Mpc
in the 0.4-2.3 keV data obtained by eROSITA.

The X-ray emission detected in the bridges from the closely
interacting systems (e.g. Abell 222—Abell 223, Abell 3391-Abell
3395, part of the LRG pairs in Vernstrom et al. 2021) might be due to

© 2023 The Author(s)

Published by Oxford University Press on behalf of Royal Astronomical Society

20z Aienigad Lz uo Jasn QNN - UspleT NaYsIoAIun Aq £¥S0LZ2/0ZE9/P/EZS/RI0IHE/S_IU/WOD dNO"DlWSPED.//:SARY WOI) PAPEOJUMOQ


http://orcid.org/0000-0002-8286-646X
http://orcid.org/0000-0002-3369-7735
https://orcid.org/0000-0001-6019-6373
https://orcid.org/0000-0002-5068-4581
https://orcid.org/0000-0003-3501-0359
https://orcid.org/0000-0002-2941-6734
https://orcid.org/0000-0001-5648-9069
http://orcid.org/0000-0002-9325-1567
https://orcid.org/0000-0002-7619-5399
https://orcid.org/0000-0002-8648-8507
http://orcid.org/0000-0002-3968-3051
http://orcid.org/0000-0002-9711-5554
https://orcid.org/0000-0001-8887-2257
http://orcid.org/0000-0001-7093-3875
https://orcid.org/0000-0002-0587-1660
mailto:hoang@hs.uni-hamburg.de
mailto:mbrueggen@hs.uni-hamburg.de
mailto:annalisa.bonafede@unibo.it

the heated thermal electrons generated during the merger interaction
of the sub-clusters while the X-ray structures found in further to
the outskirts of galaxy clusters (e.g. beyond Ryg) are likely created
by the interaction between the intracluster medium (ICM) and its
surrounding large-scale structure (i.e. WHIM; e.g. Dolag et al. 2006;
Werner et al. 2008; Planck Collaboration 2013)

In the radio band, an indirect detection of radio emission from
the regions connecting pairs of LRGs that are thought to trace
galaxy clusters/groups has been reported by Vernstrom et al. (2021).
By stacking the Galactic and Extragalactic All-sky Murchison
Widefield Array (MWA; Wayth et al. 2015; Hurley-Walker et al.
2017) multiband (73-154 MHz) images, the authors found excess
(50) diffuse radio emission in the regions between the LRG pairs.
The separation between the LRG pairs is below 15 Mpc with a
mean of 9.9 Mpc. However, a following-up analysis by Hodgson
et al. (2022) using more sensitive MWA data at 118.5 MHz does not
detect the synchrotron signal in between the reported pairs of LRGs.
In a recent study, Vernstrom et al. (2023) reports the detection of
polarized (> 20 per cent) radio diffuse emission from the regions
between the LRG pairs with the 1.4 GHz Global Magneto-Ionic
Medium Survey (Wolleben et al. 2021) data and the 30 GHz Planck
data (Ade et al. 2016). The LRG pairs are obtained from the Sloan
Digital Sky Survey (SDSS) Data Release 7 LRG Catalogue (Lopes
2007).

Despite of the absence of direct detection of diffuse radio emission
from the intercluster regions, recent attempts have been made
on paired clusters of different separations. A recent attempt by
Locatelli et al. (2021) searches for diffuse radio emission between
the intercluster regions of two pairs of galaxy clusters RXC J1659-
J1702 (z = 0.14) and RXC J1155-J1156 (Z = 0.10) separated by a
distance of 14 and 25 Mpc, respectively, using the LOw Frequency
ARray (LOFAR; van Haarlem et al. 2013) High Band Antenna
(HBA) 8-h observations. However, no diffuse emission was detected
in their 20 arcsec-resolution images that have noise levels of 160
and 260 1Jy beam™!. This non-detection suggests that the surface
brightness (SB) of the filaments is below the sensitivity of their
short observations. Similar work without detected signal was done
by Briiggen et al. (2021) on the closely (3.1 Mpc) interacting paired
clusters Abell 3391-Abell 3395 using the Evolutionary Map of the
Universe Early Science observations (Norris et al. 2011) with the
Australian Square Kilometre Array Pathfinder (ASKAP; Johnston
et al. 2007). The strongest evidence for this is the recent direct
detection of diffuse radio emission from the connecting regions
(namely bridge) between the pairs of clusters (or groups) in Abell
399-Abell 401 (3 Mpc Govoni et al. 2019; de Jong et al. 2022) and
Abell 1785N-Abell 1785S (2 Mpc Botteon et al. 2020a), Coma
(Bonafede et al. 2022) with LOFAR, and Shapley Supercluster
(A3562-SC 1329-313; Venturi et al. 2022) with the ASKAP (Hotan
et al. 2021) and (MeerKAT; Jonas 2009). However, these regions are
still within the virial radii of these clusters (Sakelliou & Ponman
2004; Botteon et al. 2018; Bonafede et al. 2022; Venturi et al.
2022), and the ICM of the clusters or groups are in the process of
interacting. The resulting shock waves and turbulence can produce
diffuse emission in the connecting regions (Govoni et al. 2019;
Brunetti & Vazza 2020). Still, these observations are probing further
into the cluster outskirts than previously possible and are a stepping
stone to directly detect synchrotron emission from cosmic filaments.

Diffuse radio emission in cosmic filaments is expected to be gener-
ated by large-scale magnetic fields permeating the source volume and
relativistic electrons accelerated by accretion shocks from in-falling
matter (Vazza et al. 2015). Cosmic filaments provide a promising
testbed for studying magnetogenesis because the magnetic field
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within cosmic filaments is expected to be less affected by magnetized
outflows from galaxies or dynamo processes than magnetic fields in
galaxy clusters. Hence, cosmic filaments provide a good laboratory
to study magnetic field amplification by the formation of large-scale
structure (e.g. Briiggen et al. 2005). A recent study by Oei et al.
(2022) further predicts the radio diffuse signal from the merger- and
accretion-shocked synchrotron Cosmic Web that is generated during
the structure formation.

In this study, we search for diffuse radio and X-ray emission from
the regions connecting pairs of galaxy clusters that are members
of a large-scale structure connecting multiple clusters or groups of
galaxies (aka supercluster systems; Bahcall 1999). The extremely
faint nature of the intercluster filaments makes direct search chal-
lenging for the current radio telescopes. Hence, to increase the
signal-to-noise ratio (SNR) of the signal we perform stacking of
the intercluster regions. Throughout the paper, we assume a ACDM
(Lambda cold dark matter) cosmology with €2,, = 0.3, Q5 = 0.7,
and Hy = 70km s~ Mpc™!.

2 THE SUPERCLUSTER SAMPLE

During the performance verification phase of eROSITA, it scans
an equatorial sky area of 140 square degrees with its 0.2-10 keV
energy band for an exposure duration of 2.2 ks. The observation,
namely eROSITA Final Equatorial Depth Survey (eFEDS), reach
the sensitivity of the eROSITA All-Sky Survey (eRASS). Detailed
analysis of the data by Liu et al. (2022) shows the detection of 542
candidate galaxy clusters in the eFEDS field. Liu et al. (2022) also
published the catalog of 19 superclusters with more than 4 members.
In this work, we also include the other supercluster systems in the
field with less number of cluster members, from 2 to 10 galaxy
clusters.

We search for diffuse emission from the intercluster filaments
connecting the supercluster members detected in the eFEDS field.
The supercluster catalogue contains the redshifts and sky coordinates
of the clusters that allows us to make a list of 162 cluster pairs. These
pairs are selected based on the physical distance between the paired
clusters in which the closest clusters in a supercluster system are
paired together. To maximize the detection of the faint filaments, we
select only the cluster pairs that (i) are located in the sensitive regions
of the LOFAR observations between Dec>—2° and Dec<+5° and
(ii) are separated with an angular distance from 20 to 120 arcmin.
The final list consists of 106 pairs of galaxy clusters that are shown
in Table A1. Most of these cluster pairs (80 per cent) are at redshifts
below 0.5 and are separated from each other by a distance between 4
and 50 Mpc. The length of a filament is assumed to be the separation
of the paired clusters minus their respective virial radii. We define
the width of a filament to be two times the mean virial radii of the
paired clusters. The virial radius of a cluster is calculated using the
scaling relation Ry = 10'/3Rso (Reiprich et al. 2013). The radius
Rsq is the radius at which the enclosed mass density is 500 times
the critical density of the Universe at the cluster’s redshift. For the
selected clusters, Rsgo is estimated in Liu et al. (2022). In Fig. 1, we
show more detail on the properties of these intercluster filaments.

3 DATA

3.1 LOFAR radio data

The eFEDS field was observed with LOFAR for a total duration
of 184 h in multiple projects, including LC13.029, LT10-010,
LT14.004, and LT5.007. The observations make use of 73-75
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Figure 1. (a): Spatial distribution of the superclusters in the eFEDS field (green region) on the LOFAR RMS map. Members of a supercluster system are shown
with the same colour. In this study, 106 pairs of galaxy clusters are selected. The sizes of the circles indicate the relative radius Rsgp of the clusters. (b, ¢, d): The

distributions of the redshift, length and width of the selected filaments.

stations (48 split cores, 14 remotes, and 9-13 international) in full
polarization mode and have a frequency coverage between 120 and
168 MHz. The data were calibrated for direction-independent and
direction-dependent (DD) effects, following the standard procedures
that have been developed for the LOFAR Two-metre-Sky Survey
(LoTSS; Shimwell et al. 2017, 2019, 2022). The data processing
pipelines used for the calibration Prefactor! (van Weeren et al.
2016; Williams et al. 2016; de Gasperin et al. 2019) and ddf-
pieline? (Tasse et al. 2021) are freely available. Details of the
calibration of the eFEDS data were presented in Pasini et al. (2022).
In this study, we combine these calibrated data sets for the eFEDS
field, except those obtained from the project LT5_007 due to its high
noise level.

To enhance low SB, large-scale emission from the intercluster
filaments, we create a low-resolution (2 arcmin) mosaic of the entire
field. First, we remove discrete sources to avoid contamination. For
each pointing, the subtraction of discrete sources from the data is

Thttps://github.com/lofar-astron/prefactor
Zhttps://github.com/mhardcastle/ddf-pipeline
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done using the DD calibration solutions and the high-resolution
clean-component models that are produced during the calibration
steps by ddf -pipeline. After the subtraction, we use the DD-
subtracted uv data to create wide-field (8° x 10°) images for each
pointings using WSClean. We set the imaging parameters in such
a way that shorter baselines are weighted more for the enhancing
of large-scale emission (i.e. Briggs’ weighting robust of 0.25,
tapering of long baselines of 10 arcsec). The uv range is set above
45 A, which is sensitive to diffuse emission of scales smaller than
1.55°. The deconvolution is done for the pixels above a threshold
of 1.5 times the local RMS, using auto-threshold option. The
join-channel deconvolution is applied to take into account the
wide bandwidth of the observing frequencies (i.e. 48 MHz). The
deconvolved images are corrected for the spatial attenuation of the
LOFAR primary beam using the option apply-primary-beam
in WSClean.

Before making low-resolution mosaics of the eFEDS field, we
smooth the images for each pointing to a common resolution of
2 arcmin using CASA’s task (imsmooth). Pixels that are below
10 per cent of the LOFAR primary beam sensitivity are blanked out.
The smoothed images for each pointing are combined to create a
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mosaic in a similar procedure as done in Shimwell et al. (2022).
Here the pixels in each images are weighted by the inverse-variance
of the local noise (i.e. 1/02;) calculated from the pointing images.

The source-subtracted 2 arcmin-resolution mosaic of the eFEDS
field is shown in Fig. 2a. As seen in the mosaic, a majority of
the discrete sources are subtracted. However, some residuals are
still clearly visible over the field due to the imperfection of the uv
subtraction. To further remove the residuals of the discrete sources,
we use the Python Blob Detector and Source Finder’ (PyBDSF;
Mohan & Rafterty 2015) to search for the >30 ,0ic pixels that are
then fitted with Gaussian functions. To avoid the subtraction from
extended emission, only models of the sources that have angular sizes
smaller than three times the beam size are created and are subtracted
from the mosaic. The resulting source-subtracted mosaic is shown in
Fig. 2b.

3.2 eROSITA X-ray data

We use the eFEDS 0.6-2.3 keV count map and exposure map from
the early data release* for data analysis. The detailed data reduction
procedure was described in Brunner et al. (2022). The image products
are rebinned to a pixel size of 16 x 16 arcsec®. Extended sources
in galaxy clusters and groups catalog (Liu et al. 2022) are masked
using a radius of 3 xR_SNR_MAX. Point sources in the catalog of
Brunner et al. (2022) are masked using 1.5 arcmin-radius masks. We
visually inspect the source masked image and apply additional masks
to bright source PSF wings that exceed the 1.5 arcmin-radius. We do
not use the 0.2-0.6 keV band image because the foreground emission
from Galactic halo is dominant in this band (Ponti et al. 2022), which
is also the possible reason why Tanimura et al. (2022) only reported
filament emission detection using the 0.6-2.3 keV images.

4 THE STACKING TECHNIQUE

Diffuse emission from cosmic filaments is expected to be faint due
to its low particle density. To search for the diffuse emission from
these intercluster regions, previous studies exploited the stacking
technique of multiple individual images to increase the SNR of the
sources (e.g. Clampitt et al. 2016; Tanimura et al. 2020; Vernstrom
et al. 2021; Tanimura et al. 2022; Vernstrom et al. 2023).

4.1 Stacking of radio data

We combine the radio images round the cluster pairs, which is
roughly similar to the procedure described in Clampitt et al. (2016)
and Vernstrom et al. (2021). For each pair of galaxy clusters,
cutout images are extracted from the 2 arcmin-resolution mosaic
(see Fig. 2b). As the cluster pairs have different orientations in the
sky, we rotate the cutout images to align the cluster pairs along the
horizontal (X) axis of the image. The angular sizes of the cutout
images in the X and Y axes are set to common angular sizes in
the units of the cluster separations (d) and the mean of the virial
radii (Ryir = (Ryir.1 + Ryir2)/2) of the paired clusters, respectively.
The cutout images are then regridded to common pixel sizes (i.e.
1024 x 1024 pixel?). The centre of each paired clusters are located
on the same pixel locations in the regridded images [i.e. (— 256,
0) and (+ 256, 0), here the coordinate origin is at the cutout image

3https://github.com/lofar-astron/PyBDSF
“https://erosita.mpe.mpg.de/edr/eROSITAObservations/Catalogues/liuT/e
FEDS_c001_images/
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centre]. The pixel sizes in X and Y axes are set to be d/512 and
1024/(10R;,), respectively. When the cutout images are regridded,
the images are stretched or contracted, depending on the original
angular separation of the paired clusters. We convert the SB unit to
Jy pixel™! during this step as the SB unit of Jy beam™" is not relevant.
During the rotation and regridding, the flux density is conserved.

The cutout images with common pixel sizes are combined to
generate a stacked image of the cluster pairs. Individual pixels are
averaged and are weighted by the inverse-variance (1 /omm) of the
noise estimated from the cutout images.

To estimate the volume emissivity of the plasma filling a filament,
we assume a tube-like shape for the filament. The area of the filament
cross-section is A = 7 12, where r is the radius of the cross-section of
the filament. The emissivity and integrated flux density® for the
filament are

P
€= —,
\%
P elr?
S = 3 = 5 (1)
47DK(z)  4K()D?

where P is the radio power, V is the filament volume, / the length of
the filament, and D, = (D, , + Dy ;)/2 is the luminosity distance
to the pair clusters (the subscripts a and b denote the two clusters of
the pair), K(z) = (1 + z)® "V is the monochromatic K-correction
term for a radio source of spectral index « at redshift z. When a
number of N filaments are stacked, the mean flux density for the
filaments is,

N Vo lir?
S=) oS - . 2
29 = kv
where w; = El/% is the inverse-variance weighting of the
j=1 noise.

cutout images. Assuming that the emissivity of the filaments is
constant for all filaments in the sample, we can write equation (2) as
follows:

N
€=, 3
c
N wilir} . .
where ¢ =) ;_ L—. The mean flux density, S, is measured

i=l 4K(z;)D? ,*
from the stacked image and c is calculated for N cluster pairs.

4.2 Stacking of X-ray data

For the X-ray data, our stacking method is similar to that of Tanimura
etal. (2022). For each cluster pair, we extract the SB 1D profile from
the connecting segment to 5 x Ry;; with bin sizes of 0.5 Ry (e.g. see
fig. 2 of Tanimura et al. 2022). The SB of the ith bin is

> Nij
Z Eij x Ay’

where Njj, Ejj, and Aj; are the count number, vignetting corrected
exposure time and sky area of the j-th pixel in the i-th bin. For the
106 extracted profiles, we use a bootstrapping method to evaluate the
mean and 1o uncertainty of the combined profile. Note that the ratio
between the vignetting corrected and uncorrected exposure maps is
flat across eFEDS, we do not distinguish instrumental background
and sky X-ray background. Instead, we will use the SB outside Ruir
as the local background.

SB; = )

SThe synchrotron spectrum convention of S oc v™¢ is used in this study.
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Figure 2. (a) Mosaic of the eFEDS field after the subtraction of discrete sources with DD calibration solutions. (b) The mosaic after an additional subtraction
of discrete sources made with PyBDSF. Both images have the same colour range and field of view. The resolution of the mosaic is shown in the bottom-left
corners.
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Figure 3. Filament model and its profiles across the width (right subpanel)
and length (top subpanel).

5 INJECTION OF FILAMENT MODELS

Due to the missing of uv sampling, radio interferometric observations
suffer from recovering large-scale, low-SB emission. A recent study
by Bruno et al. (2023) extensively addressed this issue with LOFAR
data for cluster-scale diffuse emission. They found that the LOFAR
observations miss only 10 per cent of the flux density from diffuse
sources of 10.5 arcmin scales. However, the missing flux density
can be up to 50 percent for 18 arcmin-scale sources. Our LOFAR
observations might miss part of diffuse emission from the intercluster
filaments that span a large-spatial area of the sky, up to ~1.5 degree
in size. We examine this effect in the LOFAR data by the injection
of filament models and compare the flux density before and after the
injection. We assume a simple tube-like 3D shape for the filaments.
In projection, the width w and length / of a filament are defined as

w = 2RVir5
l=d— Rvir,l - Rvir.2- (5)

The projected SB across the filament width is set to follow a Gaussian
function with a standard deviation of oG = Ryir /3. With this
SB distribution, the amount of the flux density integrated over the
filament width (i.e. between —30 Gaus. and 30 Gaus.) 18 99.7 per cent.
Along the length of the filaments, the projected SB is assumed to be
constant. An example of a filament model is shown in Fig. 3.

For each pointings, the models of the filaments are multiplied with
the corresponding LOFAR primary beam to account for the spatial
sensitivity of the telescope. The primary-beam-attenuated models
for the filaments are then performed Fourier transformation and
are added (injected) to the DD-subtracted uv data in which discrete
sources have been removed by the DD-calibration solutions and the
ddf -pipeline high-resolution (~6 arcsec) models. The injected
data sets are then processed in the similar manner as done in Section
3.1 to generate a final mosaic of the eFEDS field. Due to the low
SB of the mock filaments, the injected emission is not deconvolved
during the imaging. To avoid the removal of the injected filaments
in the PyBDSF-subtracted step, we use the models for the residuals
which are created with the PyBDSF run on the original mosaic (i.e.
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Fig. 2a). As mentioned in Section 3.1, we only made the models
for the residuals with an angular size smaller than three times the
synthesized beam to avoid the removal of the large-scale signal from
intercluster filaments. We refer to this injection of the filament models
in to the uv data as the uv injection.

The flux density of the filaments might be lost during the
stacking due to the image processing. We also test this pos-
sibility by injecting of the filament models directly in to the
cutout images, which is referred as the image injection. The
models of the filaments are smoothed to the same 2 arcsec-
resolution of the cutout images before being added to the cutout
images. The model-injected cutout images are then combined to
generate stacked images, following the procedure described in
Section 4.

6 RESULTS

6.1 Radio stacked image

In Fig. 4, we show the stacked image for the 106 selected pairs
of galaxy clusters. The sensitivity of the stacked image iS oyoise =
0.6 uJy pixel~!, where the pixel sizes along X and Y axes are in the
units of d/512 and 1024/(10R,;,). At the locations of the paired
clusters, radio emission above 20 i 1S Seen. However, no diffuse
emission in the regions connecting the paired clusters is detected. In
the following subsections, we use the stacked image to constrain on
the upper limits of the flux density, the emissivity, and the magnetic
field strength for the filaments.

6.1.1 Flux density

We constrain the upper limit of the mean flux density for the
intercluster regions to be S < 3AS, where AS = N ASgp and
ASgqup = nohoise are the uncertainties of the flux densities over the
filament regions and independent sub-regions, respectively; N is
the mean number of the independent sub-regions consisting of n
pixels each. The factor of 3 here indicates that the true flux density
of the filaments is below the upper limit S with a probability of
99.7 percent. As defined in equation (5), the filament widths are
equal to two times the mean of the virial radii of the paired clusters,
and that the filament lengths span between the boundaries of the
virial radii of the clusters. The area of the filaments ranges from
10 to 236 independent beams with a mean of 51 beams. Almost
85 percent of the filaments have an area smaller than 80 beams.
More detail on the distribution of the filament area is shown in
Fig. A1 (a). When the number of independent sub-regions is taken
to be the mean of the filament area in beam unit (N = 51), the
uncertainty of the flux density in an independent sub-region of the
filaments is ASgp, = 0.9 mly, here n = 1540 pixels. This results in
the mean flux density of the intercluster regions to be lower than
S < 19.3mly. The upper limit for the flux density is estimated here
under the assumption that the SB is constant over the whole filament
area. Hence, this upper limit is likely much higher than the true flux
density for the filaments as the SB in the outer regions is expected to
be fainter than the SB in the middle regions (along the length of the
filaments).

6.1.2 Emissivity

The upper limit for the flux density of the filaments derived in the
previous section is likely to be much higher than the true value that
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Figure 4. LOFAR 144 MHz stacked image of the 106 cluster pairs. The locations of the paired clusters are marked with plus (+) signs. The width and
length of the green rectangle region is w and the mean of the filament lengths, respectively. The contours are drawn at [ £ 2, £4, £6] X 0 poise, Where

Onoise = 0.6 uJy pixel’l. Dashed lines represent negative contours.

Table 1. The statistics for the two-sample KS test for the comparison between
the means of the emission in the intercluster filaments before and after the
injection of filament models.

€inj Statistic p-value Detection
[10~% erg sT'em™3Hz ™)

1 0.4 0.08 N
1.2 0.45 0.03 Y
14 0.5 0.01 Y
1.6 0.55 0.004 Y
1.8 0.55 0.004 Y
2 0.6 0.001 Y
3 0.75 <0.001 Y
4 0.85 <0.001 Y
5 0.9 <0.001 Y

results in an unrealistic volume emissivity for the filaments. To have
a tight estimate of the emissivity, we perform the injection of the
filament models in to the uv data. More detail on the uv injection
procedure is described in Section 5. To this end, we simulate the
filaments as tube-like structures. We generate filament models with
a range of emissivities €, = 1 —5 x 107 ergs™' cm™> Hz™! (see
Table 1). For each injection, we assume a common emissivity for all
the filaments in our sample. We create source-subtracted mosaics
containing the filament models that are used to generate cutout
images, which are subsequently stacked, following the stacking
technique described in Section 4.1. In Fig. 5, we present some of
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the stacked images before (a) and after (b-e) the uv injection of the
filament models. For comparison, we also show a stacked image of
the filament models in Fig. 5f.

Fig. Sb—e shows that the SB in the stacked filament regions is
brighter as the injected emissivity of the models increases. For the
injected emissivity of 5 x 10™* erg s~! cm™> Hz~!, diffuse emission
is well detected at 20 ;5 OVer the regions connecting the paired clus-
ters (see Fig. Se). This feature is clearer in the normalized SB profiles
across the widths of the stacked filaments in Fig. 6 (a). As the injected
emissivity increases, the peaks of the normalized intensity profiles
increase. The intensity for €;,; = 5 x 107 ergs™' cm™2 Hz ! is well
above the background regions. We note that negative pixels are
seen around the stacked filaments in Fig. 5b—e and the projected
profiles in Fig. 6a (i.e. at the pixel locations of 370 and 610). These
are due to the fact that the low SB of the injected emission is
not deconvolved during the imaging (i.e. roundly below the noise
levels).

To search for the upper limit for the emissivity of the filaments,
we compare the flux density extracted in the intercluster regions
before and after the injection of filament models in to the uv data.
We select the region where the SB is brightest as shown by the
white rectangle in Fig. Se. Following Vernstrom et al. (2021, 2023),
we perform a comparison using two-sample Kolmogorov—Smirnov
(KS) test® (Hodges 1958) that compares the two extracted flux

6 Available in Sci Py package at https:/scipy.org.
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Stacking of inter-cluster filaments

Figure 5. Stacked images of the cluster pairs before (a) and after (b—e, g—j) injecting mock filaments (f) into uv data (b—e) and image (g—j) with a range of
cm 3 Hz~!). The original and model stacked images are shown in panels (a) and (f). The

emissivity (shown on the top right corners, in unit of 10~* ergs~!

green region is where the flux density is integrated. The grey contours start at 20 p0ise and are spaced by a factor of 2. The negative contours are shown with

dotted lines.
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Figure 6. (a and b) Projected SB profiles across the widths of the stacked filaments with and without the injection of the models into uv data (a) and images (b).
The profiles (a and b) are normalized by dividing by the peak value. (c) The flux density extracted from the regions along the stacked filaments before and after

the injection of filament models. The extracted region is shown with the white rectangle in Fig. Se. The injected emissivity in units of 10~**erg s

is shown in the top legends.

density samples. One sample is taken from the injected stacked
images (Fig. 5, b—e); and the other (reference) sample is extracted
from the original stacked image (Fig. 5a). The null hypothesis for
the statistical test is that the flux density in the injected stacked
image is not different from that in the original stacked image
(i.e. the same distribution). We find that the injected emissivity of
1.2 x 107*ergs™' cm™3 Hz ™! results in the statistically significant
(p-value < 0.05) difference in the flux densities in the injection
and original stacked images. In addition to the comparison with the
filament regions prior to the injection, we use background regions
as the reference sample to compare the flux density in the injected
filaments with the noise. The background regions are shown with the
cyan rectangles in Fig. Se. We find that the upper limit obtained this
way is consistent with the results from the previous case in which
the reference sample is taken from the intercluster regions prior
to the injection. More detail on the KS-test statistics is shown in
Table 1.

“lem3Hz !

6.1.3 Equipartition magnetic fields

Diffuse synchrotron emission was reported in the regions connecting
the pairs of LRGs that are thought to connect galaxy clusters
(Vernstrom et al. 2021, 2023). This implies the presence of large-
scale magnetic fields in the intercluster regions. To estimate the
magnetic field strength, we follow the equipartition assumption that
the total energy in the magnetic field and the relativistic particles (i.e.
electrons and heavy particles) is minimum. According to Pacholczyk
(1970) and Govoni & Feretti (2004), the equipartition magnetic field
strength in the minimum total energy condition, in which the energies
in the magnetic field and relativistic particles are approximately
equal, is given by

)2/7

Beq = (67t(1 + k)C]szolq>71€ s (6)

where k is the ratio of heavy particle (i.e. protons) energy to that in
the electrons, cix(a, vy, vp) = c}/2c;1c with ¢j, ¢, and C given in
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Figure 7. Magnetic field strength (revised) of cosmic filaments as a function
of spectral index o and minimum particle energy cutoff y min.

equations 3 and 17 of Govoni & Feretti (2004), v, and v, are the
frequency range in which the synchrotron luminosity is integrated,
Kioi(2) = (1 + )G9 is the bolometric K-correction term, ® is the
volume filling factor of the synchrotron emission, and € is the volume
emissivity of the synchrotron emission. In the equation above, we
include the emissivity € = Lgy,./V and the K-correction term to the
equation 22 of Govoni & Feretti (2004).

As pointed out in literature that the integration of the radio
synchrotron luminosity should be taken in the electron energy space,
instead of in the frequency one (Brunetti et al. 2004). This is because
the radio emission from the relativistic electrons here is assumed to
be in the frequency range from v; = 10 MHz and v, = 10 GHz (or
100 GHz) observable with radio telescopes on Earth which generates
physical biases. The revised magnetic field strength is calculated
based on the electron energy cutoff,

, JEE P
Beq ~ llym%nf“ BeZ(;HQ)a @)

where y min 1S the Lorentz factor of the minimum energy for the
synchrotron radio emitting electrons (Brunetti et al. 2004; Govoni &
Feretti 2004).

In the previous sections, we assume spectral index of 1.5 for
the radio emission from the filaments although the true value for
the spectral index is unknown. Here we examine the strength of
magnetic field as a function of spectral index ranging between 1
and 2.5. We assume the energy in the protons is 100 times that
in relativistic electrons, i.e. k = 100, that the emitted frequency
ranges between 10 MHz and 10 GHz, and ® = 1 (e.g. Govoni &
Feretti 2004). In Fig. 7, we present the dependence of the B field
strength on the spectral index « and the minimum energy cutoff
Ymin (assuming between 100 and 900). For our upper limit for
the emissivity of € = 1.2 x 10~*ergs™' cm3 Hz~!, the mean of
revised magnetic field strength is well below 75nG (i.e. Ymin =
100 and o = 2.5). Our constraint on the filament magnetic field is
consistent with the estimates in the literature. For instance, Vernstrom
et al. (2021) report a magnetic field strength of 30 — 50nG using
analysis of synchrotron-Inverse-Compton emission. Carretti et al.
(2022) estimate a strength of B = 32 £ 3 nG using Rotation Measure
technique. Our upper limit for the magnetic field strength is lower
than those reported in O’Sullivan et al. (2019), Locatelli et al. (2021;
250 nG), Brown et al. (2017), and Vernstrom et al. (2017; 30-200
nG) and is slightly higher than those in Vacca et al. (2018), Vernstrom
et al. (2019), and Amaral, Vernstrom & Gaensler (2021; 40-50 nG).
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Figure 8. X-ray stacked profile. The dashed horizontal line denotes the mean
SB from 1 to 5 Ryj.

We note that the true magnetic field strength in our calculation can
be much lower in the cases that the spectral index is flatter and/or
the minimum energy cutoff is higher. Vernstrom et al. (2021, 2023)
reported a mean spectral index of o ~ 1 for larger samples of (390 808
and 612 025, respectively) LRG pairs. If the magnetic field strength
in the filaments is at the levels of that between the LRG pairs, our data
suggest an upper limit of a few nG for the B field strength, as seen in
Fig. 7. However, this might not be necessary the case because of the
differences (e.g. physical sizes, redshift, and mass) in the samples
used in this and Vernstrom et al. (2021)’s studies. For instance, the
physical separation between the LRG pairs is below 14 Mpc (mean
of 10 Mpc) that is much shorter than that of below 170 Mpc (mean
of 40 Mpc) in our sample. Moreover, it is still unclear whether or not
the magnetic field properties in the regions between the LRG pairs
are similar to those in between the members of super-clusters used
in this study.

6.2 X-ray stacked profile

The mean and bootstrapping uncertainty of the radial profiles from
106 cluster pairs is plotted in Fig. 8. The dashed line is the mean
value from 1 to 5 R.;, which is used as the local background to
evaluate the excess emission within Ry Though the SB in the first
bin is marginally higher than the local background, the significance
level of that bin is only 1.3 0. Therefore, we do not detect significant
excess of X-ray emission from the bridges of 106 cluster pairs.

7 DISCUSSION

7.1 Radio emission

In Fig. 9, we present the dependence of the recovered flux density of
the filament emission on the injected emissivity. The flux density is
directly measured from the stacked regions between the cluster pairs
before and after the uv injection. We find that the fraction of the flux
density detected with the LOFAR observations increases with the
emissivity that is injected into the uv data (i.e. red circles in Fig. 9).
It reaches to a value of ~55 percent for the injected models of
an emissivity of €, =5 x 10~* ergs! cm™3 Hz~!. However, the
trend could be biased by the non-zero emission in the intercluster
regions prior to the injection. To correct for this effect, we subtract
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Figure 9. The flux density is recovered after the injection of the models. The
diamonds and circles indicate the recovered flux density with and without the
subtraction of the pre-injection flux density, respectively.

the flux density measured in the injected stacked image by the value
measured in the original stacked image (i.e. without injection). After
the correction, the fraction of the recovered flux density remains
almost constant at ~70 per cent and does not depend on the injected
emissivity.

Possible reasons for the missing flux density (30 per cent) could
be due to (i) the post-processing of the images caused by the stacking
procedure and/or (ii) the incomplete sampling of the uv coverage. To
examine the first possibility (i), we perform the image injection of the
filament models into the cutout images as described in Section 5. We
then process the cutout images, following the stacking procedure (i.e.
rotating, regridding, and averaging). Here the models with a range
of emissivity are created in a similar manner as for the uv injection.
The resulting stacked images and the flux density recovered after the
injection into the cutout images are shown in Fig. 5 (g—j) and Fig. 9,
respectively. We find that the uncorrected and corrected flux density
through the injection into the cutout images follows similar patterns
as those in the uv injection. After the non-zero emission correction,
the flux density measured in the stacked images is almost the same
(i.e. 100 per cent) as that in the stacked models (i.e. no flux density
lost). Hence, the stacking procedure does not affect the missing flux
density of the stacked filaments. Hence, the missing flux density after
the uv injection is likely due to the incomplete uv coverage (ii) of our
LOFAR observations despite of the selection of the uv range above
45 that is sensitive to large-scale emission up to the scales of the
filaments (i.e. 1.55°).

Applying the injection procedure, we constrain the mean emissiv-
ity of the filaments to be lower than 1.2 x 10~*ergs~! cm™3 Hz !
Our constraint is a factor of 4 higher than the estimate of 3.2 x
10~%ergs™' em™3 Hz™! that is reported for a sample of 390 808
stacked LRG pairs from the MWA and LWA by Vernstrom et al.
(2021). In addition, our constraint on the cosmic filaments is lower
than the estimates for the intercluster regions for closer pairs of
galaxy clusters reported in literature. For example, Govoni et al.
(2019) determined an emissivity of 8.6 x 10~*ergs™' cm™ Hz™!
at 140 MHz in the paired clusters Abell 399-Abell 401. Bot-
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teon et al. (2020b) estimated a 140 MHz emissivity of 4 x
10~%ergs™' em™3 Hz ™! for the radio diffuse emission, connecting
the pair Abell 1758N-Abell 1758S. The emissivity of the close
cluster pairs is expected to be higher than that in the cosmic
filaments. This might be the results of the non-linear amplification
of the magnetic field strength and the turbulent re-acceleration of
relativistic electrons via second-order Fermi mechanisms in the
interacting regions of close pairs of galaxy clusters (Brunetti & Vazza
2020).

According to the current models for the formation of magnetic
field in cosmic filaments, the B field can (i) solely grow from a
primordial field though magnetohydrodynamic (MHD) processes
during the formation of large-scale structure (e.g. Vazza et al. 2015)
and/or (ii) is seeding by astronomical sources (e.g. Ardmburo-Garcia
et al. 2021). We constraint the upper limit for the magnetic field
strength in the cosmic filaments to be between a few nG and 75
nG, depending on the assumed parameters such as the spectral
index ¢, the minimum energy y min Of the radio emitting relativistic
electrons, and the ratio k between the heavy particle and electron
energies. Due to the non-detection, we are unable to estimate the
spectral index for our sample. If the spectral index is similar to the
value of ~1 reported in Vernstrom et al. (2021, 2023), our data
suggest that the B field strength in the condition of minimum energy
is not stronger than a few nG and weakly depends on y i, (see
Fig. 7). This is in line with the models in which the primordial
magnetic field is amplified by MHD processes (e.g. Vazza et al.
2015). Howeyver, if the filaments have steep spectrum (e.g. o >
2), the upper limit for the B field strength can be as high as
several tens of nG. In this case, the models (i) and (ii) cannot be
distinguished with our current data. Deeper radio observations will
be required to constrain the formation models of the B field in cosmic
filaments.

With the LOFAR data used in this work, the stacked image
does not reach the sensitivity required for the detection of the
radio diffuse emission from a small sample of 106 intercluster
filaments. To detect the diffuse emission at the emissivity of
3.2 x 107%ergs~! cm™3 Hz ! that was reported by Vernstrom et al.
(2021), a stacked image with higher sensitivity of at least four times
the current stacked image is required. This can be done by increasing
the number of cluster pairs in the sample. To find the required
number of the cluster pairs for LOFAR observations of equivalent
sensitivity (i.e. 3.5 mly beam;lxz,), we assume that the noise level
in the stacked image decreases as the square root of the number of
cluster pairs. Then, a sample of more than 1700 cluster pairs is needed
for the filament search through the uv injection (see Section 6.1.2).
Moreover, to directly detect the filament emission from the stacked
image at 20, the noise needs to decrease by a factor of 8. Hence, a
sample of at least 6800 pairs of clusters is necessary for the detection,
which s a factor of 60 times less than the number of LRG pairs needed
for the MWA and LWA in Vernstrom et al. (2021). However, we note
that the assumption on the dependence of the noise on the number of
cutout images only holds when the paired clusters are separated by the
same angular distance. Hence, the cutout images are not multiplied
with a scaling factor during the rescaling of the pixels when stacking.
In addition, the eFEDS field is located in an equatorial region (i.e.
Dec is between —2 and +5) where LOFAR has low sensitivity. The
typical noise RMS of the eFEDS mosaic is a factor of 2-3 higher than
that in a field of higher declination (e.g. Pasini et al. 2022; Shimwell
et al. 2022). Hence, the number of required pairs of clusters can be
lower by a factor of 4-9 times if the filaments are located at higher
declinations.
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7.2 X-ray emission

The X-ray emission in the 0.6-2.3 keV band traces the overdensity
of the hot gas (~107 K) in the intercluster space. The major reason
that we do not detect X-ray emission from the cluster pairs could
be that we only have a limited sample of 106 pairs of clusters.
With this sample size, we only have a noise level of 2 x 107> cts
s~! arcmin~? for a 0.5 x R,; width bin. The statistics from this
number is not high enough for detecting X-ray excess emission. As a
comparison, the imaging analysis of Tanimura et al. (2022) includes
463 filaments and merely obtained 3.8¢ significance, where the
excess from the filaments centre is ~4 x 107> cts s~ arcmin™2.
Moreover, it is not clear whether the distribution of WHIM in
the intercluster space follows the connecting axis of cluster pairs,
especially for pairs with distances larger than 10 Mpc. The galaxy
distribution from optical spectroscopic surveys could be a better
proxy of the WHIM distribution in the cosmic web. For this reason,
the stacked profile could be broaden and the detection significance
could be decreased. Future study of filament stacking using the
eRASS data will shed light on whether the optical defined filaments
(e.g. Malavasi et al. 2020) or X-ray cluster pairs in superclusters
defined using friend-to-friend algorithm (e.g. Liu et al. 2022) are
the better proxy of the diffuse gas distribution in the intercluster
space.

8 CONCLUSIONS

In this paper, we present a search for intercluster filaments be-
tween members of superclusters of galaxies in the eFEDS field
with the LOFAR and eROSITA observations. The observations
do not detect the presence of diffuse X-ray and radio emission
from the intercluster regions. The non-detection is most likely
due to the small number (106) of cluster pairs in our sample
and/or the limited sensitivity of observations. Using the radio data,
we find that the mean radio emissivity of the filaments is below
1.2 x 10~*ergs™! cm™3 Hz~!. The mean strength for the magnetic
field in the intercluster regions is weaker than 75 nG that depends
on the spectral index of the radio emission and the minimum energy
cutoff of the radio-emitting relativistic electrons. A tighter constraint
on the magnetic field strength requires an estimate of the spectral
index of the radio emission in filaments that provides more informa-
tion on the origin of magnetic field in filaments (i.e. primordial
or astronomical discrete sources). Future study with stacking of
LOFAR and eROSITA survey data is likely to shed light on the
detectabilities of the radio and X-ray emission from the intercluster
filaments.
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aboard SRG, a joint Russian-German science mission supported
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The eROSITA data shown here were processed using the eROSITA
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DATA AVAILABILITY

The data underlying this article will be shared on reasonable request
to the corresponding author.

20z Aienigad Lz uo Jasn QNN - UspleT NaYsIoAIun Aq £¥S0LZ2/0ZE9/P/EZS/RI0IHE/S_IU/WOD dNO"DlWSPED.//:SARY WOI) PAPEOJUMOQ



REFERENCES

Ade P. A.R. etal., 2016, A&A, 594, A27

Amaral A. D., Vernstrom T., Gaensler B. M., 2021, MNRAS, 503, 2913

Aramburo-Garcia A., Bondarenko K., Boyarsky A., Nelson D., Pillepich A.,
Sokolenko A., 2021, MNRAS, 505, 5038

Bahcall N., 1999, in Dekel A., Ostriker J. P.eds, Form. Struct. Universe.
Cambridge University Press, Cambridge, p. 135

Bonafede A. et al., 2022, ApJ, 933, 218

Botteon A. et al., 2018, MNRAS, 478, 885

Botteon A. et al., 2020a, MNRAS, 499, L11

Botteon A., Brunetti G., Ryu D., Roh S., 2020b, A&A, 634, A64

Brown S. et al., 2017, MNRAS, 468, 4246

Briiggen M. et al., 2021, A&A, 647, A3

Briiggen M., Ruszkowski M., Simionescu A., Hoeft M., Dalla Vecchia C.,
2005, ApJ, 631, L21

Brunetti G., Blasi P., Cassano R., Gabici S., 2004, MNRAS, 350, 1174

Brunetti G., Vazza F., 2020, Phys. Rev. Lett., 124, 51101

Brunner H. et al., 2022, A&A, 661, Al

Bruno L. et al., 2023, A&A, 672, A4l

Bulbul E. et al., 2016, ApJ, 818, 131

Carretti E. et al., 2022, MNRAS, 512, 945

Clampitt J., Miyatake H., Jain B., Takada M., 2016, MNRAS, 457, 2391

Dave R. et al., 2001, ApJ, 552, 473

de Gasperin F. et al., 2019, A&A, 622, AS

de Jong J. M. G. H.J. et al., 2022, A&A, 668, A107

Dolag K., Meneghetti M., Moscardini L., Rasia E., Bonaldi A., 2006,
MNRAS, 370, 656

Eckert D. et al., 2015, Nature, 528, 105

Govoni F. et al., 2019, Science, 364, 981

Govoni F, Feretti L., 2004, Int. J. Mod. Phys. D, 13, 1549

Hodges J. L., 1958, Ark. for Mat., 3, 469

Hodgson T., Johnston-Hollitt M., McKinley B., Hurley-Walker N., 2022,
Publ. Astron. Soc. Aust., 39, e013

Hotan A. W. et al., 2021, Publ. Astron. Soc. Aust., 38, 1

Hurley-Walker N. et al., 2017, MNRAS, 464, 1146

Johnston S. et al., 2007, Publ. Astron. Soc. Aust., 24, 174

Jonas J., 2009, Proc. IEEE, 97, 1522

Liu A. et al., 2022, A&A, 661, A2

Locatelli N., Vazza F., Bonafede A., Banfi S., Bernardi G., Gheller C., Botteon
A., Shimwell T., 2021, A&A, 652, 1

Lopes P. A., 2007, MNRAS, 380, 1608

van Haarlem M. P. et al., 2013, AA, 556, A2

Malavasi N., Aghanim N., Douspis M., Tanimura H., Bonjean V., 2020,
A&A, 642

Merloni A. et al., 2012, eROSITA Science Book: Mapping the Structure of
the Energetic Universe , preprint (arXiv:1209.3114)

Mohan N., Rafferty D., 2015, PyBDSM: Python Blob Detection and Source
Measurement, Astrophysics Source Code Library

Stacking of inter-cluster filaments ~ 6331

Norris R. P. et al., 2011, Publ. Astron. Soc. Aust., 28, 215

O’Sullivan S. P. et al., 2019, A&A, 622, A16

Oei M. S., Van Weeren R. J., Vazza F., Leclercq F., Gopinath A., Rottgering
H.J., 2022, A&A, 662, 1

Pacholczyk A. G., 1970, Radio Astrophysics. W. H. Freeman and Company,
San Francisco

Pasini T. et al., 2022, A&A, 661, A13

Planck Collaboration, 2013, A&A, 550, A134

Ponti G., Zheng X., Locatelli N., Bianchi S., Zhang Y., Anastasopoulou K.,
Comparat J., Dennerl K., 2022, A&A, 674, A195

Predehl P. et al., 2021, A&A, 647

Reiprich T. H. et al., 2021, A&A, 647, A2

Reiprich T. H., Basu K., Ettori S., Israel H., Lovisari L., Molendi S.,
Pointecouteau E., Roncarelli M., 2013, Space Sci. Rev., 177, 195

Sakelliou I., Ponman T. J., 2004, MNRAS, 351, 1439

Shimwell T. W. et al., 2017, A&A, 598, A104

Shimwell T. W. et al., 2019, A&A, 622, Al

Shimwell T. W. et al., 2022, A&A, 659, Al

Tanimura H., Aghanim N., Douspis M., Malavasi N., 2022, A&A, 667, A161

Tanimura H., Aghanim N., Kolodzig A., Douspis M., Malavasi N., 2020,
A&A, 643,12

Tasse C. et al., 2021, A&A, 648, Al

Triimper J., 1993, Science, 260, 1769

Vacca V. et al., 2018, MNRAS, 479, 776

van Weeren R. J. et al., 2016, ApJ, 818, 204

Vazza F., Ferrari C., Briiggen M., Bonafede A., Gheller C., Wang P., 2015,
A&A, 580, A119

Venturi T. et al., 2022, A&A, 660, 1

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, 505, 4178

Vernstrom T., West J., Vazza F., Wittor D., Riseley C. J., Heald G., 2023, Sci.
Adv., 9,1

Wayth R. B. et al., 2015, Publ. Astron. Soc. Aust., 32

Werner N., Finoguenov A., Kaastra J. S., Simionescu A., Dietrich J. P., Vink
J., Bohringer H., 2008, A&A, 482, L.29

Williams W. L. et al., 2016, MNRAS, 460, 2385

Wolleben M. et al., 2021, AJ, 162, 35

APPENDIX A: THE SAMPLE OF CLUSTER
PAIRS

In Fig. Al, we show the distribution of the area for the cosmic
filaments in our sample.

MNRAS 523, 6320-6335 (2023)

20z Aienigad Lz uo Jasn QNN - UspleT NaYsIoAIun Aq £¥S0LZ2/0ZE9/P/EZS/RI0IHE/S_IU/WOD dNO"DlWSPED.//:SARY WOI) PAPEOJUMOQ


http://dx.doi.org/10.1051/0004-6361/201525823
http://dx.doi.org/10.1093/mnras/stab564
http://dx.doi.org/10.1093/mnras/stab1632
http://dx.doi.org/10.3847/1538-4357/ac721d
http://dx.doi.org/10.1093/mnras/sty1102
http://dx.doi.org/10.1093/mnrasl/slaa142
http://dx.doi.org/10.1051/0004-6361/201936216
http://dx.doi.org/10.1093/mnras/stx746
http://dx.doi.org/10.1051/0004-6361/202039533
http://dx.doi.org/10.1086/497004
http://dx.doi.org/10.1111/j.1365-2966.2004.07727.x
http://dx.doi.org/10.1103/PhysRevLett.124.051101
http://dx.doi.org/10.1051/0004-6361/202141266
http://dx.doi.org/10.1051/0004-6361/202244552
http://dx.doi.org/10.3847/0004-637x/818/2/131
http://dx.doi.org/10.1093/mnras/stac384
http://dx.doi.org/10.1093/mnras/stw142
http://dx.doi.org/10.1086/320548
http://dx.doi.org/10.1051/0004-6361/201833867
http://dx.doi.org/10.1051/0004-6361/202244346
http://dx.doi.org/10.1111/j.1365-2966.2006.10511.x
http://dx.doi.org/10.1038/nature16058
http://dx.doi.org/10.1126/science.aat7500
http://dx.doi.org/10.1142/S0218271804005080
http://dx.doi.org/10.1007/BF02589501
http://dx.doi.org/10.1017/pasa.2022.9
http://dx.doi.org/10.1017/pasa.2021.1
http://dx.doi.org/10.1093/mnras/stw2337
http://dx.doi.org/10.1071/AS07033
http://dx.doi.org/10.1109/JPROC.2009.2020713
http://dx.doi.org/10.1051/0004-6361/202141120
http://dx.doi.org/10.1051/0004-6361/202140526
http://dx.doi.org/10.1111/j.1365-2966.2007.12203.x
http://dx.doi.org/10.1051/0004-6361/202037647
http://arxiv.org/abs/1209.3114
http://dx.doi.org/10.1071/AS11021
http://dx.doi.org/10.1051/0004-6361/201833832
http://dx.doi.org/10.1051/0004-6361/202140364
http://dx.doi.org/10.1051/0004-6361/202141211
http://dx.doi.org/10.1051/0004-6361/201220194
http://dx.doi.org/10.1051/0004-6361/202039313
http://dx.doi.org/10.1051/0004-6361/202039590
http://dx.doi.org/10.1007/s11214-013-9983-8
http://dx.doi.org/10.1111/j.1365-2966.2004.07889.x
http://dx.doi.org/10.1051/0004-6361/201629313
http://dx.doi.org/10.1051/0004-6361/201833559
http://dx.doi.org/10.1051/0004-6361/202142484
http://dx.doi.org/10.1051/0004-6361/202244158
http://dx.doi.org/10.1051/0004-6361/202038521
http://dx.doi.org/10.1051/0004-6361/202038804
http://dx.doi.org/10.1126/science.260.5115.1769
http://dx.doi.org/10.1093/MNRAS/STY1151
http://dx.doi.org/10.3847/0004-637X/818/2/204
http://dx.doi.org/10.1051/0004-6361/201526228
http://dx.doi.org/10.1051/0004-6361/202142048
http://dx.doi.org/10.1093/mnras/stx424
http://dx.doi.org/10.3847/1538-4357/ab1f83
http://dx.doi.org/10.1093/mnras/stab1301
http://dx.doi.org/10.1126/sciadv.ade7233
http://dx.doi.org/10.1017/pasa.2015.26
http://dx.doi.org/10.1051/0004-6361:200809599
http://dx.doi.org/10.1093/mnras/stw1056
http://dx.doi.org/10.3847/1538-3881/abf7c1

6332  D. N. Hoang et al.

351

Number of filaments
Number of filaments

0 50 100 150 200 0.0 0.2 0.4 0.6 0.8 1.0
Area (beam) Size (degree)

Figure Al. Histogram of the area (top) and angular sizes (bottom) of the intercluster region.
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Stacking of inter-cluster filaments
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