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A B S T R A C T 

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 × 10 

−44 erg s −1 cm 

−3 Hz −1 . 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. 
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 I N T RO D U C T I O N  

osmological simulations predict the presence of a complex web of
osmic filaments connecting high matter density regions of galaxy
lusters. Cosmic filaments are thought to contain, in addition to
ark matter and galaxies, warm-hot intergalactic matter (WHIM)
ith temperatures of 10 5 –10 7 K and low particle densities of 1 −
0 particles m 

−3 (e.g. Dave et al. 2001 ). 
The presence of X-ray diffuse emission in cosmic filaments has

een reported by several works o v er the last few decades. For
nstance, Werner et al. ( 2008 ) reported a 5 σ detection of X-ray
mission in the 1.2 Mpc-wide region connecting interacting merging
ystem of Abell 222 and Abell 223 ( z = 0.21) with XMM-Newton
.5–2.0 k eV observations. Eck ert et al. ( 2015 ) found a filamentary X-
ay structure beyond the virial radius ( R vir = 2.1 Mpc) of the massive
 M = 1 . 8 × 10 15 M sun ) galaxy cluster Abell 2744 in the XMM-
ewton 0.5–1.2 keV data. Bulbul et al. ( 2016 ) detected cool (0.8–
 E-mail: hoang@hs.uni-hamburg.de (DNH); mbrueggen@hs.uni- 
amburg.de (MB); annalisa.bonafede@unibo.it (AB) 

i
 

i  

3  

Pub
 keV) filamentary gas at the distance of R 200 to the centre of Abell
1750 with Suzaku . There is no galaxy cluster found at the location
f the filament that is interpreted as the denser, hotter phase of
HIM. Recently, Reiprich et al. ( 2021 ) reported the detection of a 15
pc-long region of warm-hot diffuse X-ray emission in between the

luster pair Abell 3391–Abell 3395 and multiple structures beyond
 200 with the extended ROentgen Survey with an Imaging Telescope
rray (eROSITA; Merloni et al. 2012 ; Predehl et al. 2021 ) onboard

he SRG mission. Using indirect stacking technique, Tanimura et al.
 2020 ) found a 4.2 σ X-ray signal from 30 to 100 Mpc long cosmic
laments (Malavasi et al. 2020 ) using the 0.56–1.21 keV ROSAT
ata. Vernstrom et al. ( 2021 ) reported a 5 σ X-ray diffuse emission in
he stacked regions between pairs of luminous red galaxies (LRGs)
eparated by distance below 15 Mpc using the archi v al data obtained
ith the ROSAT All Sky Survey (RASS; Tr ̈umper 1993 ). Tanimura

t al. ( 2022 ) detected excess X-ray emission with 3.8 σ significance
rom the 463 stacked filaments with length between 30 and 100 Mpc
n the 0.4–2.3 keV data obtained by eROSITA. 

The X-ray emission detected in the bridges from the closely
nteracting systems (e.g. Abell 222—Abell 223, Abell 3391–Abell
395, part of the LRG pairs in Vernstrom et al. 2021 ) might be due to
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he heated thermal electrons generated during the merger interaction 
f the sub-clusters while the X-ray structures found in further to 
he outskirts of galaxy clusters (e.g. beyond R 200 ) are likely created
y the interaction between the intracluster medium (ICM) and its 
urrounding large-scale structure (i.e. WHIM; e.g. Dolag et al. 2006 ; 
erner et al. 2008 ; Planck Collaboration 2013 ) 
In the radio band, an indirect detection of radio emission from

he regions connecting pairs of LRGs that are thought to trace 
alaxy clusters/groups has been reported by Vernstrom et al. ( 2021 ).
y stacking the GaLactic and Extragalactic All-sky Murchison 
idefield Array (MWA; Wayth et al. 2015 ; Hurley-Walker et al. 

017 ) multiband (73–154 MHz) images, the authors found excess 
5 σ ) diffuse radio emission in the regions between the LRG pairs.
he separation between the LRG pairs is below 15 Mpc with a
ean of 9.9 Mpc. Ho we ver, a follo wing-up analysis by Hodgson

t al. ( 2022 ) using more sensitive MWA data at 118.5 MHz does not
etect the synchrotron signal in between the reported pairs of LRGs.
n a recent study, Vernstrom et al. ( 2023 ) reports the detection of
olarized ( ≥ 20 per cent ) radio diffuse emission from the regions 
etween the LRG pairs with the 1.4 GHz Global Magneto-Ionic 
edium Surv e y (Wolleben et al. 2021 ) data and the 30 GHz Planck

ata (Ade et al. 2016 ). The LRG pairs are obtained from the Sloan
igital Sk y Surv e y (SDSS) Data Release 7 LRG Catalogue (Lopes
007 ). 
Despite of the absence of direct detection of diffuse radio emission

rom the intercluster regions, recent attempts have been made 
n paired clusters of different separations. A recent attempt by 
ocatelli et al. ( 2021 ) searches for diffuse radio emission between

he intercluster regions of two pairs of galaxy clusters RXC J1659–
1702 ( ̄z = 0 . 14) and RXC J1155–J1156 ( ̄z = 0 . 10) separated by a
istance of 14 and 25 Mpc, respectively, using the LOw Frequency 
Rray (LOFAR; van Haarlem et al. 2013) High Band Antenna 

HBA) 8-h observ ations. Ho we ver, no dif fuse emission was detected
n their 20 arcsec-resolution images that have noise levels of 160 
nd 260 μJy beam 

−1 . This non-detection suggests that the surface 
rightness (SB) of the filaments is below the sensitivity of their 
hort observations. Similar work without detected signal was done 
y Br ̈uggen et al. ( 2021 ) on the closely (3.1 Mpc) interacting paired
lusters Abell 3391–Abell 3395 using the Evolutionary Map of the 
niverse Early Science observations (Norris et al. 2011 ) with the 
ustralian Square Kilometre Array Pathfinder (ASKAP; Johnston 

t al. 2007 ). The strongest evidence for this is the recent direct
etection of diffuse radio emission from the connecting regions 
namely bridge) between the pairs of clusters (or groups) in Abell 
99–Abell 401 (3 Mpc Govoni et al. 2019 ; de Jong et al. 2022 ) and
bell 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 
t al. 2021 ) and (MeerKAT; Jonas 2009 ). Ho we v er, these re gions are
till within the virial radii of these clusters (Sakelliou & Ponman 
004 ; Botteon et al. 2018 ; Bonafede et al. 2022 ; Venturi et al.
022 ), and the ICM of the clusters or groups are in the process of
nteracting. The resulting shock waves and turbulence can produce 
iffuse emission in the connecting regions (Govoni et al. 2019 ; 
runetti & Vazza 2020 ). Still, these observations are probing further

nto the cluster outskirts than previously possible and are a stepping 
tone to directly detect synchrotron emission from cosmic filaments. 

Diffuse radio emission in cosmic filaments is expected to be gener- 
ted by large-scale magnetic fields permeating the source volume and 
elativistic electrons accelerated by accretion shocks from in-falling 
atter (Vazza et al. 2015 ). Cosmic filaments provide a promising

estbed for studying magnetogenesis because the magnetic field 
ithin cosmic filaments is expected to be less affected by magnetized 
utflows from galaxies or dynamo processes than magnetic fields in 
alaxy clusters. Hence, cosmic filaments provide a good laboratory 
o study magnetic field amplification by the formation of large-scale 
tructure (e.g. Br ̈uggen et al. 2005 ). A recent study by Oei et al.
 2022 ) further predicts the radio diffuse signal from the merger- and
ccretion-shocked synchrotron Cosmic Web that is generated during 
he structure formation. 

In this study, we search for diffuse radio and X-ray emission from
he regions connecting pairs of galaxy clusters that are members 
f a large-scale structure connecting multiple clusters or groups of 
alaxies (aka supercluster systems; Bahcall 1999 ). The extremely 
aint nature of the intercluster filaments makes direct search chal- 
enging for the current radio telescopes. Hence, to increase the 
ignal-to-noise ratio (SNR) of the signal we perform stacking of 
he intercluster regions. Throughout the paper, we assume a � CDM
Lambda cold dark matter) cosmology with �m = 0.3, �� 

= 0 . 7,
nd H 0 = 70 km s −1 Mpc −1 . 

 T H E  SUPERCLUSTER  SAMPLE  

uring the performance verification phase of eROSITA, it scans 
n equatorial sky area of 140 square degrees with its 0.2–10 keV
nergy band for an exposure duration of 2.2 ks. The observation,
amely eROSITA Final Equatorial Depth Surv e y (eFEDS), reach 
he sensitivity of the eROSITA All-Sky Survey (eRASS). Detailed 
nalysis of the data by Liu et al. ( 2022 ) shows the detection of 542
andidate galaxy clusters in the eFEDS field. Liu et al. ( 2022 ) also
ublished the catalog of 19 superclusters with more than 4 members.
n this work, we also include the other supercluster systems in the
eld with less number of cluster members, from 2 to 10 galaxy
lusters. 

We search for diffuse emission from the intercluster filaments 
onnecting the supercluster members detected in the eFEDS field. 
he supercluster catalogue contains the redshifts and sky coordinates 
f the clusters that allows us to make a list of 162 cluster pairs. These
airs are selected based on the physical distance between the paired
lusters in which the closest clusters in a supercluster system are
aired together. To maximize the detection of the faint filaments, we
elect only the cluster pairs that (i) are located in the sensitive regions
f the LOFAR observations between Dec > −2 ◦ and Dec < + 5 ◦ and
ii) are separated with an angular distance from 20 to 120 arcmin.
he final list consists of 106 pairs of galaxy clusters that are shown

n Table A1 . Most of these cluster pairs (80 per cent) are at redshifts
elow 0.5 and are separated from each other by a distance between 4
nd 50 Mpc. The length of a filament is assumed to be the separation
f the paired clusters minus their respective virial radii. We define
he width of a filament to be two times the mean virial radii of the
aired clusters. The virial radius of a cluster is calculated using the
caling relation R vir = 10 1 / 3 R 500 (Reiprich et al. 2013 ). The radius
 500 is the radius at which the enclosed mass density is 500 times

he critical density of the Universe at the cluster’s redshift. For the
elected clusters, R 500 is estimated in Liu et al. ( 2022 ). In Fig. 1 , we
how more detail on the properties of these intercluster filaments. 

 DATA  

.1 LOFAR radio data 

he eFEDS field was observed with LOFAR for a total duration
f 184 h in multiple projects, including LC13 029, LT10 010,
 T14 004, and L T5 007. The observations make use of 73–75
MNRAS 523, 6320–6335 (2023) 
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M

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 R 500 of the clusters. (b, c, d): The 
distributions of the redshift, length and width of the selected filaments. 
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tations (48 split cores, 14 remotes, and 9–13 international) in full
olarization mode and have a frequency coverage between 120 and
68 MHz. The data were calibrated for direction-independent and
irection-dependent (DD) ef fects, follo wing the standard procedures
hat have been developed for the LOFAR Two-metre-Sky Survey
LoTSS; Shimwell et al. 2017 , 2019 , 2022 ). The data processing
ipelines used for the calibration Prefactor 1 (van Weeren et al.
016 ; Williams et al. 2016 ; de Gasperin et al. 2019 ) and ddf-
ieline 2 (Tasse et al. 2021 ) are freely available. Details of the
alibration of the eFEDS data were presented in Pasini et al. ( 2022 ).
n this study, we combine these calibrated data sets for the eFEDS
eld, except those obtained from the project LT5 007 due to its high
oise level. 
To enhance low SB, large-scale emission from the intercluster

laments, we create a low-resolution (2 arcmin) mosaic of the entire
eld. First, we remo v e discrete sources to a v oid contamination. For
ach pointing, the subtraction of discrete sources from the data is
NRAS 523, 6320–6335 (2023) 

 ht tps://github.com/lofar-ast ron/pr efactor 
 ht tps://github.com/mhardcast le/ddf-pipeline 

s  

2  

1  

T  
one using the DD calibration solutions and the high-resolution
lean-component models that are produced during the calibration
teps by ddf-pipeline . After the subtraction, we use the DD-
ubtracted uv data to create wide-field (8 ◦ × 10 ◦) images for each
ointings using WSClean . We set the imaging parameters in such
 way that shorter baselines are weighted more for the enhancing
f large-scale emission (i.e. Briggs’ weighting robust of 0.25,
apering of long baselines of 10 arcsec). The uv range is set abo v e
5 λ, which is sensitive to diffuse emission of scales smaller than
.55 ◦. The deconvolution is done for the pixels above a threshold
f 1.5 times the local RMS, using auto-threshold option. The
oin-channel deconvolution is applied to take into account the
ide bandwidth of the observing frequencies (i.e. 48 MHz). The
econvolved images are corrected for the spatial attenuation of the
OFAR primary beam using the option apply-primary-beam

n WSClean . 
Before making low-resolution mosaics of the eFEDS field, we

mooth the images for each pointing to a common resolution of
 arcmin using CASA ’s task ( imsmooth ). Pixels that are below
0 per cent of the LOFAR primary beam sensitivity are blanked out.
he smoothed images for each pointing are combined to create a

https://github.com/lofar-astron/prefactor
https://github.com/mhardcastle/ddf-pipeline


Stacking of inter-cluster filaments 6323 

m  

H
o  

fi  

t
s  

s  

w  

M  

t  

e  

s  

f
F

3

W  

t
p  

a  

i  

u  

B  

v
t  

n  

f  

i  

fi

4

D
t  

t
t
s  

e

4

W  

r  

a  

c
(  

s  

h  

i  

t  

r
T
1  

o  

0  

3

4

F

c  

1
t
a  

J  

D

g  

a  

n
 

w  

c  

t
fi

S

w  

t  

t  

t  

t  

n  

fi

S

w

c
c  

f

ε

w  

f

4

F  

e  

t  

fi

S

w  

e  

1  

m  

b
fl

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/523/4/6320/7210547 by U
niversiteit Leiden - LU

M
C

 user on 21 February 2024
osaic in a similar procedure as done in Shimwell et al. ( 2022 ).
ere the pixels in each images are weighted by the inverse-variance 
f the local noise (i.e. 1 / σ 2 

noise ) calculated from the pointing images.
The source-subtracted 2 arcmin-resolution mosaic of the eFEDS 

eld is shown in Fig. 2 a. As seen in the mosaic, a majority of
he discrete sources are subtracted. Ho we ver, some residuals are 
till clearly visible o v er the field due to the imperfection of the uv
ubtraction. To further remo v e the residuals of the discrete sources,
e use the Python Blob Detector and Source Finder 3 ( PyBDSF;
ohan & Rafferty 2015 ) to search for the > 3 σ noise pixels that are

hen fitted with Gaussian functions. To a v oid the subtraction from
xtended emission, only models of the sources that have angular sizes
maller than three times the beam size are created and are subtracted
rom the mosaic. The resulting source-subtracted mosaic is shown in 
ig. 2 b. 

.2 eROSITA X-ray data 

e use the eFEDS 0.6–2.3 keV count map and exposure map from
he early data release 4 for data analysis. The detailed data reduction 
rocedure was described in Brunner et al. ( 2022 ). The image products
re rebinned to a pixel size of 16 × 16 arcsec 2 . Extended sources
n galaxy clusters and groups catalog (Liu et al. 2022 ) are masked
sing a radius of 3 ×R SNR MAX . Point sources in the catalog of
runner et al. ( 2022 ) are masked using 1.5 arcmin-radius masks. We
isually inspect the source masked image and apply additional masks 
o bright source PSF wings that exceed the 1.5 arcmin-radius. We do
ot use the 0.2–0.6 keV band image because the foreground emission
rom Galactic halo is dominant in this band (Ponti et al. 2022 ), which
s also the possible reason why Tanimura et al. ( 2022 ) only reported
lament emission detection using the 0.6–2.3 keV images. 

 T H E  STAC KING  T E C H N I QU E  

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

.1 Stacking of radio data 

e combine the radio images round the cluster pairs, which is
oughly similar to the procedure described in Clampitt et al. ( 2016 )
nd Vernstrom et al. ( 2021 ). For each pair of galaxy clusters,
utout images are extracted from the 2 arcmin-resolution mosaic 
see Fig. 2 b). As the cluster pairs have different orientations in the
ky, we rotate the cutout images to align the cluster pairs along the
orizontal ( X ) axis of the image. The angular sizes of the cutout
mages in the X and Y axes are set to common angular sizes in
he units of the cluster separations ( d ) and the mean of the virial
adii ( ̄R vir = ( R vir, 1 + R vir, 2 ) / 2) of the paired clusters, respectively. 
he cutout images are then regridded to common pixel sizes (i.e. 
024 × 1024 pixel 2 ). The centre of each paired clusters are located
n the same pixel locations in the regridded images [i.e. ( − 256,
) and ( + 256, 0), here the coordinate origin is at the cutout image
 ht tps://github.com/lofar-ast ron/PyBDSF 
 ht tps://erosit a.mpe.mpg.de/edr/eROSITAObservat ions/Cat alogues/liuT/e 
EDS c001 images/

a
a

5

entre]. The pixel sizes in X and Y axes are set to be d/ 512 and
024 / (10 ̄R vir ) , respectively. When the cutout images are regridded, 
he images are stretched or contracted, depending on the original 
ngular separation of the paired clusters. We convert the SB unit to
y pixel −1 during this step as the SB unit of Jy beam 

−1 is not rele v ant.
uring the rotation and regridding, the flux density is conserved. 
The cutout images with common pixel sizes are combined to 

enerate a stacked image of the cluster pairs. Individual pixels are
veraged and are weighted by the inverse-variance (1 / σ 2 

noise ) of the
oise estimated from the cutout images. 
To estimate the volume emissivity of the plasma filling a filament,

e assume a tube-like shape for the filament. The area of the filament
ross-section is A = πr 2 , where r is the radius of the cross-section of
he filament. The emissivity and integrated flux density 5 for the 
lament are 

ε = 

P 

V 

, 

 = 

P 

4 πD 

2 
L K( z) 

= 

εlr 2 

4 K( z) D 

2 
L 

, (1) 

here P is the radio power, V is the filament volume, l the length of
he filament, and D L = ( D L,a + D L,b ) / 2 is the luminosity distance
o the pair clusters (the subscripts a and b denote the two clusters of
he pair), K ( z) = (1 + z) ( α − 1) is the monochromatic K -correction
erm for a radio source of spectral index α at redshift z. When a
umber of N filaments are stacked, the mean flux density for the
laments is, 

 = 

N ∑ 

i= 1 

ω i S i = 

N ∑ 

i= 1 

ω i εi l i r 
2 
i 

4 K( z i ) D 

2 
L, i 

, (2) 

here ω i = 

1 / σ 2 
noise , i 

∑ N 
j= 1 1 / σ 2 

noise , j 
is the inverse-variance weighting of the 

utout images. Assuming that the emissivity of the filaments is 
onstant for all filaments in the sample, we can write equation ( 2 ) as
ollows: 

0 = 

S 

c 
, (3) 

here c = 

∑ N 

i= 1 
ω i l i r 

2 
i 

4 K( z i ) D 

2 
L, i 

. The mean flux density, S , is measured

rom the stacked image and c is calculated for N cluster pairs. 

.2 Stacking of X-ray data 

or the X-ray data, our stacking method is similar to that of Tanimura
t al. ( 2022 ). F or each cluster pair, we e xtract the SB 1D profile from
he connecting segment to 5 × R̄ vir with bin sizes of 0 . 5 ̄R vir (e.g. see
g. 2 of Tanimura et al. 2022 ). The SB of the i th bin is 

B i = 

∑ 

j N ij ∑ 

j E ij × A ij 

, (4) 

here N ij , E ij , and A ij are the count number, vignetting corrected
xposure time and sky area of the j -th pixel in the i -th bin. For the
06 extracted profiles, we use a bootstrapping method to e v aluate the
ean and 1 σ uncertainty of the combined profile. Note that the ratio

etween the vignetting corrected and uncorrected exposure maps is 
at across eFEDS, we do not distinguish instrumental background 
nd sky X-ray background. Instead, we will use the SB outside R̄ vir 

s the local background. 
MNRAS 523, 6320–6335 (2023) 

 The synchrotron spectrum convention of S ∝ ν−α is used in this study. 

https://github.com/lofar-astron/PyBDSF
https://erosita.mpe.mpg.de/edr/eROSITAObservations/Catalogues/liuT/eFEDS_c001_images/
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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). 
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 I N J E C T I O N  O F  FILAMENT  M O D E L S  

ue to the missing of uv sampling, radio interferometric observations 
uffer from reco v ering large-scale, low-SB emission. A recent study
y Bruno et al. ( 2023 ) e xtensiv ely addressed this issue with LOFAR
ata for cluster-scale diffuse emission. They found that the LOFAR 

bservations miss only 10 per cent of the flux density from diffuse
ources of 10.5 arcmin scales. Ho we ver, the missing flux density
an be up to 50 per cent for 18 arcmin-scale sources. Our LOFAR
bservations might miss part of diffuse emission from the intercluster 
laments that span a large-spatial area of the sky, up to ∼1.5 degree

n size. We examine this effect in the LOFAR data by the injection
f filament models and compare the flux density before and after the
njection. We assume a simple tube-like 3D shape for the filaments. 
n projection, the width w and length l of a filament are defined as 

 = 2 ̄R vir , 

l = d − R vir, 1 − R vir, 2 . (5) 

he projected SB across the filament width is set to follow a Gaussian
unction with a standard deviation of σGaus . = R̄ vir / 3. With this
B distribution, the amount of the flux density integrated over the 
lament width (i.e. between −3 σ Gaus. and 3 σ Gaus. ) is 99.7 per cent.
long the length of the filaments, the projected SB is assumed to be

onstant. An example of a filament model is shown in Fig. 3 . 
For each pointings, the models of the filaments are multiplied with 

he corresponding LOFAR primary beam to account for the spatial 
ensitivity of the telescope. The primary-beam-attenuated models 
or the filaments are then performed Fourier transformation and 
re added (injected) to the DD-subtracted uv data in which discrete 
ources have been removed by the DD-calibration solutions and the 
df-pipeline high-resolution ( ∼6 arcsec) models. The injected 
ata sets are then processed in the similar manner as done in Section
.1 to generate a final mosaic of the eFEDS field. Due to the low
B of the mock filaments, the injected emission is not deconvolved 
uring the imaging. To a v oid the removal of the injected filaments
n the PyBDSF -subtracted step, we use the models for the residuals
hich are created with the PyBDSF run on the original mosaic (i.e.
ig. 2 a). As mentioned in Section 3.1 , we only made the models
or the residuals with an angular size smaller than three times the
ynthesized beam to a v oid the removal of the large-scale signal from
ntercluster filaments. We refer to this injection of the filament models 
n to the uv data as the uv injection. 

The flux density of the filaments might be lost during the
tacking due to the image processing. We also test this pos-
ibility by injecting of the filament models directly in to the
utout images, which is referred as the ima g e injection. The
odels of the filaments are smoothed to the same 2 arcsec-

esolution of the cutout images before being added to the cutout
mages. The model-injected cutout images are then combined to 
enerate stacked images, following the procedure described in 
ection 4 . 

 RESULTS  

.1 Radio stacked image 

n Fig. 4 , we show the stacked image for the 106 selected pairs
f galaxy clusters. The sensitivity of the stacked image is σnoise =
 . 6 μJy pixel −1 , where the pixel sizes along X and Y axes are in the
nits of d/ 512 and 1024 / (10 ̄R vir ) . At the locations of the paired
lusters, radio emission abo v e 2 σ noise is seen. Ho we ver, no dif fuse
mission in the regions connecting the paired clusters is detected. In
he following subsections, we use the stacked image to constrain on
he upper limits of the flux density, the emissivity, and the magnetic
eld strength for the filaments. 

.1.1 Flux density 

e constrain the upper limit of the mean flux density for the
ntercluster regions to be S < 3 � S , where �S = 

√ 

N �S sub and
 S sub = n σ noise are the uncertainties of the flux densities o v er the
lament regions and independent sub-regions, respectively; N is 

he mean number of the independent sub-regions consisting of n 
ixels each. The factor of 3 here indicates that the true flux density
f the filaments is below the upper limit S with a probability of
9.7 per cent. As defined in equation ( 5 ), the filament widths are
qual to two times the mean of the virial radii of the paired clusters,
nd that the filament lengths span between the boundaries of the
irial radii of the clusters. The area of the filaments ranges from
0 to 236 independent beams with a mean of 51 beams. Almost
5 per cent of the filaments have an area smaller than 80 beams.
ore detail on the distribution of the filament area is shown in

ig. A1 (a). When the number of independent sub-regions is taken
o be the mean of the filament area in beam unit ( N = 51), the
ncertainty of the flux density in an independent sub-region of the
laments is �S sub = 0 . 9 mJy , here n = 1540 pixels . This results in

he mean flux density of the intercluster regions to be lower than
 < 19 . 3 mJy . The upper limit for the flux density is estimated here
nder the assumption that the SB is constant o v er the whole filament
rea. Hence, this upper limit is likely much higher than the true flux
ensity for the filaments as the SB in the outer regions is expected to
e fainter than the SB in the middle regions (along the length of the
laments). 

.1.2 Emissivity 

he upper limit for the flux density of the filaments derived in the
revious section is likely to be much higher than the true value that
MNRAS 523, 6320–6335 (2023) 
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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] × σ noise , where 
σnoise = 0 . 6 μJy pixel −1 . Dashed lines represent ne gativ e 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. 

εinj Statistic p -value Detection 
[10 −44 erg s −1 cm 

−3 Hz −1 ] 

1 0 .4 0 .08 N 

1.2 0 .45 0 .03 Y 

1.4 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 
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esults in an unrealistic volume emissivity for the filaments. To have
 tight estimate of the emissivity, we perform the injection of the
lament models in to the uv data. More detail on the uv injection
rocedure is described in Section 5 . To this end, we simulate the
laments as tube-like structures. We generate filament models with
 range of emissivities εinj = 1 − 5 × 10 −44 erg s −1 cm 

−3 Hz −1 (see
able 1 ). For each injection, we assume a common emissivity for all

he filaments in our sample. We create source-subtracted mosaics
ontaining the filament models that are used to generate cutout
mages, which are subsequently stacked, following the stacking
echnique described in Section 4.1 . In Fig. 5 , we present some of
NRAS 523, 6320–6335 (2023) 
he stacked images before (a) and after (b-e) the uv injection of the
lament models. For comparison, we also show a stacked image of

he filament models in Fig. 5 f. 
Fig. 5 b–e shows that the SB in the stacked filament regions is

righter as the injected emissivity of the models increases. For the
njected emissivity of 5 × 10 −44 erg s −1 cm 

−3 Hz −1 , diffuse emission
s well detected at 2 σ noise o v er the re gions connecting the paired clus-
ers (see Fig. 5 e). This feature is clearer in the normalized SB profiles
cross the widths of the stacked filaments in Fig. 6 (a). As the injected
missivity increases, the peaks of the normalized intensity profiles
ncrease. The intensity for εinj = 5 × 10 −44 erg s −1 cm 

−3 Hz −1 is well
bo v e the background regions. We note that ne gativ e pix els are
een around the stacked filaments in Fig. 5 b–e and the projected
rofiles in Fig. 6 a (i.e. at the pixel locations of 370 and 610). These
re due to the fact that the low SB of the injected emission is
ot deconvolved during the imaging (i.e. roundly below the noise 
evels). 

To search for the upper limit for the emissivity of the filaments,
e compare the flux density extracted in the intercluster regions
efore and after the injection of filament models in to the uv data.
e select the region where the SB is brightest as shown by the
hite rectangle in Fig. 5 e. Following Vernstrom et al. ( 2021 , 2023 ),
e perform a comparison using two-sample Kolmogoro v–Smirno v

KS) test 6 (Hodges 1958 ) that compares the two extracted flux

https://scipy.org
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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 
emissi vity (sho wn on the top right corners, in unit of 10 −44 erg s −1 cm 

−3 Hz −1 ). The original and model stacked images are shown in panels (a) and (f). The 
green region is where the flux density is integrated. The grey contours start at 2 σ noise and are spaced by a factor of 2. The ne gativ e contours are shown with 
dotted lines. 

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. 5 e. The injected emissivity in units of 10 −44 erg s −1 cm 

−3 Hz −1 

is shown in the top legends. 
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ensity samples. One sample is taken from the injected stacked 
mages (Fig. 5 , b–e); and the other (reference) sample is extracted
rom the original stacked image (Fig. 5 a). The null hypothesis for
he statistical test is that the flux density in the injected stacked
mage is not different from that in the original stacked image 
i.e. the same distribution). We find that the injected emissivity of
 . 2 × 10 −44 erg s −1 cm 

−3 Hz −1 results in the statistically significant 
 p -value < 0.05) difference in the flux densities in the injection
nd original stacked images. In addition to the comparison with the 
lament regions prior to the injection, we use background regions 
s the reference sample to compare the flux density in the injected
laments with the noise. The background regions are shown with the 
yan rectangles in Fig. 5 e. We find that the upper limit obtained this
ay is consistent with the results from the previous case in which

he reference sample is taken from the intercluster regions prior 
o the injection. More detail on the KS-test statistics is shown in
able 1 . 
.1.3 Equipartition magnetic fields 

iffuse synchrotron emission was reported in the regions connecting 
he pairs of LRGs that are thought to connect galaxy clusters
Vernstrom et al. 2021 , 2023 ). This implies the presence of large-
cale magnetic fields in the intercluster regions. To estimate the 
agnetic field strength, we follow the equipartition assumption that 

he total energy in the magnetic field and the relativistic particles (i.e.
lectrons and heavy particles) is minimum. According to Pacholczyk 
 1970 ) and Govoni & Feretti ( 2004 ), the equipartition magnetic field
trength in the minimum total energy condition, in which the energies
n the magnetic field and relativistic particles are approximately 
qual, is given by 

 eq = 

(
6 π (1 + k) c 12 K bol  

−1 ε
)2 / 7 

, (6) 

here k is the ratio of heavy particle (i.e. protons) energy to that in
he electrons, c 12 ( α, ν1 , ν2 ) = c 

1 / 2 
1 c −1 

2 
˜ C with c 1 , c 2 , and ˜ C given in
MNRAS 523, 6320–6335 (2023) 
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Figure 7. Magnetic field strength (revised) of cosmic filaments as a function 
of spectral index α and minimum particle energy cutoff γ min . 
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Figure 8. X-ray stacked profile. The dashed horizontal line denotes the mean 
SB from 1 to 5 R̄ vir . 
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quations 3 and 17 of Govoni & Feretti ( 2004 ), ν1 and ν2 are the
requency range in which the synchrotron luminosity is integrated,
 bol ( z) = (1 + z) (3 + α) is the bolometric K -correction term,  is the
olume filling factor of the synchrotron emission, and ε is the volume
missivity of the synchrotron emission. In the equation abo v e, we
nclude the emissivity ε = L sync /V and the K-correction term to the
quation 22 of Govoni & Feretti ( 2004 ). 

As pointed out in literature that the integration of the radio
ynchrotron luminosity should be taken in the electron energy space,
nstead of in the frequency one (Brunetti et al. 2004 ). This is because
he radio emission from the relativistic electrons here is assumed to
e in the frequency range from ν1 = 10 MHz and ν2 = 10 GHz (or
00 GHz) observable with radio telescopes on Earth which generates
hysical biases. The revised magnetic field strength is calculated
ased on the electron energy cutoff, 

 

′ 
eq ≈ 1 . 1 γ

1 −2 α
3 + α

min B 

7 
2(3 + α) 

eq , (7) 

here γ min is the Lorentz factor of the minimum energy for the
ynchrotron radio emitting electrons (Brunetti et al. 2004 ; Govoni &
eretti 2004 ). 
In the previous sections, we assume spectral index of 1.5 for

he radio emission from the filaments although the true value for
he spectral index is unknown. Here we examine the strength of

agnetic field as a function of spectral index ranging between 1
nd 2.5. We assume the energy in the protons is 100 times that
n relativistic electrons, i.e. k = 100, that the emitted frequency
anges between 10 MHz and 10 GHz, and  = 1 (e.g. Govoni &
eretti 2004 ). In Fig. 7 , we present the dependence of the B field
trength on the spectral index α and the minimum energy cutoff
min (assuming between 100 and 900). For our upper limit for

he emissivity of ε = 1 . 2 × 10 −44 erg s −1 cm 

−3 Hz −1 , the mean of
evised magnetic field strength is well below 75 nG (i.e. γ min =
00 and α = 2.5). Our constraint on the filament magnetic field is
onsistent with the estimates in the literature. For instance, Vernstrom
t al. ( 2021 ) report a magnetic field strength of 30 − 50 nG using
nalysis of synchrotron–Inverse-Compton emission. Carretti et al.
 2022 ) estimate a strength of B = 32 ± 3 nG using Rotation Measure
echnique. Our upper limit for the magnetic field strength is lower
han those reported in O’Sulli v an et al. ( 2019 ), Locatelli et al. ( 2021 ;
50 nG), Brown et al. ( 2017 ), and Vernstrom et al. ( 2017 ; 30–200
G) and is slightly higher than those in Vacca et al. ( 2018 ), Vernstrom
t al. ( 2019 ), and Amaral, Vernstrom & Gaensler ( 2021 ; 40–50 nG).
NRAS 523, 6320–6335 (2023) 
e note that the true magnetic field strength in our calculation can
e much lower in the cases that the spectral index is flatter and/or
he minimum energy cutoff is higher. Vernstrom et al. ( 2021 , 2023 )
eported a mean spectral index of α ∼ 1 for larger samples of (390 808
nd 612 025, respectively) LRG pairs. If the magnetic field strength
n the filaments is at the levels of that between the LRG pairs, our data
uggest an upper limit of a few nG for the B field strength, as seen in
ig. 7 . Ho we ver, this might not be necessary the case because of the
ifferences (e.g. physical sizes, redshift, and mass) in the samples
sed in this and Vernstrom et al. ( 2021 )’s studies. For instance, the
hysical separation between the LRG pairs is below 14 Mpc (mean
f 10 Mpc) that is much shorter than that of below 170 Mpc (mean
f 40 Mpc) in our sample. Moreo v er, it is still unclear whether or not
he magnetic field properties in the regions between the LRG pairs
re similar to those in between the members of super-clusters used
n this study. 

.2 X-ray stacked profile 

he mean and bootstrapping uncertainty of the radial profiles from
06 cluster pairs is plotted in Fig. 8 . The dashed line is the mean
alue from 1 to 5 R̄ vir , which is used as the local background to
 v aluate the excess emission within R̄ vir . Though the SB in the first
in is marginally higher than the local background, the significance
evel of that bin is only 1.3 σ . Therefore, we do not detect significant
xcess of X-ray emission from the bridges of 106 cluster pairs. 

 DI SCUSSI ON  

.1 Radio emission 

n Fig. 9 , we present the dependence of the reco v ered flux density of
he filament emission on the injected emissivity. The flux density is
irectly measured from the stacked regions between the cluster pairs
efore and after the uv injection. We find that the fraction of the flux
ensity detected with the LOFAR observations increases with the
missivity that is injected into the uv data (i.e. red circles in Fig. 9 ).
t reaches to a value of ∼55 per cent for the injected models of
n emissivity of εinj = 5 × 10 −44 erg s −1 cm 

−3 Hz −1 . However, the
rend could be biased by the non-zero emission in the intercluster
egions prior to the injection. To correct for this effect, we subtract
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Figure 9. The flux density is reco v ered after the injection of the models. The 
diamonds and circles indicate the reco v ered flux density with and without the 
subtraction of the pre-injection flux density, respectively. 
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he flux density measured in the injected stacked image by the value
easured in the original stacked image (i.e. without injection). After 

he correction, the fraction of the reco v ered flux density remains
lmost constant at ∼70 per cent and does not depend on the injected
missivity. 

Possible reasons for the missing flux density (30 per cent) could 
e due to (i) the post-processing of the images caused by the stacking
rocedure and/or (ii) the incomplete sampling of the uv co v erage. To
xamine the first possibility (i), we perform the ima g e injection of the
lament models into the cutout images as described in Section 5 . We

hen process the cutout images, following the stacking procedure (i.e. 
otating, regridding, and averaging). Here the models with a range 
f emissivity are created in a similar manner as for the uv injection.
he resulting stacked images and the flux density reco v ered after the

njection into the cutout images are shown in Fig. 5 (g −j) and Fig. 9 ,
espectively. We find that the uncorrected and corrected flux density 
hrough the injection into the cutout images follows similar patterns 
s those in the uv injection. After the non-zero emission correction, 
he 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
ost). Hence, the stacking procedure does not affect the missing flux 
ensity of the stacked filaments. Hence, the missing flux density after 
he uv injection is likely due to the incomplete uv co v erage (ii) of our
OFAR observations despite of the selection of the uv range abo v e
5 λ that is sensitive to large-scale emission up to the scales of the
laments (i.e. 1.55 ◦). 
Applying the injection procedure, we constrain the mean emissiv- 

ty of the filaments to be lower than 1 . 2 × 10 −44 erg s −1 cm 

−3 Hz −1 .
ur constraint is a factor of 4 higher than the estimate of 3 . 2 ×
0 −45 erg s −1 cm 

−3 Hz −1 that is reported for a sample of 390 808 
tacked LRG pairs from the MWA and LWA by Vernstrom et al.
 2021 ). In addition, our constraint on the cosmic filaments is lower
han the estimates for the intercluster regions for closer pairs of
alaxy clusters reported in literature. For example, Govoni et al. 
 2019 ) determined an emissivity of 8 . 6 × 10 −43 erg s −1 cm 

−3 Hz −1 

t 140 MHz in the paired clusters Abell 399–Abell 401. Bot-
eon et al. ( 2020b ) estimated a 140 MHz emissivity of 4 ×
0 −43 erg s −1 cm 

−3 Hz −1 for the radio diffuse emission, connecting 
he pair Abell 1758N–Abell 1758S. The emissivity of the close 
luster pairs is expected to be higher than that in the cosmic
laments. This might be the results of the non-linear amplification 
f the magnetic field strength and the turbulent re-acceleration of 
elativistic electrons via second-order Fermi mechanisms in the 
nteracting regions of close pairs of galaxy clusters (Brunetti & Vazza 
020 ). 
According to the current models for the formation of magnetic 

eld in cosmic filaments, the B field can (i) solely grow from a
rimordial field though magnetohydrodynamic (MHD) processes 
uring the formation of large-scale structure (e.g. Vazza et al. 2015 )
nd/or (ii) is seeding by astronomical sources (e.g. Ar ́amburo-Garc ́ıa
t al. 2021 ). We constraint the upper limit for the magnetic field
trength in the cosmic filaments to be between a few nG and 75
G, depending on the assumed parameters such as the spectral 
ndex α, the minimum energy γ min of the radio emitting relativistic 
lectrons, and the ratio k between the heavy particle and electron
nergies. Due to the non-detection, we are unable to estimate the
pectral index for our sample. If the spectral index is similar to the
alue of ∼1 reported in Vernstrom et al. ( 2021 , 2023 ), our data
uggest that the B field strength in the condition of minimum energy
s not stronger than a few nG and weakly depends on γ min (see
ig. 7 ). This is in line with the models in which the primordial
agnetic field is amplified by MHD processes (e.g. Vazza et al.

015 ). Ho we ver, if the filaments have steep spectrum (e.g. α >

), the upper limit for the B field strength can be as high as
everal tens of nG. In this case, the models (i) and (ii) cannot be
istinguished with our current data. Deeper radio observations will 
e required to constrain the formation models of the B field in cosmic
laments. 
With the LOFAR data used in this work, the stacked image

oes not reach the sensitivity required for the detection of the
adio diffuse emission from a small sample of 106 intercluster 
laments. To detect the diffuse emission at the emissivity of 
 . 2 × 10 −45 erg s −1 cm 

−3 Hz −1 that was reported by Vernstrom et al.
 2021 ), a stacked image with higher sensitivity of at least four times
he current stacked image is required. This can be done by increasing
he number of cluster pairs in the sample. To find the required
umber of the cluster pairs for LOFAR observations of equi v alent
ensitivity (i.e. 3.5 mJy beam 

−1 
2 ′ ×2 ′ ), we assume that the noise level

n the stacked image decreases as the square root of the number of
luster pairs. Then, a sample of more than 1700 cluster pairs is needed
or the filament search through the uv injection (see Section 6.1.2 ).

oreo v er, to directly detect the filament emission from the stacked
mage at 2 σ , the noise needs to decrease by a factor of 8. Hence, a
ample of at least 6800 pairs of clusters is necessary for the detection,
hich is a factor of 60 times less than the number of LRG pairs needed

or the MWA and LWA in Vernstrom et al. ( 2021 ). Ho we ver, we note
hat the assumption on the dependence of the noise on the number of
utout images only holds when the paired clusters are separated by the 
ame angular distance. Hence, the cutout images are not multiplied 
ith a scaling factor during the rescaling of the pixels when stacking.

n addition, the eFEDS field is located in an equatorial region (i.e.
ec is between −2 and + 5) where LOFAR has lo w sensiti vity. The

ypical noise RMS of the eFEDS mosaic is a factor of 2–3 higher than
hat in a field of higher declination (e.g. Pasini et al. 2022 ; Shimwell
t al. 2022 ). Hence, the number of required pairs of clusters can be
ower by a factor of 4–9 times if the filaments are located at higher
eclinations. 
MNRAS 523, 6320–6335 (2023) 



6330 D. N. Hoang et al. 

M

7

T  

o  

t  

b  

W  

s  

n  

c  

4  

e  

M  

t  

e  

d  

p  

t  

c  

e  

(  

d  

t  

s

8

I  

t  

w  

d  

f  

d  

a  

w  

1  

fi  

o  

c  

o  

i  

t  

o  

L  

d  

fi

A

D  

C  

M  

(  

S  

k  

n  

s  

f  

s  

X  

R  

U  

a  

e  

b  

o  

c  

o  

I  

s  

r  

R  

(  

F  

I  

N  

(  

o  

N  

M  

N  

o  

C  

J  

a  

C  

W  

S  

f  

N  

t  

a  

H  

C  

i  

f  

u  

p  

w  

a  

b  

R  

I  

(  

(  

s  

(  

i  

R  

t  

A  

A  

a  

o  

M  

T  

S  

y
c

D

T  

t

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/523/4/6320/7210547 by U
niversiteit Leiden - LU

M
C

 user on 21 February 2024
.2 X-ray emission 

he X-ray emission in the 0.6–2.3 keV band traces the o v erdensity
f the hot gas ( ∼10 7 K) in the intercluster space. The major reason
hat we do not detect X-ray emission from the cluster pairs could
e that we only have a limited sample of 106 pairs of clusters.
ith this sample size, we only have a noise level of 2 × 10 −5 cts

 

−1 arcmin −2 for a 0 . 5 × R̄ vir width bin. The statistics from this
umber is not high enough for detecting X-ray excess emission. As a
omparison, the imaging analysis of Tanimura et al. ( 2022 ) includes
63 filaments and merely obtained 3.8 σ significance, where the
xcess from the filaments centre is ∼4 × 10 −5 cts s −1 arcmin −2 .
oreo v er, it is not clear whether the distribution of WHIM in

he intercluster space follows the connecting axis of cluster pairs,
specially for pairs with distances larger than 10 Mpc. The galaxy
istribution from optical spectroscopic surv e ys could be a better
roxy of the WHIM distribution in the cosmic web. For this reason,
he stacked profile could be broaden and the detection significance
ould be decreased. Future study of filament stacking using the
RASS data will shed light on whether the optical defined filaments
e.g. Malavasi et al. 2020 ) or X-ray cluster pairs in superclusters
efined using friend-to-friend algorithm (e.g. Liu et al. 2022 ) are
he better proxy of the diffuse gas distribution in the intercluster
pace. 

 C O N C L U S I O N S  

n this paper, we present a search for intercluster filaments be-
ween members of superclusters of galaxies in the eFEDS field
ith the LOFAR and eROSITA observations. The observations
o not detect the presence of diffuse X-ray and radio emission
rom the intercluster regions. The non-detection is most likely
ue to the small number (106) of cluster pairs in our sample
nd/or the limited sensitivity of observations. Using the radio data,
e find that the mean radio emissivity of the filaments is below
 . 2 × 10 −44 erg s −1 cm 

−3 Hz −1 . The mean strength for the magnetic
eld in the intercluster regions is weaker than 75 nG that depends
n the spectral index of the radio emission and the minimum energy
utoff of the radio-emitting relativistic electrons. A tighter constraint
n the magnetic field strength requires an estimate of the spectral
ndex of the radio emission in filaments that provides more informa-
ion on the origin of magnetic field in filaments (i.e. primordial
r astronomical discrete sources). Future study with stacking of
OFAR and eROSITA surv e y data is likely to shed light on the
etectabilities of the radio and X-ray emission from the intercluster
laments. 
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Figure A1. Histogram of the area (top) and angular sizes (bottom) of the intercluster region. 
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