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ABSTRACT

Context. Diffuse radio emission has been found in many galaxy clusters, predominantly in massive systems which are in the state of
merging. The radio emission can usually be classified as relic or halo emission, which are believed to be related to merger shocks
or volume filling turbulence, respectively. Recent observations have revealed radio bridges for some pairs of very close by galaxy
clusters. The mechanisms which may allow to explain the high specific density of relativistic electrons, necessary to explain the radio
luminosity of these bridge regions, are poorly explored until now.

Aims. When inspecting the first data release of the LOFAR Two-Metre Sky Survey (LoTSS), we discovered diffuse radio emission
in the galaxy cluster Abell 1430. Here, we aim at determining the dynamical state of the cluster and characterising the diffuse radio
emission.

Methods. We analyse the LoTSS data in detail and complement it with recent Karl G. Jansky Very Large Array observations in the
L-band. To study the dynamical state of the cluster, we analyse XMM-Newton data, Chandra data, and Sloan Digital Sky Survey data.
Moreover, we compare our results to clusters extracted from the THe THREE HUNDRED ProOJECT cosmological simulation.

Results. We find that Abell 1430 consists of two components, namely A1430-A and A1430-B, with a mass ratio about 2:1. The
massive component shows diffuse radio emission which can be classified as radio halo showing a low radio power given the mass
of the cluster. Most interestingly, there is extended diffuse radio emission, in the following dubbed as the ‘Pillow’ according to its
morphology, which is apparently related to A1430-B and neither typical halo nor typical relic emission. The origin of this emission
is puzzling. We speculate that the two components of Abell 1430 undergo an off-axis merger. In this scenario, A1430-B is moving
towards the observer and may have compressed and stirred the medium along the line of sight.

Conclusions. We have discovered a new manifestation of diffuse radio emission related to low density intracluster or intergalactic
medium. To date, only few examples for emission originating from such regions are known. These discoveries are crucial to constrain
possible acceleration mechanisms which may allow to explain the presence of relativistic electrons in these regions. In particular, our
results indicate a spectral index of a}fﬁ?ﬁz = —1.4 = 0.5 for the Pillow. If future observations confirm a slope as flat as the central
value of —1.4 or even flatter, this would pose a severe challenge for the electron acceleration scenarios.

Key words. galaxy clusters: individual: Abell 1430 — radiation mechanisms: non-thermal — radiation mechanisms: thermal —
techniques: interferometric — radio continuum: general — X-ray: galaxies: clusters

1. Introduction Bohringer et al. 2017) and many follow-up deep studies of

individual clusters. The analysis of the thermal gas, filling the

Galaxy clusters have been studied extensively thanks to the volume between the cluster galaxies, permits to conclude on the

rigorous surveys that have observed the entire sky to search for dynamical state of the clusters and the effects that occur in the

overdense regions (Abell 1958; Bohringer et al. 2000; Ebeling course of merging (see e.g. Markevitch et al. 2002; Golovich
et al. 2000; Zhang et al. 2011; Planck Collaboration et al. 2011; et al. 2019).
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For many merging clusters diffuse radio emission has been
found. The emission features can generally be divided into
radio relics and radio halos, which are attributed to merger
shock fronts in the cluster periphery and to volume-filling
turbulence in the intracluster medium (ICM), respectively (see
e.g. Feretti et al. 2012; van Weeren et al. 2019, for recent
reviews). Both relics and halos show spectral properties which
indicate that synchrotron emission is the origin, hence, they
manifest the presence of magnetic fields and relativistic
electrons in the ICM.

For several radio relics, a connection to a shock front in the
ICM is evident from the X-ray surface brightness or
temperature discontinuities at the location of the relic (e.g.
Finoguenov et al. 2010; Bourdin et al. 2013; Akamatsu &
Kawahara 2013; Botteon et al. 2016). The typically very
elongated morphology of relics is hence naturally explained by
relating the relic to a spherical shock observed in projection. A
radio emitting shock seen face-on is expected to have such a
low surface brightness that it is difficult to detect. Radio relics
show in general power-law spectra with a slope about —1.0 to
—1.3 (van Weeren et al. 2019). A very prominent feature of
radio relics is that often the emission has found to be polarised
in the GHz-regime, for some relics locally even a fractional
polarisation above 50 % (Bonafede et al. 2009; van Weeren
et al. 2010, 2012a; Kierdorf et al. 2017; Hoang et al. 2018). The
polarisation angle orientation is remarkably homogeneous
across the relic in several cases (van Weeren et al. 2010, e.g.[).

Radio halos, in contrast, are believed to trace the turbulence
generated by cluster mergers. A direct observational proof is
still to be provided. However, radio halos have almost
exclusively found in merger systems (Buote 2001; Cassano
et al. 2010), suggesting that merger-kinetic energy is dissipated
into non-thermal components through complex mechanisms
involving shocks and turbulence, ( see Brunetti & Jones 2014,
for a review). This scenario can explain the observation
properties of halos, e.g. typically a close correlation between
X-ray and radio surface brightness and the absence of
polarisation at current detection levels. Moreover, it has been
found that the luminosity of radio halos correlates with the
X-ray luminosity and the mass of the clusters (Cassano et al.
2013).

Recently, LOw Frequency ARray (LOFAR) observations
also discovered diffuse emission which connects pairs of
massive clusters in the form of radio bridges (Botteon et al.
2018a; Govoni et al. 2019; Botteon et al. 2020). These
observations suggest that compression and turbulence generated
by substructures in the low density cosmic filaments activate
magnetic field amplification and mechanisms of stochastic
acceleration of particles also (Brunetti & Vazza 2020). To date,
it is unclear how often such early stages of cluster mergers are
lead to observable radio emission which originates from
turbulence driven by the motion of the substructures. Since this
emission is expected to possess a steep spectrum (Brunetti &
Vazza 2020), LOFAR observations are excellently suited to
search for new examples.

In this paper, we present the discovery of a radio halo in the
merging galaxy cluster Abell 1430. We used data from the
LOFAR Two-Metre Sky Survey (LoTSS) and complemented
them with data from Karl G. Jansky Very Large Array (VLA)
observations in L-band. Chandra and XMM-Newton X-ray data
was also used, allowing us to examine the relationship between
the thermal properties of the cluster components with the
relativistic electron population.
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Throughout this paper, we assume a ACDM cosmology with
Hy = 70kms™! Mpc‘l, Q,, = 0.3, and Q, = 0.7. With these
values, 1” corresponds to a physical scale of 5kpc at a redshift
of 0.35 (Wright 2006). We define the optically thin synchrotron
spectrum as S, o v* with spectral index a. All images shown in
this paper are in the J2000 coordinate system and are corrected
for primary beam attenuation.

2. Abell 1430

Abell 1430, hereafter A1430, was first reported in the
catalogue of 2712 rich clusters of galaxies found in the National
Geographic Society Palomar Observatory Sky Survey (Abell
1958). The catalogue lists 31 cluster galaxies making A1430
have a richness class of 0, i.e. the number of galaxies is actually
below the minimum population of 50 galaxies to be considered
as a rich cluster. The ROSAT space telescope has detected the
X-ray emission from the cluster; in the Northern ROSAT
All-Sky galaxy cluster survey (NORAS), it is listed as an
extended X-ray source, namely RXCJ1159.2+494 (Bohringer
et al. 2000).

The cluster has been also reported in the First and Second
Planck Catalogue of Sunyaev-Zel’dovich effect (SZ) sources,
PSZ1 and PSZ2, respectively (Planck Collaboration et al. 2015,
2016). In the second catalogue, it is listed as
PSZ2 G143.26+65.24 with a redshift of zpsz; = 0.363 and a
mass of Mszs00 = (7.6 £0.4) X 10" M,

In earlier analyses, a lower redshift was derived. Struble &
Rood (1991) compiled redshifts and velocity dispersions of
Abell clusters. They stated a redshift of 0.21 for A1430, derived
from the photometric redshift of two galaxies, which later
turned out to be located in the foreground of A1430. Rozo et al.
(2015) compared clusters from the PSZ1 catalogue with their
Sloan Digital Sky Survey (SDSS) redMaPPer catalogue. For
twelve clusters, they found a discrepancy between the redshift
given in PSZ1 and their results; A1430 was among these
clusters. Based on the spectroscopic redshift of galaxies, the
redshift of A1430 was recalculated as zrozo = 0.350 = 0.014.

Rossetti et al. (2016) investigated the projected distance
between the positions of the brightest cluster galaxy (BCG) and
the peak of the X-ray surface brightness for 132 galaxy clusters.
For A1430 they found a distance of 0.034 Rsq9, which is
significantly larger than the median 0.017 Rsg of all clusters in
their sample and larger than the threshold of 0.02 Rsyy given by
Sanderson et al. (2009) for separating relaxed and disturbed
clusters.

The shift between the BCG and the X-ray emission peak
indicates that the cluster is dynamically disturbed, however, it
does not allow us to conclude on details of the merger state. We
present in Sect. 3.3 and Sect. 4.4, a detailed study of the X-ray
emission and of the redshift distribution to determine the actual
dynamical state of A1430.

3. Observations, data reduction and resulting
images

3.1. LOFAR High Band Antenna (HBA) observations

A1430 was observed as part of the LOFAR Two-metre Sky
Survey (LoTSS). LoTSS is mapping the entire northern sky
with unprecedented sensitivity and resolution. At optimal
declinations, it provides images with root mean square (rms)
noise levels below 100 uJy at a resolution of 6" and 20" at a
central frequency of 144 MHz (Shimwell et al. 2019). In order
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Fig. 1. Total intensity radio map of A1430 at a central frequency of 144 MHz as obtained from the LoTSS survey. There are three bright, tailed
radio galaxies, labelled as a, b and c, in the cluster region and several compact sources (brighter ones are marked with d-h). Moreover, evidence for
diffuse radio emission is clearly visible and is indicated with white arrows. The image is obtained using Briggs weighting of 0.0. The noise level
is 0 ms =92 uJ beam™! and the restoring beam has a size of 14 x 9 and a position angle of —84°, as illustrated by the black ellipse in the bottom
left corner of the image. Black contours start from 30-,ms and are spaced by V2. Contours at higher levels are drawn in grey for an optimal visual
presentation. No negative contour levels below —30,,s are present. Red contours represent the distribution of X-ray emission as seen by Chandra
to indicate the cluster position. Sources annotated by white letters are listed in Table 1.

to cover the entire northern sky, 3,168 pointings of eight hours
each have to be observed. Every LoTSS pointing is bookended
with calibrator observations of 10 minutes each. LoTSS data for
2 % of the northern sky, covering about 424 square degrees in
the region of the Hobby-Eberly Telescope Dark Energy
Experiment (HETDEX) Spring field has been published as
LoTSS Data Release 1 (DR1, Shimwell et al. 2019).

The field of A1430 was covered by two LoTSS pointings
located in the HETDEX field, namely P18Hetdex03, and
P22Hetdex04. Those observations were conducted on 28th of
May 2014 and 25th of May 2014, respectively.

Data reduction and calibration was performed with the
LoTSS DR2 reduction pipeline, which contains significant
improvements in calibration and imaging reconstruction fidelity
(Tasse et al., submitted) as compared to the LoTSS DR1 (see
Sec. 2.2, 2.3, and 5 in Shimwell et al. 2019). The calibration
comprises a direction-independent  calibration  using
PREFACTOR' v2.0 (for a description of the procedure, see van
Weeren et al. 2016; Williams et al. 2016) and the
DDF-pipeline” v2.2, developed by the LOFAR Surveys Key
Science Project, which performs several iterations of

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

direction-dependent self-calibration, and imaging using Ki11MS
(Tasse 2014a,b; Smirnov & Tasse 2015) and DDFacet (Tasse
et al. 2018).

The two directional-dependent calibrated data sets were
joined and an additionally common calibration (van Weeren et
al. in prep.) was performed to further improve the image fidelity
in the target region. As part of this pipeline, a source model of
the whole field of view, as derived from the DDF-pipeline,
and excluding an area of 0.5deg” centred on the location of
A1430, is subtracted from the visibilities for each of the two
sets. Afterwards, the visibilities of all pointings are
phase-shifted and averaged towards the target direction.
Subsequently, several rounds of imaging and self-calibration
with respect to amplitude and phase were performed using the
combined data of both pointings. Final imaging was performed
with WSClean v2.6 (Offringa et al. 2014) using different
Briggs weightings (Briggs 1995) for high-resolution and
low-resolution imaging. To recover the diffuse radio emission,
we carefully modelled the tailed radio galaxies and compact
sources and subtracted them from the visibilities with DPPP3
(van Diepen et al. 2018) before imaging at low resolution.

3 https://github.com/lofar-astron/DP3
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The resulting image of the A1430 region without the
subtraction of compact sources is shown in Fig.1. Most
prominently, three bright radio sources are located in the cluster
region, denoted as a, b, and c. All three sources are evidently
extended and appear to be tailed radio galaxies. There is also
evidence for extended diffuse emission in the cluster region. A
cautious modelling, in particular of the tails of the radio
galaxies, is crucial since the bright radio galaxies overlap with
the diffuse emission. Only if these sources and other compact
sources in the cluster region are carefully subtracted from the
visibilities, the low surface brightness diffuse emission can be
recovered in maps made at lower resolution.

In Tab.1 we list the compact and extended sources

identified from the LoTSS image and subtracted from the data
residing within the radio halo region and compile their
measured flux densities. The flux density uncertainties are
estimated as follows:
(A8)? = (fcate * $)° + O * No + (frup ~ Ssun)” e
where S denotes the flux density of the source, fi,e the flux
density scale uncertainty, oy the noise in the image, N, the
number of beams necessary to cover the source, fyp the
subtraction uncertainty if applicable, and S, the subtracted
flux density if applicable. For the flux densities derived from the
LOFAR data, we assume a flux density scale uncertainty of
20% as done by LoTSS (Shimwell et al. 2019) and a
subtraction uncertainty of 10 %.

3.2. VLA observations

We observed the cluster with the VLA in the L-band
covering the frequency range of 1-2 GHz. These observations
(project code: 18A-172) were carried out with C and D
configurations on September 2018 and January 2019,
respectively, with in total 2.6 h observing time on target. All
four correlation products, namely RR, RL, LR, and LL, were
recorded. The data were recorded with 16 spectral windows,
each divided into 64 channels. For each configuration, 3C147
was observed as the primary calibrator. 3C286 and J1219+4829
were included as secondary calibrators.

The VLA data were reduced with CASA version 5.1.0. The
data from C- and D-configurations were calibrated
independently but in the same way. We first determined and
applied elevation-dependent gain tables and antenna offsets
positions. The data were then inspected for radio frequency

Table 1. Flux densities of the sources marked in Fig. 1 for both LOFAR
HBA observation at 144 MHz as well as for the VLA at 1.5 GHz.

name S 144 MHz S1.5GHz
[(mJy] (mJy]
a 66.1 +13.3 8.6 +0.6
b 89.7+18.0 154 +£2.0
c 38.6+ 7.8 96 +1.1
d 3.8+ 0.8 0.2 +0.1
e 1.2+ 0.3 0.1 0.1
f 0.8+ 0.2 0.3 +£0.1
g 20+ 0.5 04 +0.1
h 1.2+ 0.3 0.2 0.1
i 1.3+ 0.3 0.2 +0.1
] 22+ 0.5 0.3 +0.1
k 1.1+ 0.3 0.1 0.1
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Fig. 2. VLA L-band, C and D configuration image of the cluster
A1430. The bright radio galaxies but also evidence for diffuse emission
are clearly visible and indicated with black arrows. Flux densities of
compact sources, as labelled in Fig. 1, are listed in Tab. 1. The restoring
beam size in the image is 16” X 14” and the noise level iS oy =
16 WJy beam™'. The image is created using robust = 0. Contour levels
start at 3 o and are spaced by a factor of V2. No negative contour
levels below —30y, are present.

interference (RFI) removal. The software AOFlagger (Offringa
et al. 2010) was used for accurately detecting and flagging of
RFI. We used the L-band 3C147 model provided by the CASA
software package and set the flux density scale according to
Perley & Butler (2013). We calibrated the initial phase,
parallel-hand delays and bandpass using 3C147. Gain
calibration was obtained for 3C147 and secondary calibrators.
For polarisation calibration, the leakage response was
determined using the unpolarised calibrator 3C147. The
cross-hand delays and the absolute position angle were
corrected using 3C286. The calibrated solutions were then
transferred to the target field.

Following initial imaging, we performed two rounds of
phase-only self-calibration and two of amplitude and phase
self-calibration on the individual data sets. The imaging was
performed using the Briggs weighting with robust = 0.0,
wprojplanes = 250, and nterms = 3, see Fig.2 for the
resulting image. To recover the diffuse emission, we combined
the C and D-configurations data and imaged in WSClean using
robust = 0.6 (similar to the LOFAR image). We assume a flux
density scale uncertainty of 4 % for the VLA L-band (Perley &
Butler 2013).

3.3. XMM-Newton and Chandra observations

A1430 has been observed as part of the XMM Heritage
Cluster Project*, a large and unbiased sample of 118 clusters,
detected with a high signal-to-noise ratio in the Second Planck
SZ Catalogue. The observation was split into two OBSIDs
(0827320201 and 0827020201), with a total clean exposure
time of 54.6ks with MOS1, 84.5ks with MOS2 and 24.4 ks
with pn. We analysed the data with Science Analysis System
(SAS) version 16.1, following the procedures in Ghirardini

4 http://xmm-heritage.oas.inaf.it
5 The pn and MOS1 camera were switched off for technical reasons
for part of the observations
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Fig. 3. Left: X-ray surface distribution as obtained from XMM-Newton in the band 0.7 — 1.2keV, smoothed with a Gaussian of a width of 12”.
The two subcomponents of A1430 are clearly visible. Annuli and sectors show the regions used for spectral extraction and analysis, while barred
circles indicate the point sources excluded from the analysis. The labels ‘A’ and ‘B’ denote the main component and the subcomponent of the
cluster, respectively. Right: Temperature distribution in the cluster. Filled black circles show the temperature profile of the main cluster, measured
in the black and white marked regions in the left panel which exclude the interaction with the subcomponent. The magenta and cyan regions
show the temperature in the sectors marked with the same colours in the left panel, while the red empty circle represents the temperature of the

subcomponent A.

et al. (2019) for data reduction, image production, and spectral
extraction and fitting. These procedures were designed for the
mosaic observations of the XMM Cluster Outskirts Project
(X-COP) project (Eckert et al. 2017): they combine the spectra
for different observations by jointly fitting them and produce
mosaic images.

In the left panel of Fig. 3, we show the mosaic image in the
X-COP band 0.7 - 1.2keV, which maximises the
source-to-background ratio (Ghirardini et al. 2019). We run the
source detection algorithm on this image with the SAS tool
ewavelet finding a few candidate sources embedded in the
ICM. Given the moderate spatial resolution of XMM, it is hard
to assess if they are bona fide point sources or rather extended
features, possibly part of the ICM of A1430. We thus checked
all of them with the higher resolution Chandra image, see
below, and masked all sources flagged in the left panel of Fig. 3
in the subsequent analysis.

A1430 was observed with Chandra X-ray Observatory in
January 2014 (Obs-ID 15119) for 22 ks. The data reduction has
been performed as described in Vikhlinin et al. (2005). We
applied the calibration files CALDB 4.7.2. The data reduction
included corrections for the time dependence of the charge
transfer inefficiency and gain, and also a check for periods of
high background, which were then removed (only 45s were
discarded). Standard blank sky background files and read-out
artefacts were subtracted. Fig. 4 shows the resulting, adaptively
smoothed X-ray surface brightness distribution after the
subtraction of point sources, using dmimgadapt.

3.4. SDSS

A1430 has been observed as part of the Sloan Digital Sky
Survey (SDSS), see data release 16 (DR16) (Aguado et al.
2019), revealing many galaxies with a redshift close to that of
the A1430. The galaxy at (RA: 11h59m14.9s, DEC:
49d47m48.1s) with a magnitude 17.0 in i-band in the most
recent data release (DR16) is the BCG, as already classified by

BCGic2 = " 8 T

Fig. 4. Colorscale: Chandra X-ray surface brightness distribution with
point sources subtracted and adaptively smoothed. Grey contours:
LOFAR high-resolution image (using Briggs weighting —1.0) to
indicate the positions of the radio galaxies. Greyscale SDSS r-
band image. The positions of the three initial BCG candidates
cl, c2, and c3 at J115914.85+494748.1, J115943.99+494459.6, and
J115930.36+494747 .4, respectively, and the bright galaxy close to the
X-ray peak are highlighted with orange circles, see Sec. 4.4.

Hao et al. (2010). The second ranked galaxy in the cluster
region has a magnitude of 17.7 in i-band and is located at (RA:
11h59m30.4s, DEC: 49d47m47.2s), i.e., this galaxy is the
brightest galaxy of the subcluster.

The SDSS DRI16 lists 27 galaxies with a spectroscopic
redshift in the range from 0.3 to 0.4 and with a distance of less
than 6.75 arcmin to the BCG, corresponding to less than 2 Mpc
at the redshift of the cluster. Fig. 5 shows the spatial distribution
of the galaxies located close to the X-ray emission and in the

Article number, page 5 of 13
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Fig. 5. Greyscale: SDSS r-band image of the A1430 field with galaxies
encircled having a spectroscopic redshift close to the cluster redshift.
The main cluster component and the subcomponent are in average
separated in redshift. The colours mark different redshift intervals
correponding to Model 1 in Sec.4.4 : 0.338 — 0.341 (green), 0.341 —
0.347 (blue), 0.347—-0.348 (magenta), 0.348 —0.352 (red), 0.352—-0.358
(orange). Pale red contours represent the distribution of X-ray emission
as seen by Chandra to indicate the cluster position.

redshift range from 0.334 (blue) to 0.360 (red), i.e., close to the
cluster redshift.

4. Galaxy cluster merger and diffuse emission
4.1. A1430: a two-component system

The X-ray surface brightness distribution, as obtained from
the XMM-Netwon observations, see Fig. 3, clearly reveals that
A1430 consists of two components, namely the main cluster A
and the smaller subcluster B. The distribution of galaxies listed
in SDSS with a spectroscopic redshift corroborates that the
cluster has two components, see Fig.5, even if the number of
galaxies is small. The separation of the two components in the
plane of the sky is about 3.1’, i.e., about 930 kpc at the redshift
of the cluster. If both components are at the same distance then
they are clearly undergoing a merger. However, it is also
possible that the two components are separated in the radial
direction and are not undergoing a merger.

As a first step of our analysis, we wish to estimate the X-ray
luminosity of each component separately. To this end, we
measured the surface brightness in regions which are dominated
by one of the components and exclude the interaction —or
overlapping— region. Moreover, the regions affected by point
sources have been excluded. The profile of both components
has been approximated with a S-profile. This allows us to
extrapolate the enclosed luminosity Ly(< R) to regions where
the surface brightness is too low to be measured in the
XMM-Newton observations. Commonly, the X-ray luminosity is
given in the radius Rsg, i.e., the average mass density enclosed
is 500 times the critical density in the universe. As a proxy for
modelling the mass distribution in each component, we estimate
Rsgp by utilising the luminosity-radius relation Rsgo(Lx) given
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by Bohringer et al. (2013):

Hy

0586
X,500
70kms~! Mpc~! ) ’

Rso0 =
VQ, (1 +2)3+Qp

where Rsyp is in units of Mpc and Lysop measured in the
0.1 — 2.4keV band in units of 10* ergs~!. By demanding that
the luminosity of both cluster components A and B should
follow the luminosity-radius relation, we can provide Rsyy for
each component. We find that components A and B have radii

0.957 L9207
( (@)

Rspoa = 3.9’ and Rspop = 3.17, respectively. The
corresponding X-ray luminosities are
Lx500.A = 69 + 09 x 10%ergs! and

Lxsoop = (1.9 £ 0.3) x 10+ erg s~! for the 0.1 — 2.4keV band.
To estimate the uncertainties, we assumed that the radius
determination is uncertain by 20 %, which is mainly caused by
the typical uncertainties in the scaling relations and the
uncertainty of the cumulative X-ray surface brightness
measurement.

Using a luminosity-mass scaling relation, we can estimate
the mass of the two components. From Bohringer et al. (2013)
we find MS()()‘A =(6.8+1.5)% 104 M and M500,B =(3.1£0.7)x
10'* M. Uncertainty estimates comprise the X-ray luminosity
uncertainty and a 20 % scatter in the luminosity-mass scaling
relation. We note that Pratt et al. (2009) found a larger scatter for
the scaling relations, however, a large deviation was in particular
found for cool-core cluster, apparently not the case for A1430.
The sum of the two estimated masses is somewhat larger than
the total mass derived from the SZ signal, which was Mgz =
(7.6 + 0.4) x 10'* My, however, it is within uncertainty margins.
Moreover, it is not surprising that the two results differ a bit,
since for the SZ-based mass estimate of the combined system
spherical symmetry is assumed, while we find that the cluster
shows a double-peaked morphology. The mass ratio of A1430-
A to A1430-B is about 2:1.

As discussed in Sec. 2, the offset between the position of the
BCG and the peak of the X-ray surface brightness suggests that
the main component A itself is dynamically disturbed.
Following Cassano et al. (2010), we used the morphological
indicators within 500kpc, extracted from the point-source
subtracted Chandra image, to assess the dynamical state of the
main cluster A. They found that clusters with and without radio
halos are best separated adopting the thresholds for the
concentration parameter of ¢ = 0.2 and for the centroid shift of
w = 1.2 x 1072, For Al430-A, we measure
CA1430-A = 0.156 + 0.006 and WA1430-A = (39 + 09) X 1072
using the X-ray surface brightness distribution obtained with
Chandra. Therefore, A1430-A belongs, irrespective of the
presence of A1430-B, to the class of clusters which typically
host radio halos.

To recover the temperature profile of the main cluster
component, we extracted spectra in 4 annuli around the centroid
of the X-ray emission, ranging from 0.25" to 1.4’ (black in
Fig. 3). At larger radii, we extract spectra in sectors to separate
the regions which could be affected by the subcluster (shown in
cyan and magenta). We also extract a spectrum in the red
annulus to estimate the mean temperature of the subcluster B.
We note that the bright emission which may look like the core
of the subcluster is clearly associated with a point source in the
Chandra image and is thus excluded from our analysis. The
resulting temperature profile is shown in the right panel of
Fig. 3. The main component A shows a decreasing temperature
profile from the centre to the outskirts, with no indication of a
cool core, corroborating that the cluster is not relaxed. The
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Fig. 6. Radio galaxies embedded in the diffuse emission in A1430, namely sources a, b, and ¢ (from left to right). Red contours: LOFAR HBA

high-resolution image achieved using Briggs weighting —1.0. The noise level is 0y = 65 pJy beam

~! with a restoring beam of 5” x 4" and a

position angle of —84°. Contour levels start from 30, and are spaced by a factor of 2. Green contours: VLA B-configuration image. The noise

level is o = 35 uJy beam™!

with a restoring beam of 3” X 3” and a position angle of 83°. Contour levels start from 407,,s and are spaced by

a factor of 2. The corresponding beam sizes are depicted in the lower left corner of the images. Background colorscale: SDSS DR15 RGB-color

composite image using the g-,r-, and i-band, respectively.

mean cluster temperature, measured in a sector excluding the
interaction region, amounts to (7.4 + 0.2)keV. This value is
rather high compared to the X-ray temperature expected from
the temperature vs. X-ray luminosity correlation, namely 6 keV
as computed from the correlation given in Bohringer et al.
(2013). Moreover, we noticed significant temperature variations
at the same radii with the eastern sectors likely affected by the
interaction with the subcluster and featuring a larger
temperature than the corresponding regions in other directions.
Interestingly, the subcluster B also shows a high temperature
8.5+0.7keV.

4.2. A radio halo in A1430-A

In the field of A1430, no diffuse emission has been
previously reported. For the first time, the LoTSS observations
reveal extended, diffuse radio emission in this cluster, as shown
in Fig. 1. However, the bright, tailed radio galaxies and other
compact sources, see Tab. 1 in the field had to be subtracted
before the diffuse emission can be imaged at a low resolution
which allows us to achieve a signal-to-noise ratio sufficiently
high to determine the flux density and morphology of the
emission. Fig. 6 shows high-resolution LOFAR images of the
three tailed radio galaxies. These images have been used to
model the radio galaxies and to subtract them from the
visibilities before imaging the diffuse emission. The analysis of
the halo emission is affected by source c. It is apparently a
head-tailed radio galaxy with a rather straight tail. The source
can be reasonably well modelled and subtracted.

Table 2. Flux densities of the extended diffuse sources in A1430-A
(halo) and in A1430-B (Pillow).

Object Property Value
halo SA’144 21 = 6 mJy
(A1430-A) Sals 1.1+ 0.4mly
a/};f4 -1.3+ 0.3
Pillow SA’144 36 +18 mJy
(A1430-B) Sals 1.5+ 0.8mly
a/}i —-14+ 05

After subtracting the radio galaxies we re-imaged with a
resolution of about 25arcsec, see Fig.7. The main cluster
component A clearly shows diffuse emission with a largest
linear size of about 700 kpc and a morphology very similar to
the X-ray morphology. Based on these morphological
properties, we classify the diffuse radio emission in A1430-A as
a radio halo.

For the halo, we measure a flux density of Sy 144 = 21 %
5Smly; see Fig. 8 for the area of the measurement. We note that
at the location of the tailed radio galaxies (green area) we have
rigorously subtracted flux components, hence, a small fraction
of the halo flux might have been subtracted as well. The flux
density corresponds to a rest-frame luminosity Phaio 144 = 1.0 £
0.3 x 10 WHz .

There also is evidence for diffuse emission in the galaxy
cluster in the VLA L-band image for both the main cluster
component A and the subcomponent B, see Fig.2. Similar to the
LOFAR image, the bright radio galaxies, see Fig. 6, and fainter
compact sources need to be properly subtracted at 1.5 GHz
before imaging the low surface brightness diffuse emission at a
low resolution. The medium-resolution compact source
subtracted image is shown in Fig. 10. The image is produced at
29" x 22" resolution using C- and D-configurations data and
using robust=0.6. The halo is clearly detected and its
morphology basically agrees with the one recovered with the
LOFAR at 144 MHz, see Fig. 8. The halo is less extended than
in LOFAR, likely due to a lower signal-to-noise ratio in the
VLA image. At 1.5 GHz, we measure a flux density of
Shalo1s = 1.1 £ 0.4mly for the halo in A1430-A. The flux
density uncertainty is estimated according to Eq.1. The low
signal-to-noise ratio, which determines to which extent the
surface brightness distribution can be recovered, and the
remaining compacted sources, which are too faint to be
subtracted, might affect the halo flux density measurement
beyond the given uncertainty.

The corresponding  rest-frame radio power is
Phao1s = 5 =2 x 103 WHz™!. The flux densities, determined
from the VLA and LOFAR low resolution images, correspond
to a spectral index aii = —1.3 = 0.3, a value which is typical
for radio halos (Feretti et al. 2012).

Halos in galaxy clusters with an X-ray luminosity similar to
the one in A1430 show a significant variety of rest-frame radio
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Fig. 7. LOFAR low resolution, X-ray and optical overlay of galaxy cluster A1430. The image clearly reveals the halo and large scale diffuse radio
emission in the low density ICM, dubbed as Pillow. The image is obtained using Briggs weighting +0.4 and multiscale clean after subtraction
of sources listed in Tab. 1. The noise level is o, = 80 wJy beam™" and the restoring beam is 25” x 22" with a position angle of 6°. Blue colorscale:
LOFAR HBA low-resolution image, see Fig. 8 for image properties. Red colorscale: Smoothed Chandra X-ray emission in the 0.5 - 7.0 keV energy
band. Background colorscale: SDSS DR15 RGB-color composite image using the g-,7-, and i-band, respectively.

luminosities, see e.g. the clusters compiled by Cassano et al.
(2013). For instance, the halo in Abell 1995 has a radio power at
1.4GHz of 1.7 + 0.2 x 10** WHz™! (Giovannini et al. 2009),
the one in Abell 545 has 1.4 + 0.2 x 10>* WHz™! (Bacchi et al.
2003), the one in Abell 773 has 1.48 + 0.16 x 10>* W Hz!
(Govoni et al. 2001) and the one in Abell2256 has
8.1+ 1.7 x 10> WHz! (Clarke & Ensslin 2006). Compared to
the rest-frame radio power of these halos, the one in A1430-A
is less luminous, see Fig.9. Recently, Cuciti et al. (2018)
reported in the clusters Abell 1451 and ZwCl10634+47, which
show an X-ray luminosity similar to the one of A1430-A, two
radio halos with a radio power of 6.4 + 0.7 x 102 WHz"! and
3.1 + 0.2 x 102 WHz™!, respectively. These halos are
underluminous with respect to the luminosities of radio halos in
samples compiled before. According to the nomenclature
introduced by Brown et al. (2011) and used by Cuciti et al.
(2018), the halo in A1430-A observed at 1.5 GHz belongs as
well to the underluminous class.
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There is no clear understanding yet why halos, such as the
one in A1430-A, are underluminous. There could be a selection
bias, since recovering halos with a total flux density of the order
of 1mly is still challenging, hence, many faint halos are
possibly still undetected. As a consequence, samples compiled
so far may tend to comprise only brighter halos at least for less
massive galaxy clusters. Irrespectively of such a selection bias,
it becomes evident that halos in clusters with similar X-ray
luminosity show a variety of radio powers. We can only
speculate about the reason for this variety. Clearly, there must
be some transition phase in the evolution of a cluster from
showing no halo, presumably when the cluster is relaxed to
showing a ‘fully powered’ halo, presumably as a result of a
major merger. Therefore, we expect to observe some clusters
with halos showing an intermediate radio power. Moreover,
Cuciti et al. (2018) speculate that underluminous halos are
caused by minor mergers, where only part of the ICM becomes
turbulent, hence the halo would be restricted to a subvolume of
the cluster. For A1430-A the radio and X-ray surface
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Fig. 8. Total power low-resolution radio map of A1430. Greyscale:
VLA image using Briggs weighting +0.6 with sources subtracted. The
noise level is ops = 13 Wy beam™! with a restoring beam of 29" x 22"
and a position angle of 14°. Red contours: LOFAR HBA image as in
Fig. 7. Both contour levels are drawn from 3 o,y and are spaced by a
factor of V2. Blue lines: Regions to indicate which diffuse emission
is considered to be part of each component of the cluster. Green areas
Regions where compact and extended sources have been subtracted in
the uv-plane for both the VLA and the LOFAR image.

brightnesses correlate nicely, therefore we consider the scenario
of a minor merger as unlikely. Finally, Cuciti et al. (2018)
speculate that underluminous halos might reflect the off-state of
halos, where the hadronic halo becomes visible. Since there are
already upper limits at lower flux densities, it is not likely that
the halo in A1430-A is a hadronic one. Since we consider
neither the off-state or the minor merger scenario likely for
A1430, we speculate that A1430 is actually in the transition
phase between the off-state and a ‘fully powered’ halo. The
absence of a cool core, see Fig. 3, may indicate that we actually
witness the late state of a merger, in which the ICM has been
mixed and had no time to form a cool core.

4.3. Diffuse emission related to subcluster A1430-B

The most striking radio emission feature in A1430 is large
diffuse emission apparently related to the subcluster B, see
Fig.7. Due to its morphology, we dub it in the following
‘Pillow’. It is located to the west of the two radio galaxies A
and B. Because the tails of the two radio galaxies are directed
towards the east, the majority of the Pillow emission does not
overlap with these radio galaxies, only part of the emission of
the Pillow to the east is difficult to recover due to the radio
galaxy subtraction. The emission region has a large extent, at
least about 1.2 Mpc in diameter. The surface brightness of the
emission appears to be quite smoothly distributed, without any
evident outer edges, large filaments, or other discontinuities.

The flux density of the emission amounts to
S pillow,144 = 36 + 18 mJy, see Fig. 8 for the region where the
flux density has been measured. The flux density corresponds to
a rest frame luminosity of Pa jaamp; = 1.7 £ 0.8 X 10® WHz!.

In the L-band low resolution image the Pillow is clearly
visible as well, see Fig.10. We measure after source subtraction
a flux density of Spijiow,1.5 = 1.5 = 0.8 mJy. This implies that the

1026 ‘
— 10% —t— -
= t‘ﬂ: -
:E 3 —t— s e
) 1024 L
= “f‘“ s,
A

SR
10% |

4-101° 1015

M, 500 [I\/IQJ

Fig. 9. Radio power at 1.4 GHz vs. cluster-mass relation. Black filled
dots: Radio halo galaxy clusters. Violet filled dots: Galaxy clusters
possessing ultra-steep spectrum radio halos. Green arrows: Upper
limits of potential radio halos (non-detections). The red diamond
indicates the radio halo in Abell 1430-A. The best-fit relation for radio
halos is drawn as blue line. Plot and data are adapted from Cassano et al.
(2013).
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Fig. 10. VLA 1-2 GHz point-source subtracted image of the cluster

A1430. We subtracted all point sources labelled in Fig1 within the

green areas shown in Fig. 8. The restoring beam size of the image is

29" x 22" and the noise level is oy = 13 Wy beam™!'. Contour levels

are drawn at V[1,2,4,8,...] X 30 ms.

Pillow has a moderately steep spectrum with a spectral index
a% f4 = —1.4 + 0.5. We note that the subtraction of the compact
sources make up a large share of the flux density uncertainty.
Moreover, the extended emission with a surface brightness only
a few times above the noise level is notoriously difficult to
deconvolve in interferometric data. To definitely determine the
surface brightness distribution of the Pillow substantially
deeper observations are required. However, the detection of
patches of diffuse emission, especially at the location where the
peak of the Pillow has been found in the LOFAR image, clearly
indicates a spectral index flatter than about —2, disfavouring
that the emission is caused by fossil plasma ejected by an active
galactic nucleus (AGN) some time ago. The spectral index
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rather suggests that the Pillow is caused by turbulence or shocks
in the ICM as it is the case for halos or relics, respectively.

The emission here is located at the cluster periphery of
A1430-A. A conceivable scenario for the origin of the Pillow is
that A1430-A underwent a major merger some time ago, the
same merger which causes the halo in A1430-A, and the Pillow
is actually a radio relic caused by a large merger shock. The
location of the Pillow would be roughly in agreement with the
elongation of A1430-A, indicating the merger axis. To not
prevent a merger shock front from forming, A1430-B would
have to have some offset along the line of sight w.rt. to
A1430-A. However, the Pillow does not show the outer edge
typical for relics, hence, the Pillow morphology differs
significantly from the one common for relics. The LOFAR and
the VLA images revealed a similar morphology of the Pillow,
excluding a clear spectral steepening, which would be
characteristic for a relic. We note that the diffuse emission in
Abell 2256 (van Weeren et al. 2012b; Owen et al. 2014) also
shows a morphology very different from ‘typical’ relics and is
considered as the rare situation where a relic is believed to be
seen face-on. The relic in Abell 2256 is highly polarised at
1.5 GHz, reaching values as high as 70 % (Owen et al. 2014).
We do not find evidence for polarised emission for the Pillow in
the VLA data, however, due to the low surface brightness of the
Pillow we can only rule out a fractional polarisation as high as a
few ten percent. To summarise, we do not find any confirming
evidence for a classification as relic, in particular neither an
outer edge coinciding with a jump in X-ray surface brightness
nor an apparent gradient in the spectral index, nor polarised
emission. We therefore consider it as unlikely that the Pillow is
a radio relic related to a merger shock front, however, we
cannot fully rule out that possibility.

If the Pillow is not a relic, it most likely originates from
turbulence, similar to radio halos. Recently, radio emission has
been reported for the filaments which connect the two clusters
pairs Abell399 — Abell401 (Govoni et al. 2019) and
Abell 1758N — Abell 1758S (Botteon et al. 2018b, 2020). This
may indicate that in an early stage of a galaxy cluster merger,
when the two clusters are still approaching each other, the
medium in the connecting filament gets sufficiently disturbed to
generate low Mach number shocks and to accelerate thermal or
mildly relativistic electrons. Brunetti & Vazza (2020) showed
that those radio bridges, extending on scales larger than
clusters, may originate from second order Fermi
(re-)acceleration of electrons interacting with turbulence
originating from the complex dynamics of substructures in the
filaments. The spectral index we found for Pillow indeed agrees
with the required steepness of —1.3 to —1.5 or steeper for the
proposed acceleration mechanism. A plausible scenario for the
origin of the Pillow therefore is, that A1430-A and A1430-B
are significantly separated along the line of sight and we
actually observe the radio emission of a connecting filament in
projection. To test this scenario, deeper observations would be
crucial to firmly determine the spectral properties of the Pillow.

Interestingly, the X-ray temperature in the sector between
the two clusters, see Fig. 3, left panel (magenta region), is much
higher than at the same distance from the cluster centre in other
directions and the same distance from the main cluster, see
Fig. 3, right panel. It suggests that adiabatic compression, shock
dissipation or turbulence resulting from the interaction of the
subcluster with the main cluster may have already increased the
temperature in that region, possibly similar to the situation in
the cluster pair Abell 1758N and Abell 1758S (Botteon et al.
2018b). Interestingly, also the region to the north-east of
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A1430-A (cyan region) shows a rather high temperature. We
speculate that this is related to a merger shock front originating
from the merger which caused the halo in A1430-A and is not
related to the Pillow emission.

4.4. Redshift separation of A1430-A and B

Fig.5 shows the SDSS r-band image where 19 out of 27
galaxies are marked with a colour-coding that represents
redshift subintervals. Though there is a concentration of the red
symbols towards the right-hand side and of the blue ones
towards the left-hand side, there is no clear spatial separation of
the redshifts. Therefore, substructures should be additionally
identified in redshift space. We decided for an approach that is
based on a combination of the redshift distribution and the
positions of the BCGs.

The ‘Optical Catalog of Galaxy Clusters Obtained from an
Adaptive Matched Filter Finder Applied to SDSS DR6’ (Szabo
et al. 2011) lists three BCG candidates in the cluster. For the
candidate BCGs c1, ¢2 and c3 redshifts of 0.3499, 0.3508 and no
spectroscopic redshift, respectively, were given. In SDSS DR16,
a spectroscopic redshift of 0.34436 is reported for BCGc3. In
Fig. 4 the candidate BCGs are marked with orange circles.

We assume that the brightest galaxy in the sample, BCGcl,
represents the bottom of the gravitational potential and its
redshift is representative of the cluster. Moreover, we assume a
typical velocity dispersion of o, = 1000 km s~! and classify all
sample galaxies within the redshift range from zgcgc — 0 to
ZBCGel + 0; as members of cluster A1430-A (magenta and red
symbols in Fig.5). According to its redshift, the BCG c2 would
belong to cluster A1430-A, but the BCGc3 would not. We
consider BCGc¢3 as the brightest galaxy in A1430-B with
candidate members that are selected with redshift from
ZBCGe3 — Oz 0 ZcGes + 0, (blue and magenta symbols). The
redshift distributions associated with A1430-A and B overlap
marginally (magenta symbols). Finally, galaxies with redshift
smaller zpcgs — o, are considered as foreground (green
symbols) and those with redshift larger zgcgi + o, as
background (orage symbols). We compute the average redshift
for members of A1430-A and A1430-B and find a mean
redshift difference Az = z4 — zz = 0.003696, or
Av = 1109kms~!. If alternatively interpreted as a radial
distance this would correspond to a separation of about 23 Mpc.

Do the two samples related to A1430-A and B represent two
clusters, or are they drawn from the same galaxy population?
There are several straightforward approaches to probe a
distribution ~ for  unimodality = versus bimodality, or
multimodality. We used Sarle’s bimodality coefficient

(N-1)
(N=2)N-3)’

g +1

b=
k+3x

with x=

3

where g is the sample skewness, k is the sample excess kurtosis
and N is the number of objects in the sample (Pfister et al. 2013).
A bimodality coefficient larger than the benchmark value b =
5/9 = 0.555 for a uniform distribution points towards bimodality
or multimodality. For the galaxies in the two substructures, we
find b = 0.64, indicating a bimodal distribution.

The galaxies in the left part of Fig.5 are scattered over the
whole redshift range z ~ 0.33 — 0.36, which corresponds to a
luminosity distance interval of ~ 170 Mpc and might indicate a
large-scale filament nearly perpendicular to the plane of the sky.

The evidence for bimodality supports that the merger in
A1430 does not take place in the plane of the sky but rather
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Fig. 11. Example of a simulated cluster merger candidate chosen to match observed A1430’s properties smoothed with a Gaussian of 3” width.
Left panel: X-ray surface brightness distribution. Merging clusters are clearly seen as two distinct peaks. Solid contours indicate logarithmic X-ray
surface brightness levels of 42,42.5,43,43.5 and 44 in units of ergs™' arcmin™2. Right panel: X-ray flux-weighted temperature. For comparison,
surface brightness contours are also shown as dashed lines. Gas temperature increases between the clusters as a result of the interaction.

along the line of sight. The redshift difference of main cluster
and subcluster indicates that either A1430-B is about 20 Mpc
less distant than A1430-A, is at same distance as A1430-A and
moves with about 1000km s~! towards the observer, or any
combination of these two scenarios. The velocity difference is
typical for merging clusters. However, we stress that this
relative velocity needs to be achieved with a separation in the
plane of the sky is about 1 Mpc. The large scatter of galaxy
redshifts may additionally support that we observe here a large
cosmic filament along the line of sight.

4.5. A similar merger in a cosmological simulation

To verify that it is plausible to assume that the subcluster
moves with a significant velocity along the line of sight despite
the separation of about 1 Mpc in the plane of the sky, we inspect
a large cosmological simulation in search for mergers with
characteristics as close to A1430 as possible.

The Turee Hunprep Project (Cui et al. 2018) introduces a
large sample of hydrodynamical galaxy cluster re-simulations
extracted from a periodic box of 1.43 Gpc comoving length on a
side, including physics such as gas cooling, star formation, and
stellar/AGN feedback. Mass resolution in zoomed-in regions
corresponds to mpy = 1.29 x 10° M, and mg = 2.71 x 103 M,
for dark-matter and gas particles, respectively. The gravitational
softening length for these particles in the high-resolution zones
was set to 8.57kpc. Some of the advantages of this sample
include: an improved modelling of subgrid physics, and a
state-of-the-art implementation of the smoothed-particle
hydrodynamics (SPH) scheme. Moreover, the large number of
available snapshots allows an excellent coverage of cluster
evolution.

We looked for a merging system with a similar mass ratio in
a redshift range from 0.3 to 0.4. However, since major mergers
are rare, we focused on those with central-to-subcluster mass
ratios below 3:1. Similar to the clusters in A1430, we are
mainly interested in separations of about 900 kpc in the plane of

the sky and relative velocities along the line of sight of about
1100 kms™!.

From our suite of simulated galaxy clusters, we selected a
merging system at redshift 0.333 with a mass ratio of 5:1, being
the mass of the main cluster Msyy = 7.4 x 10'*M,. Fig. 11
shows the X-ray surface brightness (left panel) and
flux-weighted gas temperature (right panel) for our merging
cluster example. Since there is an offset between simulated and
observed gas temperatures for the largest cluster masses (see
e.g. Fig. 9 of Cui et al. 2018), flux-weighted temperatures have
been scaled to roughly match A1430’s observed profile for the
main cluster. We note, however, that cluster simulations tend to
have cooler cores than real ones. While this renders a detailed
comparison difficult, this does not affect our conclusions.

The projected distance between clusters in our example is
922 kpc; whereas their relative velocity along the line-of-sight
is 1113kms~!, which is similar to the observed velocity
difference of the subclusters in A1430. From the simulation
snapshots, we observe that the subcluster is approaching, for the
first time, towards the central one in a fairly radial orbit, still
leading to an off-axis merger. Interestingly, as shown in the
right panel of Fig. 11, the gas temperature increases between
the clusters, indicating that the system is interacting. Moreover,
there is also a region with enhanced temperature on a side of
the main cluster, resembling the cyan region in Fig.3. In the
simulation, this is produced by a minor substructure merging
earlier with the central.

This example illustrates that it is plausible to assume that
the main and secondary clusters in A1430 are in the process of
a merger. In principle, we cannot exclude the possibility that the
observed redshift difference between the clusters could either
indicate that A1430 actually consists of two still physically
separated objects. However, the temperature increase observed
in sectors 6 and 7 of A1430 most likely suggests that the two
objects are already interacting. Moreover, the simulation shows
that the observed redshift difference along the line-of-sight is
not uncommon for merging galaxy clusters.
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5. Conclusion

We analysed the LOFAR, XMM-Newton, Chandra, VLA
and SDSS data of the galaxy cluster Abell 1430. The cluster
undergoes a major merger and the LOTSS data reveal a very
extended diffuse radio emission which is apparently comprised
a radio halo in the main cluster and puzzling, extended radio
emission related to the infalling subcluster. In detail, we found:

The X-ray surface brightness distribution reveals that A1430
is a double system, composed of a main cluster A1430-A and
a subcluster A1430-B with a mass ratio 2:1.

— The LoTSS data reveal a radio halo for A1430-A. The
morphology of the halo closely follows the X-ray surface
brightness distribution of the main cluster component. The
offset between the BCG, the X-ray concentration parameter
and the centroid shift, and the missing cold core indicate
that A1430-A is a disturbed system, which is typical for the
clusters where a radio halo is present.

— A large radio feature, which we dub ‘Pillow’ owing to its
morphology, is associated with A1430-B. This emission is
very unusual since it is located in a region of very low ICM
density and it appears unlikely that it is a radio relic. We
speculate that the two cluster components undergo an off-
axis merger, providing the necessary energy dissipation for
the Pillow radio feature.

— The redshift distribution of galaxies in A1430, as obtained

from spectroscopic information from SDSS, indicates that

the two subclusters have a redshift difference of about
1100kms™!. Together with the X-ray temperature
distribution, this supports that A1430-B is indeed merging
into A1430-A with a large impact parameter. We inspected

a large volume cosmological simulation and identified a

merger with similar parameters and showed a similar

pattern of enhanced temperature in the interaction region.

The LOFAR observations have revealed an atypical diffuse
radio emission in a low-density environment, which put our
understanding of the origin of diffuse radio emission onto test.
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