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ABSTRACT

We present LOFAR data from 110–180 MHz of the merging galaxy cluster Abell 1682, alongside archival optical, radio
and X-ray data. Our 6 arc-second resolution images at low frequencies reveal new structures associated with numerous
radio galaxies in the cluster. At 20 arc-second resolution we see diffuse emission throughout the cluster over hundreds
of kpc, indicating particle acceleration mechanisms are in play as a result of the cluster merger event and powerful
active galactic nuclei. We show that a significant part of the cluster emission is from an old radio galaxy with very
steep spectrum emission (having a spectral index of α < −2.5). Furthermore we identify a new region of diffuse steep
spectrum emission (α < −1.1) as a candidate for a radio halo which is co-spatial with the centre of the cluster merger.
We suggest its origin as a population of old and mildly relativistic electrons left over from radio galaxies throughout
the cluster which have been re-accelerated to higher energies by shocks and turbulence induced by the cluster merger
event. We also note the discovery of six new giant radio galaxies in the vicinity of Abell 1682.

Key words. Galaxies: clusters: intracluster medium – Galaxies: halos – Galaxies: jets – (Galaxies:) quasars: supermassive
black holes – Radio continuum: galaxies – Radiation mechanisms: non-thermal

1. Introduction

Clusters of galaxies are the largest gravitationally bound
structures in the Universe and arise primarily at filament
junctions in the cosmic web. Under the influence of strong
gravitational fields at these junctions, it becomes increas-
ingly likely that clusters will collide or merge, which can
release 1064 erg of gravitational potential energy into the
intra cluster medium. This energy heats up the gas interwo-
ven between the hundreds of galaxies and produces shocks
and turbulence throughout the intra-cluster medium (ICM;
Brunetti & Jones 2014).

Owing to the presence of large-scale micro-Gauss-level
magnetic fields throughout the cluster, the electrons in
the ICM can produce synchrotron radiation at radio wave-
lengths (see van Weeren et al. (2019) for a recent review).
Different acceleration mechanisms produce quite different
observational features, namely polarised elongated struc-
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tures called relics, and diffuse low surface brightness unpo-
larised structures called halos. A combination of diffusive
shock acceleration (Blandford & Eichler 1987) and shock
drift acceleration (Ensslin et al. 1998; Guo et al. 2014a,b)
can explain the observed energetics of many relics, but other
examples (van Weeren et al. 2016a; Botteon et al. 2016;
Eckert et al. 2016) require additional constraints where the
seed electrons are already mildly relativistic instead of be-
ing accelerated from the thermal pool. A prominent exam-
ple of shock acceleration is shown by van Weeren et al.
(2017) who present a relic being connected and illuminated
by the jet of a radio galaxy.

In the favoured model for radio halo formation, a seed
population of old relativistic electrons or secondary parti-
cles are re-accelerated to ultra relativistic energies (GeV) by
turbulence induced by a cluster merger event (e.g. Brunetti
et al. 2001; Petrosian 2001; Brunetti & Lazarian 2007, 2011;
Brunetti & Jones 2014; Pinzke et al. 2015, 2017). This pro-
cess also gives rise to a relatively new and elusive population
of Ultra Steep Spectrum Radio Halos (USSRH; Brunetti
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et al. 2008; Cassano et al. 2006) that show up at very
low frequencies. Furthermore, throughout galaxy clusters
there are often many radio galaxies, which can produce very
bright synchrotron emission from relativistic jets that ex-
tend throughout the cluster. These radio galaxies are candi-
dates for providing a seed population of mildly relativistic
electrons, and there is evidence that shocks from cluster
merger events have interacted with the tails of old radio
galaxies (Enßlin & Gopal-Krishna 2001; van Weeren et al.
2017; de Gasperin et al. 2017).

The LOw Frequency ARray (LOFAR; van Haarlem
et al. 2013) is a telescope based in the Netherlands, and
is an effective instrument for observing synchrotron radi-
ation in galaxy clusters, as shown by recent observations
from van Weeren et al. (2016a); Shimwell et al. (2016);
Hoang et al. (2017); Wilber et al. (2017); Botteon et al.
(2018). The results of this paper are based on observations
performed with LOFAR’s high-band antennas (HBA) at
110–180 MHz. With an excellent uv coverage, and opera-
tion at these low frequencies, LOFAR has the novel capabil-
ity of detecting and resolving at arc-second resolution the
synchrotron emission that we expect to see in the ICM of
merging clusters.

This paper is organised as follows. In Section 1.1 we
introduce Abell 1682, and summarise previous studies in
Section 1.2. In Section 2 we present new LOFAR obser-
vations, archival GMRT (Giant Meterwavelength Radio
Telescope; Swarup 1991) observations, and analysis of the
spectral index. In Section 3 we analyse and discuss the
observational data, and we draw conclusions in Section
4. Throughout this paper we use the J2000 coordinate
system, and adopt the spectral index convention that
S ∝ να, where S is the flux density, ν is the frequency,
and α is the spectral index. We assume a flat Universe
with Ωm = 0.286, ΩΛ = 0.714, and H0 = 67.8 km s−1Mpc−1

(Planck Collaboration et al. 2016b), unless explicitly stated
otherwise.

1.1. Abell 1682

A1682 is a massive merging galaxy cluster, with an X-ray
luminosity LX [0.1 − 2.4 keV] = 11.26 × 1044 erg s−1 (assum-
ing H0 = 50 km s−1Mpc−1; Ebeling et al. 1998). It has a to-
tal mass of the order of 1015 M� and is shown to have a
bi-modal mass distribution indicating it is a pre- or post-
merger system (Dahle et al. 2002). The mass inferred from
the Sunyaev-Zeldovich effect is M500 = 6.20+0.45

−0.46 × 1014 M�
and M500 = 5.70 ± 0.35 × 1014 M� after correction for dif-
fuse galactic plane emission (Planck Collaboration et al.
2015, 2016a). The left panel in Figure 1 shows surrounding
galaxies identified in the Sloan Digital Sky Survey (SDSS;
Eisenstein et al. 2011) Data Release 13 (DR13; Albareti
et al. 2017) along with a density plot. This agrees with
Dahle et al. (2002) and shows a significant galaxy den-
sity enhancement approximately 1 Mpc to the south-east
of A1682.

The cluster has two dominant elliptical brightest clus-
ter galaxies (BCGs), marked in the right panel of Figure
1. BCG-A (13:06:49.99, +46:33:33.35) is at a redshift of
0.232, has a velocity dispersion of 298 ± 9 km/s, and
an estimated mass of Log (Mgal/M�) = 11.93. BCG-B
(13:06:45.69, +46:33:30.74) is at a redshift of 0.218, has
a velocity dispersion of 332 ± 13 km/s, and an estimated

mass of Log (Mgal/M�) = 11.81. These spectroscopic red-
shifts and masses are taken from SDSS DR13 (Albareti
et al. 2017), where the redshift errors are 1 × 10−5. Figure
2 shows a histogram of all spectroscopically and photomet-
rically identified galaxies within a 6′ radius of the cluster
centre. We take the redshift of this cluster as the average of
the two BCGs, to be z = 0.225 (Figure 2), which matches
well with the peak of the redshift histogram in Figure 2.
Older spectroscopic measurements of these galaxies show
a very similar average cluster redshift of z = 0.226 (Allen
et al. 1992).

Galaxies identified with photometric redshifts have a
mean error of 18%, where the lowest is 4%, and the highest
50% (Eisenstein et al. 2011). Despite the 4% error on the
photometric redshift for BCG-A, it is significantly different
to the spectroscopic redshift (see the right panel of Figure
1). Furthermore, as shown in Figure 2, overall the pho-
tometric redshift measurements are biased towards higher
redshifts. Many of them have significant flags in the training
set coverage and fitted parameters (Beck et al. 2016), mak-
ing their error estimate unreliable. Despite these caveats,
they do still allow a basic identification of the brightest
cluster members in the region. Given these problems with
the photometric redshifts of cluster members, in figures
throughout this paper we only highlight cluster member
galaxies with photometric redshifts in the range 0.2 - 0.25.
However, many of the galaxies in the vicinity of Abell 1682
are resolved, appearing as likely cluster members even with
photometric redshifts much larger than the average cluster
redshift (up to z=0.3, as seen in Figure 2).

1.2. Previous studies

Previous radio studies (Venturi et al. 2008, 2011, 2013;
Macario et al. 2013) show that A1682 hosts complex cluster-
wide radio emission without a consensus on its origin.
Venturi et al. (2008) present X-ray data, indicating that
there are two sub-clusters which have passed through each
other in a north-west to south-east direction (a post-merger
scenario). The merger axis appears to be in the plane of the
sky, however there is no evidence on what the 3-dimensional
velocity and momentum distribution is between the two
clusters. Venturi et al. (2008) also show the first deep high
resolution radio observations at 610 MHz using the GMRT,
revealing extended emission (100-500 kpc) resembling radio
jets or radio relics, but without a confident assessment of
their origin.

Follow-up observations at 240 MHz with the GMRT
(Venturi et al. 2013) show structures very similar to those
seen at 610 MHz. They also show higher resolution (1.1′′)
VLA data at 1.4 GHz of BCG-B showing clear evidence of
radio jets (less than 50 pc in size) emanating from an AGN
in the centre of this galaxy (see their Figure 7). In their
VLA data the radio lobes are brightest on the north-east
side, becoming fainter towards the south-west, potentially
suggesting that this radio galaxy (BCG-B) is moving north-
east. However, the radio lobes could simply be expanding
into a less dense region of the cluster towards the south-
west whilst the host galaxy does not move. Whilst radio
jets can significantly change direction in a dense cluster
environment, it is conceivable that the two 500 kpc radio
features connected to BCG-B are jets and lobes originating
from this AGN. However, their spectral index map from
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Fig. 1. Left: Dots showing all galaxies identified in the region from SDSS, with the corresponding galaxy density shown by filled
contours. Red crosses denote the centre of mass of the sub-clusters identified by Dahle et al. (2002). Right: SDSS composite image
from bands g, r, i within the area shown by the white square in the left plot. The two brightest galaxies are labelled, where BCG-A
(13:06:49.99, +46:33:33.35) has a redshift of 0.232, and and BCG-B (13:06:45.69, +46:33:30.74) has a redshift of 0.218. The width
of the dashed circles around galaxies with photometric redshifts is proportional to the error on the measurement, where they start
at 4% and get thinner as the error increases. The maximum photometric error is 50%.

Fig. 2. A stacked histogram of galaxies with photometric and
spectroscopic redshifts within a 6′radius around A1682. The red-
shift of A1682 is calculated as the average of BCG-A and BCG-
B, which aligns well with the peak of the histogram.

240 MHz to 610 MHz conflicts with this argument, as the
N-W ridge shows a spectral index gradient perpendicular
to the major axis of the structure from α ≈ −1 to α ≈ −2.3.
This is indicative of a radio relic, where the spectrum is
flatter at the shock front (α ≈ −0.6), and then steepens
(α < −1) in its wake (e.g., Stroe et al. 2014). The orien-
tation of this structure is perpendicular to the merger axis
identified by the X-ray and galaxy distribution data, how-
ever, a complex merger scenario and line-of-sight projection
affects do not rule out the possibility that this is a relic.

The data at 240 MHz also reveals new emission not seen
at higher frequencies, with the detection of an area of diffuse
radio emission, which becomes significant at lower resolu-
tion. This component is also seen in the Very Large Array
Sky Survey (VLSSr; Lane et al. 2014) at 74 MHz, where
Venturi et al. (2013) calculate a spectral index between
these two frequencies integrating over all the observed emis-
sion, with a value of α = −2.09± 0.15. However, we caution

against using this value due to the different spatial scales
that the GMRT and VLA probe given their configurations.
Analysis by Venturi et al. (2011) attempts to subtract the
high resolution data from both the 240 and 610 MHz data,
showing significant residuals over the whole cluster, par-
ticularly coincident with the diffuse component. The most
significant detection of the diffuse component is from obser-
vations at 150 MHz with the GMRT (Macario et al. 2013).
Despite the low sensitivity of this observation (with an RMS
noise of 1.7 mJy/beam), the diffuse component is clearly de-
tected, with an integrated flux of 98±20 mJy. Macario et al.
(2013) present a spectral index integrated over the whole
emission from 150 MHz to 240 MHz of α = −1.7±0.1, which
is flatter than the value calculated from 240 to 610 MHz,
and they suggest that this is due to the lower surface bright-
ness sensitivity of observations at 150 MHz.

2. Data

2.1. LOFAR Calibration and Imaging

The LOFAR HBA observation presented here used 23
of the core Dutch stations (each comprising two sub-
stations) and 13 remote Dutch stations. The central fre-
quency was 150.0 MHz, with a total bandwidth of 70.3 MHz
from 111.5 MHz to 181.8 MHz. The primary flux calibra-
tor (3C295) was observed for 5 minutes and the target
(13:06:49.70 +46:32:59.00) was observed with a total in-
tegration time of 9.67 hours. The separation between the
calibrator and target sources is 11.9 degrees. The observa-
tion started on 19 April 2013 at 19:06:02.50, and finished
on 20 April 2013 at 04:46:00.80 (UTC), however all data
after 03:00:00 (CET) were flagged due to very poor iono-
spheric conditions. In total we used 8 hours of data in the
calibration and imaging. We used the flux scale defined by
Scaife & Heald (2012) for 3C295, where the error on the
flux scale for 3C295 is 4% for LOFAR HBA frequencies.
However as discussed in Shimwell et al. (2019) we take a
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conservative estimate of the flux scale uncertainty as 20%
given the inadequate knowledge of the LOFAR beam dur-
ing calibration, and note that sources crossmatched with
the Tata GMRT Sky Survey (TGSS-ADR1; Intema et al.
2017) are consistent within this error.

We follow the calibration and imaging scheme described
in detail in Shimwell et al. (2019) which accounts for
direction dependent effects and wide field spectral de-
convolution. In summary, this begins with a direction-
independent calibration (described in detail by van Weeren
et al. 2016b and Williams et al. 2016) and makes use of
the LOFAR Default Preprocessing Pipeline (DPPP: van
Diepen & Dijkema 2018) for averaging and calibration and
BlackBoard Selfcal (BBS; Pandey et al. 2009) for calibra-
tion. For the direction dependent calibration, KillMS (kMS:
Tasse 2014; Smirnov & Tasse 2015) is used to calculate
the Jones matrices and DDFacet (Tasse et al. 2018) is
used to apply these during the imaging. The main soft-
ware packages and the pipeline are publicly available and
documented1.

Figure 4 shows the high resolution LOFAR HBA image.
This used a Briggs (Briggs 1995) robust parameter of -0.5
to achieve a resolution of 6.0′′×6.0′′, with an RMS noise of
90 µJy/beam, a uv -minimum of 0.1 kλ and no uv -maximum
limit. There are no significant direction dependent errors
visible and the RMS noise is uniform around the source,
measured at 90 µJy/beam. The brightest pixel in the image
is 0.29 Jy/beam (the peak of the colour-scale). There are
small spurious areas with negative wells at -5 times the
RMS noise around the brightest part of the cluster.

Figure 5 shows the low resolution image. This used a
Briggs robust parameter of -0.25, and a uv -range of 0.1 −
25.75 kλ, to achieve a resolution of 20′′×20′′. The RMS noise
is 130 µJy/beam, and the brightest pixel has a value of 0.74
Jy/beam. As in the high resolution image, there are small
spurious areas with negative wells at -5 times the RMS
noise around the brightest part of the cluster. At this lower
resolution, extended emission is recovered more readily, and
the patchy areas of emission seen at high resolution are
robustly detected as areas of low-surface brightness diffuse
emission. This is most prominent in the region between the
clusters two centres of mass, and in regions towards the
extremities of the extended structures.

Overall, we observe all the features identified in pre-
vious studies, plus some additional features. The diffuse
component is now resolved, and distinguished from diffuse
emission in the region between the centre of mass of each of
the sub-clusters. In section 3 we discuss the origin of these
components.

2.2. Spectral index maps with the GMRT

We re-analysed archival GMRT data at 610 MHz using
the Source Peeling and Atmospheric Modelling software
(SPAM; Intema 2014). Both the GMRT and LOFAR data
sets were imaged using a uv -minimum of 0.1 kλ at the same
resolution of 6′′×6′′. As described in Shimwell et al. (2019)
the astrometry of our LOFAR images has been matched
to optical sources in PanSTARRS (Flewelling et al. 2016),
however our GMRT image was mis-aligned, and so we ap-

1 see https://github.com/saopicc for kMS and DDFacet,
and https://github.com/mhardcastle/ddf-pipeline for the
associated LoTSS-DR1 pipeline.

Fig. 3. The offset in RA and DEC of 61 sources crossmatched
between the GMRT and LOFAR. The dashed line is the mean
offset calculated from the original 92 sources, and the solid lines
show the mean offset calculated after disregarding all sources
more than 5 times their position error away from this mean
in either RA or DEC. The final offset in RA and DEC was
calculated to be 2.86 and 2.14 arc-seconds respectively, and this
correction was applied to the GMRT image.

plied an astrometry correction to our GMRT image to align
it with our LOFAR image. To do this we first masked A1682
and used PyBDSF (Mohan & Rafferty 2015) to detect
sources above 5 times the RMS noise in both the GMRT
and LOFAR images. We then crossmatched all sources
detected by the GMRT with LOFAR using 6 arc-second
matching radius. From the 92 sources detected by both the
GMRT and LOFAR around A1682, we calculating a mean
offset in RA and DEC of -2.65 and 2.16 arc-seconds respec-
tively (dashed black and red lines in Figure 3). We then
disregarded all source that were more than 5 times their
position error away from this mean (in either RA or DEC),
leaving the 61 sources shown in Figure 3, and repeated the
calculation of the mean offset in RA and DEC giving 2.86
and 2.14 arc-seconds respectively (the solid black and red
lines in Figure 3). This procedure ensured we only used re-
liably matched sources to correct the astrometry, and the
final correction was applied to the GMRT image.

We used the Broadband Radio Astronomy ToolS
(BRATS; Harwood et al. 2013, 2015) to calculate the spec-
tral index value for each pixel and corresponding error map,
as shown in Figure 7. Only data above 5 times the RMS
noise in both data sets was used. We note that applying
the uv -minimum of 0.1 kλ during imaging was done to en-
sure both telescopes were sampling the same spatial scales,
since LOFAR has significantly better uv coverage below this
value. However, when doing this we only noticed a change in
the spectral index value of around 1%, indicating that the
spatial scales involved in this source were not large enough
to greatly affect the spectral index calculations.

3. Analysis

Throughout the cluster we observe complex radio emission
with LOFAR at high and low resolution. The total inte-
grated flux density (all emission above 5 times the RMS
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Fig. 4. Top: Colour-scale image of A1682 on a log stretch from −90 µJy/beam to 0.29 Jy/beam (the brightest pixel is 0.29 Jy/beam).
The RMS noise is 90 µJy/beam. Dashed contours are overlaid at -5 times the RMS noise. Solid contours start at 5 times the RMS
noise and increase by factor 1.4. The resolution is 6′′×6′′. Bottom: SDSS background composite image from bands g, r and i, with
the same contours as above. Redshift coloured markers are the same as Figure 1. Radio galaxy candidates (RG-A to RG-D) are
marked, along with lines showing the possible orientation of their radio jets/tails. Red crosses mark the centres of mass of the two
sub-clusters identified by Dahle et al. (2002). 5
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Fig. 5. Colour-scale image of A1682 on a log stretch from −130 µJy/beam to 0.74 Jy/beam (the brightest pixel is 0.74 Jy/beam).
The RMS noise is 130 µJy/beam. Dashed contours are overlaid at -5 times the RMS noise. Solid contours start at 5 times the RMS
noise and increase by factor 1.4. The resolution is 20′′ × 20′′.

noise) of Abell 1682 at 150 MHz is 3.53 ± 0.71 Jy in both
the 6′′ and 20′′ images (Figures 4, 5). It is challenging
to disentangle contributions from the ICM, the BCGs, or
other AGN throughout the cluster. Here we discuss poten-
tial origins of each component considering ancillary radio,
X-ray and optical data, referring closely to Figures 4, 5, 6,
7, 8, 9 and sources labelled within.

3.1. AGN, radio jets and lobes

Figure 4 presents our 6′′ resolution LOFAR data show-
ing the detailed morphology of the radio structures in this
galaxy cluster. In these new data, BCG-A shows an exten-
sion of approximately 30′′ to the south-west (towards the
red cross marking the sub-clusters centre of mass) resem-
bling a radio jet from its AGN that has not been seen in
previous data. However, we cannot rule out that this ex-
tension is a result of a different source of radio emission in
this complex area of the cluster (another AGN), or has con-
tamination from a background high redshift AGN. BCG-A
is coincident with the peak in the X-ray image (Figure 8),
and whilst it hosts a radio loud AGN capable of producing
large radio jets, it is currently not clearly connected to the
surrounding extended radio structures. BCG-A has a peak
flux density of 27 ± 4mJy/beam at 150 MHz, and fitting a
single component Gaussian (ignoring the extension to the

south-west) gives an integrated flux density of 44± 7mJy at
150 MHz.

A prominent optical source in this region is labeled
as RG-A, which could be a tailed radio source associated
with the emission highlighted by the dotted green line (re-
sembling a wide-angle tailed radio galaxy moving south-
east). The spectral index in the region around RG-A is
α = −1.70 ± 0.19 (150–610 MHz, see Figure 7). BCG-A
has an average spectral index of α = −1.51±0.29 calculated
over the island of 74 pixels in Figure 7. The lack of any
flatter spectrum components aligned with RG-A or BCG-
A suggest neither currently have active radio jets. If either
BCG-A or RG-A are responsible for the extended radio
emission in this area, regions B and C in Figure 5 could be
emission from earlier in their lifetime when they were posi-
tion farther to the north-west. Alternatively, these regions
could be a result of the radio lobes expanding out into less
dense regions of the intra-cluster medium.

We note that to the south-east of RG-A the radio emis-
sion extends to overlap a large optical source, however this
source is classified as a star in SDSS data. Our spectral in-
dex map indicates the emission flattens in this area, but the
error is very large and we conclude it is unlikely there are
any other optical counter-parts responsible for this emission
other than BCG-A, RG-A, or BCG-B.

BCG-B has a peak flux density of 0.29 Jy/beam in
Figure 4, and the component 1.2′′ to the north-west of this
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Fig. 6. SDSS background composite image from bands g, r and i. LOFAR contours at 20′′resolution are overlaid in white starting
at 5 times the RMS noise and increasing by a factor 1.4. LOFAR contours at 6′′ resolution are overlaid in green starting at 5 times
the RMS noise and increasing by a factor 1.6. Redshift coloured markers are the same as Figure 1. Red crosses mark the centres
of mass of the two sub-clusters identified by Dahle et al. (2002).

(likely to be where its jet has left the galaxy) has a peak
flux density of 0.28 Jy/beam. The average spectral index
on top of BCG-B is α = −0.65± 0.15 (averaged over 56 pix-
els centred on BCG-B which are above 1000 times the RMS
noise in the LOFAR image). There is a steady fall off in sur-
face brightness going from BCG-B to the south-west, with
little change in the perpendicular direction (north-west to
south-east). This agrees with a scenario in which BCG-B is
moving north-east with its radio jets oriented perpendicular
to this direction of travel (as shown in Venturi et al. (2013)).
As such, at an earlier point in time the alignment of BCG-B
could explain the resolved structures to the south-west of
BCG-B in Figure 4. However some of this emission is seen
spuriously in the GMRT image at 610 MHz (Figure 7) and
is spatially coincident with a galaxy directly to the south of
BCG-B with photometric redshift (indicating it is a cluster
member). The detection is not significant enough to obtain
a reliable spectral index estimation. Optical sources sur-
rounding BCG-B are also likely to be cluster members and
could be contributing to the radio emission with AGN of
their own.

In the south-east of the cluster the emission consists of
numerous AGN identified as cluster members and two re-
gions of steep spectrum emission previously labelled as the
S-E ridge and the diffuse component. The S-E ridge is re-
solved in these new data, and is likely associated with RG-
C, -D, or -E in Figure 4. Whilst RG-D is the only one with
spectra in SDSS, RG-C and -E are very likely to be cluster
members and have photometric redshifts of 0.254 ± 0.021
and 0.312± 0.110 respectively. The spectral index informa-
tion presented in Figures 7 and 9 indicate that the host
is in the centre of this structure where the spectral index
is flattest (α = −0.83 ± 0.12). The spectrum of the emis-
sion then steepens either side of this (which is expected as
the electrons age), reaching α = −1.64 ± 0.15 on the north-
east side, and α = −1.11± 0.26 on the south-west side. The
asymmetry of the spectral index profile around the central
optical counterpart could be caused by differing density of
the ICM, as seen in studies such as de Gasperin (2017).
Given the spectral index profile and morphology of the ra-
dio emission, the most likely optical counterpart is RG-D
or -E in the centre where the spectrum is flattest, although
RG-D is slightly to the south-east of the GMRT emission.

7



Clarke et al.: LOFAR observations of A1682

Fig. 7. Left: Spectral index map from our reprocessed GMRT data at 610 MHz to our LOFAR HBA data at 150 MHz. Both maps
are at a resolution of 6′′ × 6′′. Contours start at 5 times the RMS noise (90 µJy/beam for both LOFAR and GMRT), and increase
by a factor 1.7. Right: The corresponding spectral index error map for each pixel.

While RG-C appears as possible candidate in terms of
its spatial location, the spectral index profile of the ex-
tended radio emission and lack of a flatter spectrum com-
ponent near RG-C suggests it is unlikely to be the cause.
There is a drop in the brightness of the LOFAR emission
around RG-C as it connects to the diffuse component in
the south-west. Furthermore, no GMRT emission (indica-
tive of a counter-jet) is seen to the south-west of RG-C
which would have been detected if it were of similar spectral
index values. Therefore, emission to the south-west of RG-C
appears to become significantly steeper. Whilst RG-C could
potentially be the host of a large radio galaxy contributing
to both the S-E ridge and diffuse component, overall we
conclude that the S-E ridge is likely of a separate origin to
the diffuse component that we discuss in Section 3.3.

3.2. The N-W ridge: a radio relic or lobe?

The extended structure of the N-W ridge resembles the
jet and lobe of a radio galaxy originating from a powerful
AGN in BCG-B (green lines in Figure 4). The orientation of
BCG-B’s jets from the higher resolution VLA observation
(Venturi et al. 2013) agree with this scenario. Furthermore,
the AGN at the centre of BCG-B could be responsible for
all the emission traced by green lines in Figure 4. Our
spectral index map from this LOFAR 150 MHz observa-
tion to our reprocessed GMRT observation at 610 MHz
(Figure 7) shows flat spectrum emission around BCG-B
(α = −0.65 ± 0.15), which becomes steep spectrum emis-
sion in both directions traced by green lines in Figure 4
(α = −2.1 ± 0.2 in the east lobe and α = −1.96 ± 0.16 in the
N-W ridge), which is typical of a large radio galaxy with
lobes extending hundreds of kpc. However, there is also the
possibility that the N-W ridge is a radio relic, or has at
least been partially re-accelerated by the cluster merger.

The spectral index information from our LOFAR
150 MHz observation to our reprocessed GMRT observa-
tion at 610 MHz (Figure 7) shows very little variation along
the length and width of the N-W ridge. The steepest part
is at the start of the ridge near BCG-B with a spectral
index of α = −1.96 ± 0.16. In the middle of the ridge the
spectral index flattens to α = −1.1 ± 0.15 (which is coin-
cident with various optical counter-parts in Figure 6 that

could host AGN). Near the end of the ridge farthest from
BCG-B, the spectral index is α = −1.45 ± 0.17. Overall, we
see that the N-W ridge is very steep spectrum emission,
without any significant gradient along its length other than
when it connects with BCG-B, becoming α = −0.65 ± 0.15.
This jump to flatter spectral index values near BCG-B in-
dicates its AGN has more recently restarted. Whilst we do
not observe a spectral index gradient perpendicular to the
length of the ridge either (as seen in Venturi et al. 2013),
we do see the LOFAR emission at 150 MHz extends farther
south-west than the GMRT emission at 610 MHz, indicat-
ing the spectrum steepens in this direction. If the N-W ridge
is a radio relic this extra steep spectrum emission seen by
LOFAR would be expected if formed from a shock moving
north-east, as proposed in Venturi et al. (2013). However,
the same effect could also be achieved by the radio lobe ex-
panding to the east, or if BCG-B has moved north-east with
its radio lobe, leaving older and steeper spectrum emission
to the south-west of the N-W ridge as we see with LOFAR.

If the N-W ridge was re-accelerated in a radio relic like
scenario, its position is a-typical, being perpendicular to the
cluster merger axis. In a simplified geometrical set up as-
suming the relic is viewed side-on, it would be expected
that a shock front is moving from south-west to north-
east, which is counter-intuitive to the cluster merger axis of
south-east to north-west. Furthermore, compressed, denser
X-ray gas should be found to the south-west. In the X-ray
image (Figure 8) there is no indication of a surface bright-
ness jump coinciding with the N-W ridge. In simulations
of radio relic formation there are cases of a-typical relics
in complex merger scenarios, such as object A in Figure 7
of Nuza et al. (2017). The N-W ridge in A1682 is similar
to this, and it could be the case that A1682 is one of the
few examples of relics which are not caused by a peripheral,
spherical shock.

The N-W ridge also extends hundreds of kpc farther to
the north-west than previous observations, and with the
non-detection in the GMRT data in this region, we infer
this is an area of very steep spectrum emission, constraining
the spectral index as α < −2.5 given the non-detection with
the GMRT. Given this emission reaches up to 0.6 Mpc from
BCG-B, if it originated from BCG-B it is likely to be very
old emission with a very steep spectral index.
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Fig. 8. X-ray mosaic from Chandra (ObsID’s: 3244 and 11725) in the 0.5-2.0 keV band, smoothed with a Gaussian kernel of
standard deviation 5′′. LOFAR contours are overlaid in green starting at 5 times the RMS noise (90 µJy/beam) and increase
by factor 2, at a resolution of 6′′ × 6′′. Grey contours shows LOFAR data at 20′′ resolution at 5 and 10 times the RMS noise
(130 µJy/beam). Red crosses mark the centre of mass of each of the sub-clusters as in other figures.

Overall, we believe the most likely origin of the N-W
ridge is emission from a previous epoch of AGN activity
(an old radio lobe) associated with BCG-B. The jump in
spectral index from steeper to flatter values around BCG-
B it is likely caused by the AGN in BCG-B having more
recently restarted. This emission over the N-W ridge has the
potential to have been re-accelerated by the merger event
in the region closer to the centre of the cluster, although
we find no conclusive evidence given this data.

3.3. The diffuse component

The diffuse component identified in previous studies as an
USSRH candidate is resolved in this new observation as a

feature distinct from the S-E ridge. The resolved radio emis-
sion traced by the solid cyan lines in Figure 4 is morpholog-
ically indicative of a wide-angle tailed (WAT; Sakelliou &
Merrifield 2000) radio galaxy. A likely optical counter-part
identified in SDSS is RG-B (13:06:54.34, +46:32:30.46). If
so, this source could be moving south-west where its radio-
loud AGN has left the observed radio structures in its wake.
The extension of the radio lobes to the north-east could
also be due to the jet propagation at relativistic speeds
and the cluster environment influencing their morphology.
RG-B looks to be a merging galaxy, and has a photomet-
ric redshift in SDSS of 0.293 ± 0.063. Despite the general
bias towards higher redshifts for photometrically observed
galaxies it is highly likely to be a cluster member. The re-
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Fig. 9. Left: Zoom in on radio galaxy candidates RG-C, -D and -E. LOFAR contours are in white, GMRT contours in red, both at
6′′ resolution starting at 5 times the RMS noise (90 µJy/beam) and increasing by factor 1.4. Orange dashed lines mark the position
of spectral index measurements. Right: Spectral index as a function of distance from RG-C. Measurements are an average of all
pixels in the region, taking all emission above 5 times the RMS noise.

gion where the two cyan lines join to create the very low
brightness tail (traced by a dashed cyan line) could repre-
sent a period where the radio jets from the AGN were of
much lower power or have been more confined by the ICM,
only creating a single traced line of emission (often referred
to as narrow-angle tailed radio galaxies; Stocke & Burns
1987).

If the emission highlighted by cyan lines is indeed as-
sociated with RG-B then its spectral properties in the ra-
dio emission make it difficult to deduce a precise evolu-
tionary scenario. Previous studies show this emission has
a very steep spectrum, with none of the emission detected
by Venturi et al. (2008) in their deep GMRT observations
at 610 MHz. Given our LOFAR observations and their non
detection we expect a spectral index of α < −2.5. If RG-B is
currently (or has recently been) active, it is expected that
emission near the proposed optical host should have a much
flatter spectrum. It therefore appears clear that the AGN
in RG-B is no longer radio-loud and has been inactive for
a significant period of time. Such sources are referred to as
remnant radio galaxies which typically have ages around a
few hundred million years (e.g. Brienza et al. 2017; Murgia
et al. 2011). It therefore seems most likely that RG-B has
been sitting more or less where it currently is for approxi-
mately this period of time since it was last active, and has
not moved from north-west to south-east, unless its mo-
tion has been halted in its current location for a significant
period of time. Instead, the propagation of the jets, along
with the influence from the intra-cluster medium, has cre-
ated the morphology of the radio structures observed in this
area.

Whilst RG-B is the most compelling candidate for the
diffuse component in terms of its location, there are nu-
merous optical counter-parts in the region (all are likely
cluster members) which could also have contributed to the
radio emission. If the host was moving from north-east to
south-west, it is likely to be one of the sources farther to
the south-west where there is no observed radio emission,
and not RG-B.

Overall, the very steep spectrum emission in this area of
the cluster is likely a result of significant synchrotron age-
ing from very old radio galaxy emission. Within a galaxy
cluster it has been proposed that remnant radio sources
can be observed for longer than would be expected due
to lower adiabatic losses since the dense cluster environ-
ment prevents the radio lobes expanding as much (Murgia
et al. 2011). It could also be the case that re-acceleration
mechanisms as a result of the cluster merger have also con-
tributed to highlighting this remnant source with such a
steep spectrum. However, without detailed modelling over
a wide bandwidth (such as analysis done by de Gasperin
et al. 2017), it is not possible to distinguish between ageing
electrons in an old radio galaxy tail, and re-acceleration.

3.4. Searching for an USSRH

In previous studies the emission labeled as the diffuse com-
ponent was classified as a potential USSRH, but as dis-
cussed our high resolution LOFAR images show that this
is unlikely. Instead we investigate the area between the dif-
fuse component and the BCGs as a potential USSRH (re-
gion A in Figure 5). This area is closer to the centre of
the X-ray emission from the cluster (see Figure 8), where
re-acceleration mechanisms as a result of the merger event
will be more powerful. The low resolution of previous spec-
tral studies do not distinguish this area from the diffuse
component. Our LOFAR observations show the presence
of significant residuals in this area at 6′′ resolution (see
Figures 4 and 6), and direct detection of significantly ex-
tended emission at 20′′ resolution (see Figures 5 and 6).
This suggests that particle acceleration has occurred in this
area over large spatial scales (up to 500 kpc). The diffuse
and low surface brightness emission encompassing region
A is unlikely to be connected with any AGN identified in
the high resolution image, and is in a location between the
two sub-clusters (close to the centre of the X-ray emission;
Figure 8) which supports an origin from the re-acceleration
of electrons in the wake of a merger event.
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We re-imaged the 610 MHz GMRT data at a resolution
of 20′′ (the same as our LOFAR map in Figure 5) reach-
ing an RMS noise of 280µJy, showing no emission in region
A. Given the non-detection of emission in this region at
610 MHz, we show this is relatively steep spectrum emis-
sion with a spectral index of α < −1.1, which is a signature
of re-acceleration models (Brunetti et al. 2008; Brunetti &
Jones 2014). However, without spectral modelling over a
wide bandwidth we cannot tell between re-acceleration and
the ageing of fossil radio emitting plasma which could be
left over from old radio galaxies (Enßlin & Gopal-Krishna
2001). Overall we conclude that region A is very likely to
be a radio halo caused by the merger event. The presence of
many AGN with radio jets throughout the cluster present
an obvious mechanism to fill the ICM with a seed popula-
tion of relativistic electrons to fuel this radio halo emission.

3.5. Additional diffuse emission

Other areas of extended diffuse emission are located around
the cluster, as labelled in Figure 5. Whilst region A is the
strongest, regions B, C and D also show significant diffuse
emission not seen before and without significant detection
in the 6′′ image. These regions could be very old and mildly
relativistic electrons left over from the lobes of radio galax-
ies, with the possibility that they have been re-accelerated
by the cluster merger event. Region B could be old emission
from the lobes of a radio galaxy moving south-east, asso-
ciated with RG-A or BCG-A and the dashed green lines
in Figure 4. Region C could also be associated with this,
but appears to be disconnected, so instead could be an ex-
tension of the N-W ridge. In region D there are numer-
ous radio loud galaxies and candidates (shown in Figure 6)
which could have had radio lobes that contributed to this
emission.

Region E is distinct from the rest of the cluster. It
shows minimal emission in the 6′′ resolution image, and
is only significantly detected in the 20′′ resolution im-
age. There is one photometrically identified cluster mem-
ber to the north-east of this region with a radio loud
AGN (dashed cyan circle in Figure 6), though it is dis-
connected from region E. There is a bright galaxy in the
centre of region E with the appearance of an orange ellip-
tical (13:06:27.84, +46:36:40.14) which has a photometric
redshift of 0.302 ± 0.047. It has a slightly disturbed mor-
phology indicating it is undergoing a merger event. This
could be the host of a remnant radio galaxy currently with
no radio-loud AGN, where its lobes have aged becoming
very faint and diffuse. Its extended radio structure is mea-
sured at 154 ± 10 arc-seconds, giving this giant remnant
radio galaxy a physical size of 1.29 ± 0.29 Mpc (where the
error in the photometric redshift dominates). It has an inte-
grated flux density of 30.6 ± 6.1 mJy, giving a luminosity of
9.61+6.49

−2.40 × 1024 W/Hz at 150 MHz. Given the observed bias
towards higher values for photometric redshifts of cluster
members, we also calculate its physical size based on the
average redshift of the cluster (z=0.225), as 0.86±0.06 Mpc,
giving a luminosity of 2.83 ± 1.02 × 1024 W/Hz. Whilst re-
gion E is elongated and aligned perpendicular to the cluster
merger axis and morphologically indicative of a radio relic,
it is more than a Mpc away from the cluster centre at the
clusters redshift (and with an optical host at a higher red-
shift), making this it very unlikely to be a relic.

3.6. Giant radio galaxies

There are numerous extended radio sources observed sur-
rounding the galaxy cluster which are likely background
sources (AGN with radio jets and lobes) at higher redshift.
Many of them do not have discernible optical counter-parts
in the SDSS image. However, we note a handful of them
which do and present them as giant radio galaxies with
both Fanaroff-Riley type I and II (FR-I, FR-II; Fanaroff &
Riley 1974) morphology.

In Figure 10 we present two new radio galaxies to the
north of the cluster. The radio galaxy in the left of this
figure has an optical host identified in SDSS (13:06:17.78,
+46:45:59.77) with an SDSS r -band magnitude of 21.86
and a photometric redshift of 0.615 ± 0.060. The extended
radio structure is measured at 156 ± 10 arc-seconds, giving
this giant radio galaxy a physical size of 2.86 ± 0.55 Mpc
(combined errors from angular size and redshift). There
are three other other galaxies situated between, and in
line with, the radio lobes which are less likely candidates
as optical hosts but could be part of a galaxy group (a:
13:06:17.45, +46:46:01.59, b: 13:06:16.64, +46:46:04.31, c:
13:06:16.12, +46:46:06.66). They lie 12, 18 and 25 arc-
seconds the west of the proposed optical host, respectively,
with SDSS r -band magnitudes of 24.41± 0.54, 22.98± 0.20,
and 22.96 ± 0.30. Candidates a and c have photometric
redshifts of 0.879 ± 0.1443 and 0.696 ± 0.1108 respectively.
This giant radio galaxy has a distinct FR-II morphology
with two separate lobes. The left lobe has an integrated
flux density of 47.5± 9.5 mJy at 150 MHz, and 8.5± 1.7 mJy
at 610 MHz. The average spectral index of the left lobe is
α = −0.74 ± 0.32 with a standard deviation of 0.32. The
right lobe has an integrated flux density of 43.9 ± 8.8 mJy
at 150 MHz, and 8.0 ± 1.6 mJy at 610 MHz. The aver-
age spectral index of the right lobe is α = −0.74 ± 0.37
with a standard deviation of 0.24. In total its luminosity is
1.56+0.79

−0.58 × 1026 W/Hz at 150 MHz.

The radio galaxy in the right of Figure 10 has an optical
host identified in SDSS (13:05:47.89, +46:47:28.85) with an
SDSS r -band magnitude of 20.34 ± 0.03, and photometric
redshift of 0.415 ± 0.035. The extended radio structure is
measured at 60± 10 arc-seconds, giving this radio galaxy a
physical size of 0.68 ± 0.20 Mpc. This radio galaxy has an
FR-II morphology with two connected lobes. The left lobe
has an integrated flux density of 23.9±4.8 mJy at 150 MHz,
and 10.0 ± 2.0 mJy at 610 MHz. The average spectral in-
dex of the left lobe is α = −0.50 ± 0.31 with a standard
deviation of 0.24. The right lobe has an integrated flux
density of 49.2 ± 9.8 mJy at 150 MHz, and 20.9 ± 4.2 mJy
at 610 MHz. The average spectral index of the right lobe
is α = −0.52 ± 0.25 with a standard deviation of 0.31.
Considering the large size of the radio lobes these spec-
tral index values are flatter than what would normally be
expected, although they are consistent within the errors.
In total its luminosity is 4.84+2.20

−1.70 × 1025 W/Hz at 150 MHz
(where the error is dominated by the uncertainty in red-
shift).

In the left of Figure 11 there are two radio galaxies (also
seen in the south-east of Figure 6) in the periphery of Abell
1682. The radio galaxy in the north of this figure is coin-
cident with a bright foreground star, but has an optical
host identified in SDSS (13:07:20.83, +46:30:52.67) that is
well positioned in-line with the radio lobes (shown by a
yellow circle). This host has an SDSS r -band magnitude of
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21.42 ± 0.10 and spectroscopic redshift of 0.6038 ± 0.0002.
The extended radio structure is measured at 116 ± 10 arc-
seconds, giving this giant radio galaxy a physical size of
2.07 ± 0.18 Mpc (where the error in angular size domi-
nates and redshift error is negligible). There is another
galaxy situated 5 arc-seconds to the south-east (13:07:21.43,
+46:30:49.36) which is off-centre from the radio structure
but is likely to be a part of the same galaxy group. This
has a spectroscopic redshift of 0.6025±0.0002 and an SDSS
r -band magnitude of 20.41 ± 0.08. This giant radio galaxy
has an FR-I morphology, with an integrated flux density
of 186.1 ± 28.0 mJy at 150 MHz, and 46.3 ± 9.3 mJy at
610 MHz. This gives a luminosity of 3.04±0.61×1026 W/Hz
at 150 MHz. The average spectral index is α = −0.80± 0.23
with a standard deviation of 0.47.

The radio galaxy in the south-west of Figure 11 has an
optical host identified in SDSS (13:07:18.07, +46:29:46.61)
that is positioned in the centre of the radio lobes (shown
by green circle). It has an SDSS r -band magnitude of
20.82 ± 0.08 and spectroscopic redshift of 0.7416 ± 0.0002.
The extended radio structure is measured at 55 ± 10 arc-
seconds from east to west, giving this giant radio galaxy a
physical size of 1.27 ± 0.22 Mpc. This giant radio galaxy
has an FR-I morphology, with an integrated flux den-
sity of 79.4 ± 15.9 mJy at 150 MHz, and 24.2 ± 4.8 mJy at
610 MHz. This gives a luminosity of 2.15±0.42×1026 W/Hz
at 150 MHz. The average spectral index is α = −0.60± 0.25
with a standard deviation of 0.62.

In the right of Figure 11 the only potential optical host
with a redshift measurement in SDSS is circled in yellow
(13:07:54.32, +46:45:11.92). Whilst it is slightly off-centre
towards the east lobe, it is one of the most likely host
galaxy candidate in the area. It has a photometric redshift
of 0.409 ± 0.104, and an r -band magnitude of 22.42 ± 0.14.
There is another optical source 1 arc-second to the south-
west just outside of the radio emission which has no redshift
measurement. This source is classified as a star in SDSS, al-
though it could well be a high redshift quasar. The extended
radio structure is measured at 96±5 arc-seconds, giving this
giant radio galaxy a physical size of 1.08± 0.36 Mpc (where
the error in redshift dominates). It has an FR-II morphol-
ogy, where the left lobe has an integrated flux density of
24.3 ± 4.9 mJy at 150 MHz, and the right lobe has an inte-
grated flux density of 12.1 ± 2.4 mJy. In total this gives a
luminosity of 2.33+2.47

−1.40 × 1025 W/Hz at 150 MHz (where the
error is dominated by the uncertainty in redshift). There is
a negligible detection with the GMRT at 610 MHz.

4. Conclusions

Deep radio observations at 150 MHz using LOFAR have
built on previous knowledge to provide a clearer picture
of the phenomena in Abell 1682 as well as detecting new
emission not seen before. Given the complexity of the radio
emission we detect, deducing a precise dynamical scenario
for this cluster and the origin of all the emission is extremely
difficult.

At 6′′ resolution new filamentary structures are ob-
served up to 600 kpc in length. Many of these are proposed
to be the jets and lobes from old radio galaxies which are
moving through the cluster. Both BCGs are seen to have ex-
tended radio features associated with them, with the small
extension of BCG-A not been seen before. We present a
radio spectral index map from 150 − 610 MHz (through a

re-analysis of archival GMRT data), showing that the emis-
sion is mainly steep spectrum (up to α = −2.1 ± 0.2), with
flatter spectrum emission (with α = −0.65 ± 0.20) typical
of AGN activity around both BCGs. The extended radio
structure connected to BCG-B (labelled the N-W ridge)
shows no gradient in the spectral index along its length or
width, but is significantly more extended in our 150 MHz
observations compared to observations at 610 MHz. Given
the non-detection of this extension by archival observations
at higher frequencies we place a limit on the spectral index
of α < −2.5. Its features and orientation are unlike a typical
radio relic, however there is the possibility that the cluster
merger event has contributed to the emission mechanisms
by re-accelerating the electrons through a low Mach number
shock. Overall it is most likely that the N-W ridge is an old
radio lobe from AGN activity in BCG-B. Furthermore, the
large radio structure extending from BCG-B to the north-
east is likely to be the second lobe from the AGN in BCG-B.

The area in the south-east of the cluster previously iden-
tified as an USSRH is resolved into a component strongly
resembling the tail from a radio galaxy moving south-east
through the cluster, though this is mainly a morphologi-
cal classification since there is no redshift for the optical
counter part, or spectral index information on the host.
Given that none of this emission is observed in archival
GMRT observations at 610 MHz we place a limit on the
spectral index of α < −2.5. A separate component in the
south-east is resolved and also detected at 610 MHz, show-
ing a typical spectral index profile of a radio galaxy, but
without a conclusive optical host for its AGN.

At 20′′ resolution significant diffuse emission is discov-
ered throughout the cluster. We believe most of these areas
in the outskirts of the cluster are a result of radio lobes
expanding into less dense regions of the ICM, or from rem-
nant plasma left over as radio galaxies move through the
cluster. The area between the centre of mass of the two sub-
clusters is bridged by steep-spectrum (α < −1.1 given the
non-detection in archival 610 MHz GMRT observations)
low-surface brightness emission over hundreds of kpc re-
sembling that of a radio halo. This strongly indicates that
re-acceleration mechanisms are in play as a result of the
cluster merger event. The presence of AGN throughout the
cluster present a compelling mechanism for filling the ICM
with relativistic electrons capable of fuelling the radio halo
emission after the cluster merger event.

Five new giant radio galaxies are observed in the field
of Abell 1682 where we find optical hosts with either pho-
tometric or spectroscopic redshifts in SDSS (that are not
cluster members). They have physical sizes and luminosities
(at 150 MHz) of: 2.86±0.55 Mpc, 1.56+0.69

−0.53×1026 W/Hz (FR-

II); 0.68 ± 0.20 Mpc, 4.84+1.91
−1.50 × 1025 W/Hz (FR-II); 2.07 ±

0.18 Mpc, 3.04 ± 0.46 × 1026 W/Hz (FR-I); 1.27 ± 0.22 Mpc,
24.2±3.6 mJy (FR-I); 1.08±0.36 Mpc, 2.33+2.28

−1.34×1025 W/Hz
(FR-II). Furthermore, we find a giant remnant radio galaxy
on the outskirts of Abell 1682 (associated with a cluster
member) with a physical size of 1.29 ± 0.29 Mpc, and lumi-
nosity of 9.61+6.49

−2.40 × 1024 W/Hz.
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