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ABSTRACT

Context. Hierarchal models of large-scale structure (LSS) fornmapeedict that galaxy clusters grow via gravitational ihahd
mergers of smaller subclusters and galaxy group§uBg radio emission, in the form of radialos andrelics, is found in clusters
undergoing a merger, indicating that shocks or turbulesseaated with the merger are capable of acceleratingrefecto highly
relativistic energies. Double relics are a rare class abradurces found in the periphery of clusters, with the twmponents located
symmetrically on the opposite sides of the cluster centegs€ relics are important probes of the cluster periphey ey provide
an estimate of the magnetic field strength, and (ii) togethtr detailed modeling can be used to derive informatiorualtioe merger
geometry, mass, and timescale. Observations of thesealoeiiils can thus be used to test the framework of LSS formakiere
we report on radio observations of ZwCl 23420D00, a complex merging structure of galaxies locaterl at0.27, using Giant
Metrewave Radio Telescope (GMRT) observations.

Aims. The main aim of the observations is to study the nature of ifies# radio emission in the galaxy cluster ZwCl 2340Q00.
Methods. We carried out GMRT 610, 241, and 157 MHz continuum obsesuatdf ZwCl 2341.20000. The radio observations are
combined with X-ray and optical data of the cluster.

Results. The GMRT observations show a double peripheral radio relithe cluster ZwCl 234140000. The spectral index is
—0.49 = 0.18 for the northern relic and0.76 + 0.17 for the southern relic. We have derived values dB0- 0.93 uGauss for the
equipartition magnetic field strength. The relics are pbbpassociated with outward traveling merger shock waves.

Key words. Radio Continuum: galaxies — Galaxies: active — Clustemividual: ZwCl 2341.%0000 — Cosmology: large-scale
structure of Universe

1. Introduction by|Ferrari et al. 2008). The vast majority of clusters witfiukie

extended radio sources are massive, X-ray luminous and show
Galaxy clusters grow by mergers of smaller subclusters agéns of undergoing a merger. Shocks and turbulence assdcia
galaxy groups as predicted by hierarchical models of largg, the merger are thought to be responsible for (re)acatitey
scale structure formation. During a clusters merger aB@mit  g|ectrons to highly relativistic energies and synchroteatiation
amount of energy is released, of*i6- 10°* ergs for the most is hroduced in the presence of magnetic fields (e.g.. Ensshh
massive mergers according to these models. All massiveecus|; 9gg: [ Vinjati et al. 2000; Brunetti et &l. 2001; Petrosia 20
have undergone several mergers in their history and pigse|g,jita et al[ 2003). The correlation between cluster mevged
clusters are still in the process of accreting matter. K@&ppr- gifyse radio emission is strongly suggested by current obser-
ties for testing models of large-scale structure (LSS) flian \54i0na) and theoretical work, however the connection ketw

include the total energy budget and the detailed tempeaiss ¢ gifyse radio emission and clusters mergers has still not been
tribution within a cluster, which are both stronglffected by the fully understood.

cluster’s merger history. Moreover, the physics of shockesan

the tenuous intra-cluster medium (ICM) and tifieet of cosmic The difuse radio sources in clusters are commonly divided

rays on galaxy clusters are all fundamental for our undedst® into three groups: radio halos, radio mini-halos, and selic

of LSS formation. Radio halos have smooth morphologies, are extended wits siz
Diffuse radio sources with relatively steep spéctta < > 1 Mpc, unpolarized (with upper limits of a few percent, ex-

—0.5), which are not directly associated with individual galaxcept Abell 2255; Govoni et &l. 2005), and are found in the@ent

ies, are observed in a number of clusters (e.g., see thewmevisf clusters. Radio halos follow the thermal X-ray emittingsg

from the ICM. Radio mini-halos are not associated with maggi

1 F, o« v*, with  the spectral index clusters and are found in the centers of cool core clustegs, (e
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Fabian et al. 1991; Peterson & Fablan 2006). They are assaeg 20% of the mass of the primary cluster. Their model cor-
ated with the central, brightest cluster galaxy and havetyp rectly predicted (i) the orientation of the X-ray emissi@i),the
sizess 500 kpc (e.g.,_Govoni et &l. 2009). Radio relics can k&pectral index gradients of the radio relics with steepecsp
highly polarized, are usually found in the periphery of tdus, farther away from the shock front due to spectral aging, tfiié
and have a filamentary or elongated irregular morphologgirThapproximate location of the radio emission with respechio t
polarization fraction, morphology, and location can vagndi- X-ray emission, and (iv) roughly the shape of the two relics.
pantly, possibly reflecting fierent physical origins or conditions  The double radio relic around Abell 3375 (Bagchi et al.
in the ICM; see Kempner et al. (2004). _[2006) has a maximum size of about 2 Mpc. Bagchi et al. (2006)
_ Giant radio relics are observed in the cluster peripheryqgue that the relics can be explained by outgoing mergeksho
with sizes up to several Mpc (e.d.. Giovannini€tial. 199%y by accretion shocks tracing the infall of the IGM or warm-
Rottgering et al. 1994; Clarke & Ensslin 2006). These grant hot intergalactic medium (WHIM) onto the cluster at approxi
dio relics sometimes show symmetric or ring-like structtaBd  mately the viral radius. RXC J1314-2515 {Valtchanov et al.
are highly polarized (16- 50% at 1.4 GHz). They are prob-{2002]Feretti et al. 2005; Venturi ef/al. 2007) also hostsubto

ably signatures of electrons accelerated at large-scaleksh relic. This is the only cluster known to have a radio halo and a
Smaller relics have been found closer to cluster centerhi$n Jouble radio relic.

case they could be “radio ghosts”, i.e., remnants of past AGN 3 : .
activity. Al known radio relics and halos are found in cleist Bonafede et al! (2009) present observations of doublesrelic

: : L Abell 2345 and Abell 1240. The polarization fraction foet
that show signs of undergoing a merger. This gives strong sUpAPe
port for the scenario in which the electrons are acceler‘a};edr lics in A2345 was found to be 22% and 14%. For A1240, val-

0, 0 T 1
merger-induced shocks or turbulence. Giacintucci et &I0§2 iunedsegtlviz/(‘; basr:ac:vze?jgv\\;\;er?rc?ri”t\r/\zds.hscfgls ?ri?]Itnt%vS;:Qse tf}'geggna_l
reported that the location of the peripheral relic in Ab&l5o- y

incided with an X-ray brightness edge. This edge could well ger of the cluster for one relic in A1240 (the data for the othe

: . relic was consistent with this trend), as well as for onecreli
Ijheisor;cﬁkiéof E)Véqigar ?r? ét:&:lSezslarree"g(i:;: (iargegztreede.r: gﬁtﬁr iL N A2345. They concluded that these trends are consisteht wi

low Mach numbers expected in clusters mergers (see beIoﬁleCk model predictions. An opposite trend has been seen for

This suggests that at least in some clusters, the relatiyiat- the S?C(;nd re||<t: In '_?_‘ﬁ34t5' "3" stelgpber spe::tra fgréhety;]axlgm
ticles responsible for the presence of a peripheral radioaee € cluster center. 1his trend could be explained by thelzecu
accelerated in a shock front. However, not all merging eltsst position 9f the relic between two merging substructures. .
host a difuse radio source, indicating that other processes must In this paper we present deep low-frequency Giant
be identified for a full understanding of this phenomena. Metrewave Radio Telescope (GMRT) observation of the merg-
The class of double radio relics is particular interestieg bing system ZwCl 234140000 at 610, 241, and 157 MHz.
cause, based on current models of electron acceleratighigor These observations were taken to investigate the nature of
class of radio sources, it enables us to explore the commectihe difuse radio emission within the cluster and explore
between clusters mergers and shock waves [e.g., Roettiger ethe connection between the radio and the X-ray emission.
1999/ Ensslin et 4. 1998). In this case two (sometimeslig)- ZWCl 2341.1:0000 @ = 23'43"40° 6 = 00°1639") is a
relics are found in the periphery, symmetric with respechto complex cluster galaxies, composed out of severdedint
cluster center as traced by the X-ray emission. These rafies Subclusters, probably at the junction of supercluster #iats
thought to trace an outward traveling shock emanating fiwen t(Raychaudhury etal. in prep.[_Bagchietial. 2002). The sys-
cluster center, which was created during a cluster mergéravi tem is located at a redshift of = 0.27 (using SDSS DR7
smaller substructure. An alternative shockwave-induciiegh- SPectroscopic redshifts of several galaxies in the vigjnithe
anism is that of external “accretion” shocks where the gatac- cluster is also listed as SDSS CE J355.936:85303606 and
tic medium (IGM) in filaments of galaxies funnels deep inte thNSCS J234338001747. Galaxy isodensity maps, derived from
cluster (Miniati et al 2000; Miniafi 2003; Keshet et al. Z)0 SDSS imaging data, show an elongated cluster of galaxies, in
The merger shocks are weaker than external accretion sho&kading several subclusters distributed roughly along ehro
since the gas has already been heated by these externassh&&kith axis. A galaxy filamentis seen branchifigimm the main
The external accretion shocks occur farther out than theenerstructure towards the northeast.
shocks up to a few times the virial radius of the cluster. Heve Bagchi et al.[(2002) discovered the presence fifide radio
the gas density is much higher closer to the cluster centereission in 1.4 GHz NVSS images (FWHM4&ondon et al.
the energy densities in cosmic ray (CR) electrons and magndi998), as the emission was not seen in higher resolution
fields are also higher. Accretion shocks of filaments canethes” FIRST images (White et al. 1997; Becker et al. 2003) around
fore also be responsible for the occurrence of periphedibra ZwCl 2341.10000. Very Large Array (VLA) observations at
relics (Miniati et al. 2001). While double relics are allavin 325 MHz confirmed the presence offidise emission in the clus-
the filament accretion picture, they are not necessarilynsgtn ter, although the resolution in the corresponding images wa
ric with respect to the X-ray elongation axis. A symmetriai€o rather low (108), making it dificult to disentangle the fluse
figuration arises naturally in the binary cluster mergety& emission from compact sources. At 325 MHz an extension of
(e.g.,Roettiger et al. 1999). diffuse emission towards the northeast was suggested, with a
Double relics are rare, with only five of them known imspectral indexx —0.9, as well difuse radio emission follow-
total. Abell 3667 hosts a giant double relic (Rottgerin@let ing the north-south galaxy distribution. The spectral inige-
1997) with a total size of 3.8 Mpc. A numerical model for théween 1400 and 325 MHz) of theftlise emission was found
diffuse radio and X-ray emission in A3667 was presented by be ~-0.5, which is not steep compared to otheffale ra-
Roettiger et al.| (1999) where the formation of the doubl&sel dio sources in clusters. The derived equipartition magrfeid
was explained by an outgoing merger shock front. The modstength was @ — 0.5uGaussl Bagchi et al. also found the sys-
suggested that the two relics were produced by a slightly otem to be an extended source in ROSAT PSPC All-Sky X-ray
axis merger about 1 Gyr ago, with the merging subcluster hasurvey. They concluded that thefldise radio emission was the
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first evidence of cosmic-ray particle acceleration takitagp at duced separately. We used a total of 199 facets coverihg
cosmic shocks in a magnetized IGM on scates Mpc. times the full primary beam in order to remove sidelobes from

Raychaudhury et al. (in prep.) obtained high sensitivity Xstrong sources far away from the field center. After a firshbu
ray observations of ZwCl 2341+D000 using the Chandra andof imaging, “ripples” in the background were subsequenrgly r
XMM-Newton satellites. They find the X-ray emission spamoved by identifying corresponding bad baseline(s). Ssdver
about 3.3 Mpc in the north-south direction. An extension t@eunds of phase selfcalibration were carried out beforagloi
wards the east is also visible (see Eig. 1). The X-ray datevsho a final amplitude and phase selfcalibration. A deep image was
complex, clearly disturbed ICM, indicating a merger in piegg. made, and the corresponding clean component model was sub-

The layout of this paper is as follows. In Sddt. 2 we give amacted from the UV-data. This data was then visually inspac
overview of the observations and data reduction. In Seld@sd3 for remaining low-level RFI and flagged automatically with
[ we present the radio maps and compare them to the X-ray &R0GIT’ using a 60- rms clip before adding back the clean com-
galaxy distribution. In Sedt] 5 we present the spectrabimdaps ponent model to the UV-data. The data was then averaged to
and derive the equipartition magnetic field strength. Wewitld 22 (610 MHz), 8 (241 MHz), and 11 (157 MHz), channels.
a discussion and conclusions in Sects. refsec:discussiiid.a The 610 MHz USB and LSB were combined using the tasks

Throughout this paper we assuma@DM cosmology with ‘UVFLP’A (Garn et al. 2007) written by D. A. Green, ‘BLOAT’,
Ho = 71 km st Mpc™, Qy, = 0.27, andQ, = 0.73. At a dis- and ‘DBCON’ so they could be simultaneously imaged and
tance ofz= 0.27, I corresponds to a physical scale of 246 kpa:leaned.

The 157 MHz data was further calibrated for ionospheric
phase distortions, because they can become quite sevéiis at t
frequency, using the SPAM package by Intema etlal. (2009).
High-sensitivity radio observations of the merging clusté’hase solutions of the 10 brightest sources within the field
ZwCl 2341.10000 were carried out with the GMRT at 6100f view were used to fit an ionospheric model to the data.
241, and 157 MHz. The 241 and 610 MHz observations wefée resulting direction-dependent phase corrections \apre
carried out simultaneously using the dual-frequency maéde. plied during imaging using the Cotton-Schwab clean albarit
610 MHz only the righthanded circular polarization (RR) watSchwad 19€4; Cotton 1999; Cornwell etlal. 1999). This low-
recorded and at 241 MHz only the left-handed circular peéari ered the rms noise in the image by factor o2 With respect
tion (LL). Both upper (USB) and lower (LSB) sidebands wer conventional selfcalibration. The final 610 and 241 MHz im
recorded at 610 MHz resulting in a total bandwidth of 32 MHAges were made using CASA (formerly APSf, using w-

At 241 MHz only the USB was recorded with &ective band- projection(Cornwell et al. 2005, 2008) with 512 internaips.
width of 6 MHz (see below). The data were collected in spéctiaWe weighted our UV-data using robust weighting (Briggs
line mode with 128 channels per sideband (IF), resulting in18995), increasing the noise level in the maps by about 15%. Th
spectral resolution of 125 kHz per channel. The 157 MHz cbs&10 and 241 MHz were cleaned with the Multi-scale CLEAN
vations recorded the LSB sideband and included both LL and Rigorithm (Cornwell 2008) yielding significantly betterstéts
polarizations. The data were also collected in spectralfimde than Clark CLEAN for large-scale fluse emission. Five dif-
with 128 channels and a total bandwidth of 8 MHz (62.5 kHz péerent convolving scales were used at 610 MHz (0.8.6",
channel). The total integration time for the dual-freque6t0 18.0",60.0", 120.0") and three at 241 MHz (00909.3", 15.8’).
and 241 MHz observations was 12.9 hours. For the 157 MHz dfye checked absolute flux calibration by obtaining flux measur
servations this was 6.25 hours. A summary of the obsenatignents from the literature for 15 strong compact sourcesimith
is given in Tablé&lL. our field from 74 MHz to 4.8 GHz. These flux measurements

The data was reduced and analyzed with the NRA®ere fitted with second order polynomials in log-space to ob-
Astronomical Image Processing System (AIPS) packadein the radio spectra. The fitted spectra were then compared
Bandpass calibration was carried out using the standard#lux fluxes measured from the GMRT maps. The accuracy of the ab-
ibrators: 3C48, 3C147, and 3C286. The flux densities for ogelute flux calibration was found to be about 50% at all three
primary calibrators were taken from the Perley & Taylor (999 frequencies, in agreement with values derived by Chandah et
extension to the Baars et dl. (1977) scale. This results #4329 (2004).

Jy for 3C48 and 326 Jy for 3C147 at 610 MHz; 525 Jy and The theoretical thermal noise in the image is givel by
59.42 Jy at 241 MHz. At 157 MHz, the flux density scale gives

2. Observations & data reduction

6271 Jy for 3C 48 and 31.02 Jy for 3C 286. A set of chan- \/éTsyS
nels (typically 5) free of radio frequency interference (Rifere ~ “thermal = — )
G vn(n - 1)N||:Avt,m

taken to normalize the bandpass for each antenna. We removed

strong radi‘o frequ,ency interference (RFI) aut_omaticailymhe with the Tsysthe system temperatur@gs = Tr + Tsky + Tgrouna
AIPS task ‘FLGIT’, but also carefully visually inspectecetata ith T, Tsky, @nd Tgrouna the receiver, sky, and ground temper-
for remaining RFI using the AIPS tasks ‘SPFLG’ and ‘TVFLG’ 41res respectivelyls = 0.32 K Jy'! the antenna gaim ~ 26
The RFI was partially strong at 241 and 157 MHz. The antenf number of working antennalsi= the number of sidebands

gains were set using the primary (bandpass) and secondary g&eq (both recording RR and LL polarizationa); the band-

ibrators and applied to our target source. We have not chosgRh per sideband, artg; the net integration time. At 610 MHz
to average any channels to aid further removal of RFI at & late

stage. The first and last few channels of the data were disdard 2yt \ww.mrao.cam.ac.yidagUVFLP/
as noisy. At 241 MHz, only the first50% of the 16 MHz band- 3 wtpy/casa.nrao.edu

width is usable. _ _ 4 The 157 MHz images could not be made with the CASA imager
For making the images (used subsequently in the sedfnce the direction-dependent phase corrections couldmbpplied

calibration), we used the polyhedron method (Petley 198%ing specialized imaging routines from the SPAM package.

Cornwell & Perley | 1992) to minimize theffects of non- 5 httpywww.gmrt.ncra.tifr.res.ifymrt hpage

coplanar baselines. At 610 MHz the USB and LSB were r&sergdogmanualUsersManughodel13.html
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Table 1. Observations

610 MHz 241 MHz 157 MHz
Bandpass & flux calibrator(s) 3C 48, 3C 147 3C 48, 3C 147 3CaH
Phase calibrator(s) 2225-049 2225-049 0025-260
Bandwidth 32 MHz 6 MH2 8 MHz
Channel width 125 kHz 125 kHz 62.5 kHz
Polarization RR LL RRLL
Sidebands USBLSB USB USB
Observation dates 3,4,5,6Sep2003 3,4,5,6Sep2003 2,306n2
Integration time per visibility 16.9s 16.9s 16.9s
Total duratiofi 12.90 hr 12.90 hr 6.25 hr
Beam sizé 6.9” x 4.3" 175" x 10.3” 211" x17.1”
rms noise ¢) 28 uJy beam? 297 uJy beam! 1.36 mJy bearrt

a the total bandwidth is 16 MHz but only 6 MHz is usable due to RFI
b on-source time (not including calibrators and slewing jime
¢ restoring beam, robust weighting parameter was sett(Briggs 1995)

Teys = 92 K, Nie = 1§, Av = 135 MHz, andtiy = 129 hrs. The compact sources are related to AGNs located behind or irt fron
expected thermal noise for B2hrs integration time is about 22 of the cluster. An overview of the labeled sources with tRai
ulJy beam?, where we take into account that typically 25% oflensities and spectral indices is given in Table 2.
the data is flagged due to RFI. The noise level in our maps is Source A is located in the center of the clusters (near the
28uJy beam?, which is close to the thermal noise since weightX-ray emission peak, see Sedt. 4). Other bright sourceadecl
ing increased our noise level by about 10%. The system teBinortheast to RN, D in the far north, and G in the south north
perature at 157 MHz is 482 K and 177 K at 241 MHz. In botbf RS-2. Several fainter sources are visible close to reh; R
casesl sy dominates the contribution ovég (at all frequencies namely E and F, and nearby RS, namely H, I, J, K, and L.
Tground < Tr). The thermal noise at 241 MHA¢ = 6.9 MHz, Sources A, B, and D are also detected by the 1.4 GHz
Nie = 0.5, tiy = 129 hrs) is expected to be 98y beam®. At FIRST survey. Source G is not listed in the FIRST catalog,
157 MHz we expect 24&ly beam® (Av = 6.0 MHz, N = 1, but a hint is seen in the FIRST image. In the 1.4 GHz NVSS
andty; = 6.25 hrs). The noise levels in our 241 and 157 MHimage sources A, B, D, and G are visible, and the combined
images are 297Jy beam® and 1.36 mJy beam, respectively. emission from sources |, J, K, L, RS-2, and RS-1. A hint of
These are a factor.Band 55 higher than the expected therma$ource RN is seen (blended with B). In the 325 MHz image from
noise. This is probably caused by remaining RFI, pointing eBagchi et al.|(2002) source A and B are visible, althoughdise r
rors, and other phagmplitude errors, which cannot be solvedlution is not high enough to separate source B from the relic
for in our calibration. A significant amount of RFI is stillggent RN. The northeast extension ofiiise emission towards source
on short baselines at 157 MHz. By flagging these baselines, t, which was detected at therdevel in the 325 MHz image
noise level decreases to abol@DmJy beamt. We have, how- from|Bagchi et al., is not visible in any of our maps, indioati
ever, not chosen to use this map as theude emission from the that this feature is not real.
cluster is removed together with the RFI. The deep high-resolution 610 MHz map shows that the ra-
dio relics RN and RS are truly filuse and do not originate from
compact sources. RN has a size of about by 1’ (0.37 by
3. Results 0.25 Mpc) and a total flux of 14, 21, and 36 mJy at 610, 241,
. : and 157 MHz, respectively. RS (RS RS-2 + RS-3) has a
A summary of _the maps mad_e'th? corresponding restoring beg% of about 5by 2 (1.2 by 049 Mpc) and a total flux of
values and noise levels, is givenin Table 1. Th_e high-remsiu 43 mly (610 MHz), 72 (241 MHz), and 70 mJy (157 MHz),
maps at three dlierent frequencies are shown Figh.2, 3,nd 4see Tabl€l2. We subtracted the flux contribution of the compac
We labeled the compact (30”) radio sources alphabetically g rces (E, F, I, J, K, and L) at 610 MHz from RS and RN. At
in order to clarify the discussion of theftérent sources found 541 and 157 MHz we assumed a spectral index®$, because

in the maps, see Figl 2 and Appenfik A. We only chose 10 Ig;e yesolution at those frequencies was too low to propeei

bel the brightest sources and those located close to re@iidms_ tify these sources within the filise emission. The flux of RN

diffuse emission. The 610 MHz, as well as the 241 MHz iminy rS \vas determined by measuring the flux within a region
age, show two regions of fiiuse emission, one to the north olg\4ing the diuse emission (using the lowest contour visible

h
the cluster center (RN: relic north) and one in the south (Riyi1, lved 610 MHz i in Figl 1) with the AIPS task
relic south). The southernfilise region consists of threefidir- - Se_r;_(l)_?vo ve zimage in Figl 1) wi © as

ent components labeled RS-1, RS-2, and RS-3. RS-3 seems to o ; ; )
be detached from RS-1 and RS-2. A hint of thudie emission terpgr(tjg?sgfcleonnir?fggggr?énZ?t sources and their optical coun
is visible in the 157 MHz map at thes3level. Given that the
diffuse sources are located in the periphery of the cluster and

the d'ffuse_ emissipn does not seem to be assoc_iated with #MRadio, X-ray, and galaxy distribution comparison

of the radio galaxies, we will refer to them as relics (seet.Sec

[6). Several compact sources related to AGNs, includingragveAn X-ray map of 05 — 3.0 keV X-ray emission from Chandra
possible head-tail sources, are located within the cluStdrer with radio contours is shown in Figgl 1. The Chandra image was
taken from_Raychaudhury etlal. (in prep). These obsenation
6 There are two sidebands but only one polarization is recorde  had a net exposure time of B%s, and the cluster was placed
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Chandra X—ray map
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Fig. 1. X-ray emission from Chandra in the®- 3.0 keV energy band. Point sources were excluded from the imseg
Raychaudhury et al. (in prep.). The image has been convalWtida circular Gaussian of 24 The solid contours represent the
radio emission at 610 MHz from the GMRT. The radio map has lmeewolved to a circular beam of 150 better show the dif-
fuse radio emission. The radio contours are drawn @,/ 8,16, 32, ...] x 0.224 mJy bearnt. Dashed contours show the galaxy
isodensity contours from SDSS, corresponding roughly tma 6f My = —181 (i.e.,M* + 2.4). The dashed contours are drawn at
[2,3,4,5,..] galaxies arcmir?, using the redshift cuts described in the text.

on the ACIS 13 CCD array. Point sources were removed fro(restframe) radio poweP; 4 g Of the two relics is~ 5 x 1074

the maps based on the criteria described in Raychaudhuty et\& Hz™*. The two difuse radio structures are located to the north
The X-ray image shows extended emission roughly in the nortind the south of the X-ray emission, symmetrically with extp
south direction. A fainter northeastern extension is alstbke. to the cluster center. The radio emission is located outide
The morphology clearly shows a highly distorted ICM, an indiX-ray bright area, similar to the double relics found in A366
cation of a recent or ongoing merger. The global temperatureA3376, A2345, and A2140 (Rottgering ellal. 1997; Bagchilet a
the cluster was found to be5 keV. The cluster has a total X-ray2006] Bonafede et al. 2009). The relics appear elongatgeper
luminosity (Lx, 0.3—8.0 keV) of 3x 10* erg s*. The combined dicular to the direction of the main merger apparent from the
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610 MHz
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Fig.2. Radio map at 610 MHz. The greyscale image represent therbggiution map with a restoring beam size d¥6x 4.3",
indicated in the bottom left corner.

X-ray data (the main merger axis is orientated north-soidb) galaxies (per square arcmin) was computed using the photome
central radio halo is detected, with a limit on the surfadgtir ric redshifts from the SDSS DR7 catalogs. Galaxies between
ness of~ 1.5 uJy arcse®. The largest spatial scale detectabl®.24+ z,,, < z < 0.31- Z,; were selected from the catalogs, with
in the 610 MHz map is about Awhich corresponds to a phys-z. (typically between @2 and 006) the error in the photometric
ical size of 1 Mpc. This indicates that a possible radio halo redshift. This assures that galaxies at approximatelyistarnte
ZwCl 2341.10000 has a size 1 Mpc, or a very low surface of the cluster are selected while fofteackground galaxies are
brightness; or alternatively, it does not exist at all. omitted. The galaxy distribution more or less follows theax-

An optical R band image from the Wide Field ImagingFmiSSiO”- The fainter northeastern extension in the X-raise
(WFI) system at the MP&SO 2.2m telescope, showing the!on IS associated with a galaxy filament extending roughly i
large-scale galaxy distribution around ZwCl 23440000, is the same direction. Several substructures are visibleiwitie
shown in Fig.[b. For more details about this image sdB&in north-southgalaxy structure.

Raychaudhury et al. (in prep.). The galaxy isodensity carsto
are also indicated in Fig§] 1 amd 5. The surface density of
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Table 2. Source properties
Source RA DEC Fs10 Foal Fis7 aP resolvedunresolved  morphologtype
mJy mJy mJy
A 234339.3 001843.6 28+29 694+70 697+78 -092+-0.15 resolved head-tail
B 234340.3 0020528 1D+1.2 204+26 385+7.6 -076+0.19 resolved head-tail
C 234340.7 002029.3 .33+018 ... ... . unresolved
D 234350.1 002239.7 12+1.2 158+16 195+3.0 -0.22+0.15 unresolved
E 234336.2 002051.0 .19+0.12 unresolved
F 2343346 002036.5 .®+011 ... .. e unresolved ...
G 2343458 0016058 1D+12 422+47 532+53 -153+0.17 resolved head-tail
H 234346.0 0015335 .23+0.25 636+1.2 -1.08+0.23 unresolved
I 234348.6 001506.5 .20+0.37 unresolved
J 234348.7 0015309 .44+0.25 resolved
K 234349.6 001505.5 .16+043 resolved
L 2343479 0014004 .33+032 ... .. . unresolved ...
RN ~234335 ~002100 14+3 21+7 ~36 -0.49+0.18 resolved difuse, relic
RS-1+ RS-2 ~234350 ~001420 3% 13 72+ 21 ~70 -0.76+0.17 resolved difuse, relic
RS3 ~234352 ~001615 6+3 resolved diuse, relic

a position (peak flux) derived from the 610 MHz map
b spectral index between 610 and 241 MHz

¢ Spectral index was calculated using our fluxes at 610, 244 18 MHz, combined with the fluxes at 325 and 1400 MHz from Bagtal.

(2002), see Sed¢i. 8.1
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Fig.3. Radio map at 241 MHz. The restoring beam size

174" x10.3".

5. Spectral index & equipartition magnetic field

strength
5.1. Spectral index

Radio spectra can be an important tool for understandingrihe
gin of the relativistic electrons. We have created a spkicidax

image to the 241 MHz resolution, see Hifj. 6. We blanked pixed§ RS-2. The spectral index of RN seems to steepen towards the
with a signal-to-noise ratio (SNR) below 3 in both maps. Theast. However one has to be careful not to overinterpreethes
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iBig.4. Radio map at 157 MHz. The restoring beam size i
2117 x 17.1”.

errors in the spectral index are displayed in Elg. 7 and aseda

on the rms noise in the images. Taking the uncertainty of abou
10% in the absolute flux calibration into account resultsnn a

additional systematic error in the spectral index-6f15.

Spectral index variations are visible for RS and RN. At the
location of compact sources (I, J, K, and L) embedded within

the relic RS, the spectral index is relatively flat, arowids. A
map between 610 and 241 MHz, by convolving the 610 MHzgion with steep steep spectra is found in the northerroregi
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Spectral Index Map & 610 MHz radio overlay
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Fig. 6. Spectral index map between 610 and 241 MHz with a resolutid®6. The black contours show the 610 MHz radio map
convolved to a resolution of 15 The radio contours are drawn at P14, 8, 16,32, ...] x 0.224 mJy beant.

variations, as residual calibration errors may have reduft ar- The fluxes were determined in a fixed region, which was the
tificial variations. Furthermore, flerences in the UV-coveragesame at all frequencies (without blanking). Compact sairce
can also have introduced spurious variations in the sddntra were subtracted using the flux measurements at 610 MHz and
dex map. For source A, there is an indication of spectrapstea spectral index of0.5.

ening towards the northwest consistent with the hypottthsis
the core of the radio source is located southeast. The sam

observed for source B, with steepening towards the north. %? Equipartition magnetic field

) . ) The presence of magnetic fields in the cluster on scalelslpc

The integrated spectral index for RN (excluding the coms demonstrated from the observed synchrotron radiatiom fr
pact sources) is0.49+ 0.10+ 0.15, with the second error the he two radio relics (RN and RS). The strength of the magnetic
previously reported systemic flux calibration error. Thedfal  fig|d can be estimated by assuming minimum energy dengities i
index of —0.49 is consistent with the value e0.47+ 0.2 mea- the radio sources. The minimum energy density (in units gf er
sured by Bagchi et al. (2002). For RS (not including RS-3), wan-3) is given by
find —0.76 + 0.09 + 0.15, somewhat steeper than the value of
—0.5 + 0.15 reported by Bagchi etal. but consistent within thg . = &(a, v1, v2)(1 + k)4/7V64a/7(1 + Z)(12f4w)/7|g/7d74/7 2)
errors. The spectral indices were determined by fitting gpkm
power-law spectra through the integrated fluxes for RN and R8ith &(«, v1), a constant tabulated in_ Govoni & Feretti (2004),
The flux measurements in this work were combined with thosgpically between 102 — 1014, 14 the surface brightness (mJy
measured from the images presented by Bagchi et al. [(200&csec?) at frequencyg (MHz), d the depth of the source (kpc),
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R band image MPG/ESO 2.2m WFI Spectral Index Error Map
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Fig. 7. Spectral index error map between 610 and 241 MHz. The

Right Ascension uncertainty of about 10% in the absolute flux calibratiosute

ing in an additional error 0£0.15, is not included.
Fig.5. Large-scale galaxy distribution around
ZwCl| 2341.10000. The optical R band image, a combi-
nation of several individual exposures resulting in a totaGauss and @8 uGauss, respectively. The exact value for the
exposure time of 7800 s, was obtained with the WFI at thewer cutdt is difficult to estimate. The Lorentz factoy)(can
MPG/ESO 2.2m telescope. Dashed contours show the galdxestimated accordingfo~ 5x 107 x (v[MHz] /B.[uGauss].
isodensity contours from SDSS, for details see Fig. 1. THée exact value foymi, depends on the shape of the radio spec-
image shows an area of’16 16 (~ 4 Mpc x 4 Mpc) in size. trum. Takingk = 100 results in magnetic field strengths of about
a factor of three higher than= 1.

andk the ratio of the energy in relativistic protons to that incele

trons (taken often as = 1 ork = 0, behind a shock k is in the g Discussion

range 1- 100). A volume-filling factor of one has been assumed

in the above equation. The equipartition magnetic fielongile \We have interpreted theftlise radio emission in the periphery

can then be calculated as of ZwCl 2341.10000 as a double radio relic, arising from out-
12 going shock fronts because of a cluster merger. This interpr
Beq = (&umm) ) tation is based on (i) the location of theffdise radio emission
7 with respect to the X-ray emission, (ii) the presence of am-<l

gated structure of galaxies in optical images, (iii) theotation

of the symmetry axis of the double relic perpendicular to the

elongation axis of the X-ray and optical emission, (iv) therm

Ehology of the X-ray emission, (v) the lack of a direct connec
Bn between the diuse emission and the radio galaxies within

This method calculates the synchrotron luminosity usingexfi
high and low-frequency cufb(v; andy,). However, this is not
entirely correct since the upper and lower limits should et
fixed during the integration because they dependent on the

ergy of the radiating electrons. Instead, low and high eyeut the cluster, and (vi) the presence of head-tail galaxieg;wédre

offs for the particle distribution should be used (Brunettilet at:ommonly found in merging clusters (e.g.. Burns et al. 1994)

1997;| Beck & Krause 2005). Taking this into account (and a$y... ; . ; .
SUMING thalmm < Yimm the energy boundaries indicated by th Fhis is all clear evidence that we are witnessing a mergiisg sy

i I o fem of subclusters where electrons are (re-)acceleratédps-
Lorentz factor), the revised equipartition magnetic figtesgth scale shocks. Neither the Chandra nor the XMM-Newton X-ray

(Beg) is images/(Raychaudhury eflal.) show any shock fronts at the loc
B~ 1.1/L+20)/(3-a) gT/(6-2a) 4) tion of the relics. However, both observations are probaddy
eq ™ = ~Ymin €q ' short to see any sharp details in the low-brightness X-rgipre

Using a ratio of unity for the energy in relativistic prototts S0 far from the cluster center.
that in electrons (i.ek = 1) and applying the first of the pre-
vious two methods, we derive an equipartition magnetic faéld
Beq = 0.59 uGauss for the northern reli¢ (= 2.13x 10712,
vi = 10 MHz, v, = 10 GHz), andBeq = 0.55 uGauss for the AGN also provides a source of relativistic electrons, ang th
southern relic{ = 8.75x 10713). For the depth along the line question arises whether thefdise radio emission could be re-
of sight, we have taken the average of the major and minor alased to an AGN. In particular, could RS and RN be the lobes
of the relics. Using the lower and higher energy ¢utomits of a giant radio galaxy located within the cluster? This seem
results inB;, = 0.64 uGauss (RN) and .03 uGauss (RS), as- unlikely, as (i) no host galaxy is visible located roughlyfvay
sumingymin = 100. Usingymin = 5000 leads tdB’eq = 0.66 between RN and RS. The most likely candidate would then be

6.1. Alternative explanations
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source A, but this source has the morphology of a compact headetry. A detailed merger scenario is presently unavaglibim
tail source, with no indication of a large-scale jet. The arnoptical and X-ray observations.
length ratio of 1.9 between the two lobes and the core would Our derived spectral indices 6f0.49 (RN) and -0.76 (RS)
also be quite extreme, because arm-length ratios are tlypicare not particularly steep, although the errors in the spkict-
smaller than B (e.g.| Konar et al. 2008). A faint 0.6 mJy sourcélices are relatively large. We also note that some largke-sea-
(RA 23" 43" 39.7, DEC 00 17 55’ 0) is located below A, ations in the background flux level are present, in partioedet
resulting in a more reasonable arm-length ratio of about 1¢¥ the northern relic. By measuring the total flux within wih
But this source seems to be associated with a much more digea just east of RN, we estimate that this could have patbnti
tant z,not = 0.70 galaxy. It could also be that the host galaxyesulted in the flux loss of 10 mJy. If correct, this suggesise-
is no longer active and therefore no central radio sourcésis vtral indices of~ —0.6 for RN. High-sensitivity observations, at
ible; however, in this case the spectral index of the lobesxis for example 325 MHz, are needed to resolve this issue antkcrea
pected to be steeper than abeut, which is not observed. (ii) better spectral index maps.
This would make it one of the largest radio galaxies knowmwit  Equipartition magnetic fields of aboupGauss have been
a size of 2.2 Mpc, but radio galaxies of this size are very.ramgerived for several clusters having radio halos or relicg.(e
The largest known radio source is J142645, with a projected |Govoni & Feretfi| 2004). Our derived equipartition magnetic
size of 4.69 Mpci(Machalski et al. 2008), and (iii) these gian  field strength of approximately®uGauss is comparable to val-
dio galaxies do not reside in a high-density cluster envivent. ues derived for other double relics. Bagchi et al. (2006)veer
Bagchi et al. |[(2002) came to the same conclusion that soureeglue of (6 — 3.0 uGauss for the double relics in A3376, and
RN and RS are probably not related to a giant radio gala:®onafede et all (2009) derived field strengths.6F12.5 uGauss
Another possibility is that the electrons originate fronm&oof for A1240 and (8 — 2.9 uGauss for A2345.
the compact sources located in or around the regions wiilnsei Equipatrtition field strength should be used with caution,
emission. However, RN does not seem to be associated with tioe only for their dependence on merely guessed properties o
proposed head-tail source B, with the tail pointing nortd RN  the electron spectrum, but also for the assumption of egquipa
located to the west. Source E and F are located within the dition between relativistic particle and magnetic field &ies,
fuse emission but are unresolved. Source F would then be thigich may or may not be established by physical processes in
most likely candidate because it is located at the distahtieeo the synchrotron emitting region. Faraday rotation and rewe
cluster (source E is located behind the cluster wgitlg; = 0.45). Compton (IC) scattering of CMB photons by relativistic elec
However, in that case we would expect some head-tail morphttbns in the relics can also give an independent estimate of
ogy, but the source is compact. the magnetic field strength. Both techniques give similaults
RS-1 and RS-2 could be the radio lobes from source L, whi¢Wwithin a factor of 10) to the derived equipartition magndield
coincides with an elliptical galaxy (probably a member of thstrength, indicating that the assumptions made are rebkona
cluster,z;not = 0.30). The radio source would then span a sizgsee_Govoni & Feretti 2004; Ferrari et al. 2008; Bonafedd.et a
of about 700 kpc. However the morphology of RS-1 and RS2009, and references therein).
is not entirely consistent with this scenario because naonisv
lobe structure is visible. Furthermore there are no jetgitoai- 6.3. Oriain of the double reli
ing from L and the radio bridge connecting the two relics (RS- rigin ot the double refic
and RS-2) is very wide. In fact source L is completely embedhe presence of Mpc scale radio emission in the periph-
ded within the difuse emission. The fluse emission could also ery of the cluster requires an acceleration mechanism for
be associated with sources J, K, which could have suppled #émitting relativistic particles. This is naturally proed by
radio plasma. However, no clear connection is visible aiffio the difusive shock acceleration mechanism (DSA; Krymskii
sources J and K are resolved. Both of these scenarios al$o fa1977;| Axford et al | 1977; Béll 1978a,b; Blandford & Ostriker
explain the presence of RS-3. An association with source C1878;| Druryl 1983} Blandford & Eichler 1987; Jones & Ellison
also unlikely since it seems to be completely detached fitwm {1991: [Malkov & O’'C Drury [2001) via the Fermi-l pro-
diffuse emission. cess [(Ensslin et al. 1998; Miniati et al. 2001). In this sc&ena
the synchrotron spectral index, of the relativistic electrons is
determined by the slopej, of the underlying CR distribution
function, which in turn depends on the shock Mach numir,
(Landau & Lifshitz| 1959] Sarazin 2002). The relevant expres
Rottgering et al.[(1997) report a spectral index-of1.1 for the sions (in linear theory) are
northern relic of A3667 (between 85.5, 408, and 843 MHz). For 5
RXC J1314.42515 [ Venturi et 8l.[(2007) report a spectral ing, - 9~ 3 q= 4 g M1 (5)
dex of about-1.4 for both relics between 1400 and 610 MHz. 2 77 1-Mm2 2-2M=

Bonafede et al! (2009) report integrated spectral indiesl®  For strong shocksM > 1, resulting in a flat spectral index of
and —1.3 between 1400 and 325 MHz for A2345 ard.2, pout—05.

—1.3 for A1240. Spectral steepening was observed away from However, the high-energy electrons responsible for the syn
the shock front towards the center of the cluster for one reliprotron emission have a finite lifetime given by

in A1240 (the data for the other relic was consistent witls thi o5
trend) as well as for one of the relics in A2345. If the relic B~ _05

trace outward traveling shock fronts, spectral steepeingrds E‘ge: 106 B2 + B2 [(1+2)ve] ™ [Myr], 6)

the cluster center is expected because of spectral agindo®u Ic

SNR in the 241 MHz map means that this cannot be tested feith B the magnetic field strength a®lc = 3.25(1+ 2)? the
the double relics in ZwCl 234140000, although this prediction equivalent magnetic field strength of the microwave backgdo
relies on several assumptions about the viewing angle, #tg mboth in units ofuGauss (e.g., Miley 1980; Slee etlal. 2001). We
netic field structure, and some assumptions about the mgegerhave no information about the break frequengyexpressed in

6.2. Comparison of spectral indices and magnetic field
strengths with other double relics
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GHz) but assume a reasonable valugzot GHz, because the  While, in principle, according to simulations double rslic
spectral indices between 241 and 610 MHz are not partiguladre allowed in the filament-shock-accretion picture diseds
steep. Then for a magnetic field strength of pBausstage < above, there is no reason why they should be symmetric with re
50 Myr. spect to any particular axis. Instead, a symmetric configura

In the post-shock flow, the accelerated particles are mogth respect to the X-ray elongation axis arises quite ralyin
likely trapped by the strong turbulent field generated by tHbe binary merger picture (Roettiger etlal. 1999). Thus tlee-m
shock itself. Then, the extent of the region within which-difphological and symmetry properties of the source as theygene
fuse radio emission is expected to be visible can be roughly &om the combined X-ray and radio image seem to strongly sug-
timated by taking the product of the particles cooling tinmel a gest that the double radio relic is associated with a binagger
the shock speed (Miniati etlal. 2001). This typically givelea scenario.
hundred kpc, roughly consistent with the thickness of theses
observed in Fig.]1. The lateral extent, on the other hand-is 5 .
lated to the size and strength of the shock. In addition, tleegy - Conclusions

losses mean that the longer the distances from the acdeterafe have presented low-frequency radio observations of the
site (shock front), the lower the energy cfitappearing in the merging cluster ZwCl 234140000 at 610, 241, and 157 MHz
particle distribution function. As it turns out, the comation taken with the GMRT. The radio maps show twdfdse struc-
of the particles distribution functions atftiirent locations has a tyres to the north and south of the cluster, which we classify
slope that is steeper by one unit with respect to the one at ¢ a double radio relic, where the particles are acceletated
acceleration site_(Bagchi et'al. 2002). As a result, althoing the DSA mechanism in an outward moving shock. Our inter-
spectrum is flat at the acceleration site —0.5), we expect to pretation is diferent froni Bagchi et all_(2002), which proposed
measure a spectral index closer to minus one. Higher vaaes tthat the radio emission originated from cosmic shocks in the
this (i.e., flatter radio spectra) can either indicate aicolus |GM. The relics are located along the elongated X-ray axés (i
acceleration in the post-shock region, incomplete shocklet-  the merger axis). Their orientation is perpendicular ts tokis
ation model, a systematic error in the calculation of thespeé and the radio emission straddles the outer boundary of the X-
index, or a combination thereof. ray emission. Several possible head-tail sources are aisulf
Our spectral spectral indices are relatively flat angithin the cluster.
marginally consistent with the above description in whibk t  The derived galaxy distribution shows an elongated stractu
radio emitting electrons are shock-accelerated. Suchgiéatteal  consisting out of several substructures, and a galaxy fithme
indices have also been found for other merger related rélics tending towards the northeast that seems to be connected to t
example is the relic in Abell 2255. Brentjens (2008) measare main structure. This extension is also visible in the Chant
spectral index of —0.5 for some parts of the relic between 33§ay images. The radio spectral indices found are relatiflaty
and 365 MHz. The integrated spectral index for the relic wa®.49 + 0.18 for the northern relic ané-0.76 + 0.17 for the
found to be-0.72+ 0.02, similar to thatin ZwCl 234140000. southern relic. The derived equipartition magnetic fietdrsgjth
High mach number shocks are required féiicgent parti- is ~ 0.6 uGauss, comparable to values derived for other double
cle acceleration (Blandford & Eichler 1987). Numerical siex  relics. The two radio relics on both sides of the cluster aobp
tions indicate the development offiirent types of shocks dur-ably outward traveling shocks caused by a major merger event
ing structure formation, including external accretioncks as High SNR radio spectral index maps, together with more de-
well as merger and flow shocks, both of which are internal totailed optical and X-ray analyses of the cluster, will be degk
galaxy cluster (Miniati et al. 2000). These shock8atiin their to further test the merger scenario, in particular whetadial
respective Mach number, (e.g., Miniati et al. 2000; Mirn2fl02; spectral steepening of the relics is observed towards thetec!
Ryu et al.| 2003; Pfrommer etial. 2006; Skillman etial. 2008}enter. This would be evidence of an outward traveling shock
External accretion shocks, which process the low-density,
shocked IGM, haveM > 1, which result in flat spectral indicesAcknowledgements. We would like to thank the anonymous referee for the use-

- . ful comments. We would like to thank T. E. Clarke for her heliprvthe GMRT
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detected in gamma rays_(Loeb & Waxman 2000; Miniati 2002dministration, the Japanese Monbukagakusho, the MaxcRISociety, and
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Appendix A: Compact sources at 610 MHz and
optical counterparts

To identify optical counterparts for the radio sources weeha
overlaid the 610 MHz radio contours on SDSS images, see Figs.
ATL[A2 andA3.

Source A is resolved, 13by 197, with the brightest part of
the emission located to the southeast. The resolution igfins
cient to classify the source, but the morphology is conststéth
a head-tail source. A spectral index gradient is also oleskio
wards the northwest (SeEt.b.1). An optical counterparisibie
to the southwest of the center of the radio source, closeeto
peak of the radio emission (see Hig.]A.1). The photometde re
shift (zonoy) Of this galaxy is 032, consistent with being a cluster
member. The 50 galaxy (mag= 18.65) has a close compan-
ion (mag = 21.12) about 3 to the southwest. The spectral index
of A'is —0.92, between 157 and 1400 MHz, typical for a radio
galaxy. The source therefore does not seem to be directly re-

Derlination

lated to the dfuse emission within the cluster, as suggested by g0 ;7

Bagchi et al.[(2002).

Source B has a peculiar morphology, resembling a head-tail
galaxy. A mag = 18.65 ESO counterpart is located afhor =
0.29. The direction of the tail suggest the galaxy is falling in
from the north towards the cluster center. The spectrabimde
the source is-0.76 (between 241 and 610 MHz). Other sourc
north of the cluster center are sources C, E, and F. Source C
a blue star-forming galaxy (mag 17.87) as an optical coun-
terpart atz = 0.261 (spectroscopic redshift). The SDSS DR
spectrum of this galaxy shows strong emission lines (inigart
ular Ha). A close companion is located about tb the west.
The ESO mag = 18.06 counterpart of source F has a spectro-
scopic redshift of 0.269, and the SDSS spectrum shows agstron
Balmer break. The mag 20.11 optical counterpart of E is lo-
cated aizpnet = 0.45 and may therefore not be associated with
the cluster.

To the south of the cluster center we have sources G, H, |,
J, K, and L. Source G is probably a head-tail source, with the
tail pointing south, indicating the galaxy is also fallirtg'\xards
the cluster center. The spectral md@%}u of —1.53 is consis-
tent with such an identification, and there is a hint of spaéctr
steepening towards the south. The counterpart of source® is”
E/SO mag = 18.35 galaxy (located &t = 0.35) with two
close companions. The counterpart of source H is a blug mag
18.02 galaxy afphot = 0.28. The spectral index510 of ~~1.08,
quite steep for a star-forming galaxy (elg., Windhorst 21 @93;

Thompson et al. 2006; Bondi et 07), this indicates #mat
AGN may also be present. The counterpart of source | i80 E
mag = 18.45 galaxy located &t = 0.26. The counterpart of
source L is an FS0 mag = 19.84 galaxy withzpne = 0.30 and

a539 ~ -0.5. The galaxy is located roughly in the middle be-

tween RS-1 and RS-2. Radio sources J and K afeisdi with

eclination
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Fig.A.1. SDSS DR7 image color imagg,(, andi bands) of the
uster center overlaid with radio contours. The 610 MHz-con

r levels are drawn a{/[1, 8,32 128 ...] x84 uJy beam?. The
geam size of ®’ x 4.3” is indicated in the bottom left corner.
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sizes of about 20 Source K has no counterpart, while source F—]ig.A.Z. SDSS DR7 image color imagg, (f, andi bands) of the

has a possible mag 22.23,Z,no: = 0.18 counterpart. However
J and K could also be the two lobes of a distant radio galaxy.
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