arXiv:astro-ph/0611297v1 9 Nov 2006

Giant Ringlike Radio Structures Around Galaxy
Cluster Abell 3376

Joydeep Bagchi: Florence Durret,Gasto B. Lima Netcd?
Surajit Paul

'The Inter-University Centre for Astronomy and AstrophgsittJCAA),
Post Bag 4, Pune University Campus, Pune - 411 007, India

2Institut d’Astrophysique de Paris, UMR-7095, CNRS,
Université Pierre & Marie Curie, Paris, France,
and Observatoire de Paris-Meudon, LERMA, Paris, France.

3Instituto de Astronomia, Geofisica e Ciéncias Atmosts,
Universidade de Sao Paulo, Sao Paulo, Brazil - 05508.

4Institut fur Theoretische Physik und Astrophysik, UnivessWuerzburg,
Sanderring 2, 97070 Wuerzburg, Germany.

*To whom correspondence should be addressed; E-malil: jp@reaa.ernet.in

In the current paradigm of cold dark matter cosmology, large-scale struc-
tures are assembling through hierarchical clustering of mé#er. In this process,

an important role is played by megaparsec (Mpc)-scale cosmishock waves,
arising in gravity-driven supersonic flows of intergalactic matter onto dark

matter-dominated collapsing structures such as pancake$ijaments and clus-
ters of galaxies. Here we report Very Large Array telescope laservations of
giant (~ 2 Mpc x 1.6 Mpc), ring-shaped non-thermal radio emitting struc-

tures, found at the outskirts of the rich cluster of galaxiesAbell 3376. These
structures may trace the elusive shock waves of cosmologldarge scale mat-
ter flows, which are energetic enough to power them. These ra&ml sources
may also be the acceleration sites where magnetic shocks gressibly boosting
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cosmic-ray particles with energies of up tol0'® to 10'° electron volts.

A large fraction ¢ 30%) of the baryon mass of the universe at the present epocleseisid
a tenuous gas phase known as the warm-hot intergalactiume@VHIM) (1). Although the
WHIM is heated to~ 10° to 107 K by intergalactic shocks, its direct detection is very &vag-
ing owing to its low density and temperature. The main traadrthis gas are highly excited
oxygen lines mainly visible in soft X-rays and the far ulidet, whose emission or absorption
signal is well below the sensitivity threshold of the cutrerstruments. Alternatively, the su-
personic infalls and resulting shock waves propagatingemtagnetized inter-galactic medium
(IGM) or WHIM around galaxy clusters and filaments can be pobby the synchrotron and
inverse-Compton radiation emitted by energetic electemtglerated at the shock frongs(3).
For particles to be shock accelerated, magnetic fields reebd present at the shocks for gen-
eration of Alfven waves (transverse waves moving along retgfiield lines embedded in an
electrically conducting fluid), and to-and-fro scatterioigparticles across the shock front by
wave-particle interactions [the so called diffusive shackeleration procesd)]. The origin of
cosmic magnetic fields is currently unknov),(@and so any observational evidence for them in
the IGM environment is of great importance. Magnetic fields4G) are observed in the denser,
and hotter (relative to WHIM) intra-cluster medium (ICM) dlisters of galaxies by means of
the Faraday effect, causing rotation of the plane of paion of light of the background radio
sourceslh). Magnetic fields are further revealed by the presence atetuwide Mpc scale (1
Mpc =3.08 x 10** cm) radio-halos and peripheral radio-reli@58) (both are large-scale dif-
fuse radio sources, having no optical counterparts and wo@od connection to the galaxies in
clusters) in a few clusters of galaxies. Radio-halos antbrealics are believed to be the result
of synchrotron emission of relativistic electrons shockederated in cluster mergei@)(

We have discovered with the Very Large Array (VLA) telescapel.4 GHz frequency, a
large-scale 2h~! Mpc (10)] ringlike synchrotron radio emission structure, posgitthcing
the intergalactic shocks around a rich cluster of galaxibsllA3376 at redshift z=0.04@.1).
The southern galaxy cluster Abell 3376 was observed witiil#, a Y-shaped interferometric
array of 30 25-meter-diameter radio telescopes locatet@plains of San Agustin in Socorro,
New Mexico, the United Stated2). Figure 1 shows the most important findings; a pair of
giant, “arc” shaped diffuse radio-emitting sources, eaith & linear dimension- 12~ Mpc,
located at the outskirts of this cluster at the projectethdise of~ 1~2~! Mpc from the cluster
center. In addition, the eastern structure shows sevena thin filamentary structures behind
the radio arc, and a peculiar loop-like feature joining tiveeér filaments (Fig. 1). This radio
image is the result of combining data in the VLA CnB and DnCriylonfigurations, having
the sensitivity for mapping diffuse, large-scale emissj@s well as the angular resolutiord0
arc sec) for identifying the superposed background pointcas [(2). The VLA radio image
shown has- 40 uJy per beam of root mean square noise background, and theaésdi signal-
to-noise ratio for detection of these giant radio arcs rarfigem ~ 30 at the faintest contour
to ~ 250 at the peaks (after removing a few superposed backgroumd gmirces, which are
visible in Fig. 1). Noticeably, both radio structures arsiioned with their concave side facing



the cluster center, and,- they fit quite well on the surface lairge, projected elliptical ringlike
formation of dimension~ 2 Mpc x 1.6 Mpc, oriented in position angle 85°. The center of
this ellipse falls at the position R.A 06" 01™ 32°, and Dec.~ —39°59'50", which is taken
as the center of symmetry of this cluster (marked ‘+* in Fig. Mo other "radio-halo” type of
diffuse, large scale emission was found near the clustdeceown to the surface brightness
limit mentioned above.

The luminous thermal bremsstrahlung X-ray emission detkbly the Position Sensitive
Proportional Counter (PSPC) detector onboard the Roerigdalite (ROSAT) is shown in
Fig. 1 (in the 0.14 to 2.0 keV band). In the central regiongeutaals a highly disturbed, non-
equilibrium state of the intra-cluster thermal gas, whigblviously extended like a “comet” or
“bullet-head”, its wake extending along the major axis & #liptical radio structure described
above. Both radio sources are located on the outer perigidhe X-ray emission observed
by ROSAT, which has an unblocked field of view of 17.5 arcmitiua. From galaxy redshift
measurements in Abell 3376, a filamentary structure contpofat least three major galaxy
groups is found, oriented along the general elongation ehyemission mapped by ROSAT
and XMM-Newton (XMM: X-ray Multi Mirror Mission). (13,14).

XMM-Newton and ROSAT X-ray observation$d) shown in Fig. 2 reveal strong evidence
for merger activity of subclusters along this filamentarjsax he field of view of XMM is a
circle of radius 15 arcmin, and the image shown is in the 08@deV band. The XMM map
of Fig. 2 is quite similar to the ROSAT image in Fig. 1, but ibgls more clearly the “bullet-
head” and multiple X-ray peaks to the south south-west aéat;h one probably associated
with a merging group. The X-ray temperature map (Fig. 2) aaslthipical errors of about 10
percent. This map reveals an overall temperature of aboed5(k8 x 107 K), with several
alternating hot and cold regions crossing the clusterddiby a prominent “cold-arc” at about
3 keV, which originates at the north edge and curves southwavard the east. The most
plausible scenario is that a large group or a small clusti&llisg onto the main body of the
cluster from the east-northeast, thus creating hotteonesgihrough a shock. Such a scenario
would agree with the second-brightest galaxy on the X-rak@essociated with the strong radio
source MRC 0600-399, of which both radio-jets are bent backs/ towards east-northeast,
away from the “bullet”, suggesting an infall and ram presson radio jets from a gaseous
“wind” blowing from the west-southwest direction along g angek 70° (Fig. 1, detailed
image in fig. S1). The dominant elliptical galaxy in Abell 37s located in the south-west
subcluster~ 18 arc min (~ 1 Mpc) from the X-ray peak (Fig. 2). The highly asymmetrical
metal distribution [mainly iron, abow0% errors ([2)] near the center also suggests a violent
and recent dynamical event, where the gas is not well mixedaobserve patches of high
and low metallicity (Fig. 2; metallicity profile in fig.S2).

What is the energy source that could possibly power sucht gatho structures ? Any
electron acceleration process must be at least energetigbrio account for/, ~ 2.1 x 10%
erg/s of radio emission observed at the frequeney 1.4 GHz (sum of radio luminosity of two
sides). First, there is no evidence that any optical galsxopviously associated with the radio
arcs (Fig. 1), and it is unlikely that these arcs are the udluater radio galaxies. On the other
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hand, these radio structures could be generic to radicsrkfiown to occur in certain merging
clusters|?,8), although such double relics are rare. Another very sinsib@figuration of Mpc-
scale binary radio relic arcs is found in the well known megggalaxy cluster Abell 3667

( (15)). Second, initial acceleration at a central active-gataaucleus like point source and
particle transport by diffusion across~aMpc scale is not possible. The radiative energy loss

timescalet;~ for an electron of relativistic Lorentz factoris t;¢ ~ 2.3 x 10® (%)_1 (1+
z)~* year [assuming only inverse Compton scattering (IC) on the amttfie7 K background
and a weak magnetic fiel8 << 3 pG], and the diffusion length within the IC cooling time:
lass ~ (Dp tic)Y? = 11.36 (B/uG)~"/* pc << 1 Mpc, the scale of the observed radio arcs

[hereDp = 1.7 x 10% (%) (B/pG) ™" em? /s, the Bohm diffusion coefficient, for scattering
on saturated field fluctuations]. The discrepancy betweeltihm diffusion length-scale and
the radio structure size is so large that, even with the gictuof advective transport by bulk
flows and more effective diffusion in ordered magnetic figkdsctrons are still unable to cross
the emission region within a radiative life-time. Electsanust be acceleratedto~ 1.8 x 10*

(~ 10 GeV) for synchrotron emission at frequengy,, = 1.4 GHz in a magnetic field B=1 G
(Vsyn x v?B). Sparse observationg)(and simulations¥6) of magnetic fields in the diffuse
IGM at the cluster outskirts and within filaments suggest tha~ 10~" to 10~° G. In this
situation the synchrotron loss timescaléjs, ~ 10*(B/0.1uG)~?(1+2)*;c , and IC radiation

is the dominant cooling process.

Clearly, the detection of these large radio structuresdipc distances from the cluster
center inevitably requires some form of in situ acceleratiwechanism for particles and the
magnetic field powering them. The detected structures d¢aesalt from the chance superpo-
sition of background radio point sources which are very few) (02 sources per arcmirabove
1 mJy flux density), and most of the emission is truly diffugastly, it is very unlikely that
these diffuse sources are the radio-lobes of a currentiyeagiant radio galaxy (GRG), because
to ~ 0.2 mJy/beam surface brightness limit (5o signal) no radio jets or plumes connect the
radio sources with any central optical galaxy, and GRGs df &xtreme size~ 2 Mpc) are not
commonly found/17). On the other hand, their concave bow-shock like structsymmetric
and tangential juxtaposition on the merger axis - tangebtth to the chain of sub-clusters of
galaxies and to the X-ray emission elongation axis (Fig. dtfyengly supports association of
these arcs with the cluster,- and suggests their origin iasanological-scale energetic event
linked to the cluster formation process.

Hydrodynamical simulations show that only shock waves @aduin structure formation
processes are sufficiently extended, long-lived, and etiertp overcome the strong radiation
losses of the relativistic electrons over a Mpc-scale,digpaccelerating them to relativistic
energies18,19), which could emit synchrotron radio emission at the levserved8). These
ubiquitous shocks are an inevitable consequence of gtavitd collapse, and they are pivotal to
virialization of diffuse IGM. Two competing shockwave indog mechanisms are plausible: (i)
outgoing “merger shocks” emanating from the cluster cemduced by mergers of subclusters;
and (ii) the accretion flows of IGM and associated “accresboncks” near the virial radius.



We briefly mention both these plausible models because ¢thsirvational signatures - which
cannot be discerned in the present data - are very similar.

In the merger shock model, a pair of outgoing, merger-geedrshock waves20) could
have created these diffuse radio sources on the outskiddell 3376 by compressing and
accelerating a pre-existing lower energy “fossil” elentpmpulation21). It takes~ 10° years
for shock fronts to cross the 1-Mpc distance from the cluster center (at the ‘+’ mark in
Fig. 1) if the shock speed 8, = 10° km/s. The merger shock model adequately explains
the extended steep-spectrum radio arcs and elongated 3trtasture found in a well-studied
cluster Abell 366722). This is a plausible model given the striking resemblarfobell 3376
and Abell 3667, both of which provide strong evidences forgaes and have similar X-ray and
radio morphologiesl). The peripheral location of quasi-ring-like radio arcsl dime absence
of a central radio halo in Abell 3376 agree with simulatiorisreerger shocks [41); and
fig. S3].

In the accretion model, these giant radio structures coaltldcing the accretion shocks
from infall of IGM at the outskirts of the cluster Abell 337@n accretion shock at the virial
radius propagates outward while infalling gas crosseswand supersonically, which could
lead to shock acceleration of particles and radio emiss$itheiinfalling gas is magnetized [as
in (9)]. The virial radius is,;, = [3 M/ (47 A (2)peris(2))]Y?, whereA,(z) is the ratio of mass
density to critical density,.;(z) (10) inside a dissipationless, spherical, collapsing viziaty
halo of mass M at redshift z. Ifh Cold-Dark-Matter and Einstein-de SitterlQ)) cosmologies
A, ~ 340 andA. =~ 178 respectively, at = 0 (23), implying thatr,;, = 1.4 to 1.7 Mpc for
Abell 3376,- and the cluster virial massg,;, = 5.2 x 10** solar massesM) (24). This
exceeds the observed1-Mpc distance at which radio sources are found, possiblytalaenon
spherical filamentary geometry (Fig. 1) and an apparenatif@@eshortening due to projection
on the observer’s sky plane.

Recent hydrodynamical simulations reveal an intergadagttock structure more complex
than assumed in a simple spherical accretion model dedcebeve. Around rich clusters
these shocks (both accretion and merger) do not form fullyninated rings (in projection),
but they are strongest along the axes where filaments fuhadiGM deep into the forming
clusters18,/19). Along the same directions, high-speed mergers of sutecki$with merger
shocks) may take place, as observed here and in cluster 2&&1 (I5). This may provide
a clue to the origin of the radio structures observed in AB8II6, which are located on an
elliptical ring-like formation in projection (Fig. 1), yainly sections of this ring are actually
illuminated along an axis, where X-ray data clearly show thargers and infalls are taking
place and where shocks are strongest, leading to more efffuagticle acceleration. The actual
three dimensional morphology could be like a “bubble” orgeshell” on the surface of which
the shocks are located within a narrow zone. Some recentnzahsimulations of structure
shocks around similar massive galaxy clustéfg4(to 10> M) do predict this quasi ring-like
geometry of non thermal radiatiofd,21).

Therefore, in the giant radio structures discovered in AB&8V6 (and Abell 3667), we
are probably witnessing the first observational evidencenferger or accretion (or even both)



shocks near the sparsely studied virial infall region of asnge galaxy cluster. These shocks are
an important probe of the gas dynamics at the transition between the hot cluster medium
and cold WHIM gas. The Mach number&/() associated with these shock structures are not
known as yet. Their estimation requires temperature dathath sides of the shock to fit
Rankine-Hugoniot equations. For an intergalactic shotketluster outskirts in cold medium,
simulations predict high Mach number®/[ >> 1 (25)], and the pre and post shock temper-
aturesTy, andT;, are related ag, /T, ~ (5/16)M? in a gas of specific heat ratio = 5/3.
SettingT, ~ T,,;. = 4 x 107 K, the virial temperaturel(,;,) for the virial mass of the cluster, the
temperature of the infalling gas spans the range x 106 K, for M, between 50 and 5. This
is close to the expected temperature range of WHIM l@iasa(though too cold to be detectable
in a keV-band X-ray observation (Fig. 1).

The exact physical mechanism of the electron accelerasigret to be revealed, but dif-
fusive shock acceleration (DSA) is a strong possibility,ckhexplains the~ 4 Mpc scale
diffuse radio emission from the filamentary proto-clustev 2341.1+0000Z). In DSA,
the time scale for a particle (electron, proton, or a heaiga) to reach energy E is4;
tace(E) ~ 8Dp/u? = 8.45 x 10° unglgB;12‘1 year (for a strong shock af/, >> 1,
and Bohm diffusion). Herefs19=(E /10" eV), u3=(Vinoer/10* km s71), B,=(B/107¢ &), and
Z is the ionic charge{ = 1 for electron or proton). For cosmic-ray protons, which suff
negligible radiative losses below 50 EeV, the highest &raéibn energyF”  , is limited only
by the finite lifetime of shocks, i.€tuce = tmerger ~ 10° t0 1010 years (heret, e ge- is the
time scale for merger), thus giving? = ~ 108719 eV. Heavier ions carrying more charge
(for example *Fe) could be accelerated up to much larger energy, limitelb$s processes.
For cosmic-ray electrons, substantial radiative lossagldviimit their energy to a maximum
Ef . ~ 3.73 x 10" u3 B!/? eV. Lower-energy electrons of 10 3,,'/*> GeV would radiate the
observed 1.4 GHz synchrotron radio emission. The sketateuhsio is consistent with hydro-
dynamical simulations2g), which show that during gravitational infall and violenergers in
clusters, protons can be accelerated up to the ertefgy ~ 5 x 10 eV, if a turbulent magnetic
field of ~ 0.1 to 1uG is available, and if a fraction aboud—* of the infalling kinetic energy can
be injected into intergalactic medium as high-energy pkadi Our estimate of the minimum
energy magnetic fieldR,,;,) within the radio-arc regions in Abell 3376 1B,,;, = 0.5 to 3.0
1G, which depends on model paramet&#) (

Our observations here represent a substantial advance fietti, because they probe sev-
eral important components of the cosmic environment: gakactic gas, magnetic fields and
cosmic-rays. They indicate that magnetic fields of appldeiatrength are present not only
in the ICM but also in the diffuse inter galactic medium, ,iie.the gas that will be shocked
as it accretes onto collapsing structures - the precurdovgialized galaxy clusters. These
magnetic fields are necessary for providing the scattemgecs for the diffusive shock accel-
eration mechanism, and also for the synchrotron emissiainvik have observed. Because it
is not obvious how magnetic fields are amplified up to suchelasgjues along filaments, our
observation poses further challenges to theoretical nsqg@|29).

On the other hand, as we show in this work, if diffusive shootederation takes place with



some efficiency during the non-linear stage of large-sdaletsire formation, cosmic-ray ions
accumulating in the forming structure could become dynatftyigmportant 30). Objects like
Abell 3376 could be acceleration sites for cosmic-rays, r@hmeagnetized shocks are possi-
bly boosting hadronic particles to relativistic energies@10'® to 10'° eV. Downstream from
the shocks (toward the cluster center), accelerated matdhbe transported by diffusion and
advection, over a length scalg; ;) comparable to the cluster sizi;;; ~ 1.08 uglElgB;1
Mpc, under the Bohm diffusion regim25). These protons will remain trapped within the clus-
ter volume for a time scale comparable to the age of the c¢lusti their energy approaches
E?* >2 x 10" B, eV. Inverse Compton scatter of the 2.7 K cosmic microwavekgpazind
photons from both primary electrons accelerated in shoc#idram secondary electrons origi-
nating in hadronic processes (mainly pion decay and paduyartion), will give rise to photons
of energiest, ~ 100 v¢* GeV (whereys is the electron Lorentz factor in units ®67). This
inverse Compton spectrum could extend uptd 0 TeV, limited by a likely high-energy cut-
off in the electron energy spectrum. Radiation from primaactrons would trace the current
shock locations, owing to their short radiative coolingaimrhis tell-tale radiation might be
detectable with hard X-ray (SUZAKU, NEXT), or 1 MeV to 100 GeMray (GLAST), or
high-energy Te\w-ray (CANGAROO, MAGIC, VERITAS, HESS) telescopes, openagew
window on the non-thermal processes in cosmological laogde flows.
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Figure 1:(A) A composite map of radio and X-ray emissions from the galdugter Abell 3376. The radio
emission is represented by yellow contours (0.12, 0.248 &t 1 mJy per beam. Beam width: 20 arcsec FWHM
Gaussian) obtained from the Very Large Array 1.4 GHz obs&ema (12). The yellow ellipse shows an elliptical
fit to the peripheral radio structures, and the ‘+’ marks taeter of the ellipse. The central color image depicts
the thermal bremsstrahlung X-ray emission detected by ds#iBn Sensitive Proportional Counter instrument
onboard the Roentgen SatelliteX2-ks exposure, within 0.14 to 2.0 keV band). The red cirolask the position

of the two brightest cluster galaxies - the brightest altggtgalaxy on the lower-right and the second brightest
elliptical galaxy associated with the bent-jet radio seuxRC 0600-399 near the X-ray peakB) Composite
images obtained from superposing the radio and dffical é@madhe VLA 1.4 GHz radio maps (in red) for the
eastern (left) and the western (right) radio structuresshoevn overlayed on the red band Digitized Sky Survey
image (in blue).
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Figure 2: (a) XMM-Newton MOS1 and MOS2 [MOS stands for Metal Oxide Semigoctor ([2)] telescope
composite photon image in the 0.3 to 8.0 keV band. The blatkecshows the position of the second brightest
galaxy, which coincides with the X-ray peakb) Red band Digitized Sky Survey optical image with ROSAT
observed smoothed X-ray intensity iso-contours superpo3ée ROSAT energy range is 0.2 to 2.0 keV. The
brightest cluster galaxy (BCG) is indicated with an arrolaeBCG sits at the edge of the ROSAT field of view
but outside of the XMM field of view(c) Temperature map (color scale in keV units) derived from XMMad
Noticeably, there are several alternating cold and hobregitheir temperature varying from2 to ~ 6 keV. The
superposed X-ray intensity contours are from an adaptiselgothed XMM image (d) Metallicity map (color
scale in solar units) derived from XMM dai{&3). It shows a strong metallicity variation along the X-rateinsity
elongation axis. Contours are the same as in the previous.pdhe scale bars are in kpc, assuming redshift
z = 0.046 and standard cold dark matter cosmologiL0).

11



Supporting Online Material

1. VLA observations and data analysis

The southern galaxy cluster Abell 3376 was observed withvidrg Large Array (VLA) fa-
cility of National Radio Astronomy Observatory (NRAO), asWtaped interferometric array of
30 25m-diameter radio telescopes located on the plainsrofA§astin Socorro, New Mexico,
USA (1, 2). The L-band observations were done on two separate day20tnSeptember
2002, in “CnB” configuration (6 hours total) and on 25th Jagu2003 in “DnC” configura-
tion (6 hours total). The “CnB” and “DnC” are hybrid configtioms in which the antennas
on the east and west arms are moved in for the shorter cortiigur@ or D), but those on
the north arm remain in extended confuguration (B or C). Ta@uilts in better mapping of
sources located in the extreme southern sky such as Abedl 88 to a resultant more circular
synthesized beam shape. The basic data produced by theasgrthye visibilities, or measures
of the spatial coherence function, formed by correlatiosighals from the array’s elements
(one visibility sample for each pair of antennas, 351 vigibs during every sampling from all
telescope pairs). The two IFs (intermediate frequenciespwentered at 1464.9 MHz (IF1)
and 1385.1 MHz (IF2) with bandwidths of 50 MHz in each IF. Tlaedwere obtained in radio
continuum mode and amplitude (flux density scale) calibretvas obtained by boot-strapping
to 3C 48 which was assumed to have a flux density of 15.617011a&nd 16.3186 Jy at IF2
respectively. We used VLA calibrator 0616-349 as phasdbr to track visibility phases.
As the angular width of the entire cluster is quite large4( arcmin), therefore each observa-
tion contained 3 separate telescope pointings: centerditeariuster center, the east radio relic
and west radio relic respectively. At 21cm observing wawglh, the VLA system temperature
is ~45 K, when pointed at low elevation, required for pointing-d0° source declination. The
individual dish antennas have beam diameter (effective Geliew) of ~30 arcminutes at 1.4
GHz.

For analysis we used the NRAO ‘AIPS’ package. Bad data pdnots faulty anten-
nae/baselines and from high amplitudes or corrupted phases edited out. Radio imaging
of very faint, extended sources is always challenging dukddarge primary beam area of the
antennae, resulting in detection of many strong sourcesthigarea. In addition, the effects
of sky-curvature cannot be neglected in mapping and clgaofifields large in size. In order to
mitigate these problems as much as possible, for imaginglaodnvolution we used the task
‘IMAGR’ that permits the ‘faceted’ wide-field mapping andeahning option. We mapped up
to 30 small fields (facets) centered on strong sources ldGagariori within the field of view
centered on each of the three pointings, and then simultesheoleaned the entire set. At the
end of the cleaning cycle the clean components from all $stogfether were restored back onto
a single field to obtain a large wide-field image. We point diatt due to the use of a separate
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tangent point for each field, 3-D imaging, and the subtractibclean components from un-
gridded data (thus preventing aliasing of side-lobes)gtradity of the final clean image is quite
good.

During imaging, in order to emphasize the large-scale featand suppress the oscillations
in the side-lobes, the visibility data were tapered by a Giamsthat had0% weight at the 30 k
length of the interferometric spacing and parameter ROBE%Iwas used, corresponding to
‘natural’ weighting of interferometric visibilities. Theleaned maps were restored with circular
Gaussian beams 6" FWHM width. The calibrated data from two hybrid configuratsovere
combined with the task ‘DBCON'. This has resulted in betestivity and excellent mapping
of diffuse large-scale features, as well as angular reisoluteeded to identify the superposed
background point sources. We did at least four passes oeras amplitude self-calibration
(3) to correct for the closure phase and amplitude errors. @hkdround noise on the final radio
images (Fig. 1 and 2 main paper, Fig. S1 this section) reatws to~ 30 — 40, Jy/beam of
RMS and the S/N ratio for detection of diffuse radio featysdsock fronts) ranges from 3o
at the faintest contour te- 250 at the peaks (after removing a few superposed background
point sources). We used the task ‘PBCOR’ to correct for tihmany beam attenuation effect of
individual telescopes and all flux density measurement®\dene on these corrected images.
The point source corrected flux densities for the east and radg arc regions are 166 mJy
and 136 mJy respectively.

2. XMM-Newton and ROSAT observations and data analysis

The ROSAT (Roentgen Satallite) PSPC-B (PSPC: Positioni8enBroportional Counter de-
tector) X-ray data were retrieved from the High Energy Aglrgsics Science Archive Research
Center (HEASARC). The observation was performed on Felpr2@y 1992 with a 11.7 ks ex-
posure time. From the photon list file we have made animageeifict 14—2.0] keV band with
16 arcsec pixels (the spatial resolution is 25 arcsec). integle is shown in Fig. 1 and Fig. 2
of the main paper.

More recent X-ray imaging and spectroscopy data was olatainth XMM-Newton tele-
scope, providing much higher resolution and sensitivitye§e data are shown in Fig. 2 of the
main paper. XMM-Newton is the most sensitive X-ray telegcbpilt until now, thanks to its
58 mirrors (Wolter | grazing-incidence mirrors which arestegl in a coaxial and cofocal con-
figuration) collecting more X-rays than any other previousa)} observatory. XMM-Newton’s
scientific objective is to perform spectroscopy of cosmitay-sources over a range of energies
from around 0.15 keV to 15 keV. European Photon Imaging CaniePIC) onboard XMM-
Newton is the main focal plane instrument providing CCD imggand spectroscopy at the
focus of three XMM-Newton mirror systems. EPIC consistsvad MOS (Metal Oxide Semi-
conductor) CCD cameras, and one PN-type CCD camera. Eachdd@&ra contains an array
of seven MOS CCDs; and the PN-camera contains an array of 1/HRNCCDs. The three
EPIC cameras together offer the possibility to performeaxiely sensitive imaging observa-
tions over the telescope’s field of view (FOV) of 30 arcminmd&er, and in the energy range

13



from 0.15 to 15 keV with moderate spectréal (AE ~ 20 — 50) and angular resolution (point
spread function, about 6 arcsec FWHM).

We retrieved from the XMM-Newton archive a 47.2 ks obsenaperformed on April 01,
2003 in standard Full Frame mode (Observation ID: 0151900P@posal no.: 15190). The
pointing center of the telescope was on the position R6A.02™ 8.6°, and Dec.—39°57'18.0"
(J2000). The basic data processing (the “pipeline” remof/alad pixels, electronic noise and
correction for charge transfer losses) was done with the X8&liénce Analysis Software (SAS)
V6.0. For the spectral analysis, we have used the obsemgatiade with the EPIC/MOS1,
MOS2 and PN cameras. For the EPIC/MOS cameras, after agpilgen standard filtering,
keeping only events with FLAG= 0 and PATTERN< 12, we have removed the observation
times with flares using the light-curve in the [10-12 keV] Barsing a 3-sigma clipping tech-
nique. The cleaned MOS1 and MOS2 event files have remainipgsexe times of 19.3 ks and
19.7 ks, respectively. We used a similar procedure for thedpldlying the standard filtering
and keeping only events with FLA& 0 and PATTERN< 4. The cleaned PN event file has
a useful exposure time of 19.2 s. The redistribution andllangifiles (RMF and ARF) were
created with the SAS taskarf gen andar f gen for each camera and each region that we
analysed.

Spectra were analyzed wittsPEC 11.3.2. Since the spectra were rebinned, we have used
standardy? minimization. We have applied MEKAL4(5) plasma models. The metal abun-
dances (or metallicities) are based on the solar valuesxdive6). We chose to use these
abundances for easier comparison with previous work, dveagh these values may not be
accurate - more recent solar abundance determinations(78y give lower O and Fe abun-
dances thang). Using the combined XMM-Newton data the only clearly detedine is the
Fe XXV K-a complex at~ 6.7 keV (restframe energy), thus the metallicity is measureskta
mainly on the iron abundance. The photoelectric absorptiorainly due to neutral hydrogen
in our galaxy — was computed using the cross-sections giyé€f)bavailable inxsPEC

In order to obtain the mean temperature and metallicity efdluster, we extracted the X-
ray spectrum in an ellipse centered on the X-ray peak withva-geajor axis of 440 arcsec and
semi-minor axis of 390 arcsec. The spectral fits were dortedeta in the range [0.3—-8.0 keV],
simultaneously with MOS1, MOS2, and pn. Spectral fits weneedon the background cor-
rected data. We use the standard background obtained atMMiMe sCience center, created by
adding sky exposures of intermediate galactic latitud@evut bright sourcesl(). Within the
region selected for spectral fits, the mean emission-wethtemperature 87" = 4.1+0.3 keV
and the mean metallicity i& = 0.3 + 0.1Z., whereZ, denotes solar metal abundance. The
bolometric X-ray luminosity in this region &h-? x 10** erg s .

We have produced the thermal emission, temperature andlicigtanaps (Fig. 2) using
an adaptively kernel technique described it)( Briefly, we do a pixel-by-pixel spectral fit,
adapting the size of the fitted region based on a minimum numieet counts. Each fitted
pixel is then assigned with a temperature or metallicityigalFor the emission map, the pixel
size is 3.2 arcsec. For the temperature and metal abundaaps the pixel size is 12.8 arcsec.
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Figure S1(a): Image details near the strong radio source MRC 0600-399 iell 876 cluster, which is
positioned near the peak of “cometary” thermal bremsatirainX-ray emission (main text). The 1.4 GHz radio
emission observed by Very Large Array, at 20 arcsec beanmutéswo (contours), are shown superposed on the
XMM-Newton X-ray map (0.3-8.0 keV band). Contour values dfe12, 0.24, 0.48 and 1 mJy/beam). We can
see the X-ray emission associated with the radio galaxy @odea pair of radio jets strongly bent towards north
north-east, away from the elongated X-ray emission. Alsiblie is the large scale diffuse radio emission further

to the east.

Figure S1(b): Image showing a superposition of radio emission contoursl( GHz, observed with
Very Large Array, at 12 arcsec beam resolution), and thendhgptical image from the Digitized Sky Survey.
The 2nd brightest cluster member galaxy, associated wittbéint-jet radio galaxy MRC 0600-399 can be seen
close to its radio core. Another radio source, possiblyioating from an elliptical galaxy to the north east of
MRC 0600-399 can also be seen. The image coxeFs< 5 arcmir? (300 x 300 kpc?) region. Contour values are

:(0.25,0.5,1, 2, 4, 8 and 16 mJy/beam)
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Figure S2: Azimuthally averaged, radial profile of the intra-clusteedium metallicity (Z),
The center of the
39°57'42.6". The

here given in solar units, obtained from analysis of XMM-New data.

profile is located on the X-ray peak position R# 02™ 6.7¢, and Dec.—
metal abundance is mainly based on detection of Fe XX¥ ¢émplex at~ 6.7 keV (restframe
energy). The neutral hydrogen coloumn density is takenessgarameter for fitting and each
bin contains> 2000 counts. There appears to be no strong metallicity gradéenis the case
of virialized clusters, although a weak trend can be seemeStynamically virialized clusters
can have metallicity as high as th&,,,. in the centre, see, e.g1(). The absence of a clear
metallicity gradient is a sign of mixing, possibly causedlngcent merging event of subclusters

with their varied individual metal abumdances.
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Figure S3 (a): Results from a hydrodynamical simulation (with gas dynan@nod magnetic
fields ‘frozen’ into gas) of merger between two clusters afikir masses].7 x 10** M, and

1.6 x 103M, (at redshiftz ~ 0.6). The collision between two masses is virtually head-
on with a relative speed of 2000 km/s. We see the density (upaeels) and temperature
(lower panels) distribution on a slice along a plane whichtams the both centres of mass
of the initial two clusters. The scale bar is comoving lenigtth = Mpc. The first snapshot
is taken at redshift = 0.66 att = 0, and later snapshots, with snapshot time indicated in
Gyr (1 Gyr =10? yr), follow the center of mass of the cluster. The densityiv®g in proper
mass density divided by proton mass, and the gas tempeiatureKelvin degrees. In the
temperature maps, we can clearly see a pair of very kot K), merger generated shock
fronts propagating outwards from the cluster center, regck 1 Mpc distance at the outskirts
of the final collapsed cluster. The structure of these ‘tikg- shocks is very similar to giant
radio arcs discovered in Abell 3376 cluster. Many other féatary shock features can also
be seen, similar to what we see towards west of the easteim sadcture found in cluster
Abell 3376 (Fig. 1, and main text). (Simulation figure: ceet of, Matthias Hoeft and Marcus
Bruggen. For more details see the original paper: M. HoeftBMiggen and G. Yepe#/jon.
Not. R. Astron. Soc. 347, 389 (2004).
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Figure S3 (b): Results from a hydrodynamical simulation of merger shocis @eation of
large scale radio relics. This figure shows the radio lumtgg@sobability at a frequency of 100
MHz, per unit mass of radio plasma. Other parameters areamme ss in Fig. S3(a). Thus,
this figure shows not the actual radio luminosity, but théextarobability of radio emission in
arbitrary units (see the color bar. Black or red color showpoobability, while blue and yellow
trace regions of higher radio emission). The upper panerikigher value Pz /P,,; = 0.1) of
the ratio of magnetic pressurx) to gas pressuref{,;). The lower panel is for lower value
(0.01) of the same ratio. The most remarkable structure i®aipant ring-like feature with
diameter of about 1 Mpc, 1.13 Gyr after the shock fronts wergegated from the center due to
a merger. This radio structure corresponds to the outgdiagkswaves seen in Fig. S3(a). One
can clearly see the flaring of a radio plasma due to in situlshoceleration of electrons and
compression of radio plasma, even after 1 Gyr past of metdigher magnetic fields (upper
panels) result in too fast an ageing of the plasma (due tdsgtron emission losses), such that
the shock waves can not ‘revive’ the plasma. Noticeablyctmger of cluster is virtually void
of any 'radio-halo’ type synchrotron emission. The lack &iaalio-halo’ emission from cluster
center and the simulated structure of these ‘ring-like’ciispboth are remarkably similar to the
peripheral giant arc-like radio structures we discovenefibell 3376 cluster (Fig .1, and main
text). (Simulation figure: courtsey of, Matthias Hoeft anégus Bruggen. For more details
see the original paper: M. Hoeft, M. Bruggen and G. Yepéan. Not. R. Astron. Soc. 347,
389 (2004).
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