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cHAPTER 11

The discovery of diffuse steep spectrum sources in Abell 2256

Abstract. Hierarchical galaxy formation models indicate that dutingir lifetime galaxy clus-
ters undergo several mergers. An example of such a mergisteclis Abell 2256. Here we
report on the discovery of threefllise radio sources in the periphery of Abell 2256, using the
Giant Metrewave Radio Telescope (GMRT). The aim of the olsgems was to search for dif-
fuse ultra-steep spectrum radio sources within the gallsster Abell 2256. We have carried
out GMRT 325 MHz radio continuum observations of Abell 2256 R and | band images of
the cluster were taken with the 4.2m William Herschel Tedgsc(WHT). We have discovered
three difuse elongated radio sources located about 1 Mpc from theeclaesnter. Two are lo-
cated to the west of the cluster center, and one to the saithElae sources have a measured
physical extent of 170, 140 and 240 kpc, respectively. Theewestern sources are also visible
in deep low-resolution 115165 MHz Westerbork Synthesis Radio Telescope (WSRT) images
although they are blended into a single source. For the audl@mission of the blended source
we find an extreme spectral index) (0f —2.05+0.14 between 140 and 351 MHz. The extremely
steep spectral index suggests these two sources are nebdgtlik result of adiabatic compres-
sion of fossil radio plasma due to merger shocks. For thecgaiarthe southeast, we find that
a < —1.45 between 1369 and 325 MHz. We did not find any clear opticahtarparts to the
radio sources in the WHT images. The discovery of the steegtapm sources implies the ex-
istence of a population of faintfiluse radio sources in (merging) clusters with such steepirspec
that they have gone unnoticed in higher frequeneyt GHz) observations. Simply considering
the timescales related to the AGN activity, synchrotroséss and the presence of shocks, we
find that most massive clusters should possess similarasgufm exciting possibility therefore
is that such sources will determine the general appearanciesiers in low-frequency high
resolution radio maps as will be produced by for example LR©EA LWA.
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228 Chapter 11. The discovery oftfiise steep spectrum sources in Abell 2256

11.1 Introduction

Models of large-scale structure (LSS) formation show tlestrly all galaxy clusters grow via
mergers of smaller clusters and sub-structures. Theseansargn create shocks and turbulence
within the intra cluster medium (ICM) that are likely to arifiplmagnetic fields and accelerate
relativistic particles. In the presence of magnetic fiettigse particles will emit synchrotron
radiation, observable at radio frequencies (see the relvjelerrari et al. 2008and references
therein). Giant peripheral radio relics are thought to laedrs of the shock waves generated
by cluster mergersHnsslin et al. 1998Miniati et al. 2000Q. At the location of the shock front
particles are accelerated viaftisive shock acceleration (DSA) by the Fermi-I process (e.g.
Drury 1983 Blandford & Eichler 1987 Jones & Ellison 1991Malkov & O’C Drury 2001).
Shock waves generated by cluster mergers can also compssfigédio plasma from previous
episodes of AGN activity and produce radio reli&nlin & Gopal-Krishna 20G1EnRlin &
Briiggen 2002 Proposed examples of these radio relics, also called gtbenicesare the
sources found bglee et al(2001). These sources have a steep spectral ih@lex —1.5) and
filamentary morphologies. The steep spectral indices aeabult of synchrotron and inverse
Compton (IC) losses.

Abell 2256 is a massive cluster located at a redshift.0681 Struble & Rood 1999 Ex-
tensive observations from X-ray to radio wavelengths h&aave that the cluster is presently
undergoing a merger with a smaller sub-structure. Thesgy)6lbservations revealed significant
sub-structure within the cluster. The most prominent fieatue two separate X-ray pealgigl
et al. 1991 Briel & Henry 1994 Sun et al. 200Rproviding strong evidence that Abell 2256
is indeed undergoing a merger. At radio wavelengths, thetefilshows a very complex mor-
phology. The cluster is known to host a bright peripheralaadlic, a radio halo, a number
of complex relatively compact filamentary sources, and isdvlead-tail” sourcesRridle &
Fomalont 1976Bridle et al. 1979Rottgering et al. 199Miller et al. 2003 Clarke & Ensslin
2006 Brentjens 2008

Here we present deep 325 MHz radio continuum observatioAbelf 2256 with the GMRT,
complemented by WSRT 115165 MHz observations and optical WHT imaging. In this paper
we focus on the discovery of threefilise sources in the cluster periphery. A detailed com-
parison of the other sources in the cluster has been presbptmtema(2009. The layout
of this paper is as follows. In Sec@l.2we give an overview of the observations and data re-
duction. In Sectl1l.3we present the radio and optical maps. We end with a disqussid
conclusions in Sectd1.4and11.5 Throughout this paper we assumé&&DM cosmology
with Hg = 73 km s Mpc™?, Q,, = 0.27, andQ, = 0.73. At the distance of Abell 2256
1” corresponds to0.08 kpc right 2008.

11.2 Observations & data reduction

Abell 2256 was observed with the GMRT at a frequency of 325 MH= observations recorded
both LL and RR polarizations in two sub-bands (IFs) with alt@andwidth of 32 MHz, and
128 frequency channels per IF. The observations were dastieon May 25 & 26, 2008. The
absolute flux scale was set according to Berley & Taylor(1999 extension of theBaars
et al. (1977 scale using the calibrators 3C48, 3C147, and 3C286. Tla dotsource time

1F, o v®, with @ the spectral index
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Figure 11.1: Left: Radio map at 325 MHz with a restoring bedrs sf 239” x 15.9”, indicated in the
bottom left corner. The red contours are drawn at levels g2,4,8,...] x 3o ms uJy beam'. Various
sources are labeled with capital letters. Right: Opticaldes around AGAH (top right panel) and Al
(bottom right panel) composed out of V (blue), R (green), kfrdd) band images.
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for Abell 2256 was about 9.5 hours. The data were reducedyubki;m NRAO Astronomical
Image Processing System (AIPS). The data was correctedhéoinstrumental bandpass and
complex gain solutions were determined using the calilosediad applied to our target source.
The sidelobes from six bright sourceezted our target source in the center of the field. We
removed these six sources using the “peeling”-method, (Bgordam 2004 We used the
polyhedronimaging methodPérley 1989Cornwell & Perley 199Pto reduce theféects of non-
coplanar baselines. The final primary beam corrected imagemade using robust weighting
set to 05 (Briggs 1999, yielding a synthesized beam of .93 x 15.9”. The rms noise in this
image was 119Jy beam?.

A2256 was observed with the WSRT in 8 IFs, each IF having 2.5zNbdndwidth and
128 channels, placed between 115 and 165 MHz. The totalratteg time was 6< 12 hours
using six diferent configurations (with four moveable antennas) to segspgrating lobes. Each
12 hour observation and IF were calibrated separatelyecting for the bandpass and slow gain
variations (using 3C48 and 3C295). The data was furthercsditbrated using three rounds of
phase and one round of amplitude and phase selfcalibratfendata for the six configurations
were then combined per IF and imaged separately. The noigeimages ranged between
5.0 — 14.6 mJy beamt, and the resolution varied from 17%t 115 MHz to 130 at 165 MHz.
For more details on the reduction de¢ema(2009.

Optical V, R and | band images were taken at the location oihewly discovered sources
with the 4.2m WHT telescope (PFIP CCD camera) on April 19,200he seeing during the
observations was about 1.5the total exposure time was 600 s per band. The images were
reduced with IRAF Tody 1986 1993 using themscredpackage Valdes 1998 All images
were flat fielded and bias-corrected. The | band image wagdraorrected. Zero-points were
determined using various observations of standard stees @uring the night. The final images
have a depth (SNR of 4 for point sources) of approximatel® 2342, 228 magnitude (Vega)
in the V, R and | band, respectively.

11.3 Results

We adopt the radio source labeling frd@ridle & Fomalont(1976 andRottgering et al(1994).
The 325 MHz GMRT image (Figl1.1) clearly shows the presence of the known AGN related
sources (A, B, C, and I), the bright peripheral relic (the bamed emission from G and H) and
the complex source F. The radio halo is only partly visibleusd source D since the short-
est baselines were severelfjezted by RFI and had to be flagged. In this paper we focus on
three new dituse sources discovered in the maps, which we label sourc@KBGand Al, see
Fig. 11.1 AG and AH are neighboring sources (aboQttb the west of the cluster center and
have an extent of 130and 160, respectively. Source Al is located on the SE side of thetetus
and has an extent of 220The integrated 325 MHz fluxes are:71, 12+ 1, and 11+ 1 mJy for
sources AG, AH and Al, respectively (by summing the flux withi region half an arcminute
outside the 3 contours). Sources AG and AH are also seen in the 351 MHz ipiegented by
Brentjens(2008. However, due to the lower resolution of this image, théude nature of the
sources is not apparent. Source Al is also seen in the sangejiipat only the southern brighter
part is visible. The northern half of Al is too faint to be W& in this map. At a redshift of
0.0581 the sources have a physical extent of 140 (AG), 170 (Atd)240 kpc (Al). They are
located at a projected distance of about one Mpc from theeasigenter.
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Figure 11.2: WSRT spectral index map between 140 and 351 Mbial intensity contours at 140 MHz
are shown at levels of [2, 4, 8,16, 32, ...] x18 mJy beam'. The total intensity map is a linear combination
of six IFs between 115 and 165 MHz. The 351 MHz image was taksm Brentjens(2008.

Optical images at the position of the radio sources are lsaisin Figl1.1 At aredshift of
0.0581 any cluster member capable of hosting an AGN shouwldsidge in our optical images.
We cannot unambiguously identify an optical counterparsfuurces AH and Al. The western
part of source AG may be identified with a background galaxpgt likely) located behind the
cluster. However, no radio source at this location is foun#l.# GHz Very Large Array (VLA)
images Clarke & Ensslin 200§ indicating the source must have a steep spectrum.

11.3.1 Spectral indices

Sources AG-AH are detected in each individual WSRT band. Source Al i©phty detected
(~ 30) in a deep low-resolution (17% WSRT 140 MHz continuum image, a combination of
images from six IFs convolved to 17%esolution, see Fidl1.2(the images of two IFsféected
by strong RFI have been left out). By fitting a single spedtrdéx through the 6 individual IFs,
it was found that the spectral index around-A&H was steeper by about -1.5 units than that of
the main relic to the east. A better spectral index map waatedeusing the 351 MHz image
from BrentjengFig. 2 convolved to a resolution of 17p The spectral index of AGAH in this
map is—2.05+ 0.14.

Sources AG, AH and Al are not detected in deep 1369, 1413,,1&181703 MHz VLA
C-array (L-band) observations fro@larke & Ensslin(2006, which have noise levels of 34, 40,
40, and 43.Jy beam?, respectively. This implies a steep spectrum for thesecesuand rules
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out an identification as a radio-loud AGN within the clustehich have a typical spectral index
of —0.7). We combined these four L-band images to create a deepgeimsing the 1369 MHz
image as a reference. The images were all convolved to a Hearmfd8’ x 16”. The images
were scaled to a common flux scale by adoptirfipdént spectral indices ranging betweeh5
and-3.0, but we did not detect the ftlise sources in any of these combined maps. Using a
spectral index scaling 0f1.0 resulted in a noise level about a facto? Gower compared to
the 1369 MHz image. We have taken this image to derive an Uppitron the spectral index
between 1369 and 325 MHz. The local rms noise level near Alécbmbined L-band image
is 58uJy beam?. Al covers an area of 61 beams (using the same area over wkicheasured
the integrated flux as reported in Sett.3. Assuming that the noise scal@svNpeams With
Nbeamsthe number of beams, this gives an upper limit for the 1369 Miti#zof 1.36 mJy, using
a signal to noise ratio of (SNR) of 3 for a detection. Combiméith the 325 MHz flux this
implies thata < —1.45 for Al (between 325 and 1369 MHz). We do a combined anafgsis
sources AG and AH as they are not separable in the spectexd mdp. The rms noise level near
AG+AH is 40 uJy beam®. The sources cover an area of 92 beams, which gives an upper li
of 1.15 mJy for the 1369 MHz flux, implying that < —1.95 (between 325 and 1369 MHz).
This is consistent with the spectral index-e2.05+ 0.14 between 140 and 351 MHz.

11.4 Discussion

Three diferent origins have been proposed for the presence of rdiis e clusters: (i) in-situ
acceleration by the DSA mechanism, (ii) adiabatic compoeassf fossil radio plasma (produc-
ing radiophoenice} and (iii) AGN relics The first mechanism is thought to be responsible for
the presence of giant Mpc-size radio relics in the peripbégjusters, as is the case for the well
known bright relic in A2256. In the second case a passingkshawe in the ICM adiabatically
compresses fossil radio plasma, producing a radio phodihig.morphologies of such sources
can be filamentary or toroidaEqf3lin & Briiggen 200R This radio plasma is proposed to origi-
nate from a previous episode of AGN activity. After the elent have lost most of their energy
they become invisible as “radio ghosts”. At the passage bbalswave they are revived (their
brightness increases) and they become visible again withsteep radio spectra. The size of
these sources is in general limited to a few hundred kpc asrtteeto compress larger ghosts
would remove most of the energetic electrons responsibiléhtoradio emission by radiative
energy lossedlarke & Ensslin 2006 Radio plasma which originated from a previous episode
of AGN activity can remain visible as a steep-spectrum AGI r& hese sources are generally
fainter than radio phoenices of the same age, as no compmeaxfsiadio plasma has taken place
(EnBlin & Gopal-Krishna 2001EnRlin & Briiggen 2002 These AGN relics do not require
shocks from cluster mergers.

The two radio sources to the west of the cluster center ategbity radio phoenices or AGN
relics, as they have steep radio spectra, relatively snmdbsare not clearly identified with
galaxies, and diuse in nature. Since the cluster is undergoing a mergerjensbiurces do not
show a symmetric double lobe structure (like some of the A@I\¢s found byDwarakanath
& Kale (2009), these sources are more likely to be radio phoenices tiiN relics. Spectral
modeling as carried out by e.dgntema(2009 andDwarakanath & Kalg2009 can be used to
separate between these two scenarios. At present we doveoéhaugh flux measurements for
our sources available to carry out such an analysis. Sourtelécated at the edge of the radio
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halo, this source could be a radio phoenix or a faint radic tedcing a shock front.

Since the plasma from both radio phoenices and AGN relicsldhariginate from AGN,
we have searched for any nearby galaxies that could haverearan AGN. These galaxies are
marked with red crosses in Fi1.1 Sources AG and AH are located at the end of head-tail
source C. It could be that the radio plasma originated fromtdil. Other galaxies located in
the cluster are also present in the neighborhood: 2MASX02352-7842076 ¢ = 0.058834,
Berrington et al. 2008 is located at the position of AG. For AH we find two possib&daxies,
Abell 2256:[BLC2002] 00564 = 0.056518) to the north, and 2MASX J165948T842055
(z = 0.055357) to the south. However, none of these are classifiadgént ellipticals which
are more likely to have been active. A typical maximum agefiadio phoenix is 0yr (EnRlin
& Gopal-Krishna 2001 Using the velocity dispersion of 1269 km'gMiller et al. 2003 for
A2256, the displacement radius would be around 130 kp2’). This radius could be several
times larger if the radio plasma is older, or if the host gglhas a higher peculiar velocity.
Within the range of several hundreds of kpc many cluster negmbre found, we therefore
cannot identify the sources of the radio plasma.

There are about 50 elliptical galaxies within the clustelichcan host an AGN, 15 of
which are observed to be radio-loudi{ler et al. 2003 Berrington et al. 2002 This radio-
loud fraction is consistent with the results frdest et al.(2005 for the general population of
massive galaxie€nlin & Gopal-Krishng2001) showed that the fossil radio plasma in radio
ghosts needs to be revived within®1® 1 yr to become a radio phoenix, depending on the
synchrotron losses. Here we adopt the more conservative wl1® yr. The number of radio
phoenices in a clusteNgnoeniy is the product of the number of inactive AGNs in a clusteaf th
produced radio ghosts less tharf 30 old (Ngnos), and the fraction of them being compressed
(feompressel DY (merger) shocks wavesnoenix = Nghost X feompressed TO estimateNgnost One
needs to know which fraction of elliptical galaxies in a ¢&rsgoes through phases of AGN
activity and their duty cycle. These numbers are not wellst@ined, but we know that the
fraction of active AGN is at least ¥50 = 0.3 in the case of A2256. Estimates for the duty cycle
of AGN are around 19yrs (e.g. Birzan et al. 2004Pope et al. 200685habala et al. 20Q8but
these estimates vary by an order of magnitude and are ontgalaxies in the center of cool
core clusters. Although it is flicult to estimate the number of radio phoenices in a cludter, t
fact that there are several radio phoenices in A2256 maltigely that other merging clusters
have radio ghosts, which have been revived by merger shouksaand are visible as radio
phoenices.

11.5 Conclusions

We have presented GMRT 325 MHz radio observations of theerlusbell 2256. Our radio
maps reveal the presence of threffudie sources located in the periphery of the cluster. The
sources have a steep spectrum. For the combined emissionA and AH we finda =
—2.05+ 0.14 between 140 and 351 MHz. For Al we set an upper limiz 6f —1.45 between
325 and 1369 MHz. Optical images do not reveal any obviouatesparts. Source Al could be

a faint radio relic tracing a shock front in the ICM or a radioognix. Detailed spectral index
modeling angbr deep X-ray observations (searching for shock frontsiwitie ICM) could be
used to separate between these scenarios. Sources AG & ARloatdikely radio phoenices,
fossil radio plasma from a previous episode of AGN activitgtthas been compressed by merger
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shock waves. Although, we cannot exclude the possibiliy the sources are AGN relics. In
this case the sources might be related to the long headstaits C within the cluster.

Most massive merging clusters should possess similar ssuconsidering the timescales
related to AGN activity, the number of active AGN in clustetise presence of shocks, and
synchrotron and IC losses. These sources are very fainglatfrequenciesX 1 GHz) so they
have gone previously unnoticed. Since the radio spectrheasfet sources are steep, they will
probably determine the observed appearance of clustesw/ifréquency radio maps as will be
produced for example by LOFARRQttgering et al. 20060r the Long Wavelength Array (LWA,
Kassim & Erickson 2008
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