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CHAPTER 12

LOFAR Abell 2256 observations between 18 and 67 MHz

Abstract.

Abell 2256 is one of the best known examples of a galaxy alusisting large-scale fiuse
radio emission that is unrelated to individual galaxiescdmtains both a giant radio halo and
a relic as well as number of head-tail sources and smalfirsgi steep-spectrum radio sources.
The origin of radio halos and relics is still being debatad, dver the last years it has become
clear that the presence of these radio sources is closalgdeio galaxy cluster merger events.
Here we present the first LOFAR Low-band antenna (LBA) obestiams of Abell 2256 between
18 and 67 MHz. To our knowledge, the images made at 20, 30 adH6Bare the deepest
ever obtained at frequencies below 100 MHz. Both the radio &ad the giant relic are clearly
detected in the LBA image at 63 MHz, and théfdse radio emission remains visible at fre-
guencies as low as 20 MHz. The observations confirm the presafna previously claimed
ultra-steep spectrum source to the west of the cluster ceittea spectral index 0f£2.3 + 0.4
between 63 and 153 MHz. The steep spectrum suggests thabtinise is an old part of the
head-tail radio source C in the cluster. For the radio rekdiwd an integrated spectral index of
—-0.81 + 0.03, after removing the flux contribution from the other s@s:cThis flat integrated
spectral index could indicate that in the observed frequeange the electron cooling time is
longer than the age of the relic. If shocks are assumed todpensible for relic formation, this
would imply that the relic traces a shock that only recentiyrfed (within the last 0.1 Gyr).

In the radio halo region we find indications of low-frequespgctral steepening.

R. J. van Weeren et al., on behalf of the LOFAR collaboration
to be submitted
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236 Chapter 12. LOFAR Abell 2256 observations between 1&andHz

12.1 Introduction

Radio halos and relics arefilise radio sources, unrelated to individual galaxies, faordis-
turbed galaxy clusters (see the reviews Fsretti 2005 Ferrari et al. 2008and references
therein). These sources are rare — only several dozen egarhale been previously identi-
fied. The presence offiluse radio emission indicates magnetic fields and relatistrticles
in the intracluster medium (ICM) that are (re)acceleratediiu, due to the limited lifetime of
the synchrotron emitting electrondsfe 1977. The origin of this difuse emission is presently
still being debated and is crucial for understanding the-th@mmal component in the ICM and
particle acceleration mechanisms.

Over the last decade it has become clear that tifasdi radio emission in galaxy clusters
is often related to galaxy cluster merger events (€gssano et al. 2010kban Weeren et al.
2010. Itis also predicted in the framework of the concordanteolegical model that galaxy
clusters grow as a result of the mergers of smaller clustetsab-structures creating turbulence
and shocks (e.gMarkevitch et al. 2002Vazza et al. 2008Russell et al. 201)0n their ICM.

Diffuse sources in merging clusters have commonly been clasasieadiorelics andha-
los. In this context, elongated filamentary sources have généeen called relics. Relics are
usually further subdivided into three classes (see Hismpner et al. 2004 (1) Radio Gis-
chtare large extended arc-like sources mostly found in thekotgof galaxy clusters. They
are often highly polarized at frequenciesl GHz (20% or more). It has been proposed that
they directly trace shock waveEigsslin et al. 1998Miniati et al. 2003, in which particles are
accelerated by the fiusive shock acceleration mechanism (D®%andford & Ostriker 1978
Drury 1983 Blandford & Eichler 1987Jones & Ellison 1991Malkov & O’'C Drury 200]) in a
first-order Fermi process. A related scenario is that of klneeacceleration of pre-accelerated
electrons in the ICM, which may be a mor&ieient mechanism in weak shocks (eldarke-
vitch et al. 2005Giacintucci et al. 2008<ang & Ryu 201} and might be needed because the
efficiency with which collisionless shocks can accelerategastis unknown, and might not be
enough (e.gMacario et al. 201)lto produce the observed radio brightness. The pre-aeteter
electrons could for example originate from the radio gaan clusters. (2Radio phoenices
are most likely related to fossil radio plasma from previepsodes of AGN activity adiabati-
cally compressed by merger shock waves, boosting the radssesn Enf3lin & Gopal-Krishna
2001 EnBlin & Briiggen 200 (3) AGN relicstrace old (uncompressed) radio plasma from pre-
vious episodes of AGN activity. The radio spectra of bothaguhoenices and AGN relics are
expected to be steepr (s 1.5, F, x v*, wherea is the spectral index) and curved due to
synchrotron and Inverse Compton (IC) losses.

Radio halosare extended sources with sizes of about a Mpc. They areafjypimpolarized
and their radio emission roughly follows the thermal X-rayigsion from the ICM. Two classes
of models have been put forward to explain the origin of tHemes. In the first model the
energetic electrons are the secondary products of pratmoipcollisions (e.g.Dennison 1980
Blasi & Colafrancesco 199®olag & EnRlin 2000 EnRlin et al. 201} In the second model
the electrons are re-accelerated in-situ through a secatat Bermi mechanism by magneto-
hydrodynamical (MHD) turbulence (e.gBrunetti et al. 200;1Petrosian 2001The existence of
ultra-steep spectrum radio halos (USSRHs —1.5, Brunetti et al. 2008Macario et al. 2010
Dallacasa et al. 2009oes not support a secondary origin for the electrons a=gitires an
unrealistic amount of energy in the relativistic protoBsunetti 2004.

Abell 2256 is a nearbyz = 0.0581 Struble & Rood 199§ cluster that contains a giant
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radio halo, relic and a large number of tailed radio galaxidé® relic has a large integrated flux,
compared to other relics, of about 0.5 Jy at 1.4 GHz. The largpular extent of the ffuse
emission and its large integrated flux make it a prime targeidw-frequency observations
which typically sdfer from low spatial resolution and sensitivity, compareabservations at
high frequencies{ 1 GHz).

The cluster hosts a handful of head-tail radio sources dsawskveral smaller fluse radio
sources not directly related to individual galaxiBsidle & Fomalont 1976Bridle et al. 1979
Rottgering et al. 199Miller et al. 2003 Clarke & Ensslin 2006Brentjens 2008Intema 2009
van Weeren et al. 2009&ale & Dwarakanath 2010 X-ray and optical observations provide
strong evidence that A2256 is undergoing a merger eventdegtwa main clusteiicy ~ 7—

8 keV), a major sub-structur@ ey ~ 4.5 keV) and, possibly, a third infalling group(iel et al.
1991 Briel & Henry 1994 Sun et al. 2002Berrington et al. 2002Miller et al. 2003. The
cluster has an X-ray luminosity dfx 0124 kev = 3.7 x 10* erg s* (Ebeling et al. 1998

At wavelengths larger than 1 m, thefiise radio emission in A2256 has been studied with
the GMRT at 150 MHzlftema 2009Kale & Dwarakanath 201Qand with the WSRT between
115 and 165 MHz\@an Weeren et al. 2009mtema 2009 The VLSS 74 MHz imageGohen
et al. 2007 shows a hint of dfuse emission, and the 8C and 6C survey imagtses et al.
1995 Masson & Mayer 197ghave too low resolution to properly separate the flux coations
from the discrete sources. The observationdriigma(2009 andvan Weeren et al20093
showed the presence of three previously unknowfiusé sources with steep radio spectrag(
—1.5). These steep radio spectra suggest that these sourmesittaadio plasma from previous
episodes of AGN activity in the cluster.

In this paper we present the first LOFAR observations of AB286, focussing on the fre-
guency range around 63 MHz. The layout of this paper is asvisll In Sect12.2we give
an overview of the observations and the data reduction. ¢b $2.2.1we present the results,
including the radio images and a spectral index map. We adeclith a discussion and the
results presented in Sec&6and2.7, respectively. Throughout this paper we assum&EdM
cosmology withHg = 71 km s* Mpc™?, Q, = 0.3, andQ, = 0.7.

12.2 Observations & data reduction

Abell 2256 was observed with LOFAR on July 15, 2011, with tH@ALsystem for 10 hrs,
mostly during night-time. Complete frequency coveragaken 18 and 67 MHz was obtained,
although there were a few gaps at frequencies where ustiahygsradio frequency interference
(RFI) is present. All four linear correlation products weeeorded. The observed frequency
range was divided into 244 sub-bands (IFs), each having dviidth of 0.1953 MHz. Each
sub-band was subdivided into 64 frequency channels. Tlegration time was 1 s. The so-
called LBA.OUTER configuration was used for the LBA stations. In this ed8 (of 96) LBA
antennas are used, located mostly in the outer part of tlemaatfieldgstations (which have
diameters of about 80 m). This increases the sidelobe Iévethe station beams but reduces
the field of view (FOV) with respect to other station antenaafigurations.

In total 25 stations (8 remote and 17 core) were used for tiBbADbservation. The longest
baseline, between stations RS208 and RS509, is about 80 drthearshortest baselines corre-
sponds to~ 90 m. The uv-coverage is shown in FitR.1 The FOV (FWHM of the primary
beam) is about 4%6and 9.2 at 60 and 30 MHz, respectively. It should be noted though that
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Figure 12.1: UV-coverage of the observations. The outerco¥erage is shown in the top left frame, the
next frames progressively zoom inwards. The relativelyadrbandwidth fills the uv-plane radially (not
shown in the figures).
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Figure 12.2: Left: LBA global bandpass. The bandpass peadisaut 58 MHz. Right: Measured LOFAR
fluxes and predicted fluxes for 5 bright sources in the A2236.fiEor all these sources 8C, VLSS, 7C,
WENSS, and NVSS fluxes were available. We used second ortjerguoial fits in log §) — log (v) space
to compute the predicted 63 MHz fluxes. An overall scalingdaof 1.23 was applied to the LOFAR
fluxes. The error bars display the adopted 10% uncertairttyarilux scale.

the stations beams are complex-valued, time and direcepentent, and slightly fier from
station to station.

As a first step, the RFI was flagged with the AOFlagdeftiinga et al. 201Pusing default
settings, and the first and last two channels at the edge bffdzband were removed. The
amount of RFI flagged was typically only few percent or lessv&30 MHz. The amount of
RFI increases strongly below 28 MHz. Between 30% and 70% had to be flagged below
this frequency for most sub-bands, with at least some ofatirgbutable to short-wave radio
transmissions. The RFI situation was somewhat better afignight. After flagging, the data
were averagedintimeto5s.

For this A2256 observation, the bright radio sources Casyy, £and Vir A (the so-called
“A-team sources”) were located 34, 42, and @way from the phase center, respectively. These
sources have integrated flux densities of about 17764, 1 &@b2085 Jy at 74 MHz, respec-
tively. Therefore the attenuated signals from Cas A and Cyayeé\still much stronger (more
than a factor of 10) than the signal from the sources in thagny FOV. Their amplitudes are
strongly modulated as they move in and out of the station b&delobes. For the first 2.5 hr
of the observations Vir A alsofiects the observed visibilities, until the source sets belmv
horizon. At frequencies 35 MHz, 3C 390.3 (located 4°7rom the phase center) isficiently
bright, 145+ 14 Jy at 38 MHz Kales et al. 1995 that it needs to be treated separately as
described below.

The first calibration step consisted of the removal of theghA-team” sources. Below
35 MHz, 3C 390.3 was also included in the calibration modelr the models of the A-team
sources and 3C 390.3 we used the clean component models aHZ4rbn VLA A-array*
observationsKassim et al. 200)7with resolution of 28. For all calibration steps we used
the BlackBoard Selfcal (BBS) software (e.gleald et al. 2010 Full polarization direction

Thttpy/lwa.nrl.navy.miltutoriay
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dependent complex gain solutions were obtained for theetAréeam sources (and 3C 390.3
below 35 MHz) independently per sub-band. Vir A was only inited in the calibration model
for the first 2.5 hr. In general, high-quality solutions wetsained for Cas A and Cyg A, while
the solutions for Vir A and 3C 390.3 were noisier due to theweér apparent fluxes. The A-
team sources were then subtracted (“peeled”) with the agtighgain solutions. 3C390.3 was
not subtracted as it is in the main FOV below 35 MHz and usedlissquent calibration steps.
After removal of the A-team sources from the visibility data performed another round of
flagging with the AOFlagger and averaged the data to 4 charamal 10 sec per sub-band, to
decrease the size of the dataset whilst mitigating bantivadtd time smearingfiects in the
central FOV.

The responses of the LBA antennas depends on the obsergeefrey (see Fidl2.2). The
LBA response was obtained from observations of Cyg A. Olagems carried out over the
course of several months show that the bandpass resportables at the few precent level or
better. We divided out this sensitivity pattern to avoid tleed to obtain amplitude calibration
solutions for each individual sub-band. The reason behiigi$ that the signal to noise ratio
(SNR) per sub-band is not icient to obtain good gain solutions due to the limitétketive
bandwidth of 0.183 MHz. By combining several sub-bands lim&ation can be overcome.
However, a problem at low frequencies is that the ionosph#rase distortions are frequency
dependent, and thidfect increases towards lower frequencies. At about 60 MHztigians that
if this effect is not included only about 1 MHz bandwidth can be useddbibation, depending
on the ionospheric conditions (e.g., eq. 4 fréntema et al. 2000 To obtain high-quality
solutions more bandwidth is required. This can be accommgli®y solving for the dierential
total electron content: TEC. This adds a frequency depdngleasse term (TEG/). During
the calibration we therefore solve for a single polarizatiependent complex gain factor (to
set the amplitudes and capture other instrumerifatts such as clock drift) and polarization
independent TEC value per station and time-slot (10 s). W @8 sub-bands around 20 MHz,
20 around 30 MHz, and 30 around 63 MHz for this “global calilana’’ including TEC solving.
Due to computational limitations we concentrated dimrs on these three frequency ranges.

We calibrated the data against a 74 MHZ'80LSS model of the field around A2256 (cov-
ering 15 x 15°), assuming that all sources are unpolarized, which is aoredde assumption
at these low frequencies. We used an overall flux scaling avgpectral index of0.8 to get a
first order approximation of the flux-scale. For computing thodel visibilities we included the
complex beam attenuation of each station beam.

12.2.1 Primary beam correction, absolute flux-scale and detalibration

We applied the calibration solutions and corrected the fbatdne each station’s beam response
in the phase center. Note that it is only possible to correcttie stations beam response in
a single direction. For the other directions (within the m&OV) this correction is only a
first order approximation. The entire FOV (to an attenuafasior of Q15 compared to the
beam center) was then imaged and cleaned with Casapy wittojeetion Cornwell et al.
2005 2008, 768 w-planes in total. Ideally, to create flux correctedevfield images, the time-
variable direction dependenffects need to be taken into account (eBlhatnagar et al. 2008
This functionality is still under development. We made iragvith “briggs” weighting Briggs
1995 with robust-0.1, a compromise between resolution and sensitivity to earisa# larger
spatial scales. We combined groups of sub-bands aroun®@®d320 MHz for multi-frequency
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Figure 12.3: Left: Simulated point sources of 1 Jy in the A2iBld at 63 MHz. Right: Hective primary
beam attenuation of the A2256 observations at 63 MHz, fittirgyirface to the integrated fluxes of the
sources in the left panel. Sources which were used to olitaifitix-scale are marked.

synthesis imaging, producing three broadband images.

To obtain the correct relative flux scale over the field we $atad a dense grid of 1 Jy
point sources in the A2256 field including the LOFAR stati@aim. This grid is illustrated in
Fig. 12.3 With this we could track theffective beam attenuation as a function of position in the
FOV. This simulated dataset (with the same frequency satdpua-coverage as the observed
data) was then imaged the same way as the observed A2256/ataxtracted the integrated
fluxes for these simulated point sources usingRpBDSM source detection softwatre A 2D
surface was fitted to these extracted source fluxes usingrtiddlata module from the python
matplotlib, which employs a Delaunay triangulatioithis triangulated surface gives thiee-
tive sensitivity as function of position in the A2256 fielddaoan be used to create a primary
beam corrected image. We used the flux-corrected image &inadnt updated sky model (again
with PyBDSM) for a subsequent round of self-calibration (the caliloragtrategy remaining un-
changed).

The final images (robust-0.1) have noise levels of 10, 43, 250 mJy beamt 60, 30 and
20 MHz respectively. A lower resolution, robu€t5 weighting, image at 63 MHz has a noise of
25 mJy beam'. See Tabld 2.1for a summary of the resolution, bandwidth and sensitivitye
images. Thermal noise is expected to be around 2.5 mJy Hea#tr63 MHz and 8 mJy bearh
at 30 MHz.

The presence of residual ionospheric phase errors aftdarat@bn lead to a wider point
source width. We measure a point source width that is aboui&@er than the synthesized
beamwidth at 63 MHz. Thisfiect has also been seen for 74 MHz VLA observations (e.g.,
Cohen et al. 2007 At lower frequencies this worsens to’7@nd 180 at 30 and 20 MHz,
respectively. In this case the unresolved sources are aedgdistorted, and partly broken up
into smaller components. Because of this reason, we onlthes®3 MHz maps for quantitative

2see the LOFAR Imaging Cookbook at hftpaww.astron.nradio-observatorjofar/lofar-imaging-cookbook
Shttpy/matplotlib.sourceforge.net
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Table 12.1: LOFAR LBA images

central frequency image bandwidthoms synthesized beam
MHz MHz mJy beam! arcsec

63 (robust -0.1) 55 10 22 26

63 (robust 0.5) 55 25 5% 62

30 (robust -0.1) 3.7 43 58 69

20 (robust -0.1) 3.7 250 108116

analysis in this paper, while the 30 and 20 MHz maps are usequalitative analysis until a
more complete ionospheric correction is made.

To obtain and check the overall flux scale we measured thgratied fluxes for five bright
sources in the FOV: 4€79.16 , 8C 1654785, 8C 165%780,8C 1708779, and 8C 1728783
(see Fig.12.3. For these sources we collected flux measurements from.th&Hz NVSS
(Condon et al. 1998 325 MHz WENSS Rengelink et al. 1997 151 MHz 7C Hales et al.
2007), 74 MHz VLSS Cohen et al. 2007and 38 MHz 8C Kales et al. 1998surveys. We fitted
second order polynomials to these flux measurements irSlpg (og (v) space and compared
the LOFAR flux measurements at 63 MHz against the predictadglirom the polynomial fits.
The median of correction factors was used to tie the LOFARyiEsao an absolute flux-scale.
The correction factor we found was modest, being 1.23 at 62 MHe spread in the individual
correction factors is about 7%, see Hig.2(right panel).

From this we adopt a conservative error in the LOFAR flux so&lE0% compared to these
surveys.

12.2.2 Radioimages

The 63 MHz images are displayed in Fii2.4and the 20 and 30 MHz images in FiR2.5 We
labelled some of the known sources in the cluster followimggcheme frorBridle & Fomalont
(1976; Rottgering et al(1994); van Weeren et a(20099. The LOFAR 63 MHz image reveals
some of the well-known tailed radio sources (A, B, F), themmalic (G and H), and part of the
radio halo. A hint of the long and straight head-tail sourds @lso visible.

The main radio relic and halo are somewhat better visiblé&énldwer resolution 63 MHz
image (Fig.12.4 right panel). Interestingly, the LOFAR image also revestarce AG-AH.
This source has only been recently discoverah(Weeren et al. 2009and is not visible in
the deep VLA L-band observations from the VLE&Ilarke & Ensslin 2008 implying a steep
spectral index. We do not detect the steep spectrum sourdaifthis was expected since the
integrated flux of this source is about a factor of two loweanttAG+AH at 325 MHz. The
30 MHz image reveals source F and the combined emission frandAB. The relic is also
detected. At 20 MHz the ionospheric phase distortions aite gevere, causing the relic to
partly blend with sources F and therB complex.

An overlay of the 63 MHz image with a VLA L-band image is shownHig. 12.6 (right
panel). For this we combined 1369, 1413, 1513, and 1703 MHA Q:-array images from
Clarke & Ensslin(2006. These images were convolved to a common resolution ‘6{<166"
and combined adopting a flux scaling according to a spectdsx,« = —1. It is interesting
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Figure 12.4: A2256 61-67 MHz images. Left: High-resoluti@@” x 26", image made with robust0.1
weighting. Contour levels are drawn at P14,...] X 3 oms Right: Low-resolution image, 32x 62,
image made with robusD.5 weighting. The area for the halo spectral index measemém indicated by
the dotted lines. Contours are drawn as in the left panel.

to note the diferences between the L-band and LBA images around th® éomplex. The
VLA image peaks in brightness at the “heads” of the headstailces, while the LOFAR image
mainly shows the “tails”. The steep spectrum B2 region,aeatibylntema(2009), also clearly
stands out. A Chandra X-ray overlay is shown in Rig.7.

12.2.3 Spectral index map and integrated fluxes

We made a spectral index map between 63 and 351 MHz, makingfilse WSRT 351 MHz
map fromBrentjeng2008. We made a LOFAR image with uniform weighting of the visiigis
and applying a Gaussian taper in the uv-plane to approxiynaigtch up the WSRT resolution
of 67”7 x67”. To increase the SNR per beam for thffube emission we convolved both images
to 100’ resolution, pixels belowd,ns were blanked. The LOFAR-WSRT spectral index map is
shown in Fig.12.6(left panel).

The spectral index map reveals that the relic has a relgtilalspectral index of about0.8
with variations of 03 in « across the structure. For the parts of the radio halo whersghctral
index can be measured we findo be in the range 1.0 to—1.7. For source F the spectral index
is around-1.0. For the combined emission from AH and AG we find a steep spleicidex
between-2.2to-1.7.

We extracted the integrated fluxes for sources in the cldister the 63 MHz image, see
Table12.2 The integrated fluxes of the radio halo and relic (soureélfzare dificult to measure
as they are partly blended with some of the complex headadib sources in the cluster. To
estimate their flux contribution we used both the high and tesolution images (Figl2.4).
From the high resolution image we measured the fluxes focedtrand the combined emission
from A and B (A+B). Head-tail source C contributes a significant amount of ftuthe relic
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Table 12.2: 63 MHz source fluxes

Source S63MHz ag’

Jy
A+B 51+06 —11+02
F 28+0.3 -12+02
AG + AH 0.75+0.10 -23+04
relic (G+H) 56+0.8 -0.81+0.032
halo 66+ 1.3 -1.3+0.1°

a from a polynomial fit in log §) — log (v) space, see Fid.2.8(left panel)
® between 63 and 351 MHz, taken from Fig12.8(right panel)

emission, as judged from the GMRT 153 MHz image fromtema(2009. In the 63 MHz
image the source blends with the radio relic, making it ingiale to obtain a reliable flux
estimate. Using the 153 MHz GMRT image (giving a flux o4®+ 0.05 Jy) and the reported
327 MHz VLA flux (0.247 + 0.020 Jy,Rottgering et al. 1994we finda = —0.87 + 0.17 for
source C. Extrapolating this to 63 MHz, we estimate a flux 661Jy. To measure the relic
flux we summed the flux over the same region as indicated in@igpyBrentjeng2008. After
subtracting the flux contribution for source C we obtain &rilix of 5.6 Jy, with an estimated
uncertainty of 15%. A power-law fit through the relic flux meesments at 1369Q)arke &
Ensslin 2008, 351 Brentjens 2008 153 (ntema 2009, and 63 MHz gives a spectral index of
—0.81+0.03, see Figl2.8 For the radio halo we find a flux of®+ 1.3 Jy from Fig.12.4(right
panel), integrating over the entire halo area as definedé@%1 MHz image.

12.3 Discussion

The results on the radio spectra for source F;#Bl, and the radio halo and relic are discussed
in the following subsections.

12.3.1 Source F

Source F is known for its complex Z-shape morphology (seel2d) and steep radio spectrum
(e.g.,Bridle et al. 1979. The source is composed out of three smaller structuresFEAnd
F3. The brightest component F2 has a toroidal filamentampesfiRottgering et al. 1994Miiller

et al. 2003 Intema 2009 F3 has been classified as a head-tail radio source assbeigh
galaxy 122 Fabricant et al. 1989 No optical counterparts have been found for F1 and F2, and
their origin is still being debatedBridle et al.(1979 suggested that all three components are
the tail of galaxy 122, this scenario is also discusse®@t®ntjens(2008. In another scenario
F2 could be the compressed fossil radio plasma from preépis®des of AGN activityEnflin

& Gopal-Krishna 2001Enflin & Briiggen 200, in this case the fossil plasma could also have
originated from galaxy 122. This agrees with the observegidal shape Enf3lin & Briiggen
2002.
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Figure 12.7: Left: Radio spectrum of F2. The fluxes were tdkem the Brentjens(2008. Solid line

is a second order polynomial fit through the flux measuremientsg (S) — log (v) space. During the
fitting procedure we assumed 10% uncertainty in the flux nreasents because flux measurement are
not all consistent within theird reported error. This prevents the fit to be forced to go thhoadew
measurements with small reported uncertainties. Righan@ta 0.5-7 keV ACIS/$ co-added image
smoothed by a variable-width Gaussian, fig. 1 fron et al(2002. LOFAR 63 MHz contours from the
high-resolution image are overlaid at levels af314,8,...] X 3.5 o me

We collected flux measurements for F2 from the literature Brentjens 2008 these are
plotted in Fig.12.7. The spectrum for F2 is clearly curved with the spectral inflattening
towards lower frequencies. From the fit, see caption ER7, we find a spectral index of
—0.95 between 63 and 153 MHz. Between 150 and 350 Nidle & Dwarakanath(2010
reporteder = —1.10+ 0.05 (but no flux measurements were reported for F2). We howvfacer
a spectral index of1.34 between 150 and 350 MHz using the polynomial fit. The redéson
the diference is unclear, but it should be noted that the measutsifiitem the literature are not
consistent within their reported uncertainties. Betwebh#&nd 1400 MHz we obtaim = —1.67,
much steeper than at low-frequenci®&entjens(2009 estimated a possible break frequency
to be located at 26 MHz, assuming a constant magnetic field3gi@ and an ageing time of
0.2 Gyr. The 63 MHz flux measurement indicates the spectrumtirages to flatten. However,
high-resolution measurements below 60 MHz are needed &rrdigte the possible underlying
(“zero ageing”) power-law component. The origin of sour@ré&mains unclear, although it is
likely the source is somehow related to the fossil radiompk$rom previous phases of AGN
activity given its brightness and steep radio spectrum.

12.3.2 Source AG-AH

The combined emission from source AGH is detected in the LOFAR 63 MHz image. With
the non-detection of these sources in the deep L-band imagedlarke & Ensslin2006), van
Weeren et al(20093 determined that < —1.95 between 325 and 1369 MHz. Between 140 and
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351 MHz, using WSRT observations, the spectral index2i®5+0.14 at a resolution of 175(at
this resolution the flux of this feature partly blends witle tielic emission). With the 153 MHz
image fromIntema (2009 we find a flux of 95+ 10 mJy for the combined emission from
AG+AH. From the GMRT 325 MHz image we reported a flux of42 mJy {zan Weeren et al.
20093. This gives a spectral index ef2.1 + 0.2 between these two frequencies, in agreement
with the earlier reported result 2.05+0.14. The LOFAR flux is 075+ 0.10 Jy for this source.
This results in a spectral index eR2.3 + 0.4 between 63 and 153 MHz. At low-frequencies the
spectrum thus remains steep, although the uncertaintyeiggbctral index is too large to rule
out a spectral turnover.

We consider the possibility that this emission is relatethhead-tail source C. Following
Miley (1980; Brentjeng2008 for a constant magnetic field and no adiabatic losses thatieal
lifetime/spectral age| is given as

0
26X 10°VB vl (12.1)
(B2 + B2y5) (1 + 2)viok

whereB is the magnetic field strength irG, Bcyg [1G] = 3.25(1+ z)? the equivalent magnetic
field strength of the microwave background agg the break frequency in MHz. The LOFAR
63 MHz flux measurement indicates thgf is locateds 50 MHz as the spectrum is still very
steep between 63 and 153 MHz. The magnetic fieldfficdit to estimate as the spectral shape
is poorly constrained. With a reasonable value ofu@we obtain a spectral age of 0.1 Gyr.
This increasesto 0.2 Gyr f@ = 5uG. In all cases we assumeg = 50 MHz. Rottgering et al.
(1994 estimated a velocityj of ~ 2000 km s? for the head-tail source. Then the separation
between the “head” and AGAH would bev x 7 = 200 kpc, forB = 10 uG. AG+AH is
located about 800 kpc (projected distance) from the head éfl6wer magnetic field strength
of B = 3.0 uG would give a distance of 600 kpc. It is also possible thatiteak frequency is
located at a lower frequency. If the radio plasma from thiqtla¢ AG+AH part) is compressed
by the merger shock wave, the radiative age of the sourcel teublder (about 0.5 Gyr or more,
e.g.,Dwarakanath & Kale 200%Kale & Dwarakanath 201)1 This makes it easier to explain the
distance of (at least) 800 kpc. Given all the uncertainsesyce AG-AH could indeed be an
old part of the tail of source C.

12.3.3 Radio relic and halo

Giant radio relics are proposed to trace particles (re)acated at shocks via the DSA mecha-
nism. In the linear test particle regime, the injection $dindex is related to the Mach number
(M) of the shock (e.gBlandford & Eichler 198¥

1 M2+1
2 M2-1°
If the properties of the shock remain unchanged and the agleeo$hock is larger than the
electron cooling time, the integrated radio spectrum weélleopower-law, with a spectral index
about 0.5 units steeper thap; (Miniati 2002). The radio spectrum of the relic has a power-law
shape over the observed frequency range, with a spectrex ioid-0.81 + 0.03. This would

imply ainj ~ —0.3 for a simple shock model. The flattest possible spectrarisl—0.5 from
DSA, suggesting that the relic recently brightened or josifed. In this case no equilibrium

(12.2)

Qinj =
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has yet been reached between the electron cooling andiamewtithin the observed frequency
range below 1369 MHz. Another possibility is that the arearavhich we integrate the flux
does not include all of the relic emission. It could be thahemf this steep-spectrum emission
is blended with that of the radio halo. Finally, the flat radjwectrum could also imply that
DSA is not fully understood or that the radio emitting eleas do not originate from the DSA
mechanism. If the relic traces a recently formed shock, gpactral steepening is expected
at high-frequenciesClarke & Ensslin(2006 indeed reported a steeper spectral index bR
between 1369 and 1703 MHz for the relic.

For a typical magnetic field strength of & for the relic Clarke & Ensslin 2006and
vprk = 1400 MHz, the spectral age is about 0.05 GBerrington et al(2002 proposed that
A2256 is undergoing a triple merger event. One between asstiec and the primary cluster
and one between the primary cluster and subcluster (or thpy cluster only) with a smaller
galaxy group. The relative velocity between the subclusier primary cluster is estimated to
be ~ 2000 km s and they are near the time of the first close passage of théustdrcand
primary cluster centers. The group is infalling from thethoi he “primary cluster—subcluster”
merger has a mass ratio of about 3 and the “primary clustit{cluster)—group” merger event
has a mass ratio of about 1Mdiller et al. (2003 argued that the “primary cluster—galaxy group”
merger is responsible for the radio relic and that the mesgent is viewed 0.3 Gyr after the
core passage. From the radio spectra alone it is not possilllsentangle the merger scenario,
but usually the strongest shocks form after core passag¢harftht integrated radio spectrum
implies that the relic only recently formed,0.1 Gyr or so. The relic in A2256 is thus probably
seen at a relatively early stage, just after core passaggyae@d to some of the double radio
relic clusters (e.gRottgering et al. 199Bagchi et al. 2006Bonafede et al. 2009van Weeren
et al. 2011y Further flux measurements above 2 GHz are needed to bettsirain the high-
frequency end of the spectrum and confirm the radio spectreepsns here.

No shock has been found so far in X-ray observations. Althoggen the large extent of
the relic in both the NS and EW directions we are probably mating the relic close to edge-
on, making it more dficult to detect a shock. For an edge-on shalic one would expect a
much larger ratio between the largest physical extent amdetic width (e.g.van Weeren et al.
2010. Because of the large size of the relic it is unlikely we ageisg fossil radio plasma
compressed by a shock wave since radiative energy lossegdine time it takes to compress
a several hundred kiloparsec sized radio ghost would remmmst of the electrons responsible
for the observable radio emissi@tarke & Ensslin(2006. In addition, we would expect steep
curved radio spectra due to synchrotron and IC losses.

The spectral index of the radio halo was measured by sumrménfiLx in the region around
source D, see Figl2.4(right panel). In this region the halo is detected at thedl{el per
beam in the LOFAR 63 MHz image. The flux was measured from th&bBi2 image used
for the spectral index map. We sumed the flux over the samemnegithe 351 MHz WSRT
and 1369 MHz VLA D-array Clarke & Ensslin 200Bimages. The resulting radio spectrum
is shown in Fig.12.8 The 63—-351 MHz spectral index is1.3 + 0.1 and the 351-1369 MHz
spectralindex is-1.1+0.1. In the image made with robust 0.5 weighting (Fig.4) we measure
a halo flux that is a factor of 1.5 higher than in the uniformgteéd tapered image from the
spectral index map (summing the flux over the same region}h Wis higher flux the 63—
351 MHz spectral index would be aboul.5. Therefore the low-frequency spectral index is
probably steeper than the high-frequency one. This logtfeacy steepening was also reported
by Kale & Dwarakanath{2010 and is consistent with a combination of spectra from (adtlea
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Figure 12.8: Left: Radio spectrum of the relic. Flux meaments fromClarke & Ensslin(2006, Bren-
tiens (2008, andIntema(2009 were included. Solid line is a power-law fit to the flux measoents.
Right: Radio halo spectrum from flux measurements summedtbgeegion indicated in Fidl2.4

two populations of relativistic electrons.

Three diferent possibilities to explain this would be: (1) a model veherotons and their
secondaries live in a turbulent medium and get re-accelérathe re-acceleration time scale
here is very long (about 1 Gyr), meaning that most of the sighhigher frequencies is dom-
inated by the process of injection of secondaries (with aeflapectrum), while at lower fre-
guencies turbulent re-acceleration boosts the radio @nigBrunetti & Lazarian 201}, (2) a
model where there is a halo with a steep turbulent re-ac@erspectrum, while some pro-
jected emission from the relic (in the northern part) is sipposed on the halo emission. In
this case the 1369 MHz flux is dominated by the tail of the refitission downstream that is
projected onto the halo, or (3) an “inhomogeneous” turbiuleracceleration model, in this case
the turbulence is not homogeneous over the emitting voluimetweads to a distribution of
different spectral components.

With only three data points it is not possible to distinguigttiween these models, but with
future (LOFAR) observations it will be possible to much kettietermine the low-frequency
spectrum. This opens new theoretical questions and it walidteresting to determine if low-
frequency spectral steepening is unique to Abell 2256 ortldrédt also occurs for other radio
halos.

12.4 Conclusions

We have presented LOFAR LBA observations between 67 and 18dfthe cluster Abell 2256.
We focussed mainly on the 63 MHz map as at lower frequenciessigheric phase distortions
were severe. At 63 MHz we detect both the radio halo and maiio n@lic. The integrated
spectral index we find for the relic is consistent with beimqpaver-law witha = —0.81+ 0.03.
The integrated radio spectrum of the relic is quite flat, Whiould mean that the relic has only
recently been formed, within the last0.1 Gyr. For the radio halo there are indications of a low-
frequency spectral steepening, this was previously ajsorted byKale & Dwarakanat(2010.
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Additional flux measurements are needed to better detertminlew-frequency spectrum of the
halo and the origin of the convex spectrum.

We detected a recently found steep spectrum source to thefes cluster center, located
roughly at the end of the head-tail source C. For this soucéivd an extremely steep spectral
index of —2.3 + 0.4 between 63 and 153 MHz. This steep spectrum source could bé&lar
part of the tail of source C. For source F2 we find the speatidgx flattens t6-0.95 between
63 and 153 MHz. The origin of the source remains unclear.

In the future we plan to extend our investigation to lowergfrencies. For this, ionospheric
calibration schemes will be important to retain enoughiapegsolution to separate the contri-
bution from the various complex sources in the cluster.
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