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CHAPTER 2

A search for steep spectrum radio relics and halos with the
GMRT

Abstract. Diffuse radio emission, in the form of radio halos and relicegsaegions in clusters
with shocks or turbulence, probably produced by clustergeres: The shocks and turbulence
are important for the total energetics and detailed tentpegaistribution within the intracluster
medium (ICM). Only a small fraction of clusters exhibitidise radio emission, whereas a large
majority of well-studied clusters shows clear substrueiarthe ICM. Some models of filise
radio emission in clusters indicate that virtually all ¢krs should contain ffuse radio sources
with a steep spectrum. External accretion shocks assdaidtie filamentary structures of galax-
ies could also accelerate electrons to relativistic eesrgnd hence producditise synchrotron
emitting regions. The detection of radio emission from dilaments is important for our under-
standing of the origin of the Warm-Hot Intergalactic Medi(MiHIM), and relativistic electrons
and magnetic fields in the cosmic web. Here we report on Giagttéwave Radio Telescope
(GMRT) observations of a sample of steep spectrum souroes tine 74 MHz VLSS survey.
These sources arefflise on scales 157, and not clearly associated with nearlzy £ 0.1)
galaxies. The main aim of the observations is to search feus#i radio emission associated
with galaxy clusters or the cosmic web. We have carried outREN610 MHz continuum
observations of unidentified filise steep spectrum sources. We have constructed a sample
of diffuse steep spectrum sources, selected from the 74 MHz VLS8ysWe identified eight
diffuse radio sources probably all located in clusters. We fdivadadio relics, one cluster with
a giantradio halo and a radio relic, and one radio mini-hake giant radio halo has the highest
radio power Py 4) known to date. By complementing our observations with messents from
the literature we find correlations between the physica sizrelics and the spectral index, in
the sense that smaller relics have steeper spectra. Fadherlarger relics are mostly located
in the outskirts of clusters while smaller relics are lodatiser to the cluster center.

R. J. van Weeren, H. J. A. Rottgering, M. Briiggen, and A.€oh
Astronomyé Astrophysics508, 75, 2009
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12 Chapter 2. A search for steep spectrum radio relics arud mdth the GMRT

2.1 Introduction

Studies of large-scale structure (LSS) formation have nsigieficant advances during the last
decade. It has been found that nearly all massive clusteesuimalergone at least several mergers
in their history and that presently clusters are still inph@cess of accreting matter. A significant
fraction of the accreting mass is in the form of (smaller)stdus and galaxy groups. Cluster
mergers are the most energetic events in the present dagridajwiith kinetic energies of the
order of 163— 10% erg, which are dissipated in giant shock waves and turbelefie important
aspect is the total energy budget and the detailed tempemiiribution within the ICM, both
of them are #ected by the merger history of a cluster (e@plag et al. 2008

Diffuse steep spectrum radio emission is observed in about S8iv@aserging and post-
merging galaxy clusters (see the review grrari et al. 2008and references therein). This
diffuse emission is dicult to detect due to its low surface brightness and steegtrgpéndex,
so the fraction of clusters hostingflilise radio emission is probably larger than we currently
know. The difuse emission in clusters is commonly divided into three nokiesesFeretti &
Giovannini 199¢. Radio Halosare extendedx 1 Mpc) difftuse unpolarizedq 5%) sources,
located in the center of clusters. They have a regular smagggbarance, and follow the thermal
X-ray emission. Radio Relicsare elongated structures with an irregular morphology,tiypos
located in the periphery of clusters. Relics can be highlgiied (10- 50%). Several dierent
subclasses have been identifiganpner et al. 2004 Most known radio relics and halos are
found in clusters which show signs of a current or recent ererghis supports the scenario in
which the relativistic electrons are accelerated by meiggumced shocks or turbulence. How-
ever,Radio Mini-halosare not associated with merging clusters. They are fourfttieénters of
cool core clusters (e.grabian et al. 1991Peterson & Fabian 200@&nd are associated with the
central cluster galaxy and typically have size500 kpc, with the diuse emission surrounding
the central cluster galaxy (e.gpvoni et al. 20089

Two different mechanisms for in-situ acceleration of particleglmen proposed to explain
relics in clusters: (i) adiabatic compression of fossilioaglasma by a passing shock wave
producing a so called radio “phoenixEQ3lin & Gopal-Krishna 200EnRIin & Briiggen 2008
or (ii) diffusive shock acceleration (DSA) by the Fermi-I process (Buury 1983 Blandford
& Eichler 1987 Jones & Ellison 1991Ensslin et al. 1998Malkov & O'C Drury 2001). In the
first scenario, radio relics should have toroidal and comfilamentary morphologies. These
relics are capable of producing very steep, curved radictsppdue to inverse Compton (IC) and
synchrotron losses. In the DSA scenario the electrons aedexated by multiple crossings of
the shock front (in a first order Fermi process). These rbke® large sizes (Mpc) and are direct
tracers of shock fronts in clusters. The spectral index isrd@ned by the balance between the
continuous acceleration at the shock front and energyddagbe post-shock region.

The difuse emission within clusters reveals the presence ofvilti electrons and mag-
netic fields on scales 1 Mpc. Spectral aging, due to synchrotron and IC losses oéthiging
electrons may explain the steep spectra. If the electromsnggcted via Fermi acceleration
(DSA), their energy follows a power-law distribution. Thevger-law index of the injected elec-
trons is related to the Mach number of the shocks (élgeft & Briiggen 200Y. shocks with
a low Mach number have steeper radio spectra. Clearly, tegdiency surveys are needed to
locate and study these sourc€agsano et al. 2008007, 2008. Interestingly,Brunetti et al.
(2008 discovered a radio halo in the cluster Abell 521, which waevjpusly known to host a

1F, o v®, with @ the spectral index
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radio relic, with a spectral index of —2.1, suggesting the existence of a population difusie
source in clusters with spectral indices-1.5.

Numerical simulations show the development of various sypeshocks during structure
formation Miniati et al. 2000. These shocks fier in their location with respect to the cluster
center and Mach numberBi{niati et al. 2000Q Miniati 2002 Ryu et al. 2003Pfrommer et al.
2006 Vazza et al. 2009 External accretion shocks hawd > 1 and process the low-density,
unshocked intergalactic medium (IGM). This results in tie&dy flat spectral indices of about
—0.5 at the location of the shock front. Further away from theckhfoont the spectral index
steepens due to synchrotron and IC losses. Internal sh@geksmerger and flow shocks) occur
within the cluster. The Mach numbers of these shocks arerloggilting in steeper spectral
indices. Binary merger shocks are the result of a clustegimgrwith a another cluster or a
large sub-structure. In this case a double radio relic izetqu (e.g.Roettiger et al. 1999a
Hoeft et al. 2008van Weeren et al. 2009b

As pointed out byCen & Ostriker(1999, hydrodynamic models indicate that up to half of
the baryons at present time should have temperatures iatlge of 16— 10’ K. Unfortunately,
studying the abundance and distribution of this WHIM is veimgllenging, since its main tracers
are highly excited Oxygen lines which arefitiult to observe (e.gNicastro et al. 2006 A
fraction of the accretion shocks will be supersonic and aarelarate energetic electrons up
to energies of 18 — 10'° eV (e.g.,Norman et al. 1995Kang et al. 1996Inoue et al. 2008
In the presence of magnetic fields, such electrons will eanitt fdiffuse synchrotron radiation.
The detection of these radio filaments is very important &swlould provide a probe of the
WHIM. Recent magnetohydrodynamical modeling indicates tietecting radio emission from
the filamentary cosmic web should be possible (&gshet et al. 2004oeft & Briiggen 200Y.
Hoeft et al.(2008; Pfrommer(2008; Pfrommer et al(2008 however find that in the outskirts of
clusters (at a few times the virial radius) or filaments, mdéaccretion shocks cause little radio
emission, owing to the low density of both magnetic field ggeamd cosmic ray (CR) particles
there Miniati et al. 200). They are therefore flicult to detect even with the sensitivity of
upcoming radio telescopes such as LOFAR. Relic emissian finbernal accretion shocks occur
in a higher density environment so that they should be dedegith current radio facilities.

When searching for radio halos, relics and filaments in lovgfiency radio surveys, various
other steep spectrum sources are also present. Theseandtuwalsteep (angular size 157)
spectrum sources (USS, shtley & De Breuck 2008for a review) associated with high-z radio
galaxies (HzRG), “fossil” or “dying” FR-I Fanardf & Riley 1974) radio sources, and “head-
tail” sources, the last two having a steep spectrum due tigp@ging of the radio emission. In
high-resolution £ 5”) observations, for example alGHz with the Very Large Array (VLA),
diffuse objects will be resolved out due to missing short basglifhis provides a method for
selecting dfuse radio sources associated with galaxy clusters or theicegeb. FR-I sources
can be partly excluded by removing sources that are cleaslyaated with individual galaxies.

The 74 MHz VLA low-frequency Sky Survey (VLSSEohen et al(2007), covers about
3r steradians of sky north @f = —30°. The resolution of the survey is 8gFWHM) and the
rms noise level is about 0.1 Jy bedmThe source catalog contains roughly 70, 000 sources with
a point source detection limit of DJy beam!. A new calibration algorithmGotton et al. 200%
was used to remove the ionospheric distortions, which caebere at this low-frequency. The
1.4 GHz NRAO VLA Sky Survey (NVSS)Condon et al(1998, covers the entire sky above
§ = —40°. The NVSS images have a rms noise of about 0.45 mJy beamd a resolution of
45"(FWHM). The catalog contains about210° sources above a flux of 2.5 mJy.
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In this paper we present radio continuum observations ofi#és# (angular size 15”)
steep spectrum sources selected from the VLSS survey vatGMRT at 610 MHz. The main
aim of this project is to determine the morphology of the sesrand search forftlise structures
which could be associated with shock fronts or turbulenadusters, and accretion shocks onto
filaments of galaxies.

The layout of this paper is as follows. In Se2t2 we discuss the sample selection, this
is followed by an overview of the observations and data rédndn Sect.2.3. In Sect.2.4we
present the radio maps of the most interesting sources aodgdi these sources individually. By
combining our radio observations with data from the literat(X-ray and optical observations)
we have tried to classify the sources. In S&6, spectral indices are modeled using our flux
measurements combined with literature values. We end witls@ission and conclusions in
Sects2.6and2.7.

Throughout this paper we assumA&DM cosmology withHg = 71 km st Mpc™?, Q, =
0.3, andQ, = 0.7.

2.2 Sample selection

Spectral indices (between 1400 and 74 MHz) were calculatealifsources in the VLSS survey.
We selected sources with < —1.35 which resulted in a total of 176 sources. This dui®
somewhat arbitrary, but a significant lower cfiiteesulted in a very small number of sources
selected while a higher cutovould select too many sources for follow-up observationsAV
B-array 1.4 GHz~ 5 min snapshot observations were carried out on March 25r89Viay
10, 2005 of a subsample of 68 from the 176 sources. Two inw@iatesfrequencies (IFs) with a
bandwidth of 50 MHz each were used, centered at 1385 and 1465 From this 68 sources, 36
were found to be resolved out. This showed that these sohezkextended emission on scales
> 15”. From the 36 sources 13 were identified with known nearbyxigda The remaining
23 sources were included in the sample. We have also seafehadditional sources with
a < -1.15, by making use of the.4 GHz FIRST survey (5 FWHM, Becker et al. 1996
Sources with a FIRST flux at least 8 times lower than the 1.4 GMSS flux were initially
selected and visually inspected to remove obvious doubkedources. The spectral index dtito
of —1.15 was chosen because higher values resulted in too manjedobbs to be selected for
visual inspection. Furthermore, most known radio halosrefids have spectral indices steeper
than this value. The amount of flux resolved out in the sedectiriterium was a tradébas
lower values also resulted in too many sources to be selémteisual inspection. After visual
inspection we found three additional sources which showedptesence of fiuse emission.
None of these sources were clearly associated with neadibsidal galaxies in the POSS-II or
SDSS surveysAbazajian et al. 2009 The final list of sources and their coordinates are given
in Table2.1

2.3 Observations & data reduction

High-sensitivity radio observations at 610 MHz were catriait with the GMRT in February
and November 2008 of a sample of 26fdse steep spectrum radio sources. We divided a total
102 hours of observation time evenly between the 26 soufctsal of 32 MHz bandwidth was
recorded, using both the upper (USB) and lower sidebandB)(la®ich included both RR and
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LL polarizations. The data were collected in spectral liredmwith 128 channels per sideband
(IF), resulting in a spectral resolution of 125 kHz per chelnnTo increase UV-coverage we
cycled between various sources, typically spending 40 mia sources before moving to the
next source. However, due to scheduling constraints it wispmssible to do this for about half
of our sources. The observations resulted in a net on-sdimeeof ~ 3 hours, after flagging
certain time-ranges which werdfected by radio frequency interference (RFI) or had other
problems.

The data were reduced and analyzed with the NRAO Astrondimieaye Processing System
(AIPS) package. Bandpass calibration was carried out ubmgtandard flux calibrators: 3C48,
3C147, and 3C286. Fluxes of 29.43 Jy (3C48), 38.26 Jy (3Gt 21.07 Jy (3C286) at
610 MHz were assigned to these sources usingPiiidey & Taylor(1999 extension to the
Baars et al(1977) scale. A set of 6 channels free of RFI was taken to normdhedandpass
(channel 15- 20) for each antenna. Strong RFI was removed automatioaith the AIPS
task ‘FLGIT’). The data was then visually inspected for rémray low-level RFI using the
AIPS tasks ‘SPFLG’ and ‘TVFLG'. After that an initial phasadamplitude calibration was
carried out using the bandpass and secondary calibratbexewve also transferred the flux
densities from the primary calibrators to the secondaripiabrs. The found solutions were
then transferred to the target sources. We have not choseretage any channels in order to
minimize the &ects of bandwidth smearing and to aid further removal of RRe& first and last
few channels of the data were discarded as they were noisy.

For making images we used the polyhedron metliretley 1989Cornwell & Perley 1992
to minimize the &ects of non-coplanar baselines. Both USB and LSB were sametiusly
gridded, imaged and cleaned. We used a total of 199 facets/tey € 2 times the full primary
beam. This made the removal of sidelobes from strong sofiacesvay from the field center
possible. After a first round of imaging, in some cases “egplwere seen in the maps which
were subsequently removed after identifying the corredpanbaseline(s). Several rounds of
phase self-calibration were carried out before doing a &ingblitude and phase selfcalibration.
Images were made using robust weighting (robei€t.5, Briggs 1999 and corrected for the
primary beam attenuation. Images were cleaned to 3 timesntenoise level to minimize
clean bias ffects.

The thermal noise in each map is expeétedbe

o V2T,
thermal G n(n _ ]_)N”:Avtmt 1

with Ts = 92 K the system temperatur®, = 0.32 K Jy! the antenna gaim ~ 28 the num-
ber of working antennas\ir = 2 the number of sidebands used (both recording RR and LL
polarizations) Av = 135 MHz the bandwidth per sideband, atyd the net integration time.
The expected thermal noise for 3 hrs integration time is aBawJy beam?, where we have
taken into account that typically 20% of the data is flaggeel @uRFI. The noise levels in our
maps range from 40 to 2Q2ly beam?. The noise levels dependent on the UV-coverage and
the presence of strong confusing sources in the field of vietihg the dynamic range. The
lowest noise level of 4pJy beam® is quite close to the thermal noise level. The uncertainty in
the calibration of the absolute flux-scale is between1®%, see€Chandra et al2004).

2.1)

httpy/www.gmrt.ncra.tifr.res.ifgmrt hpaggUsergdogmanualUsersManughode13.html
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Figure 2.1: Left: GMRT 610 MHz radio map. The Gaussian beam isi shown at the bottom left corner.
Contour levels are drawn a{[1, 2,4, 6, 8,16, 32, ...] X 40 ms, S€€ Table2.1 The dotted lines indicate the
region where the 610 MHz flux (&), reported in Tabl2.1, has been extracted. Right: SDSS r band image
overlaid with GMRT 610 MHz contours. Contour levels are dnaat v[1, 8,32 128 512 ...] X 40 ms.

2.4 Results

All sources, except VLSS J2229.0136, were detected in the GMRT images. The NVSS
counterpart of VLSS J2229-D136 has a positionfiset of about 40, the flux density in the
NVSS and VLSS surveys of these sources is also close to thetibet threshold. We therefore
conclude that VLSS J2229-0136is most likely a noise peak as the GMRT observationsidhou
have easily detected the source. From here on we have leWldss J2229.20136 in the
further discussions. A summary of the beam parameters aad levels for the maps is givenin
Table2.1 To identify optical counterparts overlays were made uSIB§S and POSS-Il images.
Spectroscopic redshifts were included from the literatf@ sources without a spectroscopic
redshift, but having SDSS DR7 coverage we took the SDSS pieitec redshift. For other
sources we used th&&t andR magnitudes of massive elliptical galaxies correlate wattishift
(K-zandR-zrelations, e.g.Willott et al. 2003 de Vries et al. 200)f

We have also checked for any X-ray counterparts to the radirces. In the next subsection
we describe the most interesting sources that appear toldteddo shocks or turbulence in
clusters or filaments. The other sources are discussed ianfo2.8.

2.4.1 Individual sources
2.4.1.1 VLSS J1133.¥2324

The radio emission shows two parallel filamentary structaed a northern patch offtlise
emission connected with the western filamentary compor&ane faint radio emission is ex-
tending towards the west. This extension coincides withgddaxy UGC 6544 (MC&04-27-
065; PGC 35694) located &@.02385 Haynes et al. 1997 This galaxy was classified as a Sbc
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Table 2.1: Source properties and results

Source Name RA DEC Beam sizems Sé’io a1300MHz LAS" Redshift

(J2000) (J2000) arcsec wpJy mly arcsec z

VLSS J0004.93457 0004 53.63-345634.1 11.46.6 73 15816 -140+004 116 029+ 0.08%
VLSS J0227.41642 0227 26.74-164247.2 5% 4.0 94 370+6.2 -150+0.06 89 > 0.7
VLSS J0250.51247 025030.83-124730.3 9.4 3.7 118 33+33 -194+0.07 21 > 0.7
VLSS J0511.60254 0511 37.79+025419.4 8% 6.1 139 980+103 -142+0.05 45 020+ 0.05%
VLSS J0516.20103 0516 17.89+010340.1 8.x6.5 79 174+44 -173+0.06 35 > 0.7
VLSS J0646.80722 0646 52.10-072237.9 5% 4.8 63 12013 -170+0.05 59 023+ 0.06%
VLSS J0717.53748 0717 30.92 +374529.7 8.%6.0 78 50150 -1.15+0.04 171 0.5548
VLSS J0915.72511 09 1541.51 +251148.2 8.6¢5.9 134 19421 -152+0.04 63 032£
VLSS J1117.47003 1117 06.46+700357.1 7.& 4.3 52 91+09 -187+0.07 18 > 0.7
VLSS J1133.#2324 113344.73+232450.6 6.6<3.9 51 806+101 -169+0.06 84 061+ 0.161
VLSS J1431.81331 143149.90+133154.1 5% 4.8 51 120+13 -203+0.05 101 0159936
VLSS J1515.20424 151509.18 +042441.1 7.6¢5.4 79 19233 -1.50+0.05 169 0.0972
VLSS J1636.53326 16 36 34.93+332633.9 5% 4.7 40 161+19 -184+0.14 28 065+ 0.1
VLSS J1710.56844 17 1035.03+684458.4 8.% 4.7 63 233+28 -175+0.06 45 028+ 0.08
VLSS J1930.41048 193027.19+1048025 5% 4.8 56 674+70 -190+006 101 e

VLSS J2043.91118 204358.46-111845.6 5& 4.2 77 539+63 -174+0.05 41 043+ 0.15°
VLSS J2044.#0447 2044 43.64+04 47245 10.% 7.5 202 577+58 -155+0.06 71 046+ 0.15°
VLSS J2122.90012 212254.14+001203.4 58 3.8 81 240+24 -200+0.08 12 >14
VLSS J2209.51546 220932.91+154629.9 6.%6.2 64 364+38 -156+0.07 61 > 0.7
VLSS J2213.23411 221312.45+341151.6 55%4.6 94 127413 -155+0.04 62 16 + 0.52€
VLSS J2217.55943 2217 30.39+594305.3 6.% 4.3 47 79+80 -220+0.06 99

VLSS J2229.20136 222911.95-013658.8 8.6c4.2 101 ... e ... e

VLSS J2241.31626 22412257-162535.7 6.x5.8 129 697+73 -144+0.06 47 > 0.7
VLSS J2341.41231 234106.91+123136.9 5% 4.4 50 11#14 -170+004 115 062+ 0.15°
VLSS J2345.22157 234515.47+215755.1 4.& 4.2 63 793+84 -214+0.05 70 023+ 0.06%
VLSS J2357.60441 2357 05.54+044114.7 7.8 4.9 82

@ redshift estimated using the fitted Hubble-K relation frévitlott et al. (2003
b redshift estimated using the fitted Hubble-R relation frderVries et al(2007)
¢ spectroscopic redshift from SDSS DR7

4 median photometric redshift from SDSS DR7

€ using the K band magnitude frorbe Breuck et al(2002H

f Edge et al(2003

9 Struble & Rood(1999
" LAS = largest angular size
' resolved out in the 1.4 GHz FIRST survey

I fluxes are extracted from the regions indicated in the fighyedotted lines.
K for the compact sources (LAS 45”) the fluxes were measured by fitting single Gaussians to
the sources after convolving the maps to théM8SS resolution
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spiral byNilson (1973 andPaturel et al(2003. The source is also listed in the IRAS Faint
Source Catalog (F113%2341) and detected at 60 and 10® (Moshir & et al. 1990. The
galaxy has been included in 21 cm hydrogen emission lineegsr&pringob et al(2005 give
a self-absorption corrected line flux 0f9Z + 0.32 Jy km s? and a line-width of 372 3 km
s1.The galaxy also has a small UV-excestyauchi-Isobe & Maehara 2002

Using the IRAS fluxes we can estimate the star forming rat&®jSkthis galaxy Solomon
et al. 1997 by calculating the Far Infrared Luminositigr)

Lrr = 3.94% 10°(2.58S6q.m + S100:m)I (Seum/S100:m)Df (2.2)

with Lgr in L, the fluxS in Jy, D the luminosity distance in Mpc, an@Seo/S100) a color
correction factor llonsdale & Helou 198pwhich is of the order of one. This gives a SFR of
~ 3Moyrt, using SFR Kloyr?) = Lrr/(5.8 x 10°Ly), Kennicutt(1998. The radio flux of
the galaxy is diicult to measure as part of the radio emission from the galarylaps with
the emission from the filamentary source. For the part whidschot overlap with the steep
spectrum source we measure a flux of about 6 mJy. We adoptldltntdor the galaxy of
10 mJy, assuming we missed about 40% of the previously repdiix. The luminosity at
1.49 GHz (ly.49gHz) iSL = 47rDESV(1 + 2771, with S, the observed flux at the rest frequency,
anda ~ —0.5. This results in_; 496H; = 8.2 x 1071 W Hz™1. Using the FIR radio correlation
(Condon et al. 1991we find a luminosity ok~ 10?2 W Hz%, in good agreement.

The galaxy is unlikely to be associated with the filamentadia structure to the east, given
the above calculation, the steep spectral index, morplyoéogl spatial fiset. In the background
(partly behind the spiral galaxy) there is an overdensityaiit red galaxies. These have a
median photometric redshift of about 0.6 (SDSS DR7) anadv¥oloughly the filamentary radio
source. This is probably a cluster or a galaxy filament, withforeground galaxy hiding part
of the clusteffilament. Based on the morphology, the radio source is thessifled as a relic. If
the steep spectrum radio source is located at a distarce-00.6, the LAS of 84'corresponds
to a physical size of of 660 kpc.

2412 VLSS J1431.81331

The radio emission shows two distinct components, the egjlone located to the east. This
source has an optical counterpart, the cD galaxy of thealhdaxBCG J217.9586€013.53470
(Koester et al. 2007 The cluster is also detected in X-rays by ROSX@des et al. 1992000

as source 1RXS J143158.833256. A SDSS DRY7 spectrum puts the cD galaxy at a distance of
z = 0.160. Three other sources in the cluster have a measuredfteds).15962, 0159153,
and 0164794. At this redshift the radio emission corresponds piysical size of 170 kpc
for the eastern and 125 kpc for the western component. ThHeraamponent is an irregular
curved structure with several bright knots. One of theseesponds with the nucleus of the cD
galaxy. The morphology suggests that we are either seemigtdraction of radio plasma from
the central AGN with the surrounding ICM or a small centralicasource with a bright relic
tracing a shock front (seen in projection).

The western fainter component does not seem to be assouwidleany galaxy. The source
could either be remnant radio emission from a previous AGisiogfe or the signature of a shock
wave. In the former case, the spectral index should be stélepe eastern component because
of spectral aging.
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Figure 2.2: Left: GMRT 610 MHz radio map. Contour levels araveh as in Fig2.1 (left panel). Right:
SDSS r band image overlaid with GMRT 610 MHz contours. Contexels are drawn as in Fig-1(right
panel).

2.4.1.3 VLSS J2217.85943, 24P73

This source was found to have an ultra-steep spectrurm 2.58 + 0.14) by the Synthesis
Telescope of the Dominion Radio Observatory (DRAQO) Gatagtane survey at 408 MHz and
1.42 GHz Higgs 1989 Joncas & Higgs 1990 Since this source was located in the galactic
plane Joncas & Higg$1990 suggested the sources might be a pulsar. However, they tizte
the source seemed to be slightly extended at 408 MHz.4% GHz the source was resolved into
two distinct components. Both of these components wereliglsal as a single source 25P23.
The source was also detected in the 38 MHz 8C surRees 1990Hales et al. 1996 Subse-
quent L-band (B GHz) and X-band (& GHz) observations with the VLA bgreen & Joncas
(1994, separated the source clearly into two components. A commathern component and
a southern dfuse component. The X-band observations only detected ttleemn component.
By comparing the fluxes of the VLA and DRAO observations thegatuded that the southern
diffuse component had an ultra-steep spectrum and providedutkeibthe emission at low
frequencies. Since the source was resolved this ruled oulsamidentification. In fact it was
suggested that this source might be a radio halo or relidddca a galaxy cluster behind the
galactic plane.

GMRT observations of 24P73 show a complex filamentary souft¢e source has some
similarities with the relic sources in Abell 85 and Abell 188lee et al. 2001 POSS-Il and
2MASS images covering the area do not show the presence aflastgr. However this is not
unexpected given the extinction 8 = 6.7 (Schlegel et al. 1998 Given the steep spectral
index and morphology we conclude that the sources is a ratiio Deep NIR imaging will be
necessary to identify the galaxy cluster associated weétrehc.



20 Chapter 2. A search for steep spectrum radio relics arud mdth the GMRT

VLSS J2217.54+5943

44' 00"

30"

43 00" -

Declination

30" -

59° 42' 00" - —
L L L L | L L L L | L L L L | L L L
220 17™M 408 355 308 25°%

Right Ascension

Figure 2.3: GMRT 610 MHz radio map. Contour levels are drawindig.2.1 (left panel).
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2.4.1.4 VLSS J0004.93457

The central component of the radio source is associatedanith14.86 mag elliptical galaxy.
An overdensity of galaxies indicates the presence of a@lusandidate B02291Zanichelli

et al. 200) from radio-optically selected clusters of galaxies. Weneate a redshift for the
cluster of 029 + 0.08 (using the K-band magnitude and the K-z relation). Thetelumay
be linked to a larger cluster about ®wards the southwest at a redshift 088+ 0.09. The
X-ray source 2E 0002.2-3515larris et al. 199Bis probably associated with this cluster of
galaxies visible in POSS-Il images. Thefdse radio emission surrounding the central elliptical
galaxy resembles a mini-halo. No X-ray emission from the 1&fithe cluster is detected in the
ROSAT All Sky Survey. This implies that the cluster is notywerassive. The object is similar
to the mini-halo in the cluster MRC 013811 located ar = 0.131 (Gopal-Krishna et al. 2002
Bagchi et al. 2009 which was also not detected in the ROSAT All Sky Survey. $hze of
the mini-halo is about 200 kpc, similar to other mini-halegy(,Govoni et al. 2008 The radio
image shows a bright knot at RA 004™ 52.5 DEC —34° 56 55", to the south of the main
component. This knot has an optical counterpart. To theagaatc-like structure extends from
the central component and bends towards the south. The aot &ssociated with an optical
counterpart. The origin of the arc is unclear, it could bet pél disturbed FR-I source, or a
relic-like structure of fossil radio plasma.

2.4.1.5 VLSS J0717.83745, MACS J0717.83745

The radio source is associated with the massive X-ray luosictuster MACS J0717483745 at
z=0.5548, with an overall ICM temperature of 11.6 kesbgeling et al. 2001Edge et al. 2003
Ebeling et al. 200y The cluster shows a pronounced substructure in opticadj@s. Ebeling
et al. (2009 reported the discovery of a large-scale filamentary stinecdf galaxies connected
to the cluster. NVSS, WENSS and VLSS images reveal the pcesafra steep-spectrum radio
source ¢ = —1.15). The radio source was classified as a radio reliEtge et al(2003.
Ma et al.(2009 presented X-ray (Chandra) and optical observations (luBpace Telescope,
ACS; Keck-Il, DEIMOS) of the cluster. They found the clusterbe an active triple merger.
Temperatures in the cluster exceeding 20 keV were found imesegions. Regions with a
lower temperature of 5 keV were found at the position of two subclusters, probagignants
of cool cores.

Here we shortly describe our results for this cluster, a ndetailed analysis in combination
with additional archival VLA observations has been presdiih a separate paperap Weeren
et al. 20099, see als@onafede et a20093. Our radio maps reveal a complex source, consist-
ing of different components. The main component is a twisted stryatitteenhanced regions
of radio emission in the north and southwest of the clustdres€ regions are connected by
two bridges of emission to a bright central elongated saufte structure has a linear size of
700 kpc. No obvious counterparts are visible for both themand south-west components.
The presence of the two radio bridges suggest a relationthétieentral component. Although,
no obvious counterpart was found for the central compongdge et al(2003, we identify
an elliptical galaxy at RA 0717™ 35%.5, DEC+37° 45 05’5 as a possible counterpart. If this
is indeed the case then the source could be a wide-angl&\&lm)(source with the two bridges
being the tails of the central source and the north and seest-components the hotspots. The
eastern boundary of the structure is sharp, while on the sitie some faint emission is seen ex-
tending further westwards. Biise radio emission is also seen to the south of the main gtauct
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Figure 2.5: Left: GMRT 610 MHz radio map. Contour levels araveh as in Fig2.1 (left panel). Right:
HST F814W ACS image overlaid with GMRT 610 MHz contours. @uomtlevels are drawn as in Fig.1
(right panel).
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Figure 2.6: Left: Chandra X-ray map overlaid with radio aaurs at 610 MHz from the GMRT. The color

scale represents the X-ray emission frora -0 7.0 keV. The image has been adaptively smoothed using

the TARA® package using a minimal significance of 5. Contour leveldean at [12,4,8,16,32,...] X

0.312 mJy beart. Right: X-ray emission from ROSAT in theD- 2.0 keV energy band. The image has
been convolved with a circular Gaussian of 229 he solid contours represent the radio emission at 610

MHz from the GMRT. The radio contours are drawn a4, 8, 16, 32, ...] X 7orms. Dashed contours show
the galaxy distribution from SDSS DR7. Only galaxies withr@iometric redshift between@ + z,, <
z < 0.15- z, were selected from the catalogs, with the error in the photometric redshift ameg 0.0972
The galaxy isodensity contours are drawn aB[d2 15, ...] galaxies arcmir?.

@ httpy//www.astro.psu.eduray/docgTARA
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Figure 2.7: Left: GMRT 610 MHz radio map. Contour levels araveh as in Fig2.1 (left panel). Right:
SDSS r band image overlaid with GMRT 610 MHz contours. Contexels are drawn as in Fig-1(right
panel).

The difuse emission within the cluster has a total size of about Jo2 &hd given that it roughly
follows the X-ray emission we classify it as a radio halo.athg the emission is not associated
with individual sources. Using a spectral index-#.2, typical for radio halos, we estimate the
radio power Py 4) to be 5x 10?° W Hz™1. This makes it the most powerful radio known to date,
in agreement with the X-ray luminosity-radio powés(— P14) and temperature-radio power
(T — P14) correlations(iang et al. 2000EnRIlin & Rottgering 2002Cassano et al. 2006
Towards the south a fainter linear structure is seen. A cotpare, located halfway the
linear structure is associated with a bright ellipticalefground galaxy (RA 0717™ 37.2,
DEC +37° 44 23”). The source is probably a FR-1 source associated with thrgpect core.
Interestingly, the main twisted radio structure is locateldetween the brightest X-ray emis-
sion of the cluster. The main cool core visible in the X-rayge has no radio emission associ-
ated with it. The central radio structure also coincidedwdigions having a significantly higher
X-ray temperature: 15 keV. The ICM temperature and X-ray morphology of the @dugivor
of a relic-like interpretation. We therefore conclude ttta twisted radio structure is a giant
relic tracing a shock front linked to the merger activity oétsystem.

24.1.6 VLSS J0915+%2511

The radio map shows aftlise region of emission associated with a cluster of galékegBCG
J138.9189525.19876) at a redshift of.824. The radio source consists of a northern compo-
nent and a fainter southern one. To the west a source is assdevith an elliptical galaxy
(RA 09" 15™ 3%°.7, DEC+25° 11’ 37”). A few possible counterparts are visible in SDSS DR7
images for the northern fllise component. The southerrffdse component has no obvious
optical counterpart. This could be a radio relic with a pctgel size of about 190 kpc. High-
resolution observations will be needed to confirm this jmtetation.
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Figure 2.8: Left: GMRT 610 MHz radio map. Contour levels araveh as in Fig2.1 (left panel). Right:
SDSS r band image overlaid with GMRT 610 MHz contours. Contexels are drawn as in Fig.1(right
panel).

2.4.1.7 VLSS J1515.40424, Abell 2048

The radio image shows a filamentary radio source in the penjpbf the cluster Abell 2048
at a redshift of 0.0972. The source consists of three eledgstructures orientated roughly
east-west. The three structures connect to the east. Theesoould be a complex double
WAT source. However, the radio structure itself does notrsteebe connected to any particular
galaxy. The source has a projected size of 310 kpc, if locatelde cluster. In the southeast
a compact double-lobe source is associated with a largeiedll galaxy (RA 15 15™ 14°.1,
DEC +04° 23 10”) located in the cluster. On the other side of the cluster & Oylsource
(PMN J1515-0421) limits the dynamic range. The cluster is also detettedrays as RX
J1515.20421 Bade et al. 1998 A substructure on the east-side of the main cluster ibhsi
hinting at a possible cluster merger, see Rig (right panel). Given the location of the radio
source at the edge of the cluster, the lack of a connectidnavitingle optical counterpart, the
steep radio spectrum, and the morphology, we classify theceas a peripheral radio relic.

2.5 Spectral index modeling

Radio spectra can be an important tool to understand thanarighe relativistic electrons and
to determine the age of the radio emitting plasma. We haveébgwed our flux measurements at
610 MHz with literature values to determine the radio sygeftr the sources in our sample. We
have included flux measurements from the following survég&MHz 8C Rees 1990Hales
et al. 1999, 74 MHz VLSS, 151 MHz 7C\Waldram et al. 1996Hales et al. 200)7 232 MHz
Miyun (Zhang et al. 199)7 325 MHz WENSS Rengelink et al. 1997 352 MHz WISH De
Breuck et al. 2002a365 MHz TEXAS Qouglas et al. 1996and 1400 MHz NVSS.
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Table 2.2: JP model fits withy,; = —0.75

Source Name tcl trRe ng
108 yr 10° yr uGauss

VLSS J0646.80722 0227+ 0.0775 00869+ 0.00624 24.5
VLSS J1133.42324 0121+ 0.034 Q0870+ 0.00634 23.3
VLSS J1710.56844 0421+ 0.259 Q0946+ 0.00812 23.1
24P73 (VLSS J221745943),z=0.05 0156+ 0.0464 0120+ 0.00406 29.1
24P73 (VLSS J221745943),z=0.10 0173+0.0534 0131+ 0.00503 27.0
24P73 (VLSS J221745943),z=0.15 0176+ 0.0557 0131+ 0.00443 26.4
24P73 (VLSS J221745943),z=0.20 0169+ 0.0500 0129+ 0.00497 26.3

We model the integrated radio spectra using thiéeJaerola (JP) modeléte & Perola
1973 described byKomissarov & Gubanoy1994), see alsSlee et al(2001). We assume
that (i) synchrotron self-absorption is negligible as thidy occurs in compact sources, (ii)
radiative energy losses dominate over other losses suahasadic ones, (iii) the magnetic field
is spatially uniform and constant in time, (iv) radiative&rons do not escape from the region,
(v) the emission in the region is uniform, (iv) relativiséectrons were injected at a single point
with a power-law distribution of energy, and (vii) the pitahgles of the synchrotron emitting
electrons are assumed to be continuously isotropized anestiale shorter than the radiative
timescale. Relativistic electrons lose their energy bychyatron emission and IC scatterinff o
the cosmic microwave background (CMB).

In the Kardashev-Pacholczyk (KP) modkhfdashev 1962 acholczyk 197)) also used by
Komissarov & Gubanoy1994), the pitch angle of the electrons remains in its originéiota-
tion with respect to the magnetic field. This introduces omeeariree parameter in the spectral
index modeling (the ratio between the source magnetic f@léd the &ective magnetic field
for IC losses Bic). We have chosen not to fit this model to limit the number oé fparame-
ters. Furthermore, the JP model is more realistic from aiphigoint of view, as an anisotropic
pitch angle distribution will become more isotropic due @nges in the magnetic field strength
between dierent regions and scattering by self-induced Alfvén wdees.,Carilli et al. 1991
Slee et al. 20011

Our adopted scenario is as follows: When the source staggssume that it is fueled at
a constant rate for a certain tintg (the time of the continuous injection (CI) of relativistic
electrons, with an injection spectral indey;). This is followed by a relic phase (RE) where
the injection of electrons is switchedfdtgg). During both of these phases the electrons lose
energy by synchrotron and IC losses. The total source agg is tre + tc.

In the spectrum two break frequencies occur both relategeotsal aging. The first is the
break frequencyy of the first injected electron population (at the beginnifthe ClI phase)
B
S —
(182 + BZ]Y)

Vp &

(2.3)

A second higher frequency break;, is caused by the last electron population injected, at the
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end of the Cl phase

2
t
Vb = Vb (1 + ﬂ) . (2.4)

tre
The injection spectral indexdy;) is determined by the AGN in the case of (relic) radio lobes

or radio phoenices. For relics where the particles are acteld by DSA the injection spectral
index is related to the Mach numbe¥A) of the shock. In linear theory the relevant expression
is

3IM?2+1

2-2M-2"

seevan Weeren et a(2009h. The injection time must be comparable with the crossimgtof

the relic region by the shock front. Since “DSA-relics” arestly located in the cluster periph-
ery, where the pressure of the ICM gas is lower, adiabatitggriesses may become important.
These adiabatic energy lossékeat the radio spectrum, depending on the expansion rateof th
relic and evolution of the magnetic field strengBit)) with time (Kardashev 196250ldshmidt

& Rephaeli 1994Murgia et al. 2002 However, we only have a limited number of flux mea-
surements for our sources and only one proposed DSA-rdliceamough flux measurements to
model the spectrum. Furthermore, the location of this rielithe cluster as well as the iden-
tification of the cluster itself are uncertain. We therefohese to ignore thefiects adiabatic
expansion losses.

The JP model is thus characterized by four free parametErshé injection spectral index
@inj, (2) the length of the CI phage,, (3) the length of the RE phasgs, and (4) a flux normal-
ization constant. To reduce the number of free parametetsawe chosen to keepy; fixed to
a value of-0.75 (Parma et al. 2007

The spectra are fitted by minimizing tlgesquared value of the fit in a two-step process. We
first determine the shape of the spectrum fdfedient values ofre andtc;, both ranging from 0
to 1 yrs in 25 equal logarithmically spaced steps. Then an oMéalscaling (normalization)
constant is determined by multiplying the spectrum with astant until they-squared value
is minimized. In this way, a 2-dimensional (2525) array ofy-squared values is created. We
continue the fitting using the same process but now centénmg:e andtc values around the
minimumy-squared value in the array and increasing the time resolbly a factor of 15. The
process is repeated until bdgg andtc, converge to a constant value, i.e., do not change by more
than 1% between subsequentiterations. The formal errthg ifitted parameters are determined
by the corresponding distribution of tlhesquared values. For the sources where we successfully
fitted the JP-model we should take in mind that some of the Ifiyiy assumptions we made
may not be valid and could hav&ected our results.

For the magnetic field strength we use the revised equipartinagnetic field strengtBy,
(Brunetti et al. 1997Beck & Krause 200b We use the same procedure agam \Weeren et al.
(2009p and take for the depth of the sourad the average of the major and minor axis. The
ratio of energy in relativistic protons to that in electrqk¥is set to 100. For the low-energy
cutaof (ymin, the energy boundary indicated by the Lorentz factor) we #00. For other values
of k andymin, By, scales withy(H20/G-2)(1 + k)Y@, with @ the spectral index.

We have only fitted the radio spectra for sources with a rédd&@cause the energy loss rate
due to IC scattering is proportional to 12)*) and at least four flux measurements available.
An exception is 24P73 (or VLSS J221#5943) for which we have no redshift. If 24P73 has
a similar size as the relic in A85 (150 kp&lee et al. 2001 then its redshift would be around

(2.5)

Qinj =
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0.1. Since this is a very rough estimate we have also fitted tie spectrum using redshifts of
0.05, 015, and .

The fluxes for the sources could be contaminated by the presafifield sources within
the beam of the low-resolution surveys. In the case of 24®ig8e is a 5.0 mJy NVSS source
(NVSS J221736594403) nearby which is blended with thefdse source in the 8C, VLSS,
and WENSS surveys. We fitted a second order polynomial indggspace to the 610 MHz
GMRT, NVSS, and the 1.4 and 8.4 GHz fluxes fr@neen & Jonca$1994 for this source.
We then extrapolated the flux to 325, 74, and 38 MHz and suletlad! this flux to recover
the uncontaminated flux for theftlise source. For the three otheffdse sources no unrelated
sources were found that could have significantly contribtiethe flux.

The fitted radio spectra are show in FR§9. The values fot¢, tre, and ng are reported
in Table2.2 The fitting process for the sources VLSS J163@326, VLSS J2213:23411,
VLSS J0004.93457 did not converge. For VLSS J16363326 the 1.4 GHz flux measurement
is relatively high, in this case the source may have restétgectivity causing the high 1.4 GHz
flux value. This is also seen for several radio source®agma et al(2007). For the other
sources the flux measurements are too closely spaced irefiegto provide enough constraints
for the fitting process.

For the sources where we successfully modeled the synohrsprectrunic; > tge. All of
these sources show steepening of the radio spectrum atrHigly@encies which is expected
in case of spectral aging. For 24P73 the spectral index sl consistent with the source
being a radio phoenix with a total source age &fi®’ yrs. We find that the derived synchrotron
age does not critically depend on the adopted redshift ofdd.this source (see TabR?2).

2.6 Discussion

Based on their toroidal or filamentary morphologies and edmadio spectra two of our relics
could be classified as radio phoenices: VLSS J154®4P4 and VLSS J2217+%943. Con-
trary, VLSS J1133.¥2324 and the twisted structure in MACS J07173345 are probably the
result of DSA from structure formation shocks. In the cas&b§S J0717.53745, the dis-
torted morphology and high temperature of the ICM are clg@emce for a cluster undergoing
a merger. For the other relics more observations are needistermine their origin.

Most of the sources in our sample are associated with galaxidusters and show irregular
morphologies. This can be caused by the interaction of tH® n@lasma with the ICM. The
steep spectrum of the sources is caused by spectral aginginesome cases the central AGN
activity may have stopped, producing a so called “dyingioadurce. Confinement of the radio
plasma by the ICM could also have contributed to the steap sgbctra, as in this case the radio
plasma has “the time” to display th&ects of spectral aging.

We have calculated the physical size (largest extent)eptefl distance from the cluster
center Ryrjected, and 1.4 GHz radio poweiPq 4) for the radio relics in our sample. We have
complemented this with values from the literature for raglacs with measured spectral indices:
Al13, A85, A133, and A4038Slee et al. 2001 A1240 and A2345Bonafede et al. 2009b
A3667 (Rottgering et al. 1997 A548b (Feretti et al. 2005 A2256 Clarke & Ensslin 200§
A521 (Giacintucci et al. 2008 1253+275 (Giovannini et al. 199) A2163 [eretti et al. 2004
A2744 Orri et al. 200Y, AS753 Subrahmanyan et al. 2003115 (Govoni et al. 2001A610
(Giovannini & Feretti 200pand RXC J1314.4-2515/&nturi et al. 200Y. The spectral indices



28 Chapter 2. A search for steep spectrum radio relics arud mdth the GMRT

VLSS J0646.8—0722 VLSS J1133.7+2324
1.00F =
1.00 ¢ =
= =
E 5 0.10F E
= 010 4+
toge 3.13e+07 [yrs] toge 2.08e+07 [yrs]
tg 2.27e+07 [yrs] tg 1.21e+07 [yrs]
tee 8.69e+06 [yrs] 0.01F  t 870e+06 [yrs] E
0.01 & | | — E | | |
100 1000 100 1000
freq [MHz] freq [MHz]
VLSS JT710.546844 VLSS J2217.5+5943
1 10.00F ‘ ‘ g
1.00E 4
1z i
15 0.0 E
0.01F  ‘tage 5156407 [yrs] N [ toge 3.04e+07 [yrs]
E ty, 421e+07 [yrs] ] 00TE " 173107 [yrs] E
tee 9.46e+06 [yrs] ] [ tee 1.31e407 [yrs] 1
L L E L L
100 1000 100 1000
freq [MHz] freq [MHz]

Figure 2.9: Jfie-Perola fit to the flux measurements. The duration of the @lIRE phases are in-
dicated in the figure. Top left: VLSS J0646@722; Top right: VLSS J1133+2324; Bottom left:
VLSS J1710.56844; Bottom right: VLSS J2217+5943 (24P73 and usirng= 0.1).
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Table 2.3: Radio relic properties

Source Name a SRz spectral curvature Pi4 Siz€  Rprojected
QSIOME _ GMONe 1P W Hz ! kpe  kpe
VLSS J1133.%2324 -1.69 0.96 24.1 570
VLSS J1431.81331 125 175
24P73 (VLSS J221745943) -2.20 2.0 ... . e
MACS J0717.53745 -1.09 -0.02 138 700 320
Abell 2048 (VLSS J151540424) -1.50 1.60 0.566 310 310
Abell 2256 -1.2 . 3.95 1100 300
Abell 1240-N -1.2 0.427 650 700
Abell 1240-S -1.3 0.730 1250 1100
Abell 2345-E -13 . 2.62 1500 890
Abell 2345-W -15 e 2.83 1150 1000
Abell 13 -1.79 0.65 0.853 260 170
Abell 85 -2.30 1.36 0.322 150 430
Abell 133 -1.70 1.39 1.07 55 40
Abell 4038 -1.88 1.03 0.0983 55 35
Abell 3667 -11 . 17.4 1920 1950
Abell 548b A ~=2 . 0.260 310 500
Abell 548b B <-20 ... 0.250 370 430
Abell 521 -1.48 .. 2.90 1000 930
Coma clustéer -1.18 e 0.284 850 1940
Abell 2163 -1.02 .. 2.23 450 1550
Abell 2744 -11 . 6.20 1620 1560
Abell S753 -2.0 . 0.205 350 410
Abell 115 -11 16.7 1960 1510
Abell 610 -14 . 0.444 330 310
RXCJ1314.4-2515-E -141 e 2.08 920 685
RXCJ1314.4-2515-W -1.40 e 4.81 920 685

@ largest linear scale

b excluding the flux of the halo and central head-tail souree @dsovan Weeren et al. 2009d
Bonafede et al. 2009a

€1253+275

d plended with a nearby AGN (except in the GMRT 610 MHz imagegréfore no spectral
index or spectral curvature could be calculated
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for our newly found relics were calculated between 74 anddIMBiz. The spectral indices for
the relics taken from the literature were usually measustd/den 325 and 1400 MHz, but for
some relics the frequency range is somewhgietént (for more details the reader is referred the
references given above).

The spectral index of the radio relics, versus the physieal 5 shown in Fig2.10 (left
panel). The projected distance from the cluster centerla coded. We find that on average
the smaller relics have steeper spectra. There are tiereint explanations for this correlation.
The found correlation between physical size and spectdaikmay (partly) be the result of the
proposed radio phoenices occupying the lower left regiofign2.10 Ignoring the proposed
radio phoenices the trend remains, although the scattargs ko this result is less significant.
Such a trend though, is in line with predictions from shogiistics derived from cosmological
simulations Hoeft et al. 2008 Skillman et al. 2008Battaglia et al. 2000 They find that
larger shock waves occur mainly in lower-density regions laave larger Mach numbers, and
consequently shallower spectra. Conversely, smallerksivages are more likely to be found in
cluster centers and have lower Mach numbers and steepdrap@e note that more spectral
index measurements of high quality are needed to confirmdirelation between physical size
and spectral index (leaving out the proposed radio phoghice

The size of the relics versByjected iS Shown in Fig.2.10 (right panel). The projected
distance from the cluster center for the shallow spectias& indeed on average larger than
for the steep spectrum relics, indicating that they are Iptmtated in the periphery of clusters
where the Mach numbers of the shock are higher. We contrihigeto the fact that in the
periphery the shock surfaces are larger and the dgpsitssure of the ICM is lower. Therefore
large radio relics are mainly located in the cluster peniphBecause we are using the projected
distance from the cluster center, and not the (unknown)rdgegted distance, some additional
scatter is introduced in the plot. Furthermore, the spkitdices for the various radio relics
are calculated using data from radio telescopes witiei@int array configurations, sensitivities,
andor frequencies ranges, adding to the scatter.

Giant Mpc-scale radio relics are probably caused by DSA ioatwards traveling shock
front. Itis unlikely that they are the result of compressaml reignition of fossil radio plasma as
the time to compress such a large radio “ghost” would remowstof the electrons responsible
for the radio emission by radiative energy losseékatke & Ensslin 2006 In the case of giant
peripheral relics shock-acceleration is ongoing resgltim relatively flat spectral indices of
about-1, i.e., a balance between electron cooling in the postishegions and continuous
acceleration at the shock front. Behind the shock frontsfiectral index is indeed observed to
steepen for some giant relics (e Battgering et al. 1997 After a few times 18yrs the electrons
behind the shock front have lost most of their energy andechitie synchrotron emission. It
takes of the order of 1 Gyr for a shock wave to travel from th&teeof the cluster to about the
virial radius.

As has been mentioned, an alternative explanation for thedsize-spectral index corre-
lation could be a possible fiigrent origin of the smaller radio relics. With the smalledica
relics originating from the adiabatic compression of fbisiio plasma. In fossil radio plasma,
the high-frequency synchrotron emitting electrons hasgé ieost of their energy. Due to com-
pression and the increase in magnetic field strength the @edsma becomes visible again.
Therefore these sources are characterized by (very) stekpuaved spectra. Proposed exam-
ples of such sources are 24P73 and those founSléy et al(2007). If spectral aging occurs,
the steeper radio spectra should be more curved.
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Figure 2.10: Left: Spectral index of radio relics versusrthize. Squares are the proposed radio phoenices,
i.e., the sources fror8lee et al(2001), 24P73 and the relic in Abell 2048. Diamonds represent dlér
relics tracing merger shocks where particles are beingerated by the DSA mechanism. The brightness
coding is according to the projected distance from the etusénter. For the relics represented by black
symbols we could not obtain a reliable projected distandbeacluster center. Right: Projected distance
from the cluster center of radio relics versus their size.

It would be interesting to determine the injection spedtrdices («in;) for the radio relics.
This requires reliable flux measurements over a wide randeeqfiencies, especially below
the break frequency,. With enough flux measurements it should be possible to atpére
effect of spectral aging and a steef;. In particular, if the correlation is explained by the
different Mach numbers of shocks the injection spectral indimesmaller relics located close
to the cluster center should be steeper than that of largjies.rdf this is indeed the case this
is evidence for DSA. For radio phoenices the injection spéaidex should be aroune0.5 to
—0.75 because the fossil radio plasma originated from AGN. T$teep spectral indices should
then solely be the result of spectral aging and not a steeptiojp spectral index. Currently, with
a limited number of flux measurements, mainly at frequenaieere electrons have already
lost some of their energy, there is a degeneracy betweemjbetion spectral index and the
amount of spectral aging. New low-frequency radio faetisuch as LOFAR, will be needed
to determineiy; for radio relics.

The spectral index versus the 1.4 GHz radio power for thegédi shown in Fig2.11 (left
panel). From the figure we can see that there is a lack of higlepsources with steep radio
spectra. This is not surprising since relics with less stgsgctra are larger (Fi@.10 and
therefore should have a higher radio power.

We have plotted the amount of spectral curvature for ourcemwersus their spectral index,
between 74 and 1400 MHz, in Fig@.11 (right panel). The curvature is defined @g, 610 —
as10-1400- A higher positive value for the curvature implies that thectra are steeper at higher
frequencies. We have only added the four sources f&tem et al(2001) for which flux mea-
surements at both 1.4 GHz and 74 MHz (VLSS) are available. dleutated the 610 MHz
fluxes by interpolating the fluxes (linearly in log-log sppbetween 408 and 834 MHz. For
other radio relics, flux measurements are less reliable toavaolable at 74 andr 610 MHz. As
shown in Fig2.11there is an indication that the curvature is higher for theses with a steeper
spectral index, although the number of sources in the plattiser low. If the spectral index of
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Figure 2.11: Left: Radio power at 1.4 GHz of radio relics wsrtheir spectral index. Symbols are defined
in Fig. 2.1Q Right: Curvature of the radio spectra versus their spkictdax between 74 and 1400 MHz.
The curvature is defined @S54 610 — @610-1400-

relics steepens by spectral aging such a trend is expeaiethdre measurements of spectral
curvature will be needed to show that this correlation whth $pectral index really exists.

2.7 Conclusions

We carried out 610 MHz radio continuum observations with @MRT of 26 difuse steep
spectrum sources. All of these sources were resolved outh@Hz VLA B-array snapshot
observations or in the 1.4 GHz FIRST survey. Of these 26 ssu2& were detected with the
GMRT. The radio observations show a wide range of sourceo ralics, a giant radio halo, a
mini-halo, FR-I, head-tail, and USS sources. Here we shertinmarize the properties of the
relics and halos in our sample.

-The radio relic 24P73 (VLSS J221%5943) is located close to the galactic plane. This
source was previously known to have a steep spectrum butimethanclassified due to the
limited sensitivity and resolution of previous observasoDue to the crowed Milky Way field
and high extinction no cluster is found in POSS-Il imagesefRIR imaging will be needed to
reveal the presence of a cluster. The sources has an exyrsteep curved spectrum, likely the
result of adiabatic compression of fossil radio plasma gedtal aging.

-VLSS J1133.%2324 is a filamentary relic located next to a nearby spirabgalThe radio
source breaks up into two parallel filamentary structuréss fielic source is probably associated
with a structure of galaxies located at a distance-0f0.6. The nearby spiral galaxy itself is also
detected in the radio images, the flux density consistert thiat predicated by the FIR-radio
correlation (using IRAS fluxes for this galaxy). The galagypartly blocking our view of the
distant structure of galaxies, making follow-up obsexvasimore dficult.

-VLSS J1431.81331 consists of two components. The eastern part is prpbabbciated
with a ¢D galaxy in the center of the cluster MaxBCG J217.96863.53470 az = 0.16. The
radio morphology suggests we are seeing signs of interabgbween the radio plasma and the
ICM. The other part is probably a relic source. These soumtases an interesting target for
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follow-up X-ray observations.

-VLSS J0004.93457 is associated with an elliptical galaxy in a small @usttz ~ 0.3.
The difuse radio emission surrounds the galaxy in the form of a mahd. The source has an
arc-like extension to the east.

- VLSS J0717.53745 is located in the cluster MACS J071¥345, a massive merging
system at a redshift of 0.5548. The radio emission is complensisting of a large elongated
radio relic and a giant 1.2 Mpc radio halo. The halo has a radiger P14) of 5x 10?° W Hz ™1,
the highest one known to date. The relic might trace a giantisiwvave related to the cluster
merger. This is consistent with the very hot ICM and reldyikat spectral index.

-VLSS J1515.20424 is a radio relic consisting of three filamentary streesun the periph-
ery of the cluster Abell 2048. Adiabatic compression of flasslio plasma probably resulted in
the complex morphology.

We find that larger relics are mostly located in the clusteighery, while smaller relics are
found closer to the cluster center. We also discovered a&letion between the spectral index
and the physical size of the relics. A likely explanationtfds correlation is that the larger shock
waves occur mainly in lower-density regions and have lakfgech numbers. As a consequence
they have shallower spectra. However, the correlation sam(partly) be explained by invoking
different origins for relics. Relics formed byfflisive shock acceleration are direct tracers of
large shock fronts in clusters, while the compression dfifeadio plasma is thought to produce
relatively small relics with steep curved spectra.

If the correlation is explained by the fact that the largevcdhwaves occur mainly in lower-
density regions and have larger Mach numbers then the imjespectral indices should flatten
away from the cluster center for the various relics. To mesats requires a sticient number
of flux measurements, especially below the break frequemdlya spectrum. With upcoming
new radio facilities operating at lower frequencies it ddaherefore be possible to break the
degeneracy between the injection spectral index and specfing.

Follow-up observations to measure the polarization prtigmare currently underway. We
also plan to create spectral index maps for our sources vehiobld give more information on
the life-times of the various synchrotron emitting regio®gtical observations have been taken
to characterize the large-scale environment around thie smlirces. For two of our ffuse
sources these observations should confirm the presencdustarc X-ray observations will be
needed to study the dynamical state of the clusters andlitegaresence of shock fronts in the
ICM.
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2.8 Appendix: Other sources in the sample

VLSS J0227.4-1642

The radio map shows two resolved elongated patches of emis3ihe brighter eastern com-
ponent has a flux of 28 mJy and the weaker western componen2IiJy. Both components
are resolved, 28’3by 10.3’ (eastern component) and 22 8y 9.0’ (western component), and
show structure at the limit of the 5" beam. The position angles of the longest axes are roughly
the same, which suggests a link between the two componeatsptital counterpart is detected

at the limit of the POSS-II survey. The steep spectral indextout—1.5 could be explained

if this source is a FR-I type AGN, where the central engine $tapped and the synchrotron
emission in the two lobes has steepened by spectral agitigisinase both components should
roughly have the same spectral index.

VLSS J0250.5-1247

The radio observations show a double source. The two conmp®aee slightly resolved, have
a similar flux and seem to be connected by a faint bridge. Tparagon between the two radio
componentsis 5 No optical counterpart is detected.

VLSS J0646.8-0722

The radio map shows a source with an angular size df dy00.5. An optical counterpart
(PCG 76039, mag=18.4) is detected in both the POSS-Il and 2MASS surveys. Jdlaxy was

also listed in the catalog of Galaxies Behind the Milky Way5(@W 1-0379,Saito et al. 199

and in the catalog Galaxies in the “zone of avoidance” (ZOAXA &99-04.3\Weinberger et al.
1995 and was in both cases classified as an elliptical galaxy.aff@unt of extinction in this
region is A3 = 2.2 mag. The radio map shows a one-sided tail originating frioendptical

counterpart. This might indicate that the source is locatexcluster and we see thé&ects of

the interaction between radio plasma and the surroundiiy IC

VLSS J1117.%7003

This source has a remarkable steep and straight radio speatithout any indication of a flux
turnover at lower frequencies. The source is resolved isto@oth featureless roughly spherical
blob (26’ by 23”). No optical counterpartis detected. Given the steepgditaadio spectrum it
could be a radio halo, however the small size of the souragearggainst such an identification.
The source could be a mini-radio halo surrounding a cenagalaxy of a distant (proto)
cluster.

VLSS J1636.%3326

The radio map shows two compact components, with the naritmnponent extending to the
west. SDSS images show several faint mostly red galaxiesmdrie radio source. Photometric
redshifts (SDSS DR7) indicate the presence of a cluste£d.65+ 0.19. Several galaxies can
be identified as possible optical counterparts.
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VLSS J1710.5-6844

This “head-tail” radio source has a length of 0.@8d a width of 0.27 An optical counterpart
is detected, a galaxy with a K-magnitude of 14.75. An optidadnd image from the 2.5m
Isaac Newton Telescope (INT) shows that this source is éocaithin a cluster at a redshift of
z ~ 0.3. An east-west elongated X-ray source 1RXS J1710638@403 follows roughly the
galaxy distribution confirming the presence of a cluster.

VLSS J1930.4-1048

The radio map shows an elongated source with a LAS of 10he radio morphology is con-
sistent with a FR-I radio source. No optical counterpartatedted at the position of the core,
but this is not surprising given the amount of extinctiég & 3.759) at this galactic latitude of
—3.6 degrees and the high star density in the POSS-Il images.6\63y (probably unrelated)
radio source is located 7@ the north.

VLSS J2043.9-1118

An optical counterpart for this source is detected in POIS®dges. The faint optical source is
located on the peak of the radio emission. The radio emissiomounds the galaxy and there is
a hint of a faint extension to the east.

VLSS J2044. 40447

The source is elongated in the east-west direction and hasSadf 101’. A R-magnitude
19.56 galaxy corresponds to a peak in the radio emissiorsistent with this being a FR-I
radio source. The high rms noise is the radio map is causegimnaic range limitations from
4C 04.71, a 24 Jy source (610 MHz), located 318 the south.

VLSS 2122.9-0012

The radio source is compact, 11.6y 10.7’. This is probably a USS source associated with a
HzRG. The lack of an optical counterpart in SDSS images irsistent with this explanation,
and implies the source is locatedzat 1.4.

VLSS J2213.2-3411

This source was also included in the USS sample®Breuck et al(2000, WN J2213-3411.

A K band image fronDe Breuck et al(20028 showed a possible counterpart. However,
because no high-resolutiog (L0”) VLA images were available the identification was uncertain
on the basis of position alone. Our high-resolutidhifiage shows a distorted double-lobe
source. The central radio core is not detected. The NIR eopatt is located in between the
two lobes, confirming that this is indeed the host galaxy. KH®nd magnitude of 18 implies

a redshift of 16 + 0.5 for this source using the K-z relation.



Section 2.8. Appendix: Other sources in the sample 37

VLSS J2341.%1231

The radio map shows a FR-I type radio source. The northwesied southeastern lobes are
listed as NVSS J234104.23203 and NVSS J23410123126, respectively. An optical coun-
terpart is detected on POSS-Il images at roughly the exgedsition based on the location of
the lobes. This source may be a so called “dying” radio source

VLSS J2345.2-2157

The radio source shows an S-shape symmetry. An optical eqpart is detected in 2MASS and
POSS-Il images being the central cD galaxy of a cluster. iBhi®nfirmed by the presence of
the X-ray source 1RXS J234518.215753.

VLSS J0511.6-0254

The radio map shows a FR-I type radio source. Two possibieamounterparts are detected
which are the central elliptical galaxies in a cluster atdshgft of about 0.2.

VLSS J0516.2-0103

VLSS J0516.20103 is a relatively compact source, without a double lohectiire. The source
does not have an optical counterpart in POSS-1l images. ifp$es the source is probably
located az > 0.7.

VLSS J2209.5%-1546

The radio map shows an elongated source. No optical cowrtéspdetected at the limit of the
POSS-Il images. The source is probably a distant FR-1 so@pécal imaging will be needed
to confirm this classification.

VLSS J2241.3-1626

This source could be a disturbed FR-I source, no opticaltespart is detected. Optical imaging
will be needed to confirm this classification.

VLSS J2357.6-0441

The source is found to be a blend of three compact sourcewjthtbut optical counterparts.
By convolving the GMRT image to the NVSS resolution (45t seems that the two outer
components are responsible for the steep spectrum. Thegearably distant FR-1l sources.
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Figure 2.12: GMRT 610 MHz radio maps. Contour levels are drawin Fig.2.1 (left panel).
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Figure 2.14: Optical images for radio sources with courastggy Images are from SDSS or POSS-II (red),
except for VLSS J171048844 for which we took seveinband images from the INT Wide Field Camera
with a total exposure time of 2520 sec. GMRT 610 MHz contouelke are drawn as in Fig2.1 (right

panel).



