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ABSTRACT

Context. \We report on new VLA radio observations of the distant cluBt¥ J1347.5-1145, which is the most luminous in X-rays.
Aims. We aim at investigating the possible presence fitide and extended radio emission in this very peculiar systieich shows
both a massive cooling flow and merging signatures.

Methods. New low resolution £ 18 arcsec) VLA radio observations of this cluster are comdbiwith higher resolution~ 2 arcsec)
data available in the VLA archive.

Results. We discover the presence of dfdse and extended- (500 kpc) radio source centered on the cluster, unrelateteteatio
emission of the central AGN. The properties of the radio seuin particular a) its occurrence at the center of a massigéng flow
cluster, b) its total size comparable to that of the coolegjan, ¢) its agreement with the observational trend batwaéio luminosity
and cooling flow power, indicate that RX J1347.5-1145 hoselgo mini-halo. We suggest that the radio emission of thig-malo,
which is the most distant object of its class discovered upote, is due to electron re-acceleration triggered by thérakoooling
flow. However, we also note that the morphology of thutdie radio emission shows an elongation coincident with dsitipn of
a hot subclump detected in X-rays, thus suggesting thatiaddi energy for the electron re-acceleration might bevigied by the
submerger event.

Key words. Galaxies: clusters: individual: RX J1347.5145 — Radiation mechanisms: non-thermal — intergalacidiuom — cooling
flows — Acceleration of particles — Radio continuum: galaxieX-rays: galaxies: clusters

1. Introduction Iikely suppressed or disrupted by a major merger (Gomez et al

Diffuse and extended synchrotron emission has been detectedgl
a number of galaxy clusters, revealing the presence ofvistat
tic electrons and magnetic fieldsfidised into the intra-cluster
medium (ICM). These radio sources, characterized by steep
dio spectra and sizes ef1 Mpc, are usually classified as “rad|o

halos” when permeating the cluster center, “radio relickew . o . v
located in the cluster external regions (e.g., Feretti &@imini 29@in, to the presence of relativistic particles and magifietd

2007). The presence of both halos and relics in galaxy astd! the ICM. Gitti et al. (2002) proposed that the synchrotron
have been suggested to be strongly connected to the exdsiénEM!SSION frpm radio mllm-halos could be due to a relic popu-
cluster-cluster mergers, which would provide the energyde ation of (primary) relativistic electrons re-accelexhtey MHD

accelerating the electrons to ultra-relativistic enesgjgrimary Urbulence, with the necessary energy supplied by the goli
models: e.g., Brunetti et al. 2001). Relativistic elecgraould 1OW process itself. Alternatively, Pfrommer & Enklin (2004

also result from inelastic nuclear collisions betweentieiktic ~discussed the possibility of radio emission from secondy-

The successful application of the re-acceleratiodehto
protons and thermal ions of the ICM (secondary models; e "S-
Blasi & Colafrancesco 1999). Up to now, the comparison of olgéf/) o cooling flow clusters (Gitti et al. 2002, 2004) has giveps

servational and analytical results is in favor of primarydeis POrt t0 @ primary origin of the relativistic electrons rafig in
related to cluster mergers (e.g., Brunetti 2003, Blasi.&@07). radio mini-halos, although detailed observations of adasgm-

In particular, radio halos and relics are not commonly seen PI€ aré required to understand the origin of these sources.
clusters characterized by short central cooling time amh hi  RX J1347.5-1145 is the most X-ray-luminous cluster dis-
central brightness peak, the so-called cooling flow clsgfery., covered to datel(x = 6 x 10% erg s in the [2-10] keV en-

Fabian 1994, Peterson & Fabian 2006), since the cooling Boweirgy range, Schindler et al. 1995; Gitti & Schindler 2004). |
shows a very peaked surface brightness profile and hosts-a mas

Send gprint requests toM. Gitti sive cooling flow in its center (Gitti & Schindler 2004). Sub-

r]l'he central regions of cooling flow clusters host an excep-
tional class of difuse radio sources, called “mini-halos” due
to their smaller extensionr~600 kpc). They usuaIIy surround
a powerful radio galaxy. However, their radio emission i$ no
due to radio lobes fed by an active galactic nucleus (AGN), bu
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millimeter and millimeter observations in its directiontéleted Table 1. VLA Data
significant Sunyaev-Zeldovich (SZ) signal and revealedmglem
morphological and temperature structures of the clusigione Observation Frequency Bandwidth Array Exp. Time
(Komatsu et al. 1999, 2001; Pointecouteau et al. 1999, 2001) Date (MHz) (MHz) (h)
RecentChandra(Allen et al. 2002) ankKMM—-Newton(Gitti &

Schindler 2004) observations identified a region with hdgtit Sgg_‘%ggg’ %ggﬂﬁjgg ;’g'g g 3'8
X-ray emission located 20 arcsec to the main X-ray surface Apr-1998 1381465 250 A 30

brightness peak in the south-east direction, at a positiom-c
cident with the region of enhanced S#ext (Komatsu et al.
2001). These results were interpreted as indications diclssr
ter merger, making RX J13478145 a very peculiar system
with a complex dynamical evolution. If on the one hand there i
indication of a disturbed dynamical state in the south-esgon, 114400 |~ f
on the other hand the strong cooling flow points to a relativel
long interval of time in which the cluster has evolved undis-
turbed to a relaxed state (Gitti et al. 2007). This clustehis
perfectly suited to study the interplay of massive cooliogvi
and subcluster mergers, which are very rarely observeden thg %~
same system, on the re-acceleration of relativistic edestrThe =
radio emission in the centrak3 arcmirf of RX J1347.5-1145,
as seen from the NRAO VLA Sky Survey (NVSS; Condon et al.g
1998), shows a strong central source and some hints of & posgi 4600
ble extended emission. In this Letter we present the refolts  ©
new high sensitivity 1.4 GHz radio observations of this tdus
which led to the discovery of ffiise radio emission that may be 0
classified as a mini-halo.
RX J1347.5-1145 (hereafter RX J1347) is at a redshift of 4700 -
0.451Y, thus being the most distant cluster in which a radio mini-

halo has been detected. 1347 40 38 36 34 32 30 28 26 24
RIGHT ASCENSION (J2000)

z
]
=
<
4

2. Observations and Data Reduction
. . Fig.1. 1.4 GHz VLA map of RX J1347 at a resolution of 87 x
We performed Very Large Arrlyobservations of the radio 1396” (the beam is shovl?/n in the lower-right corner). The r.m.s.

source RX J1347 at 1.4 GHz in C-configuration, that we oMy ise is 0.04 The first cont d
bined with same and higher resolution (VLA in A-configuratio rz;)tlif)eblztw.eenn:vJ\%ec%rE.seCSti\llg C((:)?]?O(l),lll:l; %(;ri:%sgon st fhe
observations at the same frequency available in the VLAagech '

(see Tabld]l for details regarding these observations)llin a
observations the source 3C 286 is used as the primary flux
density calibrator, while the source 135148 is used as the
secondary phase calibrator. Data reduction is done usi@g th 14504 |- 4
NRAO AIPS (Astronomical Image Processing System) pack- 0 0

age. Accurate editing of the uv data is applied to identifg an
remove bad data. Images are produced by following the stdnda
procedures: Calibration, Fourier-Transform, Clean anstéte.
Self-calibration is applied to remove residual phase viaria.
Data in array C from the two fierent observations are reduced

separately, in order to analyze the possible existence wi-sp 10 -
ous features, and the resulting images are then combined. Tl3

final images, produced using the AIPS task IMAGR, show thée® 2l i
contours of the total intensity (Fids. 1 and 2).

08 [— —
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3. Results O

16 — m

Figure[1 shows the radio map of RX J1347 observed at 1.4 | | \ \ \ ‘
GHz with the VLA in C configuration, with a restoring beam #4732 50 % RIGHT ASCENSION (12000) 02

of 17.8” x 13.6”. The source is clearly extended with a strong

L With a Hubble constant oHy = 70 km s* Mpc?, andQy = ) )
1-Q, = 03, the luminosity distance is 2506 Mpc and the anguldfi9-2. 1.4 GHz VLA map of RX J1347 at a resolution af7f x
scale is 5.77 kpc arcsec 1.2” (the beam is shown in the lower-right corner). The r.m.s.
2 The Very Large Array (VLA) is a facility of the National Radio Noise is 0.03 mJ¥eam. The first contour corresponds tg the
Astronomy Observatory (NRAO). The NRAO is a facility of theratio between two consecutive contours being 2.
National Science Foundation, operated under cooperajne=ement by
Associated Universities, Inc.
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central component and an amorphous morphology elongated t
ward the south (S). The total size 4s 107’ (620 kpc) in the &
north-south (NS) direction and the total flux density is%50.6
mJy (see Tablel2). The source visible to the south-west (SW)
the extended emission is associated to a cluster galaxyhand
a total flux density of £0+ 0.06 mJy.

Figure[2 shows the radio map of the very central field ofj
RX J1347 observed at 1.4 GHz with the VLA in A configu-
ration, with a restoring beam of. &’ x 1.2”. With this high
resolution map it is possible to image the central source anii
to spot the presence of discrete sources that can contiibute
the total flux and extended morphology detected at lower-resa
lution. The central source, located at RA(J2000)4173'30.65, [ )

? )‘)35;.0‘ ., 360 340, - = 320 . 13:47:300 =~ . 280 26.0

Dec(J2000):11°4509.9”7, is resolved, showing hints of faint
structures (detected at a@evel) emanating to the east (E) anq:. ; - :

e ig.3. Optical I-band image of the central field of RX J1347.
north-west_(l_\lW) directions fror_n th? center. No relevarmgr O\?erlayeg are the 1.4 GI'?Z radio contours at lgwhite) and
tres are visible toward the S direction. The total flux derisi high (red) resolution. The beam, r.m.s. noise and contours are

{fie same as in Figg] 1 afH 2, respectively. The arrows show the
discrete radio sources identified for the subtraction froenlow
resolution radio map.

strongly favours the possibility that it is unrelated to thifuse
emission detected at lower resolution. In this high resofut
map the source to the SW, located at RA(J2000%T327.75,
Dec(J2000)-11°4553.4” (not visible in Fig[2), has a total flux
density of 190 + 0.04 mJy. Its morphology suggests that it is }
a head-tail radio galaxy. Thefterence in the fluxes measured j
at high and low resolution is thus due to théfdse emission
associated to the talil of the radio source.

In order to put in evidence theftlise emission, it is essential |
to subtract the contribution of discrete radio sources.dareser-
vative way, they are identified as the radio sources detéctoe
high resolution map atblevel, having obvious association with |
an optical galaxy. The four sources selected with this nabéie
indicated by red arrows in Fifg] 3. The clean components of thER
discrete sources are restored with a circular beam 6fe& |
then subtracted from the low resolution map convolved with t §
same beam. This procedure allows us to estimate the total fl
density of the dfuse radio emissior§ 4gnz = 25.2 + 0.3 mJy)
and derive its surface brightness map, which is shown in[#ig.
overlayed onto the X-ray image. The size of thfdie radio |

~11:45:00.0

(=]

region (~ 420 kpc, Gitti et al. 2007), thus indicating that the dif- & : : 13:47:30.0
fuse radio source may be classified as a mini-halo. We also nogg — B

that the morphology of the radio emission shows an elongatio. , .
coincident with the position of the hot SE subclump deteated F19-4- Adaptively smoothedkMM-Newtorimage of the central

X-rays (Allen et al. 2002; Gitti & Schindler 2004). Additiatty, €gion of RX J1347 (data from Gitti & Schindler 2004). A brigh
the SE excess in the ICM X-ray brightness and temperature sybclump is visible- 20” to the SE of the center (see also A!Ien
dial profiles corresponds to a clear excess in the radio carf&t &l- 2002). Overlayed are the 1.4 GHz contours of tifiisk
brightness of the diuse radio source (see Fig. 5). The excess Xadio emission at a resolution of L& 18" after the subtrac-
ray bolometric luminosity of the SE quadrant between ratlii §on of the discrete radio sources identified at higher xesmi

~ 10" and~ 35”, where the subclump is most apparent at tHgee FiglB). The rm.s. noise is 0.05 rfaBam. The first contour
Chandraresolution, corresponds t5 % of the total cluster lu- cOrresponds tod, the ratio between two consecutive contours
minosity (Allen et al. 2002). Interestingly, we estimatdtithe P€iNg 2.

excess radio flux of the SE quadrant in the region where the en-

hancement is most evident in the radio surface brightneggepr ) ) )

(see Fig[h, lower panel) corresponds-t® % of the total radio 4. Discussion and Conclusions

flux density of the mini-halo.

As already discussed in the Introduction, RX J1347 is a pescul
cluster. It hosts a massive cooling flow and shows a distuliged
The main radio results concerning the central source aramical state in the SE quadrant. Furthermore, it is dorathiay
summarized in Tablg 2, where we also report the monochremadtio Brightest Cluster Galaxies (BCGs). If on the one hans thi
radio power at each frequency calculatedas- 4r DE S, (here is unusual for massive cooling flow clusters, on the othedhan
D, is the luminosity distance an8, is the flux density at the based on its optical spectrum the western BCG is an AGN, with
frequency). typical emission lines of giant ellipticals at the centecobling
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Table 2. Radio results for RX J1347. The size is estimated in the EdN&:tions along the maximum extent of the source.

Map Beam rms Size Peak Total flux ~ Radio Power
("3 (mJybeam) ? (mJybeam) (mJy) (18w Hz™?)
arrayC  17.&13.6 0.04 73.0107.4 37.8(0.4) 55.3(0.6) 41.5(0.5)
array A 1.%1.2 0.03 6.85.1 27.6(0.3) 29.8(0.3) 22.4(0.2)
subtracted  18%18.0 0.05 75.8103.7 11.0(0.1) 25.2(0.3) 18.9(0.2)
18 —— x x x = the necessary energetics to power radio mini-halos is iy
16 L 1 cooling flows themselves, through the compressional worledo
F _———"—_ 1 onthelCM and the frozen-in magnetic field. This supports-a di
1.4 ¢ _~ rect connection between cooling flows and radio mini-hafos.
12 L ] "~ ] full application of the model would be necessary to testadts-c

Lt Mia

sistency with the observational properties of RX J1347 cased
for the mini-halos in Perseus (Gitti et al. 2002), and A263#t{

et al. 2004). Unfortunately, this is not possible with thegamt
data because information on the spectral index propegies,
sential to test two out of the three observational constsaire-
dicted by the model (namely, the brightness profile, thd tata
dio spectrum and the radial spectral steepening, Gitti 20812),

is missing. Here, we can test qualitatively the consisteidiie

=y oObservational X-ray and radio properties of RX J1347 wittmso
correlation predicted by the model. In particular, since tb-
acceleration model assumes a connection between the ofigin
the synchrotron emission and the cooling flow, a trend batwee
the radio power on the mini-halos and the maximum power of
the cooling flows is expected. This has been observed in a first
sample of mini-halos selected by Gitti et al. (2004). By plot
ting the integrated radio luminosityP, versus the maximum
power of the cooling flowPcr = MKT/umy, (hereM is the mass
accretion ratek the Boltzmann constant, the ICM tempera-
ture,u = 0.61 the molecular weight, anu, the proton mass),
Fig.5. The radial profiles extracted along the SE direction irthese authors found that the strongest radio mini-haloasre
cluding the subclump (4Qeast of south), which are shown withsociated with the most powerful cooling flows. In more conve-
the solid lines, are compared to the radial profiles extchakeng nient units, the expression for the cooling flow power can be
the opposite direction (4@vest of north), shown with the dottedrewritten as:Pce ~ 10*{(M/1M, yr)(kT/1keV) ergst. We
lines. The profiles (embedded in the &rror envelopes shown estimate this quantity from théMM-Newtondata presented by
with thin dashed and dot-dashed lines, respectively) are n@itti & Schindler (2004). To be consistent with the mini-bal
malized with respect to the central values. Clear enhancmesample data collected from literature (Gitti et al. 2004,adopt
are visible in all profiles along the SE directiddpper panel the overall cluster temperatukd = 100 + 0.3 keV (Gitti &
Temperature profile derived from t&IM-Newtorhardness ra- Schindler 2004) and mass accretion riste= 16007223 Mo yr™,

tio map presented by Gitti & Schindler (2004, Fig. #)iddle derived by fitting the central spectrum with a standard capli
panel X-ray surface brightness profile derived frokMM- flow model.

0.8

T T T TR TT
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Newtondata (Gitti & Schindler 2004 )ower panel Radio sur- In Figure[ we show with a triangle the radio power
face brightness profile of the mini-halo derived from the magp, |, ,o1, = (2.65+0.03)x 10* erg s and cooling flow power
shown in Fig[38. Pcr = 1.6"02x 10" erg s of RX J1347 estimated in this work,

overlayed onto the values measured for the mini-halo sample
(Gitti et al. 2004). We note that RX J1347 follows nicely the o

flow clusters (Cohen & Kneib 2002). The presence of two dorgerved trend, resulting one of the most powerful objecthien t
inant galaxies is probably related to a submerger evertesire  Sample. This gives support to the possible classificatioitsof
giant ellipticals observed in the center of the cluster ddugl the diffuse radio source as a mini-halo triggered by the centrat cool
BCGs of the two colliding subclusters. Indications of a reae  ing flow. However, the excess and elongation of the radi@serf
ongoing submerger event come also from the detection of a R§ightness coincident with the position of the hot subclufep
X-ray subclump in the SE quadrant (Allen et al. 2002; Gitti gected in X-rays (Figs.]4 arid 5) might indicate that, bestties
Schindler 2004). Interestingly, we detecffdise radio emission €nergy supplied by the central cooling flow, additional gger
at the cluster center. Its occurrence in a massive coolivg fl60r the electron re-acceleration could be provided by the- su
cluster and its total size comparable to that of the coolmg rmerger. From this analysis we thus get indications thattetus
gion (~ 420 kpc, Gitti et al. 2007) indicate that theffdise radio Mergers and cooling flows may act simultaneously in powering

source may be classified as a mini-halo. diffuse radio emission in the rare and peculiar clusters in which
Gitti et al. (2002) developed a theoretical model which adhey coexist.
counts for the origin of radio mini—halos as related to etatte- Further theoretical and observational studies are cuyramt

acceleration by MHD turbulence in cooling flows. In this mhdeprogress and will give a more definite answer regarding the na
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Schindler, S., Guzzo. L., Ebeling, H. et al. 1995, A&A, 299, 9
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Fig.6. Integrated radio power at 1.4 GHzH,]1 4gHz VS. cool-
ing flow power,Pcg = MKT/umy, for the mini—-halo clusters in
Gitti et al. (2004). The triangle represents RX J1347 vakges
timated in this work Pcg from XMM-Newtondata taken from
Gitti & Schindler 2004).

ture of the dffuse emission in RX J1347. In a more general con-
text, we are also carrying out a project aimed at selectiry an
studying a large sample of radio mini-halos in order to ferth
investigate their origin and their connection with giardiceha-
los.
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