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ABSTRACT

O Aims. We report thd NTEGRAL/IBIS observations of the Coma Cluster in the hard X/safty-ray domain.

o Methods. Since the Coma Cluster appears as an extended source higs igliensity and significance cannot be directly extraetitd standard

o coded mask analysis. We used the method of imaging the eedesalirces with a coded mask telescope developed by Renalud2806).

AN Results. The imaging capabilities and the sensitivity of the IBE5RI coded mask instrument allows us to identify for thet firae the site
C of the emission above 15 keV. We have studied the Coma Cluster morphology in thaleV band and found that it follows the prediction
—5 based on X-ray observations. We also bring constraints@nah-thermal mechanism contribution at higher energies.
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c 1. Introduction et al. 2000 for a detailed discussion of nonthermal high en-

@) i .. ergy emission in galaxy clusters). Alternatively, this emi

.= Clusters of galaxies are the largest bound structures mishe gjon could also be due to bremsstrahlung radiation of supra-

Nble universe, and amongst the most luminous ones. This Mafg§mal electrons accelerated by turbulent gas dynamics in
them important cosmological probes. The intercluster oredi e |cM (Ensslin et al. 1999; Sarazin & Kempner 2000). If the

= (ICM) is heated to high temperatures by the initial collapee xR cluster component is confirmed, then the question re-

_,addltlpn, it is believed that as groups and smaller clustérs nains: is it thermal or non-thermal in origin?

[N~ galaxies merge to form larger ones, violent shocks compress

L0 and heat the intercluster medium to X-ray emitting tempera- 1hus far, X-ray imaging observations of clusters such as

<I tures (16-10FK). These shocks could also drive the acceler&0ma, have shown that the emission in the X-ray range is pre-

OO tion of ions and electrons to relativistic energies, thgretp-  dominantly thermal, originating from bremsstrahlung ie kot
ducing a spectrum extending from the radio to $heay do- ICM. BeppoSAX andRXTE detected a hard X-ray excess that

mains through processes such as synchrotron emission and@ifiends beyond 10keV and apparently deviates from the steep
Overse Compton (hereafter, IC) scattering. thermal spectrum expected from pure bremsstrahlung emis-

C|D The observations of fiuse radio halos from clus- HﬁHLLsionh FLl{sco-::emiar?o et alr.]l |9 ; Fuico-%emiano et al] 2g04;

Oter cores [[Giovannini et al. 1993), and the more recent f3cPnaelietal. 1999] Rephaeli & Gruber 2002). Given that

mported detection of extreme ultraviolet (EUV) and hargﬁese observations were carried out with non-imagingunstr

Ux-ray (HXR) emission from clusters[ (Bowyer etal. 1 99ments;, contamination from point sources contained in their

OFusco-Femiano et al. 1999; Rephaeli et al. 1999) seem to p(ﬂﬁld of view is not unlikely. Moreover, a recent second Ipok
to the possible presence of non-thermal/andupra-thermal at _tgeBepp(;SAX data on Coma seems to SIhO(\;Y that therﬁ_ |sdno
particles. Although the origin of the radio halos is mosthpro eviaence o ?';XR exc_eslg (Rlossettll &dMO 3” 12004). TH'"S e
ably synchrotron emission from high energy electrons, th%"f‘te can only be convincingly resolved and put o rest thoug
of the EUV photons and hard X-rays has been the source3§f1Stve imaging observatlon_s gt high energies beyond the
much debate and is still uncertain. Sarazin (1999) sugges@erma”y dominated X-ray emission.

that the extreme UV and hard X-rays could arise from IC scat- In this letter, we report on hard X-rgsoft y-ray
tering of the energetic, synchrotron producing electrofis @bservations of the Coma Cluster with the IBEGRI

the cosmic microwave background radiation (see also Byk@vbertini et al. 2003 Lebrun et al. 2903) coded mask instru-
ment onboardNTEGRAL (Winkler et al. 20083). A large field

Send offprint requests to: M. Renaud : mrenaud@cea.fr of view (29 x 29, 8° x 8° fully coded), fine imaging capabil-
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ities (PSF of 12FWHM, Gros et al. 2003), and an unprece- 45

dented 3 broadband sensitivity of 1 mcrab at 20 keV (10s,

AE = E/2), make IBISISGRI ideal for probing the nature of the 30

HXR excess in the Coma Clustahe first extended source

detected with this instrument 5 15
S 28°00

2. Observations and Data Reduction 2

The Coma Cluster was observed WitfirEGRAL in 2003 dur- B 45

ing revolutions 36, 71 and 72. Almost 250 pointings aiming - 30

within 13> of Coma amount to~500ks. Using these data,

Krivonos et al. (2005) demonstrated the ability of IBEGRI 15

to detect faint extra-galactic sources, and establishedta c

alog of 12 serendipitous sources4o) in addition to the 27° 00’

Coma Cluster. The authors noted that the source corresppndi 13" 02m 00 12M 58™ 56

to the latter was extended, and hence, its flux and signifecanc RA (J2000)
calculated with the standard analysis were likely inaceura
Renaud et al. (2006) presented a general method to deternfilée 1. IBIS/ISGRI significance image of the Coma cluster in
the flux and the total detection significance for any extend8tf 18-30keV energy range. The black cross indicates the po-
celestial source observed through a coded mask. We herne agion of NGC 4874, near the center of the X-ray emission from
this method to the study of the spatial and spectral feanfre<coma [Briel et al. 2041). The white cross shows the locatfon o
the Coma Cluster. X Comae, a bright Seyfert galaxy @80’ from the cluster. The
Reconstructed sky images with coded mask telescopes @oUr scale is linear, with black corresponding todnd white
correlation maps between the detector image and a decodm§c- The IBIS SPSF is also shown in the lower right corner.
array derived from the mask pattern. The deconvolution al-
gorithm implemented in theNTEGRAL Oft-Line Scientific ) i )
Analysis (OSA, Goldwurm et al. 2003) is optimized for poimgas.RXTEob_servannsI(Re_phaeh & Gruber 2(])_02) yielded val-
sources and the flux of any source is given by the peak of {#@S from which we can derive the expected ratio of non-therma
SPSF at its position in the correlation map. For this reathen, Fo thermal emission at higher energies. These are 0.2 aqd 1.0
intensity of an extended source cannot be derived direstly i the 18-30keV and 30-50keV energy ranges respectively.
ing the standard processing. This limitation can be oveegoyn XMM—NeMon observations re\_/ealed marked temperature vari-
constructing images of flux per solid anglee(per sky pixel), ations (from 4 to 11 keV) at dlstancei(Y from the centre of
in which the global flux is given by the sum of intensities ovéP€ cluster (Arnaud et al. 2001, Briel etal. 2001, Neumara. et
the emissive region. The details of this method are predénte 2003). A hot front in the southwest (k¥ 11keV) was inter-
Renaud et al. (2006). preted as an adiabatic compression due to recent accrdtion o
We analyzed the Coma Cluster data with OSA v.5.0 afgatter. Within the core, centered on NGC 4874, these authors
obtained individual sky images in the 18-30, 30-50, 50—16@pnd a homogeneous temperature distributior®P5 keV.
and 100-150keV energy bands, directly from the standard Given that the X-ray emission between 0.3 and 2keV de-
analysis. We evaluated their quality by measuring the noig@nds only slightly on the plasma temperatures in the rafige o
given by the width of the distribution of significance valuedhose measured in the ICM (Fig. 1 of Arnaud 2005),X&M-

and then constructed images in flux per sky pixel which weMéwton map in this energy range is a good estimate of the

MOS mosaic image, shown in the top panel of Figﬂre 2 and
overlaid with the IBIJISGRI 18-30keV contours, in conjunc-
3. Results tion with the temperature map of Arnaud et al. (2001) to con-
struct a map of the expected thermal emission in the 18—-30 keV
band. Moreover, for best accuracy, we computed correction
The IBISISGRI significance map of the Coma Cluster in th&ctors, which account for the temperature variationssetioe
energy range 18-30keV is shown in Fig[jre 1. We have overlaidister, using théekal model in XSPEC v.11.3. The redshift
the instrument’s response to a point-like source of coniparaand abundances were setze 0.0231 and 0.25, respectively
intensity in the bottom right corner of the image. This servefArnaud et al. 20q1). The relative intensity of each regi@sw
as a morphological comparison, and strongly suggestshbatweighted with the corresponding correction factor. Thelfina
Coma Cluster is indeed an extended source for BIGRI. 18-30keV map, convolved with the IBISGRI PSF, is shown
The maximal pixel value within the extended emission is at tfin the middle bottom panel of Figuf¢ 2. The IBISGRI image
~8¢ confidence level, consistent with Krivonos et al. (200%hown in Figurd]1 is reproduced in the bottom left panel for
who noted that it was likely unresolved. reference.
In the X-ray domain, the spectrum of the Coma Cluster To calculate the correlation cfiient between the
is dominated by thermal bremsstrahlung from hot interelusiBIS/ISGRI mosaic in the 18-30keV range and the expected

3.1. Morphology of the emission
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sult adds weight to the temperature variations seen in X-ray
by XMM-Newton.

3.2. Reconstructed global intensity

We now turn to the question of the global intensity of this
emission when the source is considered to be extended. Since
instruments such aBeppoSAX/PDS and RXTE are only ca-
pable of recording the total emission within theil® FOV,
their detection of a HXR tail from the Coma Cluster could
not definitively and exclusively be attributed to it. Thiscen-
tainty is substantiated by the presence of other sourcegpire
in the FOV like X Comae, a bright Seyfert galaxy discov-
ered by ROSAT/PSPC~30 northeast of the Coma Cluster
(Dow & White 1995). Even if X Comae may experience flux
variability, Fusco-Femiano et al. (1999) demonstratedl ltiea

- cause of its steep spectral index, an unusually stronghikria

... ... - . (AR
X (107 ete =7 ity would be necessary in order to have a significafgéet on

Fig.2. Top panel: XMM-Newton 0.3-2keV mosaic image the total det_ected flux. Hence, its hard X-ray emission W_ould
(Neumann et al. 2003) with IBJ)SSGRI significance contours be blended into the global flux and not detected as variable.
in the 18-30keV energy range, going fromm & 10s-. Bottom Nonetheless, since IBIESGRI does not detect an excess above
pand: IBIS/ISGRI image of flux per pixel in the 18—30 key3c at the position of X Comae in either of the four energy
band centered on the Coma Cluster (left), the predicted mBands defined i§fl, we assume that the spectra obtained by
phology based on th¥MM-Newton images in intensity and RXTE andBeppoSAX are truly representative of the emission
inferred temperature (middle), and the correlation bettae from Coma and that there really exists a HXR tail, despite the
18-30keV and 0.3—2keV images (right). The white squar8890ing dispute on this issue (Rossetti & Molendi 2004).
delineate the regions over which the flux was summed for the

purpose of correlation study.

a

ISGRI (1072 ets 671

W 14 110
map for the emission in this energy band constructed in the £ 12} RXTE |
. : . . © % ~8
manner described above, the sky pixels over which the flux is ¢ 1o /////// b
summed have to be independent. This is very nearly the case2 | / % 44% %4%/ 6 2
at all scales larger than the size of the SPSF, which isot2 ? 8;’;"‘ 18
2.5 sky pixels. The white squares in the bottom left and mid- § 6| 1a %
dle panels of Figurﬂz correspond to regions that are 3 pixels= = — . ]
. .= . . > 4 1
(1475) by 3 pixels in size, and thus regions that we can consider @ | 1
independent from one another as far as the flux and variaace ar 2r ]
concerned. By summing the flux per pixel over the nine regions « 0L ‘ ‘ J0

in each map, we obtained two sets of nine intensities. The un- 10 20 30 40 50 60
certainties associated with the IBISGRI map were derived Distance (arcmin)

according the prescription of Renaud et al. (2006), anctbs iy 3 The 18-30keV IBIBSGRI integrated intensity (left
the interpolated map were calculated based on an uncertdints ge, solid line with error bars) and corresponding sigaifce
1keV on the plasma temperature (Arnaud 2008, priv. commgy|cyjated on concentric circles and expressed as a funaio

We found a linear correlation cfigient of p=0.95, and 44iys (right scale, dashed line). The shaded area shows the
show the correlation plot in the bottom right panel of Figlire intensity within the - error derived fronRXTE observations

The probability that a random sample of 9 uncorrelated da(Fi‘ephaeIi & Gruber 2007 Rossett & Molendi 2004).
points yield a linear correlation cicient of 0.95 or larger ’

is 8.7x107°. This close agreement between the morpholo-

gies of the detected and expected thermal emission from the Figureﬂ% shows the intensity in 18—30keV range, integrated
Coma Cluster at energies between 18 and 30keV brings uter circular areas with increasing radii centred on theelpix
conclude that what is seen in this energy range by IBISRI  of maximum intensity located at RA(J2008) 12'59M31.7

is compatible with an emission of pure thermal origin with nand DEC(J2000} 27°57 07.”6. The intensity is shown as
indication of a non-thermal component having a signifigantthe monotonically increasing black curve with error barse T
different morphology. A distinction between thermal and nodashed blue curve represents the total statistical signifie
thermal emission components could be detected only throU@N ratio) calculated on the basis of each circular area. This
a fine spectro-imaging analysis on small spatial scales e@d canalysis is done without any a priori assumption on the size
the entire emissive region. It is interesting to note that th- of the emitting region. The shaded area showsRK&E flux
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taken from Rephaeli & Gruber (2002, Table 1) and Rossesiie taken into account. There is no evidence for the pressnce
& Molendi (2004), whose results are consistent with one anen-thermal emission arising from a region with the same mor
other. The best agreement is found fo£ 30'. This value is phology as that associated with the thermal emission. We find
also in line with the extent of the X-ray surface brightnedhat the integrated intensity is in good agreement with ipres
observed byASCA/GIS (Honda et al. 1996). The IBIS imag-RXTE andBeppoSAX observations of Coma.
ing sensitivity was deduced from Crab Nebula observationsi FuturelNTEGRAL observations will surely reveal more de-
each of the four energy bands assuming a Crab spectruntaifs about the morphology and nature of the emission from
9.7 E2cm2stkeV! (Krivonos et al. 2045). Coma. Our analysis was based on the assumption that the mor-
The treatment in the 30-50keV energy range was p@hology of the emission is the same in the 30-50keV range
formed in the same way as for the 18-30keV range, aad it is between 18 and 30 keV. Given that the upper limit we
the flux was summed over the same region but no signifjuote for the 30-50keV flux is only a factor of 1.5 above the
cant excess was found. Although we expect that at least haléanRXTE spectrum, and that non-thermal mechanisms such
of the global intensity in the 30-50keV band arises froms IC scattering and non-thermal bremsstrahlung are eegbect
thermal processes, the emission above 50keV is purely ntmeontribute half the flux in this range, deepTEGRAL ob-
thermal. However, no imaging telescopes have observed Hegvations{1.5 Ms) will permit a fine morphological study of
Coma at energies10 keV and thus the morphology of the yethe emissive region. This will provide the opportunity tdide
undetected non-thermal emission above 30keV is unknovively determine whether there is or not a HXR tail, and if so
We derived upper limits for the flux in the 50-100keV antb identify the site of particle acceleration in the Comasién
100-150keV ranges in the standard way, relying on the dsr the first time.
sumption that the source is point-likeé € 8). Even though
we have shown that this is not so, these upper limits afeknowledgements. We would like to thank M. Arnaud and D.
a good estimate in the case of a non-detection. The 21/8eumann for providing th&MM-Newtonimages and for helpful sug-
150keV ISGRI spectrum is shown in Figlﬂe 4. For Compagestions. Thg presgnt yvork is based on ob§ervationslw‘|leGRAL,
ison, we have plotted th&®XTE best-fit spectrum of this an ESA project with instruments and_ science data cgnter(@SD
source[[Rephaeli & Gruber 20(2; Rossetti & Molendi 2004) nded by ESA members states (especially the Pl countriesniark,

- rance, Germany, Italy, Switzerland, Spain, Czech Repuéilid
the shaded areaderrors), and find that the spectra agree. Poland, and with the participation of Russia and the USABR$

has been realized and is maintained in flight by CEA-SgDiai?NIA
with the support of the French Space Agency CNES.
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