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It is well-known that a significant number of galaxy clustexhibit large-scale non-thermal ac-
tivity thanks to the detection of radio synchrotron emissidowever, the inverse-Compton com-
ponent which is predicted to dominate over the thermal gorigs hard X-rays has never been
unambiguously detected so far. The Ophiuchus cluster isssiieg nearby cluster of galaxies
located in the Galactic bulge region. Thanks to the veryddTEGRAL exposure time in this
region, we were able to extract a high-quality spectrum incad energy band (3-120 keV) with
IBIS/ISGRI and JEM-X. A significant excess (6.4 sigma) ab2veeV is found compared to the
extrapolation of the thermal emission, which is probably signature of non-thermal emission.
Using available radio data on the cluster, we derive a magfiekd in the range 0.1-0.2G.
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1. Introduction

The detection of diffuse radio emission on a large scaldpc) in several clusters of galax-
ies (e.g. Coma, [1]) indicates that clusters of galaxies are particle aatietesites. Indeed, the
emission is due to synchrotron radiation from relativistic electrons, whiosayg-loss timescale
is much shorter than the age of the Universe [2]. To explain the presérckarge population of
relativistic electrons, two main theoretical models have been develope@ld&dteons can be either
accelerated directly through shock acceleration [3] or originate frondelsay of pions produced
in interactions between cosmic-ray protons and thermal ions. Invensg0a (IC) scattering of
the relativistic electrons with the Cosmic Microwave Background (CMB) khtherefore pro-
duce non-thermal emission in the hard X-ray domain. While the synchraabation in the radio
domain has been known for a long time, there is still no firm detection of thesex@ompton
component in the radio domain, which is crucial to measure the magnetic fietdjtstrand to
discriminate between the different models which lead to the presence ofisiatparticles in
clusters. To the present day, this component could have been detetiheddoma [4] and Abell
2256 [5] clusters usinBeppoSAXDS data, although these detections are still weak and contro-
versial. Therefore, confirmation of the results by other missions is important.

The Ophiuchus cluster of galaxies= 0.028, [6]) is the second brightest galaxy cluster in the
X-ray band and the most massive in our close neighbourhood. X-regradtions with théASCA
satellite [7] revealed a very hot temperatukd ¢~ 12 keV) and a complex temperature structure,
which they interpret as the result of a merging event in the recent page Iradio domain, the
cluster has been associated with the steep-spectrum radio source ME} 16], which implies
the presence of a population of relativistic electrons confined in the cliistiae hard X-ray band,
the cluster was observed BeppoSAX8]. A possible high-energy excess compared to the thermal
model was found, although the detectiom}j2vas not statistically significant.

Thanks to its location in the galactic bulge=£ 9.5°, b = 0.5°), INTEGRALaccumulated a
large amount of data on the cluster since the beginning of the mission. Hgnegent the results
of an analysis of more than 3 Msec of data on the Ophiuchus cluster with tBAS&RI and
JEM-X instruments on boaddNTEGRAL For further details, see [9].

2. Morphology

We extracted mosaic images from both ISGRI and JEM-X data to study the otogyhof
the source and its energy dependence. Figure 1 shows the full IS@GRIEM-X images in the
20-40 keV and 3-18 keV bands. For comparison with the PSF of the ingtitapibe insets show
the image of the point source V2400 Oph, located 50 arcmin from the clusteormalized to the
same brightness. In the JEM-X image, we can see that the source is ci¢garigied. On the other
hand, the extension of the source is not obvious in the ISGRI image.
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Figure 1. INTEGRALimages of the Ophiuchus cluster in the 20-40 keV band fromRB&ft) and in the
3-18 keV band from JEM-X (right). For comparison, the insisw the image of a known point source in
the same field, the Cataclysmic Variable V2400 Oph.

In order to investigate the temperature variations of the gas within the detegied,rwe cre-
ated a 3-7/7-18 keV hardness ratio map with JEM-X. Indeed, assuminth&hat20 keV band is
completely dominated by the thermal emission, the hardness ratio can betednmty a tempera-
ture measurement. In the center of the cluster, we found a hardnedd Ratid). 784 0.09, which
corresponds to a temperatk® = 9.1°32. In general, no deviations from the central value are
found above (¥ag, which corresponds to temperature variations:d? keV. This result is consis-
tent with previousASCAresults [7]. Indeed, even though much hotter temperatures are foural in th
outer regions of the cluster, the core shows an almost iso-thermal pvdiileh is consistent with
our results. This analysis shows that a single-temperature bremsstrambatey should describe

well the total JEM-X spectrum.

On the other hand, with a core radiBs~ 3.2 arcmin, the source should be almost point-like
for ISGRI. [10] presented the results of ISGRI data simulations assumimgfam disk. For a
disk of an angular size of 5 arcmin, they evaluate that the relative errtiveoreconstructed flux
assuming that the source is point-likess%. Since the cluster has a peaked radial profile instead
of uniform disk, the relative error on the flux extracted by the stand&#4 §pectral extraction tool
is < 5%. For this reason, it is safe to treat the source as point-like for ISGRI.

Since the source is not resolved spatially, in principle we cannot excledeogsibility that a
hard point source in the cluster (e.g. a very absorbed AGN) has a sagriifnfluence on the hard
X-ray spectrum. Nevertheless, to study the energy dependence afutiez sve can compute the
best-fit position of the source in several energy bands and comparesihi¢s to the low-energy
morphology. For comparison, publi&handradata on the cluster with very high angular resolution
(< 1”) are available, which allows us to distinguish the point sources from thesdifémission.
Comparing the best-fit position found in the 20-24, 24-30 and 30-40 leMbwith theChandra
image, we find that the ISGRI positions are well-centered on the centradleRyg and are not con-
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sistent with any of the weak point sources detected ®@tihndra This indicates that the emission
detected by ISGRI is truly of diffuse origin, and that significant contaminagicthe high-energy
spectrum by point sources is unlikely.

3. Broad-band spectrum of the cluster

For spectral analysis, we used the standard ISGRI OSA 7.0 spediaiteon software with
a carefully-selected input source catalog, and extracted the JEM-&trgpefrom the mosaic in
order to take the extension of the source into account. Unlike previoggmuerof OSA, the cal-
ibration of ISGRI is now valid down to 17 keV. Thanks to the very large eype time, we were
able to reach a high signal-to-noise spectrum from both JEM-X (3-1§ led ISGRI (17-60
keV). Thanks to the small overlap between the ISGRI and JEM-X enarges, we found that no
cross-calibration factor between the two instruments was needed, whehaedit to the work of
the instrument teams for the release of OSA version 7.0.

To analyze the resulting spectra, we used the XSPEC v11 package ifhldppropriate in-
strumental response files. In a first approach, we fitted the total speutith a single MEKAL
model [12], with the redshift of the cluster fixed ze= 0.028 [6] and the abundance fixed to 0.49
relative to the solar value [13]. The fit gives a relatively high temperg#ife= 10.8+ 0.3 keV)
in agreement witi\SCAresults [7], but the high reduced chi-squapeg), = 2.3 indicates that the
data are not well represented by the model. Using only the 3-20 keV pé#re spectrum, we
found a good fit with a significantly lower temperatukd, = 8.5+ 0.5 keV. Later observations
of the cluster with Suzaku [14] found a temperatifie= 9.3+ 0.1 keV in agreement with our
measurement, and significantly lower than &keCAvalue, which probably indicates thASCA
was not suitable for the measurement of a high-temperature plasma.

Fig. 2 shows the total ISGRI/JEM-X spectrum and the residuals compartbe tlEKAL
model atkT = 8.5 keV fitted to the 3-20 keV part of the spectrum. Significant positive re¢sdu
are found in the high-energy part of the spectrum compared to the ebdtimm of the model. This
implies the presence of another spectral component in addition to the thesmaddirahlung emis-
sion. For instance, the bad representation of the data could be due tesem@s of non-thermal
hard X-ray emission. To test this possibility, we added a second comptorthetmodel, under the
form of a power-law with photon index fixed fo= 2.0, similar to [8]. The results of the fitting
procedure with the addition of the second component can be found in Ta¥le can see in the ta-
ble that the fit is significantly improved by the addition of the non-thermal corporin Method
1, the temperature and normalization of the thermal component are left Fiée fitting, while
in Method 2, these 2 parameters are fixed to the value fitted to the low-enarggfghe spec-
trum. We can see that the temperature values obtained with the two differgnaweaconsistent,
which proves that fixing the MEKAL component to the value fitted in the 3-20lk&nd is relevant.

Using Method 2, we were also able to constrain the acceptable range fphdien index
of the power-law. Leaving only the photon index and normalization of theepdaw free while
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Figure2: CombinedNTEGRALJEM-X (red) and ISGRI (black) folded spectrum of the Ophiughluster.
The solid line shows the model leT = 8.5+ 0.4 keV fitted to the low-energy data (3-20 keV) and extrapo-

lated to higher energies. Ths bottom panel shows the rdsiftoan the model. A significant excess is found
above 25 keV.

Xr%d Pe_tes?® | KT [keV] | Fluxuxgr® | CLuxro®

Method 1| 0.93| 2-104 | 85603, | 101+25| 4.0

Method 2| 1.05| 7-107° | 8507028 | 8.2+1.3 6.4

Table 1. Results of the spectral fitting procedure for a thermal + pdawe model, with abundance and
redshift values fixed to the literature value and photonminfileed toI” = 2.0, similar to the work of [8].

In Method 1, the temperature and the normalization of thenbstrahlung component are left free while
fitting. In Method 2, we used the data in the 3-20 keV band toHétemperature and normalization of the
thermal component, and let free only the normalization efrtbn-thermal component.P:_teq is the null
hypothesis probability when adding the non-thermal conepogiven by the F-tesP20-60 keV flux of the
non-thermal component, in units of 1¥ergss ! cm~2. The errors are quoted at the level. °Confidence
level for the detection of the non-thermal component.
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fitting, we foundr” = 1.62"9-32. This is slightly harder than the photon index of 2.0 used to derive
the properties of the non-thermal excess, but it is consistent with this (uitien 10). With such

a hard photon index, it is obvious that the excess cannot be due to #enpe=of a second thermal
component. Indeed, if instead of a power-law we fit the excess with adehermal component,
we find an unrealistic lower limit dfT > 50 keV to the temperature of the second thermal compo-
nent. This is consistent with the spectro-imaging results obtained from theXIEdMdness ratio
map, which did not reveal the presence of any specifically hot regiorirvifie core of the cluster.
Therefore, we can conclude with high confidence that the high-erexggss detected HNTE-
GRALIis non-thermal.

4. Discussion

In order to investigate the origin of the non-thermal component, we comestrac Spectral
Energy Distribution (SED) of the non-thermal component together with egistéidio data, and
constructed synchrotron/inverse-Compton models as a function of thestiafield B and electron
cut-off energyEc;. Comparing the strength of the radio and hard X-ray emissions, and uging th
formula

EME:EE::BWS"7 (4.1)
Fc U,  Ucws

wherePsyne Pc is the power emitted through synchrotron, respectively IC emis8os the
mean magnetic field strength anglyg is the well-known energy density of the Cosmic Microwave
Background, we can constrain the mean magnetic field value in the clusiehottom panel of
Fig. 3 shows the SED models computed for different values of magneti&fed electron cut-off
energyEq;. Based on these models, we estimate the magnetic field strength to be

B~ 0.1—0.2uG. (4.2)

This value is similar to the one derived with the same method in the Coma clusterdd}. H
ever, this is an order of magnitude lower than the typical valBes (uG) derived from Farady
rotation measure [15].

If the magnetic field in the cluster is of the order-ofLluG, the hard X-ray (HXR) emission
cannot be due to IC scattering. Therefore, we also considered amaditerwhere the hard X-rays
come from synchrotron emission from ultra-relativistic electrons ([1B])i In this model, we
find that the HXR emission can be well-represented by a population of electvith a cut-off
energyE ~ PeV in a magnetic field- 1 — 10uG. The top panel of Fig. 3 shows the resulting
models. The figure clearly shows that in this case, significant emission éetexpto arise in the
TeV range, which could possibly be detected by the current generdtiGheyenkov telescopes
(H.E.S.S., MAGIC).
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Figure 3: Models for the Spectral Energy Distribution (SED) of the sitbarmal emission from the Ophi-
uchus cluster. The radio data are from [6]. The black triamgpresents thtNTEGRALmeasurement of
non-thermal emission (this work). In the top panel, we cdeid a high-energy electron populatiorEof
PeV electrons radiating in the HXR range through synchrognmission and in the TeV range through IC
scattering, while in the bottom panel, a more conventiorad@ting withE ~ GeV electrons was performed.
The dashed lines abowve 10 TeV shows attenuation of the spectrum by interaction®ftray photons with
the extragalactic infra-red and CMB radiation fields.

5. Conclusion

Thanks to a very long (3 Ms) observation of Ophiuchus WNTEGRAL. we were able to
detect unambiguously, at a very robust statistical significandej6the sign of non-thermal hard
X-ray emission. This result is extremely important, because it settles the fandisg issue of the
existence or not of non-thermal hard X-ray emission at a high level ineckisf galaxies.

The origin of the high-energy emission is still unclear. In the standardsev€ompton sce-
nario, the low magnetic field value measured through the ratio between the @mitied through
synchrotron and inverse-Compton emission is puzzling, because it falisishl order of mag-
nitude of the typical values measured through Faraday rotation. If a neordasd magnetic field
value is used, then the hard X-ray emission cannot be due to inverset@osgattering. In this
case, alternative models (e.g. synchrotron emission from multi-TeV els§tshiould be consid-
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ered. Regarding the origin of the high-energy electrons, reégerdkuresults [14] indicate that the
cluster is basically in a relaxed state, which discards the standard primasjswaaere electrons
are directly accelerated in merging events. In this case, secondary mduets the electrons are
produced by proton-proton collisions [18] or dark-matter annihilatior] fit® favoured. In any
case, multi-wavelength information (at radio, GeV and TeV energies) isregtjto better con-
strain the spectral energy distribution of the non-thermal emission fromluktec In particular,
the Ophiuchus cluster will be a very appealing target folFdmeni/GLASTmission, which has been
launched on June 10, 2008. Indeed, according to [18], Ophiudtmddbe by far the brightest
cluster in the GeV range, and should be easily detectablBeioni. Observations of the cluster
with Fermiwill therefore bring a crucial input to the understanding of the populatitrigh-energy
particles in the cluster.
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