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ABSTRACT

Aims. Galaxy clusters are key targets in the search for ultra higingg/ particle accelerators. The Coma cluster represartefdhe best candidates
for such a search owing to its high mass, proximity, and tebéished non-thermal radio emission centred on the algsie.

Methods. The H.E.S.S. (High Energy Stereoscopic System) telesadmesved Coma for8 hr in a search foy-ray emission at energies1 TeV.
The large 3.5FWHM field of view of H.E.S.S. is ideal for viewing a range ofdats at various sizes including the Coma cluster core atie+
relic (1253+275) and mergéginfall (NGC 4839) regions to the southwest, and featureatgrehan 1 away.

Results. No evidence for point-like nor extended Tel¥ray emission was found and upper limits to the TeV fRgE) for E > 1, > 5, and

> 10 TeV were set for the Coma core and other regions. Congettigse limits to an energy fluz?F(E) the lowest or most constraining is the
E > 5 TeV upper limit for the Coma core (0.2adius) at~8% Crab flux units o~ 10*3ph cnt? s71.

Conclusions. The upper limits for the Coma core were compared with a ptiedi¢or they-ray emission from proton—proton interactions, the level
of which ultimately scales with the mass of the Coma clugtetirect constraint using our most stringent limit fér>5 TeV, on the total energy
content in non-thermal protons with injection energy speutx E-2>* and spatial distribution following the thermal gas in thesteér, is found to
be ~0.2 times the thermal energy, er1(f? erg. TheE >5 TeV y-ray threshold in this case corresponds to cosmic-ray pret@rgiet50 TeV.
Our upper limits rule out the most optimistic theoreticaldals for gamma ray emission from clusters and complemera cdaservations which
constrain the cosmic ray content in clusters at signifigdotier proton energies, subject to assumptions on the ntiadiedd strength.

arXiv:0907.0727v2 [astro-ph.
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1. Introduction the acceleration of particles. The very long confinemenetim

, o (of order the Hubble time) of the accelerated particles (see
Clusters of galaxies represent the largest gravitatipnmlind ¢ . volk et al 1996, Berezinsky et &l 1997) would allow in
objects in the Universe and are thought to be ideal sites f@kactions of the particles with ambient matter and radimti
fields to produce non-thermal emission from radio to TeV
Send offprint requests to: growell@physics.adelaide.edu.au ray energies. Particles are thought to be accelerated gg-lar
* supported by CAPES Foundation, Ministry of Education offira scale shocks associated with accretion and merger pracesse
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(see e.g. Colafrancesco etlal. 1998, Ryu €t al. 2003), inrsupend beyond 10 TeV (basically limited only by the absorptibn
nova remnants and galactic-scale winds (Volk et al. 19@8), vy-ray photons in the cosmic infrared background. At the Coma
bulent re-acceleration (Brunetti & Blasi 2005) and darkterat cluster distance, an optical depth of unity is reached fergies
annihilation (e.g. Colafrancesco etlal. 2006). In additipaxti- E ~10 to 20 TeV.), the energy threshold does not constitute a
cles may be re-distribut@idjected throughout the cluster vol-serious problem for our investigation.

ume via AGN cluster members (Enf3lin etlal. 1897, Aharonian

2002, Hinton et al. 2007), The non-thermal radio emission ob ) )

served in recent years from several galaxy clusters (Giuwan 2. H.E.S.S. observations and analysis

et al[1993, Feretti et dl. 2004) represents clear evidemo@F 5, qating in the Southern Hemisphere, H.E.S.S. consiétsiof
ativistic particle populations in such objects. Furthddence is jentical 13 m diameter Cherenkov telescopes (Bernloht. et
provided by possible non-thermal X-rays observed from a feY%n3) | £ 5.S. employs the stereoscopic imaging atmoisphe
clusters (Rephaeli & Gruber 2002, Fusco-Femiano et al. 20@4, arenkov technique, and is sensitiveytoays above an en-
Eckert et all 2007)'. . ergy threshold 0~0.1 TeV (Hinton et al[ 2004) for observa-
Gamma-ray emission in galaxy clusters may come from sgysns at zenith. An angular resolution of 5 todh an event-by-
eral processes (see review by Blasi et al. 2007). The amlliisf  ¢yent basis is achieved, and the large field of view (FoV) with
relativistic cosmic-ray (CR) protons with thermal nucleint-  p\w\ ~ 3.5° (Aharonian et al. 2006b) permits survey cover-
prising the intra-cluster medium (ICM) may leadytaay emis- 446 in a single pointing. A point source sensitivity-df% Crab
sion via the decay of neutral pions (Dennison 1980). In thisc 1« (~ 1018 erg cnt2st at 1 TeV) is achieved for adb
text the fractiom; of thermal energy in the cluster volume in theyetection after~25 hr observation. Further details concerning
form of relativistic non-thermal particles is animportpatame- | £ 5 s can be found in Hinton (2004) and references therei
ter that can determine the Ieve_zlpfay em'ission expected. Since 4 E 5.5 observed Coma dufing the 2006 season for a total
the thermal energy content is a function of the cluster masg. g 2 nr (corrected for the detector deadtime) comprisifig 1
the most massive and nearby clusters present the best 0OppQfs of duration~28 min each. Those runs were accepted for
tunity to probe for such-ray emission. Ultra-relativistic e!eg- data analysis if they met the quality control criteria désed in
trons can also up-scatter target photons such as the cosmic Aharonian et al. 2004. Data were analysed using the moment-
crowave background (CMB), infrared, starlight, and oth®t s p,qeq Hillas analysis procedure described in Aharoniah et a
photon fields) to TeVy-ray energies (Atoyan & VoIK 2000, 2006b). Minimum cuts on the Cherenkov image Biné 80
Gabici et al 2003, 2004). Given that galaxy clussters may agnd 200 photoelectrons corresponding to standard and heed ¢
celerate particles to ultra high energies (UHEJLO'® eV (e.9. \yere employed. The average zenith angle of the dataset was
Hillas 1984, Kang et al. 1996)-ray production from inverse- _5z yielding energy thresholds (peak detection rate for a power
Compton scattering by_secondary electro_ns generated whe%\,g source spectrum with an exponent af2of ~1.1 TeV and
UHE proton interacts with a CMB photon in the Bethe-Heitler 3 Tev for standard and hard cuts analyses. This analysis
process gy — €'€” + p’) may also result (Inoue et al. 20054|10ws on from preliminary H.E.S.S. results (Domainko bt a
Kelner & Aharonian_2008). Dark matter annihilation has alsgoo—/).
been ponsidered asyaray production channel (e.g. neutralino e large FoV of H.E.S.S. is well-suited to Coma as TeV
annihilation by Colafrancesco et al. 2006). _ emission could be expected from a variety of sites — the
Earlier observations in the MeV to Ge)-ray band with central radio halo or core; the radio-relic and adjacenaxgal
EGRET only found upper limits only for several clustergnergerinfall region; the degree-scale accretion shock suspected
(Reimer et al._2003) including the Coma cluster. At TeV enefy syrround the cluster (e.g. Vit 2005), and individual mem
gies, upper limits (Perkins et al. 2006) have be_en reppmethé ber galaxies. Tef-ray significance skymaps covering a7 7°
Perseus and Abell 2029 clusters using the single-dhipple  Fov/ (from a mosaic of pointings) are presented in Flg. 1), em-
ftelescope. The most recent TeV observations with stereascqy|oying oversampling radii of 0°2 appropriate for moderately
instruments such as H.E.S.S. (Abell 496 and Abell 85 &ytended sources in the Coma field. Skymaps employing®a 0.1
Aharonian et al. 2008), and with VERITAS (Coma — Perkingyersampling radius (FigA.1) for pointlike sources araiav
et al.[2008), revea_\led also upper limits. This work focuses @pje in the appendix. The CR background estimate in skymaps
H.E.S.S. observations of the Coma cluster. shown here is based on tkenplate-model (Rowel 2003), em-
Coma (ACO1656) is one of the nearest=0z023) and ploying a region spatially overlapping the source regiotrint
best-studied galaxy clusters. Extended (several arcesnit containing anyy-ray-like events. Also available in the appendix
scale) hard X-ray emission (with so far weak evidence fgje the distributions of skymap significances (Fig.] A.2) ahhi
a non-thermal component) has been observed (Rephaeligfe well-explained by Gaussians with standard deviatidhimwi
Grube.l" 20092, FUSCO-FemlnanO etlal. 2004, Rossetti et al4,20Q few percent of unity and means very close to zero, indicat-
Lutovinov et al 2008, Ajello et al. 2009), as well as a proming that the background estimate performs well over the FoV.
nent non-thermal radio halo (Giovannini et/al. 1993, Théetb Similar results were also obtained when employing altéreat
et al 2003) The latter is Clea'r evidence for parthle ameion. CR background estimates such as the/ring_segment and re-
Being one of the most massivel(~ 10'°M,) and nearby clus- flected region models (Berge et al_2007) which were used for
ters, with detailed multiwavelength observations randiogn  ypper limit calculations (in Tablgl 1). Results were alsossko
low frequency radio wavelength terays, the Coma cluster haschecked using an alternative analysis chain.
always been considered as the prototypical cluster alseeiyr Table[l summarises results for various locations in the
high energyy-ray studies. The Coma cluster is located in theoma field guided by results from the ROSAT all sky survey
northern hemisphere and is visible by H.E.S.S. at moderatgBrie| et al. [ 1992, Voges et al. 1999), XMM-Newton observa-
high zenith angles (average values0°), which leads to a rela- tions (Feretti & Neumani 2007) and Arecibo-DRAO radio ob-

tively high energy threshold (defined as the peak detect® rservations (Kronberg et al, 2007). The H.E.S.S. TeV exdess s
for an E-21 power-law spectrum oj-rays) of> 1 TeV. Since

they-ray spectrum from clusters is expected to be hard and ex- Total photoelectron signal in the Cherenkov image.
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Fig. 1. Left: Skymap of H.E.S.S TeV excess significance (colour-scalesoAe) calculated using Li & Ma(1983) over aX7° FoV,
employing the template CR background model (Rowell 2008)osersampling radius of 0°2vas used, appropriate for extended
source searching. Overlaid contours (light-grey solig@dnrepresent total band (0.1 to 2.4 keV) smoothed X-ray tsosih in
log-scale from the ROSAT all-sky survey (Voges ef al. 1989yht: As for Left but with overlaid contours from radio observaiso
(0.4 GHz - K contours rebinned from the original above 2.9k~@d0) from Kronberg et al.[{2007) with strong point sources
removed. The white dashed circle indicates the intringle fadius source size and position for the Coma Core (Tlab. 1.)

nificanceS and flux upper limitsd®®% (for an E-2* spectrum 3. Discussion

and using the method of Feldman & Cousins (1998))Hor 1,

> 5, and> 10 TeV were taken from standard, hard, and ha@ne of the most important properties of clusters of galaxies

cuts analyses respectively. CR background estimates aikga t is the fact that CR protons remainflilisively confined in the

from the reflected model (Berge et al. (2007)). magnetised intracluster medium for cosmological timeesal
The maximum energy that can be confined depends on the (un-
known) difusion codficient but an often made assumption is

In X-rays, extended emission from the Coma cluster ar%at the maximum energy is well above that relevant for TeV

- i i A ( - _
emission further to the southwest are evident. The southw Frayn?erlTslsg (Ygll;nej arlc',tég\i)r?'zérggioprrgti?\ntshleoisnieg%ii: "
thermal X-ray emission is not entirely spatially coincitiesith mggium Dyue topthe Iovs densitv of this medium. the ener
the radio-relic (discussed below), but is centred on thevgal : y ' gy

su-group NGC 4839 (abeled NGC 4530 n Talo 1)20 (5 Ue S 0nger han e Hbbie tme, Tis mplies tat
closer to th_e Coma cluster core compared to the; radm-?ﬁﬁna the contributions from all the CR sources which have been ac-
sub-group is thought to represent a merger or infall of gakax

. : - tive during the cluster lifetime, with little attenuationto en-
associated with Coma. Hard X-ray (18-30 keV) observat|oé¥gy losses. Under reasonable assumptions on the CR acceler

with INTEGRAL (Eckert et al[2007) suggest excess emissi : " : g
in the direction of this infalling sub-group close to the stier QUdn eficiency, the total non-thermal energy stored in the intra

centre. In radio, the Coma core is visible as well as a radio
tension to the southwest known as the radio relic regiore(tab
1253+275-Relic in Tablé¢1l). Two additional regions were als
chosen to overlap the flluse radio features labeled 'A’ and 'B’
from Kronberg et al.[(2007) (at 0.4 GHz) for which circular re
gions of radii 0.9 and 0.5 respectively were used. Radio 'A
appears to well encompass the radio core of Coma which is
cussed at length in Thierbach et al. (2003) from thei2GHz
observations, whilst radio 'B’ is a new feature from Kronfper
etal. (2007). In all cases no evidence for TeV emission w
seen and 99% confidence level flux upper limits (assuming an A remarkable feature of theray emission from neutral pion
E-21 spectrum) at several energy threshollsX 1, > 5 and decay is that its spatial profile is expected to follow thesign
> 10 TeV) were set. We note the highest excess significance fpasfile of the gas which constitutes the target for protontqum
ture at~ 4.10 towards RA=12'55" Dec=+27°15 is expected interactions. In the case of the Coma cluster, this gas iseron
by chance given the number of independent triald (°) in the trated within a core of radius 300 kpc which, at the distance of
image. the Coma cluster, corresponds<®.2° (see discussion below).

¢luster medium might be of the same order of magnitude of the

Shermal energy. For example Ryu et &l. (2003) have estimated
non-thermal energy fraction reaching 50% of the thermal en
rgy. Such an amount of CR protons would result in copious

emission ofy-rays from the decay of neutral pions produced in

proton—proton interactions. Since the most optimistiotbécal
redictions are well within the capabilities of currentageation

erenkov telescopes, the upper limits obtained by H.Ecars
be used fectively to constrain the non-thermal energy content
ggthe Coma cluster.
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Table 1. Numerical summary for various regions in the Coma galaxgteluand surrounding field.

Name 1RXS R.A. Dec  'Rol[deg] 2T [h] 3S[o] Flux U.L. 4®%%%
[J2000.0]  [J2000.0] E>1510TeV)  E>1,510TeV)
Coma Core J125947+275636 1259M47.F 27°56'36" 0.0 7.3 -05 -12 -14 6.1 03 0.1
0.2 73 +04 -04 -06 108 09 05
0.4 7.3 +1.1 -05 -15 255 1.7 0.6
1253+275-Relié¢ 1255"15.C6  27°1500” § 5.7 +1.3 +2.0 +1.0 159 26 1.2
Radio-A 1255700.CC  28°0000" 0.9 46 +20 -22 -20 787 23 14
Radio-B 1300"00.C0 30°1500” 0.5 16 +25 +0.7 +00 778 7.0 34
NGC 4839 J125710:8272426 195724.3 2772952 0.2 68 +04 +1.7 +1.2 90 19 10
0.4 6.8 -1.8 +0.3 +0.1 6.7 20 13

1. Source Region of Interest (Rol) intrinsic radius. Actualirased are convolved with the analysis PSF. A zero value hefers to a point-source analysis.
2. Observation time (hr) corrected to a Daff-axis angle using a standard céts- 1 TeV response curve.

3. Statistical significance using Li & M& (1983)

4.99% C.L. flux upper limitx10~%3 ph cnm? 572

§ Elliptical region (033 x 0.2° with position angle 4%) as defined in Feretti & Neumarin (2007)

This is the basis for the angular regions from which uppeitsim Table 2. Constraintson the ratio of CR (non-thermal) to thermal
have been extracted. energy Ecr/Ew) for the Coma cluster core region (within two
Table2 demonstrates how the upper limits omtiray emis-  radii) and assumed cosmic-ray distribution models A ande® (s
sion convert into upper limits on the ratio of the clusterrthetext).
mal energy to that of CR protons (non-thermal energy). This

non-thermal to thermal energy ratio is denoted= Ecgr/Ein. Radius @ Model #=Ecr/En Ecrerg]
The Coma cluster thermal energy has been evaluated using they > (0.33 Mpc) 2.1 A <0.19 <7.4x 101
gas density profile and the intracluster medium temperatere 0.4 (0.67 Mpc) 2.1 A <0.18 <2.5x10P2
rived from X-ray data (e.g. Neumann et[al. 2003) and resufted 0.4 (0.67 Mpc) 2.1 B <0.25 <3.5x10%
Ewn ~ 3.9x10°2and 14 x 10 erg for regions within 0.2 and 0.4 0.4 (0.67Mpc) 2.3 A <0.55 <7.7x10°2
degrees from the cluster centre respectively. The expeetay + The upper imit forE > 5 TeV has been used here.

emission has been computed following Kelner etlal. (2006) an
assuming that the energy spectrum for CR protons is a single
power law with spectral index = 2.1 and 2.3 starting at an en-y,ng made on the CR spectrum and spatial distribution, itfee s
ergy of 1 GeV. The assumption of such hard spectra is ]ustmg the region was fixed t0.8° and two more cases were con-
by the fact that, due to CR confinement within the intraclustgidered: a homogeneous distribution of CRs (Model-B) and a
medium, the equilibrium spectrum must be equal to the CR iRz cR spectrum withy = 2.3. The upper limits om are in
jection spectrum at the sources. Note that much steepetrapefy,oqe cases less stringent and are reported in the thirdarth
(@ up to 6) are indicated for CRs accelerated at weak merggyq of TapldD, resulting in < 0.25 and 065 respectively. In
shocks (Gabici & Blasi 2003, Berrington & Dernier 2003). The | pination Wifh our limits foE > 1 TeV and>10 TeV. model-
cluster non-thermal energy has been obtained by integrtim independent constraints on the 0, 50, 100 TeV CI,:Q proton
spectrum above 1 GeVv and the _regultim;ay emission cor- population in Coma were set. ' '
rected for absorption in the cosmic infrared backgroundCI ™, \,hher jimits can be compared with those obtained from
using the Salpeter initial mass function opacity given imfck observations at other wavelengths and also other modesslyf-i
(2001). More recent constraints on the ClB from the Tev .m.azaur limits are slightly more constraining compared to thobe
1ES 0229-200 (Aharonian et al. 2007) provide only a negligibleain e 4 from EGRET MeyGeV data §=0.45 and 0.25 assuming
change in absorption from 1 to 10 TeV given Coma’s proximity,_, 1 '5 3. pfrommer & EnRlin 2004). Our limits also rule out
Our upper limits can then be used to constrain this overall m'e ’of 'th’e models for CR acceleration in clusters of gataxie
spectrum and hen.ce nqn-thermal e”ergy- ) ~_ thatpredict highy values, even up to 50% (Ryu etlal. 2003). The
The only missing piece of information is the spatial distrihigh frequency non-thermal radio emission of the Coma etust
bution of CRs. This quantity is not unambiguously known angrhierbach et al, 2003) has been used by Reimer et al. (2604) t
it depends on the spatial distribution of CR sources in elsst constrain; by noticing that the radio emission from secondary
Here, two distinct situations were considered as two exrergjectrons produced by CRs in proton—proton interactionsct
cases. In the first one, referred to as Model-A, the radidilpro exceed the measured value. Recent observations (Brunatti e
of the CR energy density was assumed to follow the thermal €1508) of a steep radio spectrum from the cluster Abell 52khav
ergy profile. In Model-B, a spatially homogeneous distiitit ajso been considered in a similar way as in the Reimer et al.
for the CRs was assumed. work on Coma. Their rather stringent limits obtained usiag r
In all cases considered, the most constraining data paintsdio data =10~ to ~0.3) depend quadratically on the value of
terms of energy flux are the upper limits for photon energi¢ise intraclusteB-field which has a large uncertainty of a fac-
above 5 TeV. Our-10 TeV limits are marginally higher0%) tor ~10 (B =0.1 to 2«G). Additionally the< 10 GHz radio
whilst the>1 TeV limits are factor 2 to 3 higher. For a CR specmeasurement constrains formally tke 0.1 TeV CR popula-
trum with @ = 2.1 and assuming that the CR energy densityon within the range oB-fields used. ULs from H.E.S.S. and
follows the thermal energy density (Model-A) valuesfog 0.2 other VHE gamma-ray instruments make direct constraints on
for both the considered regions.20 and 04°) were obtained. the E 2 10 TeV CR population, energies well above that im-
In order to check how the upper limits depend on the assunglied by Reimer et al.[(2004), and are essentially indepeinde
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of the B-field. Note that an additional preliminagy > 0.3 TeV  Universe’s largest-scale shocks. Such a detection appears
upper limit from~19 hr of VERITAS (Perkins et &l. 2008) obser-sible unless the total energy in the form of multi-TeV CRs is
vations for the Coma core (0.8adius) has been reported8% significantly less thar 10 % of the cluster thermal energy.
Crab (or~ 2 x 1072 ph cnt? s71). This VERITAS limit, when Finally, the recently launched LAT instrument onboard the
converted to an energy flux, provides a constraing @ary sim- Fermi GST will provide critical constraints in the M¢&eV
ilar to ours, albeit for CRs of slightly lower energiefew TeV. band (likely within its first year or so of observation) anésk
Finally, ourn constraints for Coma are within a factor of two taresults are eagerly awaited.
three larger than those obtained from somewhat deeper I$.E.S . .
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