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Abstract. We report first results of a study dedicated to a searchi@y line emission from rich galaxy clusters, finding

traces of emission from the region of Virgo and Coma near the Northern Galactic Pole (NGP). The study is based on the
6 years of COMPTEL data collected during the extended observational programme of the Compton Gamma Ray Observatory
(CGRO) monitoring of the Virgo and 3C273 region. We point out the advantages of performing this study using an energy
range that contains the strongest excitatjeray lines of'%0 at 6.13, 6.9 and 7.1 MeV, as well as lines at 6.175 MEDY)

and 6.322 MeV N*) of the spallation products of the cosmic ray interactions Wi@. We discuss a generation mechanism

for y-ray line emission in merging clusters via excitation of the abundant element(s) of the intracluster matter at the merger
shock by the subrelativistic protons accelerated to energie¢@MeV to~100 MeV/n in the merger process.
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1. Introduction data were not successful (Shreekumar et al. 1996; Reimer et al.

2003). Recently associations of rich clusters with a few uniden-

Major galaxy cluster mergers are the most energetic eventsjifiq high-latitude EGRET sources were proposed, but in all
the Universe since the Big Bang (Sarazin 2002). In such mejch, cases an association was claimed with a rather low signifi-

ers, the subclusters collide at velocities of up000 km S*,  .ace Jevel £30) (Collafranchesco 2002; Sharf & Mukherdjee
leading to hydrodynamical shocks that dissipate energies U ih - Kawasaki & Totani 2002).

~3x 10° ergs. The merger shock velocities are similar to those

in supernova remnants (SNRs) in our Galaxy, and it is reason- No investigation of galaxy clusters as a class of objects
able to expect them to produce nonthermal electrons and idesbe associated with Mey-ray emission has been carried
Cosmic Rays (CRs) in clusters of galaxies, if present, coudtit yet We try to fill this gap by starting a study of the pos-
provide a source of substantial internal energy of the intraible association of Me\f-ray emission with the clusters in
cluster medium (ICM). CRs together with the ICM magnetithe region near the Northern Galactic Pole (NGP) based on
field whose configuration is strongly influenced by ongoingle COMPTEL survey data. The NGP region was well ob-
or past mergers, will build up a non-thermal pressure in tiserved by COMPTEL during monitoring of two quasars 3C273
ICM that makes the assumption of the purely thermal hydrand 3C279, and observations of the Virgo region, with an ex-
static equilibrium mass distrubution in the cluster imprecisposure of6.1x 10° s for Coma, and-6.9x 1(° s for Virgo.
Additionally, the non-symmetric magnetic field configuration
will impact on the cluster cooling. The importance of CRs ipe

_cooling of ch;te_rs of galaxie_s was early realised and analystﬁat leads to the production of de-excitatipiray line emis-
in work by Bohringer & Morfill (1988) and recently by I‘08bsion. Our study has established an association of the most sig-

(2000). Unfortunately, until now no definite proof for the pres-... . o . :
X : nificanty-ray line emission excessesy o) with the rich clus-
ence of a non-thermal component of nucleonic cosmic rays.in _. . .
ters Virgo and Coma. These results are discussed below.

galaxy clusters was found.

Previous attempts to detect possible signatures of galaxy The paper is organized as follows. In Sect. 2 we discuss

clusters in they-ray domain based on the analysis of EGREMhe instrument characteristics and the basis for using excitation
lines of'80 for the galaxy clusters study. In Sect. 3 we describe

Send gprint requests toA. F. lyudin, e-mail:ani@mpe .mpg . de methods used in this work for the imaging and spectral analysis
* The COMPTEL project is supported by the BMBF through DLFPf COMPTEL data. Section 4 presents results and in Sect. 5

grant 50 QV 9096 8. AFI acknowledges financial support from th&¥e discuss results, processes of fheay line generation in
BMBF through the DLR grant 50 OR 0002. merging galaxy clusters, and finally give a summary.

The non-thermal component of subrelativistic ions in clus-
IS can be detected by tracing their interaction with the ICM
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2. Instrument and data € 300

Q

COMPTEL aboard the Compton Gamma-Ray Observatoryz 2s
(CGRO) was the firsy-ray imaging telescope capable to per-
form an all sky survey at MeV energies. In thgay sky many
types of objects were already detected by COMPTEL. Amongg *s°
them are active galactic nuclei (AGN), pulsars, X-ray bina- » ., t
ries and SNRs (Sdnfelder et al. 2000), but a new class of g / “

y-ray emitting objects may be expected as well in particularin§ *° \ I
the relatively unexplored field of the MeY-ray astronomy. o .. . : . SO
COMPTEL operates in the 0.75 to 30.0 MeV energy range 4000 4500 5000 8500 6000 6500 7000 7500 8000

Ener gy (keV)
with a field-of-view of about 1 steradian, a source location ac- )
curacy of~1°, and an energy resolution of 5-10% FWHMFlg.l.Model spectrum of the clusté?O y-ray lines excess convolved

. - . . : : ith the energy response matrix of COMPTEL. The most intense line
A detailed description of the instrument, its calibration, an‘(’g‘ﬂorresponds to the 6.13 MeV line 810, which has also a low en-

j[he .COMPTEL ,(,jata analysis in the 3-dimensional data sp CfSy shoulder that is due to the 6.13 MeV line 1st escape peak. The
is given by Schifelder et al. (1993). Here we present a study, = 4 feature at7 MeV is a blend of two®O lines at 6.97 MeV
of y-ray emission from galaxy clusters performed in the eng7.17 Mev.

ergy range 5.6-7.6 MeV, that includes the strongGtlines
at 6.13 MeV, 6.917 MeV and 7.117 MeV, as well as the first
escape peak of the 6.13 MeV line. These lines are expectedype imaging data space of the Compton telescope is
to be proQuced _in interactiqns of Fhe subrelativisti_c CRs Wigbanned by three coordinates, with two angl@ndy of the
the '1CM |onsl, like in the inelastic nuclear reaction of thgcatered photon direction (the scatter direction) and the scat-
type °O(p, P) 6_0*- The choice of this energy interval followser angle The scatter angle is calculated from measured
from the emission spectrum expected to be produced by subig{a gy |osses in two detectors using the Compton-scatter for-
ativistic protons and nuclei accelerated by shock waves resw;um' while anglesy and ¢ are determined by the interac-
ing from the merging process, and interacting with the gas aggh, |ocations of they-ray photon in the D1 and D2-detectors
dust of ICM. Assumlpg usual relative abundances of the 'C%chj'nfelder et al. 1993). The 3D data space binningPiscl
eIemgnts, we have S|mulateq an gxpeqtgdy spectrum from 1o s 20 iy Y. ¥, @. In the COMPTEL imaging analysig-ray
such interactions. In performing simulations we have followegpaqo photons from the Earth’s atmosphere are rejected by
the approach developped by Ramaty et al. (1996) for athick tgktermining for each event the minimal angular distarge (
get case with the use of an algorithm described by Kozlovskgwyeen its possible origins in the sky and the Earth horizon
et al. (2002), and of the accelerated particle source Spec”“”ﬂﬁhj'nfelder et al. 1993).
the form (Ramaty et al. 1996) In this work we have used the standard selection set of
dN; Bl COMI_D'I_'EL, with an addition of a more stringe_nt con_strair_1t on
F(En) o B e (1) the minimal angle (¢ > 10°) for photons used in our imaging
and spectral analysis (see details in @dfielder et al. 1993).
The simulated spectrum contains many lines nearMeV, We have chosen this event selection set after comparing selec-
that will blend in the spectrum of the telescope with modetion sets that dfer in the minimum Earth-horizon event an-
ate energy resolution. Contrary to thké& MeV region, regions gle (¢ > 0°, or >10°), and in the time-of-flight (ToF) window
around 4.4 MeV and 6.13 MeV lines are relatively free fromsed, like: standard 115-130, or, alternatively, a ToF window
other lines. These lines at 4.4 MeV HiC* and at 6.13 MeV at 112-127 and PSD window of 67-87, i.e., the so-called se-
of 180" are separated well enough to potentially simplify thiection set TOFT43. In this comparison four combinations of
analysis of the line broadening, line shifts etc., for a telescopeo selection datasets (standard MPEOO6 and TOFT43) and of
with a moderate energy resolution like COMPTEL, which haso minimum Earth-horizon event angle restrictions were used
6E/E = 5% at~6 MeV. Figure 1 shows the simulated specto produce four data sets for the 5.6—7.6 MeV energy interval.
trum in the region of'®0 lines after convolution with the We present results of the comparative imaging analysis of the
response function of COMPTEL. Note, that the majority dGP region data with four élierent selection sets in Table 1.
the 6.13 MeV line photons will be absorbed in the D2 modrhis region (NGP) was observed quite regularly, while moni-
ules of COMPTEL via ee" pair-production, which cause antoring activity of twoy-ray bright QSOs, 3C273 and 3C279.
appearance of a shoulder in the convolved spectrum of FigOVerall ~40 observations covering NGP region were used in
at~5.6 MeV. This shoulder is produced by the single escaffés study, with the total exposure reachin@.0 x 10° s at
photons of the 6.13 MeV line. In our study we prefer to ugbe position of 3C273. Judging by the values of error counts
160 lines as a probe of the non-thermal component in clusteesovered from the positions of 3C273, 3C279, Coma cluster,
and not the 4.4 MeV line of’C. The reasons are as followsVirgo cluster and Abell 1465, as well as by the integral value
(1) — a large part of the 4.4 MeV line flux can be produced of the likelihood ratio improvement over the value derived for
the spallation reaction offO; and (2) — the 4.4 MeV line is a flat flux distribution in the NGP region, we finally selected
rather close to the intense and strongly variable instrumentaé combination of MPEOO6 (standard selection data-set) and
background line at+3.8—3.9 MeV (see Sect. 3.2). of Earth-horizon event angle> 10°.

.
(]
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Table 1. Number of error counts in the energy interval 5.6 Me\E, < 7.6 MeV at positions of the excesses and the total maximum-likelihood
ratio (—2InL) relative to a flat background model fitting.

Object MPEOQO6{ > 10° TOFT43,( > 10° MPEOQ06,{ > O° TOFT43,, > O°

3C 273 343 360 376 405
3C 279 325 345 356 387
Virgo 341 358 374 402

Coma 273 290 302 324
A1465 252 267 283 303
Al 79.7 62.1 66.0 69.5

3 Value of the maximum-likelihood ratic-@In L) relative to the flat background model fitting.

3. Imaging and spectral analysis ]
of the NGP region data ]

3.1. Imaging analysis ]

For the imaging analysis we have used a version of the 1

maximum-likelihood method (SRCFIX), that evolved from the |

work on difuse emission modeling in the COMPTEL data

space (van Dijk 1996). In this imaging program an internal ]

background model is generated using a filtering technique &r

each observation, which takes into account the variation of trge ]

instrumental background with time. This technique is based onz1

the fact that they(, ) structure of the data cube is well de- ]

scribed to first order by the known geometry characteristics, ]

with deviations being largely independentofBloemen et al. ]

1994). Note that COMPTEL' instrumental background com- ]

promises~98% of the total background in the 1-3 MeV en- ]

ergy interval, but decreases significantly above an energy of |

~4.3 MeV. An iterative approach (background modeling and ]

sky-model fitting being performed simultaneously) was added 1> —

to this method (Bloemen et al. 1999, 2000). In this approach all R Asen )

observations are again handled separately, in order to accigt2. A map of the North Galactic Pole region in equatorial coordi-

for changes in the instrumental background during the missiagrates (J2000.0) produced by the likelihood method. Contour lines are
In the following the display of the maximume-likelihoodshown at a likelihood ratio value of 9, 12, 16 and 20. Small circles

ratios over the field of view is refered to as the maximunghow the positions of M 87 and of M 49, and lozenges mark the posi-

likelihood (ML) map. Such maps allow the determination of th°ns of 3C273 and of 3C279. A grid of galactic coordinates is over-

excess significance, flux, error region, etc. Our imaging ana| yed. Positions of th&O line emission excesses possibly related to

. . - . - ... dalaxy clusters are marked by numbers from Excess 1 to Excess 8.

sis has established a positive correlation between the signific e

vy-ray line emission excesses3 o) and the nearby rich clus-

ters. In total we have detected 10 excesses in the NGP region

(Fig. 2), with two most significant excesses that are positionafificesses with EGRET sources (Hartman et al. 1999) can be

coincident with the rich clusters Virgo and Coma. claimed in the NGP region. The same holds for the only UID
Figure 2 presents a likelihood ratio contour map of tHeOMPTEL source GRO J1040-48 (lyudin et al. 1996) in the

NGPy-ray line excesses that exceed 8letection significance €gion.

for a 1 d.o.f. search. Figures 3 and 4 show maps in adjacent

energy bands of 4.3-5.6 MeV ant_j 7.6—10.0 MeV where np, Spectral analysis

counterpart can be found for tA8O line emission excesses 1,

2, 3,5, 6, 7 and 8. The same is true if one compares polsi-the present study gamma-quanta for spectral analysis were

tions of EGRET unidentified (UID) sources in the region frorapatially selected with a scatter direction and a scatter angle

Hartman et al. (1999), with that of the line excesses. The neesmpatible with circular regions of°Zradii centered at the

est source to our excess 1 is EGRET UID 3EG J¥22®0 position of the excesses detected in the ML-maps. This ap-

~4° to the south-east and the nearest source to excess Prach was described by Iyudin et al. (1994), and was fol-

EGRET UID 3EG J12360457 about 5 to the south of the lowed through the later studies gfray lines from diferent

line excess. Apart from the expected overlaps with two stropgint sources (lyudin et al. 1995, 1998). Background spectra

y-ray sources 3C273 and 3C279 no spatial correlation of limere generated using high-latitude NGP region observations

40
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Fig.5. Total spectrum of the sum of 94 fiiérent positions within

~40 observations of the NGP region excluding regions around su-
pernova remnants (SNRs) of Loop | and Loop IV with boundaries
given by radio measurements. The spectrum was normalised to the
total number of counts of the similar Coma spectrum. The solid line
gives a fit to the assumed smooth background.
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Fight Ascanion c3) background spectrum constructed from 94 pointings in the field
of view of ~40 different observations of the NGP region. The
spectrum of Fig. 5 normalised to the total number of counts in
the raw Coma spectrum clearly contains an excess above the
smooth background at energies of 5.0 to 8.0 MeV. What is the
nature of this excess?

The largest part of this excess is due to the instrumen-
tal background blended lines at energies abeve3 MeV,
i.e., a spontaneous background emission that was discussed by
Weidenspointner (1999). This background is produced by sec-
ondary neutrons interacting with the telescope material. These
secondary neutrons, in turn, are produced by CR and radia-
tion belt protons interacting with the instrument (and satellite)
construction material. In addition to the strong instrumental
background, one expects to have a small contribution of the
vy-ray line emission in the same energy band from the high
redshift galaxy clusters (sky background emission), and fore-
ground emission from the Local Bubble, Loop | and Loop IV.
The former was studied in X-rays as extended O VIl line emis-
sion from the galaxy clusters baryonic component (Kaastra
et al. 2003), and the latter is supported by the results of the
local O VII and O VI studies, performed with FUSE in UV,

IR R and by Chandra and XMM-Newton in X-rays (Nicastro et al.

oA e 2002; Fang et al. 2002; Paerels et al. 2002; Savage et al. 2003;

Fig. 3. The same as in Fig. 2 but for 4.3 Me¥E, < 5.6 MeV.

N

Dedlination (deg)

@

7

Fig. 4. The same as in Fig. 2 but for 7.6 Me¥E, < 10 MeV. Zsargo et al. 2003), including sight lines toward bright QSOs,
like PG 0953415, PKS 2155-304, MKN 421, H182643
and 3C273.

applying identical selections and avoiding regions likely con- Our study of this high-energy background component

taminated by the emission from Loop | and Loop IV. (Fig. 5) does confirm that its strength is independent of the

The COMPTEL standard background model extensivelgission-time, a result that is consistent with earlier studies
used in the point-like excesses studies (lyudin et al. 1994, 1998/eidenspointner 1999). Figure 6 illustrates this independence.
1998), usually constructed using gamma-quanta collected frém instrumental background degrades the sensitivity of the in-
the circle with large (19 radii centered on the line excesstrument. But quite reassuringly the sign8) (o noise {N)
position, is not applicable to extended emission regions, likatio at energies of®0 excitation lines has a much more
merger regions in nearby clusters (see simulations by Ritclféeourable value o§/N ~ 0.05 (see Figs. 5 and 7), compared
& Thomas 2001, and Sect. 4). Therefore, in this study we that of the~1 MeV region, where COMPTEL haS/N =
have used an NGP background model, normalised to the t&412.
number of counts in the source spectrum. An energy binning Let us expand on the reason for not using the 4.4 MeV
of 80 keV was used throughout this study. Figure 5 shows thecitation line for this study. Usually, to derive the residual
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Fig. 6. Difference of two spectra &, > 4.0 MeV taken from the same g 7. spectrum of the Comg-ray excess (excess 1). The solid line
point on the sky with galactic coordinates 334, b = +66, but for  ghaws a fit to the excess emission.
two different time intervals: first covering time from TJD 8422.5654

to TID 9285.4181, and second covering time from TJD 9699.428&0 . el | . | hi
TJD 10434.433. The time between two measuments3iyrs. The irection (Briel et al. 1992; Honda et al. 1996). This structure,

solid line follows zero dierence between spectra. seen in the X-ray brightness and temperature distributions, is
explained by the merging process of NGC 4839 with the Coma

cluster.
spectra, the *background” spectrum has to be subtracted fromhe x-ray picture of the Coma cluster that is emerging af-
the “source” spectrum after normalisation to the integral nufsy xMM-Newton observations (Briel et al. 2001; Neumann
ber of counts at some chosen energy interval. THewince in et a1, 2003) is even more complicated. An additional filament-
time intervals used for the spectra accumulation leads to the Giif= structure to the south-east of the cluster core was found
ferent strength of the time dependent instrumental backgroufigh a much lower temperature efl keV compared to the rest
line at 3.8-3.9 MeV in the raw spectra. After subtraction of thg the cluster that hakT > 10 keV (Neumann et al. 2003).
NGP background, very strong fluctuations are produced ngaf 5 possible scenario to explain this filament it is proposed
thellnstrumental background line a8.8 MeV, that &ect th.e that a small group of galaxies around two galaxies NGC 4921
residual spectrum of COMPTEL up ®.0 MeV. Actually, this - ang NGC 4911 is infalling into Coma gravitaional well with a
is a known COMPTEL specific instrumental backgrouffée ,on-zero impact parameter (Neumann et al. 2003). jFray
that was studied in relation to the Orion nebula line emissigfe excess 1 is also placed at the south-east outskirts of the

(Bloemen et al. 1999). cluster and thus supports this second merger scenario. We be-
lieve that in the Coma cluster a few of the galaxy groups,
4. Results like [RPG97] 232 Z = 0.02286), and few Zwicky clusters with
RA ~ 13h and De& 30, are representatives of the filamentary
4.1. Excess 1 structure that is moving from the south-east direction to merge

Excess 1 (Fig. 2) was detected by COMPTEL with.2 o With Coma.

significance for the 1 d.o.f. search. Its likelihood-ratio peak The tur_naround radius of the merging clugter can be ca_l-
is shifted relative to the Abell 1656 (Coma) position b§". culated using the approach and notation of Ricker & Sarazin

The 20 error region of excess 1 contains 8 Zwicky clusteré,zom):
Ab.ell 1665 and 4 QSOs. Additional 6 QSOs have positior;ic, - M1 + Mo\ [ tmerge \?'° Moc 2
quite near the 2r error box boundary. 12 % 105 M, 1090yr Pc,

We can use positions of the most inten$®© line at
6.13 MeV (in the rest mass system) and of its 1st escape pesRereM: and M are the masses of the major cluster and of
in the spectrum of the Comgray line excess (Fig. 7), to de-subcluster, respectively. For the mass of the Coma cluster of
rive the redshift of the line emitting system. The derived red-8x 10" x hzg Mo (Briel et al. 1992) this linear separation
shift Of Zeycessi= 0.026+ 0.008 is consistent with the Comads of the order of 6 Mpc. This leads to an angular distance of
cluster redshift 0fcoma = 0.0232. If the merging process is athe shock o~3.5° from the Coma core at an early stage of the
a rather early stage, the merger region with ¢y emission MEerger.
can be at the outskirts of the Coma cluster, inside the cluster’s The merger shock with the linear sc&ef ~1 Mpc has a
turnaround radius. surface area ofR? and is expected to produce an energy input

The possibility that Coma cluster is perturbed was alrea@fthe order of
suspected on the basis of optical measurements (Huchra et al. pv2
1990; Colless & Dunn 1996). Radio (Thierbach et al. 2008pput ~ R/vs
and references therein) and X-ray measurements of ROSAT, 3
ASCA and XMM-Newton (Briel et al. 1992; Honda etal. 1996;  ~ 5x 1028( n )( Us )

Briel et al. 2001; Neumann et al. 2003) confirmed this suspi- 10-°cm3/11000 km s*
cion. The X-ray structure of the cluster detected by ROSAT -1 13
and ASCA extends 1° off the cluster core to the south-west X (Wpc) ergs-cm-. (3)
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In simplified form the shock velocityv{) estimate can be

derived from Eg. (31) given in Ricker & Sarazin (2001).

Assuming a shock front width 0f10 kpc one may expect to

have an energy deposition in the Coma cluster merger regio

of the order of~1.2 x 10% x h;; erg s*. This exceeds the

y-ray line luminosity of~2.0 x 10* x h;3; erg s* detected

by COMPTEL from the Coma cluster, but is much smaller

than the X-ray luminosity of ,(0.01-40 keV)~ 8.8 x 10% x

h;2,erg st (Reiprich & Bshringer 1999). . . . . .
The angular distance of excess 1~@ to Abell 1656 core 5000 5500 6000 6500 7000 7500 8000 8500 9000

is inside the angular turnaround radius, and is consistent with Frerey (kew

the merger at its early stage. This radius of the mass inflowfi@. 8. Spectrum of the Virgoy-ray excess (excess 2) at a position

Coma is consistent also with the derived mass profile of tRgtween M 87 and M 49. The solid line shows a fit to the excess

Coma, and corresponds to the caustics gradien6atlpc de- ©MISSion.

rived from the galaxy distribution in the redshift diagram by

Geller et al. (1999).

50

Counts per emergy bin

of 1° around M 49. The total luminosity from this strip is of the
order ofLy(2.0-10.0 keV)~ 4.0 x 10* erg s (Shibata et al.
4.2. Excess 2 2001).
The temperature enhancement is resolved into four sub-

Excess 2 detected by COMPTEL haS.3 o significance for peaks with typical sizes 0£300 kpc, that allows Shibata
a 1 d.o.f. search. Its likelihood-ratio peaks between the p&t- al. (2001) to claim a multiple merger of the galaxy
sitions of two massive galaxies in the Virgo cluster, M 8groups. Possible infalling groups can be represented by the
and M 49. These massive elliptical galaxies are thought to ABell 1541C cluster, andr by the three galaxy groups
gravitational centers of the northern Virgo subcluster (subclU8SCG 57 and RSCG 60 at ~ 0.0020, and [M98]] 174 at
ter A) and of the southern subcluster (subcluster B), respec: 0.00545, under the plausible assumption that galaxy groups
tively (Binggelli et al. 1987, 1993). The redshift derived fronimerging into Virgo have to be at a redshift equal or close to
the excess spectrum (Fig. 8)4s= 0.011x 0.017, which is that of the Virgo cluster. We note that one peak in the scan A
not precise enough to identify potential counterparts of e likely consistent with Abell 1553. The suggested potential
cess 2, but is consistent with a Virgo origin. Thes2error candidates seem to strenghten the case of multiple mergers of
box of this excess contains 4 Abell clusters, 7 Zwicky clugralaxy groups with the Virgo cluster. With this hypothesis in
ters, and 6 QSOs. Thgray excess position coincides withmind we estimate the energetics of such multiple merger event
the maximum in the density distribution of the irregular andnd the plausibility for its detection ip-ray lines.
spiral galaxies of the \ﬁrgo cluster (Schindler et al. 1999), as Pre"minary estimates, based on bheay flux and distance
well as with the region of enhanced temperature between M &/the Virgo cluster (taken to be 20 Mpc), lead to the con-
and M 49 (Koyama et al. 1991; Ohashi et al. 1999; Kikuckiusion that for the measuredray line flux Fio = (1.12 +
et al. 2000; Shibata et al. 2001). 0.27)x 1075 photons cm? s1) and for any reasonable time

Yasuda et al. (1997), using the Tully-Fisher relation facale of a merger event the total energy necessary to produce
spiral galaxies, found evidence that the galaxy distribution ihe observed-ray line emission has to have a value of up to
Virgo is largely elongated along the line of sight from 12 x 10° ergs. It is dificult to account for such an energy by a
to 30 Mpc. This may imply that if multiple mergers happrocess other than a merger. For example, to explain the clus-
pen in Virgo they may be ongoing atftéirent redshifts and ter thermal energy input by SNe one would neet'> SNe
with different radially projected bulk velocities. Such varietio heat the gas, and such an input will lead to an observ-
will eventually lead to the broadened, flat toppeday lines. able overproduction of iron, which is excluded by observations
The spectrum of the-ray excess from this region in Virgo in- (Finoguenov et al. 2001). Alternatively, an energy input from
deed contains a broadened line’® at~6.1 (Fig. 8), con- 10 quasars with an output ef10% ergs s? for ~10° yr, can
sistent with the hypothesis of multiple mergers affetient produce a similarfect, but no quasars of this high luminosity
redshifts. The enhanced temperature region in Virgo foupgsitionally consistent with the error box of excess 2 were de-
by ASCA was explained by the inflow of groups of galaxietected iny-rays neither by EGRET (Hartman et al. 1999) nor
(Ohashi et al. 1999; Kikuchi et al. 2000; Shibata et al. 2001) toy COMPTEL (Collmar et al. 2001).
wards the cluster gravitational center. The quite narrow merger We can evaluate the energy input in such a merger using
shock of M 49 discussed by Irwin & Sarazin (1996) is placefq. (4). In the case of Virgo the linear size of the merger shock
~4 arcmin to the north of M 49, while the enhanced temperfront can be derived as300 kpc from the ASCA temperature
ture region between M 49 and M 87 found by ASCA is mucprofile (Shibata et al. 2001). The only parameter which is un-
larger. It spreads from8° to 11° in declination, along the certain, is the shock velocity, which depends on the mass of
north-south scan of the Virgo temperature distribution (Shibatze major accretor. If we take the total mass of the Virgo clus-
et al. 2001). This region with an area eR.8 ded has a ter~1.3x 10 M, (Tully & Shaya 1984; Tully & Shaya 1998)
~4 times higher X-ray emissivity than the region with radiuas the accretor mass, we will have an energy deposition at the
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rate of 4.15< 10* erg s* for the single galaxy group merger,in momentumf (p) «c p~, wherex is related to the Mach num-
with the group mass of 0 M. In the case of 4 galaxy groupsber and compression factor by the following expression:
merger, where number 4 is taken from the number of temper- )

ature peaks of ASCAs scan B (Shibata et al. 2001), we wijl — r+2_ ZM (~3.3forM =2). (4)
have an energy deposition of the order of .20 erg s?. r-1 M-

This energy deposition exceeds the sum ofjiray luminos-  The acceleration occursttlisively, where particles are cross-
ity (~6.24x 10% x h g, erg s*) and of the X-ray luminosity ing back and forth the shock front, gaining at each crossing
(~4.0x 10* x hyg, erg s*) from the region of the enhancedand recrossing an amount of energy proportional to the energy
temperature in Virgo by a factor of 4. of the particle. The maximum proton energy in such an accel-
Alternatively, by taking a Virgo cluster mass of 1:6 eration is the result of a balance between the acceleration rate
10 M, to 6.0x 10'* M, as derived by Bhringer et al. (1994) and either the energy loss rate or the rate of escape from the
under the assumption that the cluster is relaxed, and by talceleration region. The acceleration time, as a function of the
ing the merger shock velocity as the 3D velocity dispersion péurticle energy, is defined by the expression (Gabici & Blasi
the galaxies in Virgo which is-1200 km s* (Binggeli et al. 2003)
1993) one can get an energy deposition rate estimat@ @fx 1 1 3D(E) r(r + 1)
10* erg s* for the multiple merger scenario. We consider this,.(E) = D(E) [_ + _} = — , (5)
value as a lower limit to an energy deposition rate, which still up U vt r-1

exceeds the-ray luminosity detected by COMPTEL. In re-yynere D(E) is a difusion codicient of a particle with
ality one may have a more complex scenario involving a f”%hergy E. For the form of D(E) proposed by Blasi &

mentary structure merger with the main Virgo cluster. We rexpjafrancesco (1999) the acceleration time can be defined as
iterate here that the Virgo cluster extends from 12 to 30 Mpgjlows:

along the line of sight (Yasuda et al. 1997). We conclude that

the above energetics estimate makes a scenario of a multipig(E) ~ 6.9 x 10°*B,*3L5°E(GeV)3ug%g(r) s, (6)
galaxy group merger with the main body of the Virgo cluster . )
plausible, but this conclusion is highly dependent on the 3D giél€revs = fegms 9(r) = r(r + 1)/(r = 1), v = w, B, is
ometry of the cluster (Binggelli et al. 1987, 1993; Yasuda et &€ magnetic field in microgausisy is the largest scale in the
1997; Schindler et al. 1999). Bettgfray line position mea- Magnetic field power spectrumin units of 20 kpc, ardu; /u,
surement, and confirming measurements by XMM-Newton §i€€ Gabici & Blasi 2003).

the X-ray gas temperature enhancement (structure) in this re-FOr Protons withE, < 100 MeV7ag: has a value o+ 1.5x
40" yr for vg ~ 2.0 andB, ~ 0.01xG. For the value 0B, ~

gion of Virgo will help to interpret the multiple merger scenari 8T eV Al )
in Virgo cluster. 1 uG, which is implied by the radio measurements of the
Coma C radio spectrum (Thierbach et al. 2003), the value
of TaccWill be even smaller, 0£3.3x 10° yr.
The model that considers the generationyefay line
5. Discussion and summary emission in galaxy clusters by subrelativistic nuclei was sug-
gested by Dogiel (2001). This model explains the hard X-ray
We have presented detections of the nearby, rich Coma afgctrum of Coma detected by PDS on boar@eppo-SAX
Virgo galaxy clusters via theip-ray line emission front®0, (Fusco-Femiano et al. 1999), by energy losses of the subrela-
excited by subrelativistic protons accelerated from the therntiistic CRs in the cluster halo interacting with the background

pool in a merger event. What kind of arguments support téectrons and nuclei of ICM. The spectrum of the subrelativis-
proposed interpretation? tic protons was considered to be a power law with an exponen-

J'@I cut-af, which is produced either by proton injection in the
center of the cluster, or by protons that are accelerated in situ
&Qﬁ)giel 2001). The latter seems to be energetically méie e

if merger shocks are having small Mach numb&3,(typicall cient (D°9i?' 2_001) and a_lttractiv_e in_view of the rgdio measure-
g d {typically ments confirming to the idea of in-situ acceleration (Thierbach

of ~2 (Gabici & Blasi 2003; Berrington & Dermer 2003).
(Gabici & Blasi 2003; Berring ) etal. 2003).

Protons with a kinetic energy as low 880 MeV can pro- - Thg x_ray continuum in the model of Dogiel (2001) is pro-
QUcelﬁQ excn:_:ltlony-ray line emission (Ramaty et al. 1996) INjuced atEy < (Me/Mion)Emax keV by thermal bremsstrahlung
interactions with the ICM as a target. Such protons will have packground electrons, and by inverse bremsstrahlung of sub-
Coulomb cooling time oOfion ~ 3 % 107 yrinthe ICMwith a ye|ativistic protons with kinetic energi, < Emax OF by ions
density~10-3 qm‘3: Protons with energies 6f100 MeV have yith E,, < (Ema/N), Where Enmay is approximately equal to
Coulomb cooling times of 2.% 10° < 7ion < 8.7x 10°yr, de- gy exponential cutfdenergy of CR spectrum. There is also a
pending on the ionization state of the ICM gas and the saggntripution to the X-ray continuum from CR interaction with
density of 1_03 cm3. This provides a lower limit fotrion for o gas through molecular-orbital (MO) and radiative elec-
the fully ionized plasma. tron capture (REC) on CR nuclei (Dogiel et al. 1998). Such

A shock with a compression factor(=u;/uz) and a Mach direct electron captures, like MO or REC, are important in
numberM (=vs/vsound Can accelerate particles to a power lawases with high enrichment of CRs by heavy ions. For light

3
Up — U2

During a merger event, shocks are driven into the intracl
ter medium, that dissipate energies of up~® x 10° ergs.
Particles, electrons and ions, will be accelerated in shocks e
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ions (hydrogen, helium) multistep knock-on (KO) electrons areeasurements for theray line excess region that can be pro-
more important in producing X-rays (Chu et al. 1981; Dogialided by XMM-Newton will help to enhance our understand-
et al. 1998; TatischHeet al. 1998). Bremsstrahlung of KO elecing and the interpretation of the results discussed above.
trons is used to explain an X-ray continuummg(Mion) Emax < Before this work, the existence of a non-thermal popula-
Ex < 4(me/Mion) Emax keV (Dogiel 2001). Since in the model oftion of CRs in galaxy clusters was supported by the detections
Dogiel (2001) the hard X-ray andray fluxes are produced byof hard X-rays from Coma and A2319 (Fusco-Femiano et al.
the same subrelativistic nuclei interacting with the intraclug999; Rephaeli et al. 1999; Gruber & Rephaely 2002; Rephaeli
ter gas (intergalactic matter), their ratio is independent of t&eGruber 2002), and also from presumably merging rich clus-
gas density. For the power-law spectrum of the subrelativister Abell 3667 (Mazzota et al. 2002), which contains the largest
nuclei this ratio is also independent of the density of the subr&hown difuse radio source @fgering et al. 1997). The ra-
ativistic CRs. One may use the X-ray flux of Coma at energid® spectrum of Coma C (Thierbach et al. 2003, and references
where the non-thermal component is dominant, for examplesrein) also points to the presence of in situ accelerated rel-
at Ex = 70 keV (see PDS spectrum by Fusco-Femiano et alivistic electrons in Coma. Contrary to these X-ray and ra-
1999), whereF,(70 keV) = 2.7 x 1076 ph cnt? st keV!, dio measurements, the detection of excitatieray lines from
to calculate the expected intensity of the oxygen line(s), folusters Coma and Virgo by COMPTEL provide the first direct
the photon index of subrelativistic CRs 1.0 (Dogiel 2001), evidence for the non-thermal nucleonic CR component gener-
as Fig = 1.6 x 10° ph cnt? s'. The line flux from ation in the merger event(s).
Coma detected by COMPTEL has a valuekafy ~ 1.4 x To summarize we note that the presented method and re-
1075 ph cnT? s, which is very close to the value calculatedults of the galaxy clusters study via their emission in the exci-
above. tationy-ray lines has the potential to become an important tool

We note, though, that in the early phases of a merger, farprobing the dynamics of the merging clusters. Indeed, the
a time lapse okrjess, @ Much steeper proton spectrum with g-ray line flux and the spectrum provide rather direct means to
photon index of 3 to 5 is more likely (Berrington & Dermerevaluate the energy input into the ICM in an ongoing merger,
2003). A steep spectrum is produced because of the low Maaid the potential to reconstruct the 3D geometry of the merger.
numbers at the cluster periphery, where shock starts to develBypapplying this tool at much better sensitivity one can gain
plunging into the ICM with the density 0£3 x 104 cm™. information on the spectrum and maximum energy of protons
Inside the denser cluster core the power law index will dproduced by the merger shock, i.e., on the energy density of
crease approaching a value-a2.2 with the shock advancingnon-thermal particles in the cluster.
towards the cluster core (Berrington & Dermer 2003). Note that The hot spots ofy-ray line emission detected by
the power law index of the detected hard non-thermal X-r&OMPTEL will be useful for planning of INTEGRAL and
component of the Coma core region~i&.6, with a 90% con- of XMM-Newton observations. Such observations will con-
fidence range of 0.7-2.5 (Fusco-Femiano et al. 1999), o 2.Tirm and hopefully extend the number of confirmed merging
0.5, with a 90% confidence (Rephaeli & Gruber 2002), botfalaxy clusters, as well as providing key information on the
estimates being consistent with the shock in the region of then-thermal component energy density in the evolving large
cluster core. scale structures.

To produce they-ray flux detected by COMPTEL from
Coma, one needs an energy deposition by subrelativistic pfgknowledgementsile acknowledge comments to this work
tons of the order oLp ~ 8.0 x 108 erg sT for the uncer- by Dr. V. Sch)nfelder_ and discussions with S. S<_:h|ndler,
tain efficiency of they-ray production by protons of ~ 1075, R. Sta_lut_)ert and H. ®k. We are grateful_ to_ Dr. V. _Tatlsclﬂ“e

. . _for_pointing to us (Al) the nuclear deexcitatiopray line code
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