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Abstract: Open clusters are concentrations of dense matter and ydargy dt is expected that non-
thermal processes play an important role in these objecgalthe observations of non-thermal X-ray
emission and directional coincidence with some EGRET smurt\Ve calculate the gamma-ray spectra
expected from the open cluster Berk 87 assuming that hadmmhéeptons are accelerated.

Introduction eral scenario in a more detail assuming that bc
electrons and hadrons, are accelerated at the sh
Open clusters, with the characteristic age of a few formed as a result of the interaction of strong win
to several million years, contain many early type from the Wolf-Rayet (WR) type stars with the me
stars (OB and WR type) which produce strong ra- ter and radiation inside the open cluster and ¢
diation field and energetic winds. A fraction of the rounding dense clouds.
wind energy can be transfered to relativistic parti-
cles by diffuse shock acceleration process occur-
ring at the shocked wind boundary and turbulent
wind itself [1, 2]. Moreover, different type of ob-
jects related to the massive star evolution, super- We assume that a parf,, of the Wolf-Rayet (WR)
nova remnants, pulsar wind nebulae, massive bi- St&r wind energy can go on acceleration of el
nary systems, can also be responsible for acceler-{rons and a part,, go on acceleration of hadron
ation of particles. Therefore, open clusters are ex- Since particles are accelerated in the conside
pected to be likely sources of high energy neutral Scenario at the shock, it is assumed that they
radiation ¢-rays, neutrinos, neutrons) produced in t@in @ power law spectrum which spectral index

collisions of particles with the matter and soft ra- 1N the range2 — 3. The acceleration process «
diation. particles at the non-relativistic shock, formed

the wind of the massive star inside the open cl
ter, can be characterized by the energy gain 1
and their energy losses on different radiation me
anisms (leptons - synchrotron, inverse Comp:
(IC), bremsstrahlung, hadrons - collisions with t
matter) and escape from the acceleration regi
The energy loss gains are described by the acce
ation factor¢. The effective density of the soft re
diation field inside the open cluster is described

Acceleration of particles

In fact, some open clusters have been found in
the relatively large error boxes of the EGRET

unidentified sources reported in the 3rd EGRET
catalog [3], e.g. 3EG J2021+4716 and 3EG
J2016+3657 - Berk 87, 3EG J2033+4118 - Cyg
OB2, or 3EG J1027-5817 - Westerlund 2. TeV

~-ray sources have been reported inside the Cyg
OB2 by the HEGRA group [4], Westerlund 2 by

the HESS group [5], and Berk 87 by the Milagro the factory which is the ratio of the effective der
group [6]. sity seen by leptons to the average density cal
7-ray production from open clusters have been |ated for known dimension of the open cluster a
considered [7, 8, 9, 5, 10]. We adopt a scenario py counting the contributions from all the massi
for the acceleration of particles inside open clus- stars inside the cluster. These processes are
ters, originally proposed in [2], and study this gen- cyssed in more detail in Bednarek [11]. The me
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Figure 1. The characteristic time scales for electronst (fefure) on synchrotron (dashed line
bremsstrahlung (dot-dashed), ICS on stellar radiatiocicKttriple-dot-dashed), and for their energy gai
(thick solid) are compared with the diffusion time scale l&o#rons from the open cluster, calculated 1
R,. = 2 pc (middle dotted), the age of the WR star in Berk 8% 10° yrs (thin dotted), and the age ¢
the open cluste? x 10° yrs (thick dotted). The parameters which determine thegnieisses and gain
are the following:B = 107° G, N = 10* cm™3, ¢ = 10~°, andy = 1 (thick triple-dot dashed curve) an
100 (thin triple-dot dashed). The time scales for protoigh(rfigure) losing energy on pion production

collisions with the matter (dot-dashed line), gaining gyefrom the acceleration mechanism if the me
netic field strengthB = 10~° G (thick solid line) andB = 10~* G (thin solid line). The diffusion time
of hadrons through the open cluster is shown by the dashedthe age of the WR star, and the age of
open cluster are marked by the thick and thin dotted lines.

imum energies of accelerated particles are deter-wind is of the order o~ 103® erg s'). The to-
mined by balancing their energy gains and losses. tal stellar luminosity of Berk 87, 2 x 103° erg
These time scales and resulting maximum energiess~! estimated by counting the contribution fro
of electrons and hadrons are shown in Fig. 1. Itis the most luminous stars (the average energy ¢
clear that electrons can be accelerated to energiessity of stellar radiation~ 260 eV cnt3). Note,
above~ 10 TeV. These ones with the highest en- that the effective energy density of stellar photo
ergies cool by synchrotron process and those with which are seen by accelerated electrons, is lik
lower energies mainly by IC and bremsstrahlung to be larger since at least a part of the electr
process. The maximum energies of hadrons are de-might diffuse against the massive star winds be
termined by their diffusion outside the open clus- exposed to much denser effective stellar radiat
ter. They lose energy on pion production in colli- field [9]. We take this possibility into account b
sions with the matter. introducing the enhancement factor of the stel
radiation. This factor depends on the details of 1
diffusion and advection processes of electrons
Gamma-rays from Berk 87 the vicinity of specific stars of the open cluster.

. . The EGRET telescope discovered two point li
The open pluster Berk 87_|s at the distance _of sources, 3EG J2021+4716 and 3EG J2016+3(
~ 950 pe with the angular size equal to 8 arc min in the direction of Berk 87 [3] and the GeV sour
(~ 2 pc). The total mass of the young stellar asso- J2020+3658 [12], which is likely related to 3E

LT ; 5 :
leatlo?t 'S .es'[.';nattﬁd or 10 fM@ andtthe (_jens.|ty J2021+3716. Also diffuse X-ray emission fro
ormatter inside the cores of Compact reglons IS €S-y, oy ster has been observed by the EXOS

timated on~ 10° cm~3. Berk 87 contains also rare 2 1
; (~ 5 x 1032 erg s'! [13] and by the ASCA satel:
type WR star, ST 3 (WR 142), which mass loss rate lites [14]. The region has been also observed

i -5 -1
h:.is been e_stlmated arir x 10_1 Mo yr~" and the the Cherenkov telescopes at TeV energies: the
wind velocity on~ 5200 km s~ (the power of the
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per limit on the level of2 x 10! ph. cnT2s~! ~ 10% of hadrons, which escaped from the op
above 350 GeV (Whipple [15]) and at energies cluster, interact with the matter of the molecul
above 0.7 TeV on the level af x 10713 cm™2 clouds. We also show (bottom Fig. 2) theray

s~! (based on the 6.4 hr data) has been also re-spectra produced by hadrons which are injec
ported (HEGRA [16]). Based on this last upper with the steeper spectrum (spectral index 2.4)
limit, the authors reject the pure hadronic model the maximum energies determined by G. ~-

discussed in [7]. In fact, such an upper limit can ray emission produced in dense clouds is qt
only constrain the maximum energy of the accel- extended, and that's why difficult to be observ
erated protons, i.e. the model with rather flat in- with the Cherenkov telescopes of the Whipple &

jection spectrum of hadrons with the differential

HEGRA telescopes. Therefore, we claim that th

spectral index equal to 2. In a more recent paper, y-ray spectra are generally consistent with the

the HEGRA group puts the upper limit on the
ray flux from direction of Berk 87 on the level of
1.08 x 1072 cm~2 s ! above 0.9 TeV based on

servations by different telescopes at the TeV |
ergies. However, the spectrum of hadrons has
become significantly flatter below 100 GeV in

the 13.4 hr data [5]. Surprisingly, this second up- order to be consistent with the flat spectrum ch
per limit is much less restrictive that the earlier one. acteristic for the EGRET sources. Such a breal
Very recently, the Milagro group reported positive difficult to explain in the simple shock acceleratic
detection of a quite extended source at energiesscenario. Based on these calculations, we concl

> 12 TeV from the region containing Berk 87 with
the flux estimated on.7 x 10~13 ph. cnr2 s7!
(MGRO J2019+37 [6]).

that the pure simple hadronic model is unlikely.

Let us consider the production agfrays in open
clusters in the hybrid model (model B) in whic

In the present calculations, it is assumed that elec- hadrons and electrons are accelerated inside
trons and hadrons are injected uniformly during the open cluster. Electrons are assumed to be injer

lifetime of the Wolf-Rayet star (which is of the or-
der of~ 3 x 105 yrs). We consider two hypoth-

with the power law spectrum and spectral ind
2.4 extending up to the maximum energiesl 0°

esis, eithery-rays from the EGRET energy range GeV (for the magnetic field0—> G). The spec-
up to the highest energies observed are due to onlytrum of electrons is normalized to the power
hadrons (model A), or they are due to the contri- the Wolf-Rayet star WR 142 with the coefficiel
bution from electrons and hadrons (model B). Fol- n. ~ 5 x 1072 (in the EGRET energy range
lowing parameters describing the content of Berk The photon spectra produced by electrons in
87 have been applied: the magnetic field inside the synchrotron, bremsstrahlung and IC processes
volume of the clustel0—® G, density of matter ~ shown in Fig. 2. The EGRET spectrum is d
10 cm~3, the average density of stellar photons is scribed in such a model by the combination
obtained by counting the contribution of the most bremsstrahlung spectrum at lower energies anc
luminous stars (estimated en2 x 103° erg s71). spectrum at higher energies. Due to the Kle

Since the spectra of EGRET sources are flat, we as-Nishina effects and efficient colling of electror
sume in model A that hadrons has to have also the With the largest energies on the synchrotron p
spectral index close to 2. Theray spectra pro-  C€SS, they-ray spectra from bremsstrahlung ai
duced by hadrons are on the level of the EGRET |C processes have to steepen. These spectrad
flux for the energy conversion efficiency from the overcome the upper limits introduced by the Whi
WR star wind (WR 142) to particleg, = 3x 103 ple and HEG_RA telescopes. Ho_we_ver, they are
(see Fig. 2). Note that the spectrum obtained for able to explain the extended emission at the higt
weaker magnetic field is not able to explain the €nergies reported by Milagro group. Inorderto €
extended emission reported by the Milagro exper- Plain all these results simultaneously, we postul
iment. On the other hand, theray spectrum additional production ofy-rays by hadrons whict
calculated for stronger magnetic field is clearly have escaped from the open cluster and interac
above the upper limits reported by the Whipple and side surrounding dense clouds. Hadrons are ac
HEGRA experiments at TeV energies, although it erated inside the open cluster with the spectral
is consistent with the Milagro flux provided that dex as postulated for electrons and with the c
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Figure 2. The multiwavelength spectrum observed from tlggoretoward the open cluster Berk 87: tt
EXOSAT satellite (marked by EX, Warwick et al. 1988), the damtified EGRET sources from the 3
Catalog 3EG 2016+3657 (thin solid) and 3EG J2021+3716Kthadid) (E, [3]), the Whipple upper limit
(W, [15]), the HEGRA upper limit (H, [4]), and the Milagro dmdtion of the extended source MGR
J2019+37 (MG, filled circle [6])~-ray spectra produced by hadrons interacting with the matside the
open cluster with density 10 cm and with the matter of the surrounding molecular clouds wignsity
10* cm3 (left figure). Hadrons are injected with the power law spattwith the spectral index 2.1 an
the high energy cut-off obtained for the magnetic figld-* G (dashed curves) and—> G (dot-dashec
curves). The energy conversion efficiency into relaticigtarticles isp, = 3 x 1073, The capturing
factor of hadrons by the surrounding massive clouds is 10% (dashed spectra) ant¥s (dot-dashed
spectra). The comparison with the photon spectra produgeddgtrons in the synchrotron (dotted curw
IC (dashed) and bremsstrahlung (dot-dashed) processéseapday spectra from decay af* produced by
hadrons in collisions with the matter with density 10chinside the open cluster (triple dot-dashed cur
and hadrons which escaped from the open cluster into thewsling molecular clouds with densitp*
cm~3 (solid curve) (right figure). Both, electrons and hadrorsseithe power law spectrum (spectral ind
2.4) and the high energy cut-offs determined by the magfiett10~° G. It is assumed that electrons al
hadrons take a part. = 5 x 1072 andn,, = 10~ of the power of the WR star wind. All hadrons escapi
from the open cluster are captured by molecular clouds. BEmsitly of radiation is described hy= 1.

off at energies expected for this above mentioned [8] Bednarek, W. 2003 MNRAS 345, 847
value of the magnetic field. In order to meet the  [9] Torres, D.F. et al. 2004, ApJ 601, L75
Milagro flux, a part,n, = 1073, of the power of [10] Anchordoqui, L.A. et al. 2006 PRL, 9¢

the WR star wind should be transfered to relativis- 121101
tic hadrons. [11] Bednarek, W. 2007 archiv:0704.3517
[12] Lamb, R.C., Macomb, D.J. 1997 ApJ 48
872
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