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ABSTRACT

Context. A sample of 14 young open star clusters has been observed in the TeV energy regime with the stereoscopic system of the
HEGRA (High Energy Gamma-Ray Astronomy) Cherenkov telescopes from 1997 to 2002, resulting in more than 300 h of observation
time.

Aims. Young open star clusters may contribute to the acceleration of cosmic rays. The detection of y-rays (from decaying 7°s produced
in hadronic interactions) from these objects could be evidence for such a contribution. The results of our observations are compared
to available y-ray data and to a simple hadronic model in the framework of shock front acceleration of cosmic rays in the stellar winds
of the cluster members to test the potential of the presently available data on young open star clusters to constrain this type of model.
Methods. The stereoscopic system of HEGRA Cherenkov telescopes makes use of the atmospheric imaging technique. Air showers
initiated by primary Gamma-Rays are recorded as elliptical images in the telescope cameras. The images from the different telescopes
are then superimposed to reconstruct the parameters of the primary particle. This technique (stereoscopy) was pioneered by the
HEGRA experiment.

Results. No significant excess has been found in the analysed data set of young open star clusters. The derived upper limit on the
TeV gamma-ray flux from Berkeley 87 and the available EGRET data from the same direction do not allow us to fully constrain
the simple hadronic model used here. The comparison of the upper limits derived for all 14 objects with the flux detected from
TeV J2032+4130 (under the assumption of an association of the TeV-signal with the compact stellar association Cyg OB2) suggests

that y-ray emission from young open star clusters as an object class cannot be ruled out.

Key words. gamma rays: observations — cosmic rays — Galaxy: open clusters and associations: general —

Galaxy: open clusters and associations: individual: Berkeley 87

1. Introduction

The question concerning the origin of charged Galactic cos-
mic rays and their acceleration mechanisms still remains un-
solved. Shell-type supernova remnants are commonly consid-
ered to be the best candidates for the acceleration of cosmic rays
(Lagage & Cesarsky 1983). In fact, results such as the detec-
tion of TeV y-rays from the shell-type supernova remnant Cas-A
by the HEGRA Cherenkov telescopes (Aharonian et al. 2001),

http://www.edpsciences.org/aa

as well as results on RXJ 1713.7-3946 from the CANGAROO
and the HESS collaborations (Muraishi et al. 2000; Aharonian
et al. 2004) seem to confirm this scenario. However, it is by no
means clear that the energy output of the supernova remnants
detected in y-rays so far is sufficient to explain the observed flux
of charged Galactic cosmic rays. An alternative or additional
contribution to the cosmic ray acceleration in shell-type super-
nova remnants is the shock front acceleration in strong stellar
winds of massive stars (Montmerle 1979; Casse & Paul 1980;

http://dx.doi.org/10.1051/0004-6361:20053234
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Volk & Forman 1982; White & Chen 1992). It was shown that
the maximum energy attainable by a particle through shock front
acceleration in stellar winds is higher than the maximum en-
ergy reached in the shock front of a supernova remnant under
similar local conditions (Césarsky & Montmerle 1983). Young
open star clusters contain many young massive stars with up
to 60 My, high mass loss rates, and stellar winds of typically
1000-2000 km s~ (up to 5000 km s~! in particular cases). These
objects could thus contribute to the observed flux of charged
Galactic cosmic rays via shock front acceleration in the stel-
lar wind of an individual member star or the interaction of the
winds of all members of the cluster with each other or the in-
terstellar medium (Polcaro et al. 1991; Manchanda et al. 1996).
In this scenario, the accelerated hadronic particles would inter-
act with the interstellar medium or with dense molecular clouds,
thus producing neutral pions, which subsequently decay into y-
rays with energies reaching up to the TeV energy range and
beyond. The recent discovery of the unidentified TeV source
TeV J2032+4130 in the vicinity of CygOB2 by the system
of HEGRA Cherenkov telescopes (Aharonian et al. 2002b), as
well as a new unidentified GeV/TeV source detected by HESS
(Beilicke et al. 2004) that could possibly be associated with the
stellar association Cen OB1 (McClure-Griffiths et al. 2001), has
renewed interest in the potential of the class of young open star
clusters for the acceleration of cosmic rays and for y-ray emis-
sion in the TeV energy regime. In this paper, the results of obser-
vations of 14 young open star clusters carried out with the stereo-
scopic system of HEGRA Cherenkov telescopes are presented
and compared to the flux observed from TeV J2032+4130. The
results obtained for the young open star cluster Berkeley 87 and
the spectrum measured by the EGRET experiment from the
same direction are used to constrain a simple hadronic model
for y-ray emission based upon the scenario described above.

2. The HEGRA Cherenkov telescope system

From 1996 to 2002, the HEGRA Collaboration has operated
a system of five imaging air Cherenkov telescopes (IACTs)
on the Canary Island of La Palma (28.75°N, 17.90° W), at
an altitude of 2200 ma.s.l. The telescopes were used in the
stereoscopic observation mode (Daum et al. 1997). Additionally,
one telescope (not used for the present analysis) was oper-
ated in stand-alone mode (Mirzoyan et al. 1994). The mirror
dish of each system telescope consisted of 30 single mirrors
with a diameter of 60 cm each, resulting in a total mirror area
of 8.5 m?. Each telescope was equipped with a camera consist-
ing of 271 photomultiplier tubes (pixels) mounted in the focal
plane of the mirror dish (5 m focal length) with a total field of
view (FoV) of 4.3°. The HEGRA TACT system was operated on
an event-by-event basis at an energy threshold of 0.5 TeV for
photons of vertical incidence, with energy and angular resolu-
tions of AE/E = 10-20% and 0.1°, respectively. The pioneering
application of the stereoscopic observation technique results in
an improvement of sensitivity and y-hadron separation in com-
parison to that of a single telescope. The performance of the
HEGRA system of Cherenkov telescopes was reported in detail
by Piihlhofer et al. (2003).

3. HEGRA observations

The data used in this paper were taken from different observa-
tions performed over a long period of HEGRA operation, from
1997 to 2002, resulting in a total exposure of more than 300 h,
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after removal of observations compromised by bad weather or
technical problems. This time corresponds to one third of a year
of continuous HEGRA observations. All observations contain-
ing at least one of the 14 young open star clusters analyzed here
in their FoV were taken into account. These observations in-
clude a part of the Galactic plane scan data (Aharonian et al.
2002a), the data on the supernova remnant Cas-A (Aharonian
et al. 2001), observations of the region near the COS-B source
CG 135+1, the Orion-Nebula (M 42), and dedicated observa-
tions of the young open star clusters Berkeley 87 and IC 1805.

Of these star clusters, ten are included in a list of 34 Galactic
open clusters by Manchanda et al. (1996) considered as promis-
ing canditates for the acceleration of cosmic rays by stellar
winds. Two objects from this list, Berkeley 87 and IC 1805, were
chosen for dedicated observations with the HEGRA Cherenkov
telescopes. Berkeley 87 is the most prominent candidate among
the objects of this list. The strong stellar wind (5200 kms™', see
Polcaro et al. 1991, and references therein) of one of its member
stars, Wolf-Rayet star WR 142, the presence of a compact HII re-
gion (G75.77+0.34) inside the cluster, and the association with
the EGRET source 2EGJ2019+3719 (also 3EGJ2021+3716)
make Berkeley 87 a good candidate for the acceleration of cos-
mic rays by stellar winds (Polcaro et al. 1991). Additionally,
predictions for a y-ray flux from Berkeley 87 by Giovanelli
et al. (1996), as well as earlier observations with the HEGRA
AIROBBIC array (Prahl 1999), have motivated our observa-
tions. The second object dedicated observations were made for,
IC 1805, is similar in many aspects to Berkeley 87 and also qual-
ifies as a good candidate for y-ray emission (Manchanda et al.
1996).

The unidentified TeV source TeV J2032+4130 was serendip-
ituously discovered in different HEGRA observations dedicated
to other objects (Aharonian et al. 2002b). This new TeV source
may be associated with the stellar association Cyg OB2!, also
figuring in the candidate list of Manchanda et al. (1996).

An air shower initiated by a primary y-ray or hadronic parti-
cle generates an elliptically shaped image in each triggered cam-
era. Since each telescope has a different viewing angle relative
to the shower axis, a complete geometrical reconstruction of the
air shower is possible with an image analysis of at least two tele-
scopes. The procedure of technical and weather quality cuts to
the data before reconstruction of the events and the image re-
construction criteria are described in Aharonian et al. (2004). In
this analysis, at least three remaining images are required in each
event for the reconstruction of direction and shower core impact
position of the primary particle, as well as the mscw-parameter
(mean scaled width), used for y-hadron separation. This im-
proves the quality of the reconstruction, the angular resolution,
and the yy-hadron separation.

For each data set, a 3° x 3° skymap divided into 35 X 35 grid
search points is produced. Event numbers counted in grid search
points from different data sets that correspond to the same as-
tronomical object are merged to obtain the total result for this
object. Additionally, the analysis of all grid search points gives
a means of testing its quality (see Fig. 2). For each grid point,
all events within an angular distance of 0.126° and with mscw <
1.1 are counted as on-source events (N,,). The cut on the an-
gular distance for point-like emission was optimized using data
of the well-known source Crab Nebula. In case of an extension
of the object larger than the event-by-event angular resolution

! Throughout this paper, we assume this association to hold true and
use the results obtained by Aharonian et al. (2002b) for comparison with
the results obtained in this work for the other young open star clusters.
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Fig. 1. Distribution of the significance of each of the 14 young open
star clusters analyzed in this work. No significant excess was found.
This distribution does not contain the significance of the detection
of TeV J2032+4130, possibly associated with Cyg OB2 (Aharonian
et al. 2002b).

of the telescope system, the cut on the angular distance is ad-
justed accordingly. Cut optimizations were done with Monte-
Carlo simulations, assuming a circular homogeneous emission
region with an extension identical to the observed physical ex-
tension of the cluster, as given by Mermilliod (1995). For each
bin of the skymaps, all events within the same angular distance
are counted as background events (Nyg), as for the on-events but
with 1.3 < mscw < 1.5. The number Nog has to be scaled with
the ratio @ of on- and off-source region (Li & Ma 1983), which
is different for each observation. A typical value is @ = 0.15.
This template-background model is described in detail in Rowell
(2003).

For a given object, the data set of each observation (i) con-
taining this object is analyzed separately. Then the event num-
bers (Nf)g, a; N(()l;) counted in the grid search points and corre-
sponding to the position of the object are summed up. Since the
different observations do not have the same ratios «, the sig-
nificance has to be calculated using the generalized Li & Ma
formula introduced in Aharonian et al. (2004).

For each object, a y-rate in Crab-Nebula flux units for identi-
cal observational conditions (zenith angle, hardware setup, cam-
era acceptance) is calculated from the data. These measured rates
are used to compute upper limits on the integral flux following
Helene (1983). Since the objects are located at different posi-
tions in the FoV, the individual radial camera acceptances have
to be taken into account accordingly.

4. Results

The analysis at the positions of all 14 young open star clusters
considered in this paper does not yield any significant excess.
The distribution of the significance of each of the 14 objects
is shown in Fig. 1. The results are summarized in Table 1. For
each object, the number of on-events (Ny,) and off-events (Nog),
the observation time, the energy threshold Ey,, and the upper
limits in units of the Crab-Nebula flux (F;), as well as in units
of 1072 cm™2 s7! (@), are given. The values of the calculated
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Table 1. Results of the present analysis of the HEGRA data on 14 young
open star clusters. Given are the object name, the numbers 3; N and
i N:f)r the total observation time, the energy threshold E,, and
the integral flux upper limits (99% confidence level) in units of the
Crab-Nebula flux (Fy;) and in units of y cm™2 s7! (®y).

Object Y No» Y ;N9 Time  Ey Fa  ®y/10712

2.60 upper limits

[h] [TeV] [Crab] [y cm™2s7']
Berk86 35 34 155 088 005 102
Berk87 39 40 134 090 005 108
D29 4 6 011 115
extended 28 25 22 132 o3 250
Do3 28 45 151 079 002 062
Do33 22 15 31 135 023 245
IC1805 119 126 0.03 039
extended 352 345 68 LI8 505 06l
Mrk50 169 222 2226 109 001 013
NGC6871 9 8 0.14 336
extended 39 37 3507 g0 505
NGC6883 21 20 019 475
extended 112 115 > 079 025 689
SerOBI 56 56 151 289 005 017
NGC1976 74 73 07 107 295 45.00
NGC1977 12 3.1 07 107 166 2530
NGC1980 14 116 07 107 137 2090
NGC1981 13 75 07 107 150 22.90

Significance distribution - all used HEGRA pointings

by X’/ndf  38.00 / 16

S 104l Constant 2741, + 25.20
3 Mean 0.2308E-01 +  0.7665E-02
g [ free GauB fit Sigma 1.001 + 0.5092E-02

o significance distribution

¢ L e
-4 -2 0 2

4
significance [c]

Fig.2. Distribution of the significances of all skymap grid points
of the pointings used for the present analysis (without Cas A and
TeV J2032+4130). The distribution follows the expectation of a stan-
dard Gaussian in case of no signal in any field of view.

upper limits are between 0.6% and 28% of the Crab-Nebula
flux for observation times longer than 1 h. The analysis of ob-
jects observed for less than an hour yields upper limits of up to
3 Crab units.

In Fig. 2, a distribution of the significances of all skymap-
bins in the fields of view of the analyzed data sets, excluding the
known signal from the supernova remnant Cas A, is shown. No
significant excess is seen. The distribution follows a standard
Gaussian of width 1, demonstrating that the estimation of the
significance is very well understood over the whole FoV.
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Table 2. Upper limits F; 1y (scaled to 1 TeV and assuming a differen-
tial spectral index of 2.0) compared to an expected flux Feypecea- The
expected flux was calculated assuming that the y-ray luminosity of all
young open star clusters is similar to the one observed from the uniden-
tified TeV-source TeV J2032+4130, possibly associated with the stellar
association Cyg OB2.

Object Distance  Fexpecied  F1 Tev
[pc] [Crab] [Crab]
CygOB2 1700 0.026 =0.026
Extreme wind Berk 87 633 0.146 <0.045
velocities Berk 86 1112 0.060 <0.044
Do3 1820 0.022 <0.016
IC 1805 1886 0.016 <0.035
SgrOB1 578 0.225 <0.145
Do33 1500 0.033 <0.311
NGC6871 1574 0.030 <0.111
NGC6883 2090 0.017 <0.150
Mrk 50 2114 0.016 <0.011
D029 2730 0.008 <0.145

5. Discussion

Although no excess of TeV y-rays has been detected from the
14 objects observed, the upper limits obtained still allow for
a contribution of the class of young open star clusters to the
acceleration of cosmic rays. In this context, it is instructive to
compare the upper limits with the flux detected from the uniden-
tified TeV-source TeV J2032+4130, tentatively associating this
source with the compact stellar association Cyg OB2, assuming
that this object and the observed TeV-flux are typical for a young
open star cluster. For this comparison, the upper limits are cal-
culated for a threshold of 1 TeV, assuming a spectral index of
a = 2, and then compared to the flux of TeV J2032+4130 scaled
to the distance of the corresponding object, as given by WEBDA
(Mermilliod 1995) and Manchanda et al. (1996).

This rough calculation gives an estimate of the order of mag-
nitude of an expected emission, given the above assumptions.
The results are shown in Table 2. Clusters with member stars
having extreme wind velocities are listed in the upper part of
this table. In the lower part of Table 2, the results for all other
objects also included in the list of Manchanda et al. (1996) are
given. Most upper limits (Col. 4) are close to the predicted values
(Col. 5). Of all the upper limits, 5 are higher than the expected
flux values, and 4 are slightly lower. A strong discrepancy is seen
for only one object, Berkeley 87, where the upper limit lies a fac-
tor of 4 below the expected value. However, one has to note that
the y-ray luminosity was assumed to be identical for all open
star clusters for the sake of simplicity. Thus, given the varia-
tion of the emissivity of the individual objects, the hypothesis of
young open star clusters being y-ray emitters as a class is not
contradicted by these results.

Predictions for the integral flux in the TeV energy regime
expected from Berkeley 87 have been made, based on the as-
sumption of the acceleration of cosmic rays in shock fronts
produced by the interaction of the strong stellar winds of
the cluster members. In the framework of a simple hadronic
model of n°-decay, scaled to the integral EGRET satellite data
of 2EGJ2019+371, predictions for different parameters of the
model were proposed (Giovanelli et al. 1996). These predic-
tions were rejected in an earlier analysis of the HEGRA data
on Berkeley 87 (Tluczykont 2000). To constrain the parameter
space in a more quantitative way, we have adopted the model
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spectral index = 2.60
E__ =4500 GeV
max

EXN/AE [erg/cm’s]

¥/ d.o.f = 6.453702/8

e HEGRA upper limit
+ EGRET: 3EG J2016+3657

hadronic model

10" | Ll Ll Ll

10° 10° 10* 10°
energy E [MeV]

Fig.3. Example of a fit of the model adopted from Badhwar et al.
(1977), Stephens & Badhwar (1981), and Giovanelli et al. (1996) to
the data of the EGRET source 3EG J2016+3657, and the upper limit on
Berkeley 87 derived in this work. Here, the parameters @ = 2.6, Ey, =
4500 GeV were used. The y?-value of the fit is used to derive a confi-
dence level for these parameters (cf. Fig. 4).

107 =

t Berkeley 87

[ confidence level:
10

10 " = 90%

E 99% -

maximum energy [GeV]

1o area

- 3.‘5 ““ 4
spectral index
Fig. 4. Confidence level areas for the compatibility of model and data in
the parameter plane of @ and E,,, for Berkeley 87. The confidence lev-
els were derived from the y2-values of 5000 model fits, using different
sets of parameters, to the data as illustrated for one set of parameters in

Fig. 3.

used by Giovanelli et al. (1996) with the parametrization of the
total inclusive cross section for the production of neutral pions
taken from Badhwar et al. (1977). Stephens & Badhwar (1981)
made predictions for a certain set of parameters and fit these
predictions to the differential EGRET and HEGRA data; the in-
tegral flux upper limit derived in this work was converted into
a differential value, given a certain model spectrum. This model
is not intended to present a comprehensive treatment of hadronic
acceleration in stellar winds, but rather to test the potential of the
present observations to constrain this type of models. The only
model parameters used here are those determining the shape of
the predicted emission, i.e., the spectral index « of the initial
hadron spectrum (the accelerated cosmic rays) and the maximum
(discrete) energy En,x of the accelerated hadrons. The parame-
ters determining the overall flux intensity (such as the density of
ambient matter) are not used here. Instead, the flux intensity is
adjusted to fit the available data. Thus, for a given pair of param-
eters (@, Emax) a differential energy spectrum can be calculated
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and fit to the EGRET and HEGRA results. In Fig. 3, an example
of a fit using one specific set of parameters (o = 2.6 and Ep,x =
4500 GeV) is shown. A confidence level can be derived from
the y? value of the fit for any pair of parameters o and Epax. In
Fig. 4, the allowed parameter space resulting from a scan over
5000 values of @ and E . is shown for confidence levels (C.L.)
of 10, 90%, and 99%. The present observations do not allow us
to constrain the E,x-parameter of the considered model for all
values of . Observations with higher sensitivity and lower en-
ergy thresholds could significantly constrain the type of model
described here (Tluczykont 2003).

6. Summary

With the exception of the detection of a TeV signal in the
vicinity of the compact stellar association CygOB2 reported
earlier (Aharonian et al. 2002b, 2005), no significant excess
could be found in the HEGRA data of young open star clus-
ters. Considering the flux upper limits obtained in this work,
a contribution to the acceleration of cosmic rays from young
open star clusters in the framework of stellar wind acceleration
models is still possible. For one object, Berkeley 87, the data of
the EGRET and HEGRA experiments have been used to partly
constrain the parameter space of a simple 7°-decay model. We
conclude that the sensitivity level of the presently available data
is not high enough to seriously constrain hadronic type models.
Future observations of y-rays in the GeV/TeV energy regime
with instruments of higher sensitivity, together with measure-
ments in the MeV/GeV regime, could further constrain such
models and possibly answer the question of the contribution of
young open star clusters to the acceleration of cosmic rays.
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