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Abstract: TeV gamma-ray emission has been recently observed from the direction of open clusters containing
many massive stars and dense concentrations of matter. We consider the high energy processes occurring within
the massive binary systems, and also within their environment, by assuming that nuclei from the stellar winds
are accelerated within the binary systems. We calculate therates of injection of protons and neutrons from
fragmentation of these nuclei in dense radiation field of themassive companion in binary system. Protons
and neutrons from fragmentation of nuclei and nuclei itselfinteract with the matter of the stellar wind and
that surrounding the binary system producing pions which decay into γ-rays and neutrinos. We discuss the
detectability of suchγ-ray emission from the open clusters by the present and future Cherenkov telescopes. We
also estimate the accompanying neutrino fluxes which are confronted with the sensitivity of IceCube.
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1 Introduction
Open clusters have been suspected as sites for the high en-
ergy processes due to the presence of large concentration
of matter and also early type compact objects (e.g. mas-
sive stars, compact massive binaries, pulsars and their neb-
ulae). In fact, TeVγ-ray emission has been detected from
the direction of 3 open clusters (i.e. Cyg OB 2 - Aharo-
nian et al. 2002, Westerlund 2 - Aharonian et al. 2007, and
Westerlund 1 - Abramowski et al. 2012a). Also GeVγ-ray
emission, extending up to∼100 GeV, has been reported
from the binary system Eta Carinae within the Carina Neb-
ula open cluster complex (Tavani et al. 2009, Abdo et al.
2009). This last extraordinary binary system has not been
detected up to now in the TeVγ-ray range (Abramowski et
al. 2012b). The mechanism of this high energy emission is
not clear at present.

We investigate possible high energy radiation due to the
hadronic processes within and around the massive binary
systems surrounded by the large concentrations of matter.
It is assumed that nuclei are accelerated in the shocks pro-
duced by colliding winds of the binary stars. They can par-
tially disintegrate in the radiation field of massive stars
injecting neutrons, protons and surviving nuclei. These
hadrons diffuse through the open cluster producingγ-rays
and neutrinos in collisions with the matter of the stellar
winds and dense environment of the open cluster. We con-
clude that such open clusters should emit TeVγ-ray emis-
sion with complicated morphology due to the presence of
different emission regions. The spectral features of this
emission and its morphology could be investigated by the
future Cherenkov Telescope Array (CTA). Details of these
calculations are shown in Bednarek & Pabich (2013).

2 Acceleration of hadrons
We consider a massive binary systems in which massive
stars produce winds with the mass loss rates of the order
of ṀWR = 10−5Ṁ−5 M⊙ yr−1 and velocities ofvw = 103v3

km s−1. Density of the wind drops with the distance from
the star according to

nw(r) ≈ 3.2×1013Ṁ−5/v3R2
11r2 cm−3, (1)

whereRWR = 1011R11 cm is the radius of the star, and
r = R/RWR is the distance from the star in units of stellar
radius. We assume that the binary system is immersed
in a relatively dense medium of the open cluster (OC)
with densitynoc = 10n10 cm−3 and with temperatureToc =
104T4 K. At certain distance from the binary system, the
pressure of the stellar wind is balanced by the pressure
of the thermal gas within the OC. We estimate the radius
of the stellar wind cavity in the case of a constant wind
velocity, by comparing the energy density of the wind with
the energy density of the medium, on

Rc ≈ 1.1×1019[Ṁ−5v3/(n10T4)]
1/2 cm. (2)

We consider the consequences of acceleration of nuclei
within binary systems located in the open clusters. Nuclei
(from the stellar winds) can be accelerated on the shock
wave which is created within the binary system as a result
of collisions of the winds from the massive stars. Signifi-
cant part of accelerated nuclei escape from the binary sys-
tem being captured by the wind magnetic field. These nu-
clei are expected to suffer adiabatic energy losses when
the wind expends from the binary system. However, a part
of the nuclei should interact injecting relativistic neutrons
into the surrounding of the binary system.

Massive stars produce fast and dense winds which can
extract significant amount of original mass from the star.
In fact, the intensive mass loss rates of the order of a few
10−6−10−4 M⊙ yr−1 are characteristic for the Wolf-Rayet
(WR) and O type stars. After a few hundred thousand years,
the outer parts of the stars are lost and only the inner
parts, composed from heavier nuclei, are left. Therefore,
the winds of early type stars are expected to be mainly com-
posed from nuclei heavier than Hydrogen such as Helium
to Oxygen. We estimate the maximum energies of hadrons
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Table 1: Parameters of massive stars in binary systems, maximum Lorentz factors of accelerated nuclei and the optical
depths for protons in the matter of the stellar wind

Name B RWR vw Rsh TWR MWR ṀWR τhp γmax

(G) (cm) (km/s) RWR (K) (M⊙) (M⊙/yr)

WR (Cyg X-3) 3×103 1011 3×103 2 1.36×105 5 3×10−6 ∼0.3 9×105

WR 20a 103 1.4×1012 103 2 4×104 30 3×10−5 ∼2.4 1.4×106

Eta Car 200 1.2×1013 700 1.4 4×104 80 2.5×10−4 ∼4.1 2.4×106
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Figure 1: The optical depths for photo-disintegration of nuclei (extraction of single nucleon) as a function of their energy
(per nucleon) for two injection anglesα = 45o (thick curves) and 135o (thin curves) (measured from the direction towards
the star), for the Helium and Oxygen nuclei and the injectionat the shock at the distance given in Table 1. The results are
for three considered example massive stars: WR type star as observed in Cyg X-3 (dotted curve), WR 20a (dot-dashed)
and Eta Carinae (solid). Nuclei are accelerated at the shockwithin the binary system to maximum energies (described in
Table 1) and injected isotropically into the magnetic field of the massive star.

accelerated in the shock region of colliding winds follow-
ing the condition considered in Bednarek & Pabich (2011).
It is assumed that maximum energies are determined by
the balance between their acceleration time scale and their
advection time scale along the shock structure. The accel-
eration time scale is given by

τacc= Eh/Ṗacc≈ 0.01Eh/(χ−5B3)s, (3)

whereEh is energy of particle per nucleon in GeV,χ =
10−5χ−5 is the acceleration coefficient andBsh = 103B3
is the magnetic field strength in the acceleration region
in Gauss. On the other hand, the advection time scale is
estimated by

τadv = 3Rsh/vw ≈ 3×103R11/v3, (4)

where,Rsh= 1011R11/rsh is the distance of the shock from
the star andrsh = Rsh/RWR is the distance of the shock
from the stellar surface in units of stellar radius.

Maximum energies of hadrons accelerated in the shock
acceleration process at the shock created in collisions of
the stellar winds are then given by

γmax≈ 1.3×105R11B3v3/rsh GeV, (5)

whereB = 103B3 is now the magnetic field strength on
the surface of the star and the acceleration coefficient is

estimated byχ = (vw/c)2 ≈ 10−5v2
3. We apply the specific

structure of the magnetic field around the massive star
defined by Usov & Melrose (1992).

In order to have an impression about the role of the
fragmentation process of nuclei in the radiation field of
massive stars we consider the simple case of their injec-
tion from a point-like source not far from the stellar sur-
face, e.g. at the distance of two stellar radii. We calcu-
late the optical depths for fragmentation of Helium and
Oxygen nuclei injected at different initial directions and
as a function of their energy. The nuclei are considered to
propagate in the vicinity of the representative two massive
stars with different parameters: WR stars in the WR 20a
binary system and a supermassive star in the Eta Carina
binary system. The basic parameters of these stars are re-
ported in Table. 1. Note that only nuclei with Lorentz fac-
tors aboveγmin can be disintegrated substantially. This crit-
ical value can be estimated fromγmin = E th

γ /3kBT ∼ 4×
104/T5, whereE th

γ = 2 MeV is the minimum energy of stel-
lar photon in the nuclei rest frame which is able to disinte-
grate nuclei,T = 105T5 K is the surface temperature of the
star andkB is the Boltzmann constant.

The optical depths for helium and oxygen nuclei for the
dissociation of a single nucleon in collisions with the stel-
lar radiation field of these three stars for specific angles of
their injection are shown in Fig. 1. The paths of nuclei are
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followed in the magnetic field of the massive star. The mag-
netic field has complicated structure which is determined
by the parameters of the stellar wind and the rotation of
the star. Some of these nucleons collide with the star but
some escape from the binary system. We calculate the av-
erage number of neutrons, protons and secondary surviv-
ing nuclei which escape from the binary system as a func-
tion of their energies for three types of primary nuclei (He,
O, and Fe). We conclude that in the case of the stars with
Cyg X-3 and Eta Carinae parameters a significant amount
of nucleons can be extracted even from the Helium nuclei
since the optical depths for the photo-disintegration pro-
cess are above unity for energies per nucleon already be-
low 106 GeV. In the case of Oxygen nuclei nucleons are ef-
ficiently extracted also in the case of WR type star in WR
20a binary system.

Depending on energy, neutrons from disintegration of
nuclei can still decay within the stellar wind region or out-
side it, i.e. already within the open cluster. Protons from
neutrons, decaying within the stellar wind, are expected to
suffer adiabatic energy losses during the fast expansion of
the wind. These protons can be partially transported with
the wind to the open cluster. Neutrons with large enough
energies mainly decay outside the wind cavity in the vol-
ume of the open cluster. Protons from their decay diffuse
gradually through the open cluster suffering some colli-
sions with the distributed matter. On the other hand, pri-
mary nuclei accelerated within the binary system (and also
secondary nuclei and protons from their fragmentation) are
captured by the magnetic field in the dense stellar wind.
These hadrons can interact with the matter of the wind. As
a result of these interactions, additional population of neu-
trons is produced not far from the vicinity of the binary sys-
tem where the matter in the stellar wind is still relatively
dense. These neutrons decay within or outside the wind
cavity as described above. Moreover, a part of neutrons ex-
tracted from nuclei, as a result of their collisions with radi-
ation and matter, can decay within dense clouds which are
expected within or close to the open cluster. Protons from
their decay can be captured for a long time in a strong mag-
netic field suffering frequent collisions with the matter.

3 Gamma-rays and neutrinos from primary
and secondary hadrons

We calculateγ-ray spectra produced by hadrons (i.e. nu-
clei, protons and neutrons) in interaction with the matter in
different regions around the binary system: the wind cav-
ity, the open cluster and the nearby cloud. The method of
calculation of the spectra of hadrons in specific regions is
described in detail in Bednarek & Pabich (2012). In these
calculations, we take into account the adiabatic and colli-
sional energy losses of hadrons, the advection process of
hadrons with the wind of the massive stars and also the en-
ergy dependent decaying process of neutrons in the vicin-
ity of the binary system. For the derived spectra of hadrons,
we calculate the spectra ofγ-rays produced by them in
different regions of the wind cavity, open cluster and the
cloud. The absorption ofγ-rays produced close to the mas-
sive stars can be very significant and should be taken into
account. In Fig.2 we show the reduction factors due to the
absorption ofγ-rays in collisions with stellar photons (γ −
γ → e±) as a function of the distance for the example WR
type star present in the WR 20a binary system.
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Figure 2: The averageγ-ray reduction factors as a function
of the energy ofγ-ray photon for the WR star in the Cyg X-
3 binary system. The optical depths are calculated assum-
ing isotropic injection ofγ-rays at specific distance from
the massive star equal to r = 2 RWR (dashed), 5 RWR (solid),
10 RWR (dotted), 20 RWR (dot-dashed), and 50 RWR (dot-
dot-dashed). The WR star has the radius RWR = 1011 cm
and surface temperatureTWR = 1.36×105 K.

In the case of the open cluster, theγ-ray fluxes depend
on the escape of protons from this region which is defined
on the parameterR2

20B−5n30, whereRoc = 20R20 pc is the
radius of the open cluster,Boc = 10−5B−5 G its magnetic
field andn = 30n30 cm−3 is the density of matter within the
open cluster. In the case of a nearby cloud, theγ-ray fluxes
depend on the parameterR2

3B−4n4, whereRcl = 3R3 pc is
the radius of the cloud,Bcl = 10−4B−4 G is its magnetic
field strength andn = 104n4 cm−3 is its density. As an
example, we show theγ-ray spectra for two binary systems
with the parameters of the Eta Carinae and WR 20a binary
systems (Fig. 3). Note that due to the absorption process
in the stellar radiation, theγ-ray flux from the Eta Carinae
wind cavity is predicted on the level below the upper limit
recently reported by the HESS collaboration (Abramowski
et al. 2012). On the other hand, theγ-ray flux from the open
cluster surrounding Eta Carinae is comparable to the HESS
upper limit in the case of the parameterR2

20B−5n30 equal to
10 (see Fig. 3). Theγ-ray fluxes from the binary systems
itself and the surrounding open clusters predicted by our
model can be investigated in the future by the planned
Cherenkov Telescope Array since in all considered cases
this emission is above the sensitivity of CTA.

We have also calculated the neutrino spectra from decay
of charged pions produced in hadronic collisions for these
two binary systems. It is found that only in the case of the
Eta Carinae binary system the neutrino spectra produced
in the wind cavity are expected to be within the sensitivity
of the IceCube telescope and above the Atmospheric Neu-
trino Background (see bottom Figs. 3). Note however, that
in some open clusters a few up to several massive binary
systems are observed. In such a case, theγ-ray and neu-
trino fluxes should be proportional to the number of mas-
sive binary systems within the cluster and the detectability
should become much easier.
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Figure 3: The spectra ofγ-rays (upper panel) and neutrinos (bottom) produced by nuclei which escaped from the binary
system: (a) protons from disintegration of primary nuclei (on the left), (b) protons from neutrons (from disintegration
of nuclei) decaying outside the wind cavity and colliding with the matter of the wind (middle) and (c) protons from
neutrons decaying within the dense cloud in the vicinity of the binary system (on the right), for the binary systems with
the parameters of Eta Carinae (solid curves) and WR 20a (dashed). Theγ-ray spectra from the wind cavity are shown by
including their absorption in the stellar radiation (thickcurves) and without absorption (thin). Theγ-ray spectra from the
open cluster are shown for the parameter describing the escape of protons from the open cluster equal toR2

20B−5n30 = 10
(thick curves) and 1 (thin) and escaping from the cloud forR2

3B−4n4 = 1 (thick) and 0.1 (thin). It is assumed that 1% of
the stellar wind power goes on the acceleration of hadrons. The open cluster is assumed to be at the distance of 2 kpc. The
sensitivity of CTA is marked by dot-dashed curve and the sensitivity of IceCube by the thin dotted line. The Atmospheric
Neutrino Background is marked by the thin dashed curves.

4 Conclusions
We considered different sites for production of the TeVγ-
rays and neutrinos in the interactions of protons, neutrons
and nuclei. The nuclei are expected to be accelerated at the
shock within the massive binary systems. primary nuclei
are photo-disintegrated in the radiation field of the massive
stars. Nucleons from disintegration of nuclei interact with
the matter within the vicinity of the massive binaries im-
mersed in high density regions of the open clusters produc-
ing pions which decay toγ-rays and neutrinos. Relativistic
neutrons provide efficient mechanism for transporting en-
ergy to large distances from the binary system without sig-
nificant adiabatic energy losses. On the other hand, protons
and surviving nuclei suffer adiabatic losses in the expand-
ing wind from the binary system. We take these effects into
account while calculating theγ-ray and neutrino fluxes. As
an example, we considered three well known very massive
binary systems: Eta Carinae, Cyg X-3 and WR 20a. It is
concluded that TeVγ-ray emission is expected on the level
above the sensitivity of CTA either from the wind cavity
created by the wind of the massive stars, or from the open
cluster to which nuclei and protons diffuse or neutrons de-
cay, or from the nearby cloud illuminated by relativistic
neutrons. Our calculations show that the highest fluxes of
the TeVγ-rays should be expected from the large region
surrounding the binary system (i.e. the volume of the open

cluster) and the lowest from the wind cavity directly sur-
rounding the binary system.

Neutrino fluxes are expected to be above the sensitivity
of the IceCube telescope only in the case of the wind
cavity around the binary system with the parameters of
the Eta Carinae massive star. Note that calculated above
fluxes should increase proportionally to the number of the
massive binary systems in a specific open cluster. So then,
they might be larger by a factor proportional to the number
of massive binaries in a specific open cluster.
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