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Gamma-gamma absorption in γ-ray binary systems
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Gamma-ray binaries are a subclass of high-mass binary systems and are generally dis-
tinguished by their spectral energy distributions peaking above 1 MeV. Gamma-ray bi-
naries consist of an O or B type star and an orbiting compact object which is either a
neutron star or a black hole. The nature of the compact object in γ-ray binaries remains
unknown except for two systems, namely PSR B1259-63 and PSR J2032+4127, where the
compact objects have been identified as pulsars. In the case of a neutron star compact ob-
ject, the very high energy (VHE) emission mechanism is believed to originate from the
interaction between the stellar and pulsar winds. Generally, γ-ray binary light-curves
show that the maximum in the GeV and TeV emission occurs at different orbital phases,
with the maximum GeV emission occurring at superior conjunction and the maximum
TeV emission occurring at inferior conjunction. Therefore, γγ absorption might prove
useful in constraining the TeV emission region by studying how it affects the observed
spectrum. We have calculated the γγ absorption in six of the seven known γ-ray binaries
and the results are presented in this paper.
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1. Introduction

Gamma-ray binaries are a subclass of high-mass binary systems and consist of a com-
pact object, either a neutron star or a black hole, in orbit around an O or B type star.
Gamma-ray binaries show emission up to TeV energies, produced by the inverse Comp-
ton scattering of electrons off stellar photons. Generally in these systems the nature of
the compact object remains unknown, except for two sources, namely PSR B1259-63 and
PSR J2032+4127, where the compact objects have been identified as pulsars [1, 2, 3]. In
the case of a neutron star compact object, the neutron star is most likely a young pulsar
which is spinning too rapidly for accretion to occur. Accretion of material onto the poles
of a neutron star would short out the electric field responsible for pulsed radio emission,
which contradicts the detections made in the two aforementioned γ-ray binary systems.
However, the possibility of a microquasar scenario is still open to debate for the other
systems, in which case the γ-rays would be produced via Compton scattering close to the
base of the relativistic jet [4, 5]. In the case of a pulsar compact object, the winds orig-
inating from the pulsar and companion star produce a shock situated between the two
orbiting bodies and due to the stellar wind domination over the pulsar wind, the shock
structure takes the shape of a cometary tail flowing over the pulsar. At the apex of the
shock high energy particles are accelerated to VHE similarly to pulsar wind nebulae as
described by e.g. Gaensler & Slane [6]. However, due to the dense photon field the result-
ing γγ absorption will also be high [7]. A second possible location for the emission has
been discussed, situated further along the cometary tail, at the Coriolis turnover [8, 9, 10].
In this paper we include results on measuring the level of γγ absorption in γ-ray binaries
by constructing absorption maps. These absorption maps provide valuable insight that
will be used to place constraints on where the observed VHE emission can originate from.

2. Theory

Gamma-ray photons will undergo γγ absorption in the photon field of the star when

Eγε ≥ 2m2
e c4

(1 − ~eγ·~e?)
(2.1)

where Eγ is the energy of the γ-ray, ε is the energy of the optical target photon, me is the
electron mass, c is the speed of light, and ~eγ and ~e? are the direction of motion of the γ-ray
and optical photon respectively. Following the description in Dubus [7], the opacity of a
γ-ray photon produced with energy in the binary system, travelling in a direction ~eγ, can
be described by a quadruple integral which is dependent on the path length `, the solid
angle over the star dΩ = dµdφ (where µ = cosθ; refer to Fig. 1) , and the energy of the
target photon, ε, and can be written as

τγγ =
∫ ∞

0

∫ 1

µmin

∫ 2π

0

∫ εmax

εmin

nεσγγ(1 − ~eγ·~e?) dεdφdµd` (2.2)

where nε is the stellar photon number density, σγγ is the interaction cross-section, µmin =√
(1 − (R?/d)2), d is the distance to the centre of the star. The γγ cross-section is given
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Figure 1: The geometry of the γ-ray and stellar photon interaction where the sphere represents the
optical companion. The emission region of the γ-ray photon is given by E, a distance d0 from the
centre of the star. The γ-ray photon travels a distance ` before it interacts with the stellar photon,
which is produced at S. The angles Ψ0, Ψ and θ represent the γ-ray emission angle, the interaction
angle, and the co-latitude respectively.

by [11]

σγγ =
3
16

σT(1 − β2)

[
(3 − β4) ln

(
1 + β

1 − β

)
− 2β(2 − β2)

]
, (2.3)

where σT is the Thomson cross-section and β is a unit-less parameter given by

β =

√
1 − 2m2

e c4

εEγ(1 − ~eγ·~e?)
. (2.4)

3. Results

Maps of the level of γγ absorption for Eγ = 1 TeV are shown in Fig. 2 with the observer
positioned at the bottom of the figure. The colour gradient shows the level of absorption.
These maps were constructed by determining the absorption, using equation 2.2, and
constrained to within a multiplication of five times the original orbit size. The binary
parameters are listed in Table 1.

4. Discussion & Conclusions

Generally, because of the high angular dependence of inverse Compton scattering
what is expected is that the maximum GeV and TeV emission occurs near or at superior
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Table 1: Binary parameters used in the model. The parameters are described as follows; Porb is the
orbital period, e is the eccentricity, ω is the argument of periastron, i is the orbital inclination, T? is
the effective stellar surface temperature, R? is the stellar radius, M? is the companion stellar mass,
and Mcompact is the compact object mass. Where values are constrained by observations the error
is also reported in brackets.

LS
5039 ./

PSR
B1259-63 †

LS I
61◦ 303 ?

1 FGL
J1018.6-5856 ∗

HESS
J0632+057 ‡ LMC P3 �

Porb (days) 3.90603(8) 1236.724526(6) 26.496(3) 16.544(8) 315(5) 10.301(2)
e 0.24(8) 0.86987970(6) 0.54(3) 0.31 0.83(8) 0.40(7)
ω (◦) 212(5) 138.665013(11) 41(6) 89(30) 129(17) 11(12)
i (◦) 64 153.3+3.2

−3.0 60 64 80 50
T? (K) 39000 33500 22500 38900 30000 40000
R? (R�) 9.3 9.2 10 10.1 8 15
M? (M�) 23 29.8 12 31 16 42
Mcompact (M�) 1.4 1.4 1.4 1.4 1.4 1.4

./ [12, 13, 14]; † [15, 16, 17]; ? [13, 18]; ∗ [19, 20, 21]; ‡ [22, 23, 24]; � [25, 26, 27]

conjunction. However, if the VHE photons exceed the energy threshold for γγ absorp-
tion this will affect the observed TeV spectrum. As can be seen in figure 1, the majority
of the γγ absorption occurs directly behind the companion star, relative to an observer
positioned below the figure. This would result in the γ-ray photons travelling towards
the observer to encounter a much denser photon field. Therefore because of the higher
amount of γγ absorption of TeV photons at superior conjunction, what is observed is
that the maximum GeV emission occurs at superior conjunction while the maximum TeV
emission occurs at inferior conjunction. This can explain the difference between the GeV
and TeV light-curves, in systems like LS 5039 and LMC P3 [7, 28, 27]. Other than the high
angular dependency, γγ absorption is also highly dependent on the binary separation.
By comparing LS 5039 and HESS J0632+057 one can see that for closely separated binary
systems, a significant degree of absorption still occurs at or near inferior conjunction. In
γ-ray binaries, γγ absorption will result in a decrease in the observed flux and will harden
the TeV spectrum because the absorption will be highest in the around at few 100s of GeV
energies. The γγ calculations discussed here will be used to predict how the flux and the
photon index will change during the orbit for emission originating at different distances
along the bow shock. The main objective of this study is to produce predictions that can
constrain the possible locations of the TeV emission and which can be tested with the
upcoming Cherenkov Telescope Array.
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Figure 2: The absorption maps around the γ-ray binaries for a 1 TeV γ-ray photon for an observer
positioned at the bottom of the page. The orbit of the compact object is given by a solid white line
with the companion star to scale. The colour scale depicts the amount of absorption (as exp(τγγ)).
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