Gamma-gamma absorption in gamma-ray binary systems
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Gamma-ray binaries are a class of high-mass binary systems which are distinguished by
their spectral energy distributions peaking above 1 MeV. Gamma-ray binaries consist of an
O or B type companion and an orbiting compact object which is either a neutron star or a
black hole. Generally in these systems the nature of the compact object is unknown
except for two cases, namely PSR B1259-63 and PSR J2032+4127, where the compact
objects have been identified to be pulsars. For a neutron star compact object the nonthermal emission is believed to originate from the interaction between the stellar and
pulsar winds. It has been suggested that there are multiple regions of emission in these
systems with the GeV and TeV emission potentially originating from different locations.
The influence of gamma-gamma absorption on the gamma-ray emission may, therefore,
be a tool in constraining the location of the TeV emission region. We have calculated the
gamma-gamma absorption expected around six of the seven known gamma-ray binaries
and are studying the influence on the observed spectrum. With this we plan to place
constraints on the TeV production location. The results of this study will be used for
predictions based on the upcoming Cherenkov Telescope Array (CTA).

Introduction:
The nature of the compact object in γ-ray binaries is only known in two of the nine
systems discovered so far, namely PSR B1259-63/LS 2883 and PSR J2032+4127, which both
harbour a pulsar, identified by pulsed radio or γ-ray emission (Johnston et al. 1992, Camilo
et al. 2009). Gamma-ray binaries produce unpulsed, non-thermal radiation from radio up
to TeV energy 𝛾-rays. The TeV emission is produced via inverse Compton scattering of
electrons off stellar photons. If the compact object in all systems is a neutron star, it is
believed to have sufficient rotational velocity to halt accretion from the companion stellar
wind. Due to the stellar winds having a higher ram pressure than the pulsar winds, this
leads to the formation of a cometary tail double shock around the pulsar, consisting of
shocked pulsar and stellar wind material. It is often assumed that the TeV emission
originates from particle acceleration close to the apex of the shock, situated between the
companion star and pulsar, but the shocked material further down the tail may provide an
alternative particle acceleration region. At this region, called the Coriolis turnover, a
secondary shock could occur which might lead to additional TeV emission, as
demonstrated by numerical simulations by Bosch-Ramon et al. (2012). The possibility of a
black hole compact object cannot be ruled out and has been the subject of debate for
many systems, most notably for LS I+61°303. In the past, radio observations have shown
signs of possible jet-like structures from LS I+61°303 (Massi and Torricelli-Ciamponi, 2014;
Massi et al. 1993, 2002, 2004, Taylor et al., 2000) and, furthermore, is the only system to
show a consistent superorbital period of 1667±8 days which could be explained by a
precessing jet model (Jaron et al. 2016; Massi and Torricelli-Ciamponi, 2014, 2016). In this
scenario, the system would be a microquasar where the 𝛾-rays are produced via Compton
scattering close to the base of the relativistic jet (Yamaguchi et al. 2010).

Theory:
The geometry of the 𝛾-ray attenuation in the binary system is shown in Fig. 1. A γ-ray, with
energy 𝐸γ , travelling in the direction 𝑒γ and a stellar photon, with energy 𝜖⋆ , travelling in
the direction 𝑒⋆ , will interact and undergo γγ absorption at P. The optical depth due to γγ
absorption can be determined by applying a quadruple integral over the path length 𝑙 , the
solid angle 𝑑Ω = sin 𝑑𝜃 𝑑𝜃𝑑𝜙, and the energy of stellar photon 𝜖
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Figure 1: A – H: Spectral energy distributions (SED) of all γ-ray binaries for specific orbital
phases as indicated in the legend on each plot. The parameters used are given in Table. 1.
Each SED includes three absorption curves corresponding to the stand-off distance
(dashed), the binary separation (dotted), and the distance of negligible absorption
(dashdot), which is taken as when exp −𝜏γγ ≥ 0.94. The distance at which absorption
becomes negligible (𝐷neg,h ) and (𝐷neg,s ) is given in Table 1 in units of the binary separation
(𝐷 ) and corresponds to the harder and softer spectrum respectively.

I - P: Absorption maps using the same parameters as used for the SEDs. The colour gradient
indicates the level of attenuation as exp(−𝜏γγ ). The optical star is indicated by a blue circle at
the origin and the white ellipse shows the orbit of the compact object. For all plots, the observer
is viewing the binary system from the bottom of the page.

where 𝜎𝑇 is the Thomson cross section and
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Parameters:

𝑐4

𝜖𝐸γ 1 − 𝑒γ ∙ 𝑒⋆

,

where 𝑚𝑒 is the electron mass, 𝑐 is the speed of light, and the term
describes the angular dependency of the opacity (Dubus, 2006).

1 − 𝑒γ ∙ 𝑒⋆

The results presented were modelled using the parameters given in Table. 1. All of the
parameters are for a neutron star compact object.
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The distance to the apex of the shock, or the “stand-off distance”, can be determined from
the ratio of the stellar (𝑝sw ) and pulsar (𝑝pw ) ram pressures

Rs = 𝐷 ×
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Due to the high angular dependency of inverse Compton scattering the maximum GeV and TeV
emission should, to a first approximation, occur at superior conjunction. However, superior
conjunction is also the phase which is most favourable for 𝛾𝛾 absorption and this will lead to a
high attenuation of TeV photons. The maximum TeV emission may then instead occur around
inferior conjunction where the effects of γγ absorption is significantly less (Dubus 2006a,
2006b). Since the effect of γγ absorption is known to be important, in this work we have
undertaken a detailed study of the level of attenuation for known 𝛾-ray binaries that can be
observed with CTA and that have known binary solutions. From these figures it is apparent that
regions around superior conjunction shows significant absorption. In Fig. 1 (A – H) we show the
results of 𝛾𝛾 absorption for various distances and averaged over the same phases as the
reported TeV observations. If the observed TeV emission originates from the apex of the shock
it must be affected by γγ absorption. This should result in a low energy cut-off around ∼ 1 TeV.
However, observations do not clearly show this effect. This suggests that either the contribution
from cascade emission must be significant, or that emission must occur further out along the
shock as suggested by e.g. Zabalza et al. (2013). The main objective of these results is to make
predictions on possible locations of the TeV emission which can be tested with the upcoming
Cherenkov Telescope Array. The improved sensitivity of the CTA instruments (Actis et al. 2011)
will be able to detect smaller variations in emission such as curvature which could be reconciled
with the 𝛾𝛾 absorption curves. Furthermore, the effects of 𝛾𝛾 is more significant to energies ∼
100 GeV and decreases for energies > 1 TeV, which may lead to a hardening of the spectrum
when the absorption is higher. This may be detectable with CTA.
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