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ABSTRACT

Context. In gamma-ray binaries such as LS 5039 a large number of electron-positron pairs are created by the annihilation of primary
very high energy (VHE) gamma-rays with photons from the massive star. The radiation from these particles contributes tothe total
high energy gamma-ray flux and can initiate a cascade, decreasing the effective gamma-ray opacity in the system.
Aims. The aim of this paper is to model the cascade emission and investigate if it can account for the VHE gamma-ray flux detected
by HESS from LS 5039 at superior conjunction, where the primary gamma-rays are expected to be fully absorbed.
Methods. A one-dimensional cascade develops along the line-of-sight if the deflections of pairs induced by the surrounding magnetic
field can be neglected. A semi-analytical approach can then be adopted, including the effects of the anisotropic seed radiation field
from the companion star.
Results. Cascade equations are numerically solved, yielding the density of pairs and photons. In LS 5039, the cascade contribution
to the total flux is large and anti-correlated with the orbital modulation of the primary VHE gamma-rays. The cascade emission
dominates close to superior conjunction but is too strong tobe compatible with HESS measurements. Positron annihilation does not
produce detectable 511 keV emission.
Conclusions. This study provides an upper limit to cascade emission in gamma-ray binaries at orbital phases where absorption is
strong. The pairs are likely to be deflected or isotropized bythe ambient magnetic field, which will reduce the resulting emission seen
by the observer. Cascade emission remains a viable explanation for the detected gamma-rays at superior conjunction in LS 5039.
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1. Introduction

The massive star in gamma-ray binaries plays a key role in the
formation of the very high energy (VHE,>100 GeV) radiation.
The large seed photon density provided by the O or Be compan-
ion star, contributes to the production of gamma-raysvia inverse
Compton scattering on ultra-relativistic electrons accelerated in
the system (e.g. in a pulsar wind or a jet). The same photons
annihilate with gamma-rays, leading to electron-positronpairs
productionγ + γ → e+ + e−. In some tight binaries such as
LS 5039, this gamma-ray absorption mechanism is strong if the
VHE emission occurs close to the compact object. Gamma-ray
absorption can account for the presence of an orbital modula-
tion in the VHE gamma-ray flux from LS 5039, as observed by
HESS (Böttcher & Dermer 2005; Bednarek 2006; Dubus 2006).

A copious number of pairs may be produced in the surround-
ing medium as a by-product of the VHE gamma-ray absorption.
If the number of pairs created is large enough and if they have
enough time to radiate VHE photons before escaping, a size-
able electromagnetic cascade can be initiated. New generations
of pairs and gamma-rays are produced as long as the secondary
particles have enough energy to boost stellar photons beyond
the pair production threshold energy. Because of the anisotropic
stellar photon field in the system, the inverse Compton radia-
tion produced in the cascade has a strong angular dependence.
The cascade contribution depends on the position of the primary
gamma-ray source with respect to the massive star and a distant
observer.

The VHE modulation in LS 5039 was explained in Dubus
et al. (2008) using phase-dependent absorption and inverse
Compton emission, ignoring the effect of pair cascading. This
model did not predict any flux close to superior conjunction,i.e.
where the massive star lies between the compact object and the
observer. This is contradicted by HESS observations (Aharonian
et al. 2006a). Interestingly, this mismatch intervenes at phases
whereγγ-opacity is known to be largeτγγ ≫ 1. The develop-
ment of a cascade could contribute to the residual flux observed
in the system, with secondary gamma-ray emission filling in for
the highly absorbed primary gamma-rays. This possibility was
proposed to explain this discrepancy (Aharonian et al. 2006a)
and is quantitatively investigated here in this article.

The ambient magnetic field strength has a critical impact on
the development of pair cascading. If the magnetic field strength
is small enough to neglect the induced deflections on pair tra-
jectories then the cascade develops along the line of sight join-
ing the primary source of gamma-rays and a distant observer.
The particles do not radiate synchrotron radiation. Cascade cal-
culations are then reduced to a one-dimension problem. Sucha
situation would apply in an unshocked pulsar wind where the
pairs are cold relative to the magnetic field carried in the wind.
This paper explores the development of an one-dimensional pair
cascade in a binary and its implications.

Previous computations of cascade emission in binary envi-
ronment were carried out by Bednarek (1997); Sierpowska &
Bednarek (2005); Aharonian et al. (2006b); Bednarek (2006,
2007); Orellana et al. (2007); Khangulyan et al. (2008);
Sierpowska-Bartosik & Torres (2008); Zdziarski et al. (2009).
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Fig. 1. This diagram describes the system geometry. A gamma-
ray photon of energyǫ1 from the primary source (compact ob-
ject) interacts with a soft photon of energyǫ0 at a distancer from
the source andR from the massive star (assumed point-like and
mono-energetic), producing a paire+/e− boosted toward a dis-
tant observer. The system is seen at an angleψ.

Except for Aharonian et al. (2006b), all these works are based
on Monte Carlo methods. One peculiarity of the gamma-ray bi-
nary environment is that the source of seed photons for pair pro-
duction and inverse Compton emission is the high luminosity
companion star. This study proposes a semi-analytical model
for one-dimensional cascades calculations, taking into account
the anisotropy in the seed photon field. The aim of the paper is
to investigate and compute the total contribution from paircas-
cading in the system LS 5039, and see if it can account for the
measured flux close to superior conjunction. The next section
presents the main assumptions and equations for cascade com-
putations. The development and the anisotropic effects of pair
cascading in compact binaries are investigated. The density of
escaping pairs and their rate of annihilation are also calculated
in this part. The cascade contribution along the orbit in LS 5039
is computed and compared with the available observations in
Section 3. The last section concludes on the implications ofone-
dimensional cascades in gamma-ray binaries. More details about
pair production are available in the appendices.

2. Anisotropic pair cascading in compact binaries

2.1. Assumptions

This part examines one-dimensional cascading in the context of
binary systems. The massive star sets the seed photon radiation
field for the cascade. For simplicity, the massive star is assumed
point-like and mono-energetic. This is a reasonable approxima-
tion as previous studies on absorption (Dubus 2006) and emis-
sion (Dubus et al. 2008) have shown. The effects of the magnetic
field and pair annihilation are neglected (see§2.5). Triplet pair
production (TPP) due to the high energy electrons or positrons
propagating in a soft photon field (γ + e+− → e+− + e+ + e−,
Mastichiadis 1991) is not taken into account here. The crosssec-
tion for this process becomes comparable to inverse Compton
scattering whenEeǫ0 >∼ 250(mec2)2 that is for electron ener-
gies Ee >∼ 6 TeV interacting withǫ0 ≈ 10 eV stellar photons.
With a scattering rate of about∼ 10−2 s−1, only a few pairs can
be createdvia TPP by each VHE electron, before it escapes or
loses its energy in a Compton scattering. The created pairs have
much lower energy than the primary electrons. TPP cooling re-
mains inefficient compared to inverse Compton for VHE elec-

Fig. 2. Cascade development along the path to the observer. The
primary source of photons, situated at the location of the com-
pact object, has a power law spectral distribution with photon
index -2 (dotted line). Spectra are computed using the parame-
ters appropriate for LS 5039 at superior conjunction (d ≈ 2R⋆,
R⋆ = 9.3 R⊙, T⋆ = 39 000 K) forψ = 30◦. The transmitted
spectrum, including cascade emission, is shown at various dis-
tances from the primary source:r = R⋆/4 (black dashed line),
R⋆/2, R⋆, 2R⋆ (solid lines) andr = +∞ (dotted-dashed line).
Pure absorbed spectra are shown for comparison (light dashed
line).

trons with energy<∼ PeV. HESS observations of LS 5039 show
a break in the spectrum at a few TeV so few electrons are ex-
pected to interact by TPP in the cascade. Observations of other
gamma-ray binaries also show steep spectra but this assumption
will have to be revised if there is significant primary emission
beyond≈ 10 TeV. Pair production due to high energy gamma-
rays interacting with the surrounding material is also neglected.
This occurs forγ-rays> 1 MeV and the cross-section is of order
0.04σT Z2 cm2 (seee.g. Longair 1992), withσT the Thomson
cross-section. Since the measuredNH is at most 1022 cm−2 in
gamma-ray binaries, pair production on matter will not affect
the propagation of gamma-rays towards the observer.

Due to the large velocity of the center-of-mass (CM) frame
in the observer frame, the direction of propagation of pairscre-
ated byγγ-absorption is boosted in the direction of the ini-
tial gamma-ray. For a gamma-ray of energyǫ1 = 1 TeV, the
Lorentz factor of the CM to the observer frame transform is
γ′ ∼ ǫ1/2mec2

= 106 ≫ 1 (see the appendix, Eq. A.2). Pairs
produced in the cascade are ultra-relativistic with typical Lorentz
factorγe ∼ 106 ≫ 1. Their emission is forward boosted within
a cone of semi-aperture angleα ∼ 1/γe ≪ 1 in the direction of
electrons. The deviations on the electron trajectory due toscat-
tering in the Thomson regime are∼ ǫ0/mec2 ≪ 1/γe. In the
Klein-Nishina regime most of the electron energy is given tothe
photon. It is assumed here that electrons and photons produced
in the cascade remain on the same line, a good approximation
sinceγ′ andγe ≫ 1. This line joins the primary gamma-ray
source to a distant observer (Fig. 1).

Pair cascading is one-dimensional as long as magnetic devi-
ations of pairs trajectories along the Compton interactionlength
λic remain within the cone of emission of the electrons. This con-
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Fig. 3. Spectra as seen by an observer at infinity, taking into account the effect of cascading. Calculations are applied to LS 5039 at
periastron for different viewing angleψ = 30◦, 60◦, 90◦, 120◦ and 150◦. Left panel: Complete spectra (solid line) are compared to
the pure absorbed (light dashed line) and injected (dotted line) spectra. The contribution from the cascade is presented in theright
panel.

dition holds ifλic/(2RL) < 1/γe, with RL the Larmor radius. For
a typical interaction lengthλic ∼ 1/(n⋆σic) ∼ 1011 cm for TeV
pairs in LS 5039, the ambient magnetic field must be lower than
B <∼ 10−8 G. If the magnetic field strength is much greater, pairs
locally isotropize and radiate in all directions. In between, pairs
follow the magnetic field lines and the dynamics of each pairs
must be followed as treated in Sierpowska & Bednarek (2005).
The above limit may appear unrealistically stringent. However,
since deviations and isotropization will dilute the cascade flux,
the one-dimensional approach can be seen as maximising the
cascade emission. More exactly, this redistribution induced by
magnetic deflections would decrease the cascade flux at orbital
phases where many pairs are produced to the benefit of phases
where only a few are created. Hence, the one-dimensional ap-
proach gives an upper limit to the cascade contribution at phases
where absorption is strong. If the flux calculated here usingthis
assumption is lower than required by observations then cascad-
ing will be unlikely to play a role. Finally, one-dimensional
cascading should hold in the free pulsar wind as long as the
pairs move strictly along the magnetic field. In Sierpowska &
Bednarek (2005) and Sierpowska-Bartosik & Torres (2008), the
cascade radiation is computed up to the termination shock using
a Monte Carlo approach. Sierpowska & Bednarek (2005) also
include a contribution from the region beyond the shock. The
cascade electrons in this region are assumed to follow the mag-
netic field lines (in contrast with the pulsar wind zone wherethe
propagation is radial). There is no reacceleration at the shock
and synchrotron losses are neglected. In the method expounded
here, the cascade radiation is calculated semi-analytically from
a point-like gamma-ray source at the compact object location up
to infinity, providing the maximum possible contribution ofthe
one-dimensional cascade in gamma-ray binaries.

2.2. Cascade equations

In order to compute the contribution from the cascade, the radia-
tive transfer equation and the kinetic equation of the pairshave
to be solved simultaneously.

The radiative transfer equation for the gamma-ray density
nγ ≡ dNγ/dtdǫ1dΩ at a distancer from the source is

dnγ
dr
= −nγ

(

dτγγ
dr

)

+

∫

n⋆
dN

dtdǫ1
ne dEe, (1)

wherene ≡ dNe/drdEedΩe is the electrons distribution,n⋆ the
seed photon density from the massive star anddN/dtdǫ1 the
Compton kernel. The kernel is normalised to the soft photon
density and depends on the energyEe of the electron and the an-
gle between the photon and the direction of motion of the elec-
tron (Dubus et al. 2008). In the mono-energetic and point-like
star approximation the stellar photon density can be estimated
asL⋆/4πcR2ǭ0, whereL⋆ is the stellar luminosity, ¯ǫ0 ≈ 2.7kT⋆
the mean thermal photon energy andR the distance to the mas-
sive star (see Fig. 1). The absorption ratedτγγ/dr is given by
Eq. (B.8), convoluted to the soft photon density.

The kinetic equation for the pairs is given by the following
integro-differential equation forγe ≫ 1 (Blumenthal & Gould
1970; Zdziarski 1988; D’Avezac et al. 2007)

dne

dt
= −ne(Ee)

∫ Ee

mec2
P

(

Ee, E
′
e
)

dE′e

+

∫

+∞

Ee

ne(E′e) P
(

E′e, Ee
)

dE′e + 2
∫

n⋆ gγγ nγ dǫ1, (2)

whereP(Ee, E′e) is the transition rate for an electron of energyEe
down-scattered at an energyE′e ≤ Ee at r. The first two terms on
the right side of the equation describe the inverse Compton cool-
ing of pairs, taking into account catastrophic losses in thedeep
Klein-Nishina regime. In this case, most of the electron energy
is lost in the interaction and the scattered photon carries away
most of its energy sinceǫ1 = Ee − E′e ≈ Ee. A continuous losses
equation inadequately describes sizeable stochastic losses in a
single interaction (Blumenthal & Gould 1970; Zdziarski 1989).

Since the inverse Compton kernel gives the probability per
electron of energyEe to produce a gamma-ray of energyǫ1, the
scattering rate can be rewritten as

P(Ee, E
′
e) = n⋆(r)

dN
dtdE′e

. (3)
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The expression ofdN/dtdE′e is the same as the Compton kernel
as described before but gives the spectrum of scattered electrons
instead of the outcoming photon. The first integral in Eq. (2)
is the inverse Compton scattering rate and can be analytically
expressed as
∫ Ee

mec2
P

(

Ee, E
′
e
)

dE′e = σic c n⋆(r) (1− βe cosθ0) , (4)

whereβe is the electron velocity in the observer frame andσic
is the total inverse Compton cross-section (for the full expres-
sion seee.g. Rybicki & Lightman 1979, Eq. 7.5). The last term
in the kinetic equation is a source of pairs fromγγ-absorption
coupled with the photon density (see the appendices). The pair
production kernelgγγ is normalised to the soft photon density.

The anisotropic cascade can be computed by inserting the
anisotropic kernels for inverse Compton scattering (see Eq. A.6
in Dubus et al. 2008) and for pair production obtained in
Eq. (B.5) in Eqs. (1-2). The following sections present cascade
calculations applied to compact binaries, using a simple Runge-
Kutta 4 integration method. It is more convenient to performin-
tegrations over an angular variable rather thanr. Here, calcula-
tions are carried out usingψr, the angle between the line joining
the massive star to the observation point and the line of sight (see
Fig. 1).

2.3. Cascade growth along the line of sight

Figure 2 presents cascade calculations for different distancesr
from the primary gamma-ray source. For illustrative purpose, the
source is assumed isotropic and point-like, injecting a power-
law distribution of photons with an index−2 at r = 0 but no
electrons. The calculations were carried out for a system like
LS 5039 and for a viewing angleψ = 30◦. In this geomet-
ric configuration, absorption is known to be strong (τγγ ≈ 40
for 200 GeV photons) and a significant fraction of the total ab-
sorbed energy is expected to be reprocessed in the cascade, in-
verse Compton scattering being also very efficient in this config-
uration.

Close to the source (r <∼ d with d the orbital separation),
absorption produces a sharp and deep dip in the spectrum (light
dashed line) but the cascade starts to fill the gap (black solid
line). The angleψr increases with the distancer to the primary
source. Hence, the threshold energy for pair production increases
as well. Cascading adds more flux to higher energy gamma-rays
where absorption is maximum. The cascade produces an excess
of low energy gamma-rays below the minimum threshold energy
ǫ1 ≈ 30 GeV. Because these new photons do not suffer from
absorption, they accumulate at lower energies. This is a well-
known feature of cascading.

2.4. Anisotropic effects

This section investigates anisotropic effects in the development
of the cascade as seen by a distant observer. Cascades are com-
puted for different viewing angleψ at infinity, assuming an
isotropic power-law spectrum for the primary gamma-rays.

The left panel in figure 3 shows the complete spectrum tak-
ing into account cascading (solid line) compared to the pureab-
sorbed power-law (dashed line). Due to the angular dependence
in the pair production process, larger viewing angles shiftthe
cascade contribution to higher energies and decrease its ampli-
tude (Fig. 3,right panel). The cascade flux is small enough to be
ignored forψ >∼ 150◦.

Table 1. Comparison between the radiated power in the cascade
Pr and the absorbed powerPa for different viewing angleψ. This
table provides also the mean energy of pairs〈Ee〉 in the cascade
at infinity.

ψ 30◦ 60◦ 90◦ 120◦ 150◦

Pr/Pa 80% 70% 60% 40% 15%
〈Ee〉 (GeV) 400 100 70 200 1000

Three different zones can be distinguished in the cascade
spectra. First, below the pair production threshold energy, pho-
tons accumulate in a low energy tail (photon index≈ −1.5) pro-
duced by inverse Compton cooling of pairs. Forψ <∼ 90◦, a low
energy cut-off is observed due to the pairs escaping the system
(Ball & Kirk 2000; Cerutti et al. 2008). This low energy cut-off
is at about 0.1 GeV forψ = 30◦. The cutoff occurs when the cas-
cade reaches a distance from the primary source corresponding
to ψr ≈ 90◦. Then, the electrons cannot cool effectively because
the inverse Compton interaction angle diminishes and the stel-
lar photon density decreases as they propagate. Forψ >∼ 90◦,
particles escape right away from the vicinity of the compan-
ion star and no tail is produced. Second, above the threshold
energy, there is a competition between absorption and gamma-
ray production by reprocessed pairs, particularly for small an-
gles where both effects are large. Even if cascading increases the
transparency for gamma-rays, absorption still creates a dip in the
spectrum. Third, well beyond the threshold energy, absorption
becomes inefficient. Fewer pairs are created, producing a high
energy cut-off (≈ 10 TeV, forψ = 30◦). Klein-Nishina effects
also contribute to the decrease of the high energy gamma-rays
production.

2.5. Escaping pairs

The spectrum of pairs produced in the cascade as seen at infin-
ity is shown in figure 4. The density depends strongly on the
viewing angle as expected, but the mean energy of pairs lies at
very high energies (〈Ee〉 >∼ 100 GeV, see Table 1). The accu-
mulation of very high energy particles can be explained by two
concurrent effects. Far from the massive star (r ≫ d), most of the
pairs are created at very high energy due to the large threshold
energy (almost rear-end collision). The second effect is that in-
verse Compton losses are in deep Klein-Nishina regime for high
energy electrons. The cooling timescale increases and becomes
larger than the propagation timescale of electrons close tothe
companion star, producing an accumulation of pairs at very high
energies.

The distribution of pairs allows to assess the fraction of the
total absorbed energy escaping the system in the form of kinetic
energy in the pairs. This non-radiated powerPe can be compared
to the radiated power released in the cascadePr. Energy conser-
vation yields the total absorbed powerPa = Pe + Pr.

The asymptotic radiated power reached by the cascade is
compared to the total absorbed power integrated over energyin
Table 1. The fraction of lost energy increases with the view-
ing angle. In fact, forψ > 90◦ most of the power remains
in kinetic energy. Once the electrons are created, only a few
have time to radiate through inverse Compton interaction. Below
(ψ < 90◦), the radiative power dominates and the cascade is very
efficient (recycling efficiency up to 80% forψ = 30◦). The cas-
cade is fully linear, since the power re-radiated remains much
smaller than the star luminosityPr ≪ L⋆ (Svensson 1987).
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Fig. 4. Distribution of escaping pairs seen by a distant observer,
depending on the viewing angleψ = 30◦ (dashed line), 60◦, 90◦,
120◦ and 150◦ (dotted line). The binary parameters are the same
than in Fig. 3.

Self-interactions in the cascade are then negligible. Thisis also
a consequence of Klein-Nishina cascading (Zdziarski 1988). In
addition, interactions between particles in the cascade would be
forcedly rear-end, hence highly inefficient.

The created positrons will annihilate and form a 511 keV
line. However, the expected signal is very weak. The annihila-
tion cross-section isσ ∼ σT logγ/γ (seee.g. Longair 1992).
The escaping positrons have a very high average Lorentz fac-
tor γ >∼ 105 (Tab. 1) so they are unlikely to annihilate within
the system. They will thermalize and annihilate in the interstel-
lar medium. Escaping positrons from gamma-ray binaries are
unlikely to contribute much to the diffuse 511 keV emission.
The average number of pairs created along the orbit in LS 5039
(based on the results to be discussed in the following section) is
Ne ∼ 5× 1035 s−1. This estimate does not take into account con-
tributions from triplet pair production or from the pulsar wind
(for a pulsar injecting pairs with〈γe〉 ∼ 105 and a luminosity of
1036 erg/s, about 1036 s−1 pairs are produced). Gamma-ray bi-
naries have short lifetimes and it is unlikely there is more than a
few hundred currently active in the Galaxy. Hence, the expected
contribution is orders-of-magnitude below the positron flux re-
quired to explain the diffuse 511 keV emission (∼ 1043 s−1,
Knödlseder et al. 2005). Even if the positrons thermalize close to
or within the system (because magnetic fields contain them, see
§5) then, following Guessoum et al. (2006), the expected contri-
bution from a single source at 2 kpc would be at most∼ 10−9 ph
cm−2 s−1, which is currently well below detectability.

3. Cascading in LS 5039

LS 5039 was detected by HESS (Aharonian et al. 2005) and the
orbital modulation of the TeV gamma-ray flux was later on re-
ported in Aharonian et al. (2006a). Most of the temporal and
spectral features can be understood as a result of anisotropic
gamma-ray absorption and emission from relativistic electrons
accelerated in the immediate vicinity of the compact object,
e.g. in the pulsar wind termination shock (Dubus et al. 2008).
However, this description fails to explain the residual fluxob-

Fig. 5. Orbit-averaged spectra in LS 5039 at INFC (0.45 < φ <

0.9, grey lines) and SUPC (φ < 0.45 or φ > 0.9, black lines)
and comparisons with EGRET (dark) and HESS (light) bowties
(Hartman et al. 1999; Aharonian et al. 2006a). Dotted-dashed
lines represent the primary source of gamma-rays with pure ab-
sorption, injected atr ≡ 0, computed with the model described
in Dubus et al. (2008) for a mono-energetic and point-like star.
Dashed lines show the contribution from the cascade and thick
solid lines the sum of the primary absorbed source and the cas-
cade contributions.

Fig. 6. Computed light-curves along the orbit in LS 5039, in the
HESS energy band (flux≥ 100 GeV). The cascade contribution
(dashed line) is compared to the primary pure absorbed source
(dotted-dashed line) and HESS observations. The thick solid line
shows the sum of both components.

served close to superior conjunction where a significant ex-
cess has been detected (6.1σ at phase 0.0±0.05). The primary
gamma-rays should be completely attenuated. The aim of this
part is to find if cascading can account for this observed flux.The
cascade is assumed to develop freely from the primary gamma-
ray source up to the observer. The contribution of the cascade as
a function of the orbital phase is also investigated.
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The primary source of gamma-rays now considered is the
spectrum calculated in Dubus et al. (2008). Figure 5 shows
phase-averaged spectra along the orbit at INFC (orbital phase
0.45 < φ < 0.9) and SUPC (φ < 0.45 or φ > 0.9) for the
primary source, the cascade and the sum of both components.
The orbital parameters and the distance (2.5 kpc) are taken from
Casares et al. (2005) for an inclinationi = 60◦ soψ varies be-
tween 30◦ − 150◦. The cascade contribution is highly variable
along the orbit and dominates at SUPC forǫ1 >∼ 30 GeV, where
a large pair-production rate is expected. At INFC, cascading is
small and negligible compared with the primary flux. With pair
cascading the spectral differences between INFC and SUPC are
very small at VHE, contrary to what is observed by HESS. In the
GeV band, cascades contribute to a spectral hardening at SUPC
close to 10-30 GeV.

Orbital light-curves in the HESS energy band give a better
appreciation of the contribution from both components (Fig. 6).
The contribution from cascading is anti-correlated with the pri-
mary absorbed flux. The cascade light-curve is minimum at in-
ferior conjunction (φ ≈ 0.72). The non trivial double peaked
structure of the lightcurve at phases 0.85-0.35 is due to compe-
tition in the cascade between absorption and inverse Compton
emission. Absorption has a slight edge at superior conjunction
(φ ≈ 0.06), producing a dip at this phase. Elsewhere, the primary
contribution dominates over the cascade emission. At loweren-
ergies (ǫ1 < 10 GeV), the cascade contribution is undistinguish-
able from the primary source.

In this configuration, the cascade does add VHE gamma-ray
emission close to superior conjunction but the expected contribu-
tion overestimates HESS observations. Decreasing the inclina-
tion of the system does not help: the cascade flux in the TeV en-
ergy band increases, since the primary source is on average more
absorbed along the orbit (see§3 in Dubus 2006). Fori <∼ 30◦, the
cascade contribution dominates the primary flux at every orbital
phases in the VHE band. One-dimension cascades can be ruled
out by the current HESS observations of LS 5039.

4. Conclusion

This paper explored the impact of one-dimensional pair cascad-
ing on the formation of the very high energy radiation from
gamma-ray binaries in general, LS 5039 specifically. A signif-
icant fraction of the total absorbed energy can be reprocessed at
lower energy by the cascade, decreasing the global opacity of
the primary source. Anisotropic effects also play a major role on
the cascade radiation spectrum seen by a distant observer.

A large contribution from cascading is expected in LS 5039,
large enough that it significantly overestimates the flux ob-
served by HESS. One-dimensional cascading is too efficient in
redistributing the absorbed primary flux and can be ruled out.
However, the fact that it overestimates the observed flux means
a more general cascade cannot be ruled out (it would have been
if the HESS flux had been underestimated). If the ambient mag-
netic field is large enough (B ≫ 10−8 G) the pairs will be de-
flected from the line-of-sight. ForB >∼ 10−3 G the Larmor ra-
dius of a TeV electron becomes smaller than the LS 5039 orbital
separation and the pairs will be more and more isotropised lo-
cally. All of this will tend to dilute cascade emission compared
to the one-dimensional case, which should therefore be seen
as an upper limit to the cascade contribution at orbital phases
where absorption is strong, particularly at superior conjunction.
The initiated cascade will be three-dimensional as pointedout
by Bednarek (1997). Each point in the binary system becomes a
potential secondary source able to contribute to the total gamma-

ray flux at every orbital phases. Cascade emission can still be
sizeable all along the orbit in LS 5039, yet form a more weakly
modulated background in the light-curve on account of the cas-
cade radiation redistribution at other phases. The strength and
structure of the surrounding magnetic field (from both stars) has
a strong influence on the cascade (Sierpowska & Bednarek 2005;
Bosch-Ramon et al. 2008a,b). More realistic pair cascadingcal-
culations cannot be treated with the semi-analytical approach ex-
posed here. Complementary investigations using a Monte Carlo
approach are needed to better appreciate the cascade contribu-
tion in gamma-ray binaries.

Finally, the cascade will be quenched if the created pairs lose
energy to synchrotron rather than inverse Compton scattering.
This requires ambient magnetic fieldsB >∼ 5 G, as found by
equating the radiative timescales for a 1 TeV electron at perias-
tron in LS 5039. Such ambient magnetic field strengths could be
reached close to the companion star. In this case an alternative
explanation is needed to account for the flux at superior con-
junction. A natural one to consider is that the primary gamma-
ray source is more distant to the massive star. The VHE source
would not be coincident with the compact object location any-
more and would suffer less from absorption. In the microquasar
scenario, Bednarek (2007) can account for consistent flux with
HESS observations at superior conjunction if some electrons are
injected well above the orbital plane (jet altitudez > 10 R⋆). In
addition to LS 5039, this possibility was also considered for the
system Cyg X−1 by Bosch-Ramon et al. (2008b) and Zdziarski
et al. (2009).

In practice, reality may consist of a complex three-
dimensional cascade partly diluted and partly quenched depend-
ing upon position, angle and magnetic field configuration.
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Appendix A: Pair production

The main equations for the pair production process are briefly
presented here. Detailed calculations can be found in Gould&
Schréder (1967), Bonometto & Rees (1971) and Böttcher &
Schlickeiser (1997).

A.1. Kinematics and cross-sections

The interaction of a gamma-ray photon of energyǫ1 and a soft
photon of energyǫ0 in the observer frame leads to the production
of an electron-positron pair if the total available energy in the
center-of-mass (CM) frame is greater than the rest mass energy
of the pair

2ǫ1ǫ0 (1− cosθ0) ≥ 4m2
ec4, (A.1)

whereme is the electron mass andθ0 the angle between the two
incoming photons in the observer frame. It is useful to definethe
Lorentz invariants = ǫ1ǫ0 (1− cosθ0) /2. Pairs are produced if
s ≥ m2

ec4 and the velocityβ of the electron-positron pair in the
CM frame isβ = (1− m2

ec4/s)1/2.
The differential cross-sectiondσγγ/d(β cosθ′1) in the CM

frame depends onβ and the angleθ′1 between the outcom-
ing electron-positron pair and the incoming photons. The full
expression can be found ine.g. Bonometto & Rees (1971),
Eq. (2.7). The differential cross-section presents a symmetric
structure, peaked at cosθ′1 = ±1 and minimum for cosθ′1 = 0.
Electrons are mostly created in the same and opposite direction
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with respect to the incoming hard photon direction in the CM
frame. The double peaked structure is enhanced with increasing
energy (s ≫ m2

ec4) and becomes less pronounced close to the
threshold (s ∼ m2

ec4). The integration over the angles gives the
total pair production cross-sectionσγγ, maximum close to the
threshold (see Eq. 1 in Gould & Schréder 1967).

The construction of the CM frame with respect to the ob-
server frame can be simplified if one of the incoming photons
carries most of the energy. This case is appropriate in the present
context. Forǫ1 ≫ ǫ0, the CM frame can be considered as prop-
agating along the same direction as the high energy photon. The
velocity of the CM frame in the observer frame can be expressed
as

β′ =













1−
4s

ǫ2
1













1/2

. (A.2)

The total energy of say the electronEe in the observer frame can
then be formulated using the Lorentz transform from the CM to
the observer frames

Ee = γ
′

[

s1/2
+ β′

(

s − m2
ec4

)1/2
cosθ′1

]

, (A.3)

providing a relation betweenEe and cosθ′1.

A.2. Rate of absorption and pair spectrum kernels

A gamma-ray photon going through a soft photon gas of density
dn/dǫdΩ is absorbed at a rate per unit of path lengthl

dτγγ
dl
=

"
dn

dǫdΩ
(1− cosθ)σγγdǫdΩ. (A.4)

The absorption rate gives the probability for a gamma-ray ofen-
ergy ǫ1 to be absorbed but does not give the energy of the pair
created in the interaction.

Following Bonometto & Rees (1971), the probability for a
gamma-ray of energyǫ1 to be absorbed betweenl and l + dl
yielding an electron of energy betweenEe andEe + dEe (with a
positron of energyEe+ ≈ ǫ1 − Ee for ǫ1 ≫ ǫ) is

gγγ =
"

dn
dǫdΩ

(1− cosθ)
dσγγ
dEe

dǫdΩ. (A.5)

As with anisotropic inverse Compton scattering (Dubus et al.
2008), it is useful to consider the case of a monoenergetic beam
of soft photons. The normalised soft photon density in the ob-
server frame is

dn
dǫdΩ

= δ (ǫ − ǫ0) δ (cosθ − cosθ0) δ (φ − φ0) , (A.6)

where δ is the Dirac distribution. Injecting Eq. (A.6) into
Eq. (A.5) gives the anisotropic pair production kernel, a con-
venient tool for spectral computations. The detailed calculation
is presented in Appendix B and the complete expression given
in Eq. (B.5). The pair production kernel has a strong angularde-
pendence and a symmetric structure, centered atEe = ǫ1/2 and
peaked atEe = E± (see Appendix B, Fig. B.1). The effect of
the angleθ0 is reduced close to the threshold where the parti-
cles share equally the energy of the primary gamma-ray photon
Ee ≈ Ee+ ≈ ǫ1/2. Far from the threshold, one particle carries
away almost all the available energyEe ≈ ǫ1.

The anisotropic kernel integrated over all the pitch angles, in
the case of an isotropic gas of photons, is consistent with the ker-
nel found by Aharonian et al. (1983). Note that a general expres-
sion for the anisotropic kernel valid beyond the approximation
ǫ1 ≫ ǫ0 is presented in Böttcher & Schlickeiser (1997).

A.3. Pair density

The number of pair created per unit of length path and electron
energy depends on the probability to create a pair and on the
probability for the incoming gamma-ray to remain unabsorbed
up to the point of observation so that

dNe

dldEe
=

{

gγγ (Ee) + gγγ (ǫ1 − Ee)
}

e−τγγ(l). (A.7)

Because of the symmetry ingγγ and since electrons and
positrons cannot be distinguished here,gγγ (ǫ1 − Ee) = gγγ (Ee).
The integration over electron energy yields

dNe

dl
= 2

(∫

gγγ (Ee) dEe

)

e−τγγ(l) = 2
dτγγ
dl

e−τγγ(l). (A.8)

The total number of pairs produced by a single gamma-ray
bathed in a soft radiation along the pathl up to the distancer
is then

Ne(r) = 2
(

1− e−τγγ(r)
)

. (A.9)

For low opacityτγγ ≪ 1, pair production is inefficient and the
number of particles produced tends to≈ 2τγγ. For high opacity
τγγ ≫ 1, a pair is always created.

Appendix B: Anisotropic pair production kernel

This section is dedicated to the calculation of the pair energy
spectrum produced in the interaction between a single gamma-
ray photon of energyǫ1 and a mono-energetic beam of soft pho-
tons. The general expression in Eq. (A.5) can be reformulated
using the relativistic invariants

gγγ =
4

ǫ2
1

$
s

ǫ2
0

dn
dǫdΩ

dσγγ
dEe

dǫdsdφ. (B.1)

Combining the expression ofβwith the equations Eqs. (A.2-A.3)
and definingx ≡ γ′2, the differential cross-section variables can
be written as

β(x) =













1−
4m2

ec4x

ǫ2
1













1/2

, β cosθ′1(x) =
2Ee − ǫ1

ǫ1
(

1− 1
x

)1/2
. (B.2)

The differential cross-section can then be expressed as

dσγγ
dEe

=
dσγγ

d
(

β cosθ′1
)

d
(

β cosθ′1
)

dEe

=
2

ǫ1
(

1− 1
x

)1/2

dσγγ

d
(

β cosθ′1
) . (B.3)

The complete general formula to compute the spectrum of the
pair for a non-specified soft radiation field is

gγγ =
ǫ1

4

$
1
ǫ2x3

2
(

1− 1
x

)1/2

dn
dǫdΩ

dσγγ
d(β cosθ′1)

dǫdxdφ, (B.4)

corresponding to Eq. (2.14) in Bonometto & Rees (1971). The
injection of a mono-energetic and unidirectional soft photon
density (Eq. A.6) in this last equation yields

gγγ =
2(1− µ0)

ǫ1
(

1− 1
x0

)1/2

dσγγ
d(β cosθ′1)

{

β (x0) , β cosθ′1 (x0)
}

, (B.5)
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Fig. B.1. Anisotropic pair production kernelgγγ with ǫ0 set at
1 eV for a head-on collision (θ0 = π). The kernel is com-
puted for ǫ1 = 265 GeV (dotted line), 300 GeV, 500 GeV,
1 TeV and 10 TeV (dashed line). The yielding of pairs occurs
for ǫ1 ≥ 260 GeV.

whereµ0 ≡ cosθ0 and

x0 =
ǫ1

2ǫ0 (1− µ0)
. (B.6)

This expression is valid forǫ1 ≫ ǫ0 ands ≥ m2
ec4. The minimum

E− and maximumE+ energy reached by the particles is set by
the kinematics of the reaction and given by

E± =
ǫ1

2















1±

(

1−
1
x0

)1/2 











1−
4m2

ec4x0

ǫ2
1













1/2












. (B.7)

Figure B.1 presents the pair production kernel for different in-
coming gamma-ray energyǫ1.

Note that a kernel can be calculated as well for the absorption
rate. Injecting Eq. (A.6) into Eq. (A.4) is straightforwardand
gives

dτγγ
dl
= (1− cosθ0)σγγ (β) . (B.8)
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Böttcher, M. & Schlickeiser, R. 1997, A&A, 325, 866
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