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ABSTRACT

Context. LS 5039 is a Galactic binary system emitting high and veghteénergy gamma rays. The gamma-ray flux is modulated on Hitalor
period and the TeV lightcurve shaped by photon-photon datiitm. The observed very-high energy modulation can Ipeaduced with a
simple leptonic model but fails to explain the flux detectgdHESS at superior conjunction, where gamma rays are fubpidied.

Aims. The contribution from an electron-positron pair cascadelccde strong and prevail over the primary flux at superiorjwoction.
The created pairs can be isotropized by the magnetic fieddJtheg in a three-dimensional cascade. The aim of thiglaris to investigate
the gamma-ray radiation from this pair cascade in LS 503% @&Hditional component could account for HESS observatamnsuperior
conjunction in the system.

Methods. A semi-analytical and a Monte Carlo method for computingé¢hdimensional cascade radiation are presented and Gjplibe
context of binaries. The cascade is decomposed into désgesterations of particles where electron-positron pagsssumed to be confined
at their site of creation. Both methods give similar resdltse Monte Carlo approach remains best suited to calcuolafi@ multi-generation
cascade.

Results. Three-dimensional cascade radiation contributes sigmifig at every orbital phase in the TeV lightcurve, and dates close to
superior conjunction. The amplitude of the gamma-ray metituh is correctly reproduced for an inclination of the orfi ~ 40°. Primary
pairs should be injected close to the compact object logatitherwise the shape of the modulation is not explaineddttition, synchrotron
emission from the cascade in X-rays constrains the ambiaghetic field to below 10 G.

Conclusions. The radiation from a three-dimensional pair cascade caouatdor the TeV flux detected by HESS at superior conjundition
LS 5039, but the very-high energy spectrum at low fluxes ramdificult to explain in this model.

Key words. radiation mechanisms: non-thermal — stars: individual5039 — gamma rays: theory — X-rays: binaries

1. Introduction Pairs produced in the system can upscatter a substantial
fraction of the absorbed energy into a new generation of gamm

LS 5039 was first identified as a high-mass X-ray binary t;giys and initiate a cz_agcade (.)f pairs. The radiation from the

L . Il cascade can significantly increase the transparentlyeof

Motch et al. (1997). This binary system is composed of a . X

- . source, particularly at orbital phases where the gamma-ray

massive O type star and an unknown compact object, possi-

. : pacity is high t,, > 1). A one-zone leptonic model applied
bly a young rotation-powered pulsgr (Martocchia gf al. 200 0 LS 5039 explains the lightcurve and the spectral featares

Dubu[2006b). LS 5039 was detected as a very high-ene :
100 GeV, VHE) gamma-ray source by HESS (Aharoniafl{aXE (Dubus et al{ 2008), and yet, this model cannot account

et al.[200B) modulated on the orbital perigd (Aharonian bt Jor the flux detected by HESS at superior conjunction where

. . ————— mmar houl full rbed. Pair ing was men-
P006). In a leptonic scenario, the gamma-ray emission is p ammavrays should be fully absorbed. Pair cascading was me

. ; joned as a possible solution for this disagreement (Ahiaron
duced by inverse Compton scattering of stellar photons en en
al.[200p).

ergetic electron-positron pairs injected and acceleratec et

rotation-powered pulsar (pulsar wind nebula scenarioha i The development of a cascade of pairs depends on the am-
relativistic jet powered by accretion on the compact objedt  bient magnetic field intensity. If the magnetic deviations o
croquasar scenario). Most of the VHE modulation is probabbair trajectories can be neglected, the cascade grows along
caused by absorption of gamma rays in the intense UV stile line joining the source to the observer. The cascade is
lar radiation field set by the massive star (Bottcher & Daymene-dimensional. In this case, the cascade contributiomois
P00%;(Bednargk 2006; Dulhlis 20p6a). strong close to superior conjunction in LS 5039. A one-
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dimensional cascade can be ruled out by HESS observations
(Cerutti et a][2009b) (see the model in Sierpowska-Baktgsi ~ 100.000 \‘ T
Torres|200B for an alternative solution). If the magnetitdfie i &

is strong enough to deviate and confine electrons in the sys- 10.000 ¢
tem, pairs radiate in all directions and a three-dimendicas g

cade is initiated[(Bednargk 1997). The development of a&thre [
. : - . ; ) . 1.000
dimensional cascade in LS 5039 is possible and was investi- : E
gated by BednargK (20Dp, 2007) with a Monte Carlo methdd Z 5 -
and by[Bosch-Ramon et [all (2008a) with a semi-analytical 0.100¢ ISOTROPIC R
method. ® - - ]
Bosch-Ramon et al[ (2008a) derived the non thermal emis- ¢ o0 L -
sion produced by the first generation of pairs in gamma-ray -
binaries. In their model, the density of secondary pairyés-a I -
aged over angles describing the mean behavior of the radiati 0.001 P s ANISOTROPIC
pairs in the system. Here, we aim to investigate the detaited A
gular dependence in the gamma-ray emission from pairs in the 10'° 10" 10" 10" 10"
cascade. In the microquasar scendrio, Bedhdrek](2007) finds E, (eV)
consistent flux at superior conjunction in LS 5039 if the emis
sion originates farther along the jet (0R,) whose direction Fig.1. This map shows the domain (gray sur-
is assumed to be perpendicular to the orbital plane, inefudiface,'ISOTROPIC’) where a three-dimensional isotropic
the synchrotron losses. The role of three-dimensionalecksccascade can be initiated as a function of the ambient magneti
is revisited here in the pulsar wind nebula scenario (Mdniasdield B and the energy of the electr&g. This calculation is ap-
& Treves[198[1} Dublis 2006b), where the VHE emitter is clogdied to LS 5039 at periastron (orbital separatibs 0.1 AU).
to the compact object location. The aim of this article isdo-c The upper-limit is bounded by the black solid line labeled
roborate HESS observations of LS 5039 and to constrain timax and the lower-limit by the gray solid lineBy,'. For
ambient magnetic field strength in the system, using a serBi-=> Bmax (QUENCHED?), synchrotron losses dominate and
analytical and a Monte Carlo computation methods. The Moritee cascade is inhibited. F& < Bnin (ANISOTROPIC’) the
Carlo code used in the following was previously applied ® tlcascade is not locally isotropized and depends on the miagnet
system Cygnus X-1 for similar reasons (Zdziarski ¢} al. p00dield structure. The isotropic domain is truncated at VHE as
The paper is divided as follows. Sect. 2 gives the main colfte pairs escape from the system (below the dashed line).
ditions to initiate a three-dimensional cascade in LS 508@.
semi-analytical approach and the Monte Carlo code for chsca

ing calculations are presented in Sect. 3 and the main mw\gntmg s = 7e/10% T.a = T./40 000 K andR.zp =

of a three-dimensional pair cascade in binaries are disdlias +/10R; the temperature and radius of the companion star,

Sect. 4. Sect. 5 is dedicated to the full calculation of aethreanddo'1 = 0/0.1 AU the orbital separation. Using the approxi-

dimensional cascade in LS 5039. Thieet of the ambient Mo formulaforCom_pFon gnergylossbs (qumepthgl&qo.uld
magnetic field intensity is also investigated in this pateT [£979), the same condition in the extreme Klein-Nishinanregi

conclusions of the article are exposed in the last section. holds if

In the following, we use the term “electrons” to refer indifg, > 1.6 x 103 T2 R 1,052 [In (y6T4a) + 2.46] G. )
ferently to electrons and positrons. . ’

QUENCHED

T
i

T
\
@
3
>
I

If the Larmor radius is compared with the Compton mean free
path given bylic ~ 1/n,oic, wheren, is the stellar photon
density andric the Compton cross section, the condition on the

The development of the cascade is dictated by the intensityd2gnetic field is more restrictive. In the Thomson regime, th
the ambient magnetic field in the binary environment. Thenmaglectron loses only a small fraction of its total energy péet-
conditions for the existence of a three-dimensional cassadCtion, hencecoo > dic. In the Klein-Nishina regime, most of
have been investigated By BednarEk (3997) and are revie® €lectron energy is lost in a single scattering 2agl ~ dic.
here and applied to LS 5039. Because the cascade occurs mostly in the Klein-Nishinaregi
The magnetic fieldB must be high enough to locally " 9amma-ray binaries, both conditions lead approximéiee
isotropize pairs once created. This condition is fulfilldd £he same lower limit for the ambient magnetic field.
the Larmor radius of the paR_ is shorter than the inverse  In addition to this condition, pairs are assumed to be
Compton energy losses length given Mo = —BeCye/Ve, |sotrop|z_ed aj[ their crea_tlon site for _S|m_pI|C|t_y. Pglrsllvhe_
whereye = 1/(1 - f2)2 is the Lorentz factor of the ebctronrandomze_d if the _am_blent magnetic f|§ld is disorganized.
andye = dye/dt is the Compton energy losses. This provides!gotropization of pairs in the cascade will also occur due to

lower-limit for the magnetic field. In the Thomson regimdsth Pitch angle scattering if the magnetic turbulence timescsl
is given by smaller than the energy loss timescaday.(if it is on the or-

der of the Larmor timescale). For lower magnetic field in-
Br 2 2x10°°4T} ;RS 1,ds% G, (1) tensity (‘anisotropic’ domain in Fig[] 1), the cascade remsai

2. The magnetic field for 3D cascade



B. Cerutti et al.: Modeling the three-dimensional pair eaieein binaries. Application to LS 5039 3

three-dimensional but then pairs cannot be considered-as lo Secondary
cally isotropized. In this case, the trajectories of thetipes Source o
should be properly computed asdg. [Sierpowska & Bednargk ‘
p00%. ForB s 1078 G, the cascade is one-dimensional (Cerutti
et al.[2009p).

If the magnetic field is too strong, pairs locally isotropize
but cool down via synchrotron radiation rather than by iseer
Compton scattering. Most of the energy is then emitted in X-
rays and soft gamma rayise. below the threshold energy for (% %% __ N\ ______ +- Observe|
pair production. The cascade is quenched as soon as the firs ‘
generation of pairs is produced. This condition gives areapp P'mary
limit for the magnetic field. Synchrotron losses are smafian Source
inverse Compton lossdsyy, < E;. for

- Observel

e —— — -

Massive
star

Br S 163TZ,R, 10951 G. (3)
) ] Fig. 2. In this figure is depicted the geometric quantities useful
in the Thomson regime and for for three-dimensional pair cascading calculation4ray bina-
ries. The primary source is point-like and coincides with th
compact object location. The system is viewed at an augle

in the deep Klein-Nishina regim§ (Blumenthal & Gd{iid 1970 ya Qistant o.bserver. Thg abs_orption of primary gamma rays a
It can be noticed that the most relevant upper-limit for tlagm he distance in the ¢, ¢) direction creates a secondary source

netic field strength is given by the Thomson formula in EEh (39f radiation, viewed at an angie by the observer.
since high-energy particleg{ 2 1 GeV) withBxy < B < By
can cool down and get into the cascade domain. sity of electrons and positrons injected per unit of timesrgy
Figure [1 shows the complete domain where a thre@ad volume (s'erg'cm ) is
dimensional ‘isotropic’ cascade can be initiated in LS 5039 ©)
. o . . dNW 1 dN
combining the lower and upper-limit fd. This domain en- e _ Zf it ph 0., € 7 dey, (5)
compasses plausible values for the ambient magnetic fielddiflEedV o 12 dtdedQpn ="

ter;sc?ryosrig; ;IZ;V gslhgz ,T”'(I'eet\/o, r\:\?ﬁir?g;:()ivg%gl%: ?r?ee rg{/\/here de)?])/dtdeldeh is the_ den3|_ty of_ primary gamma
Larmor radius becomes greater than the binary separationrfﬁfS of energyer, gy, the anisotropic pair production ker-
) . . . nel (Bonometio & Reép 197 {; Boticher & Schiickdifer 1997;
LS 5039 (Flg[ll). In this case, the local magnetic confinemggt—— —=
approximation of particles is not appropriate anymoresTisi erutti et al[2009b) and,, (1) theyy-opacity integrated from
the source to the position This new density of pairs is spa-
ICfi'ally extended and anisotropic but is symmetric with retpe
B the line joining the star to the primary source. For a fixed
stellar radiation field and a given steady source of primary
gamma rays, pair production provides a continuous source of
3. Computing methods fresh electrons injected in the binary system environment.
Pairs are supposed to be immediately confined and
Contrary to the one-dimensional case, three-dimensiasial gsotropized by the local magnetic field at their creatioe.sit
cascading cannot be explicitly computed. Neverthelesss, itThe binary vicinity is surrounded by a plasma of isotropipa
possible to decompose the cascade into successive gensratioolingvia synchrotron radiation and inverse Compton scatter-
of particles. Two diterent approaches are presented below, opg). For simplicity, electrons are assumed to have enougé ti
based on semi-analytical calculations and the other on a&/otp radiate before escaping their site of injection and thead
Carlo code. In both models, the primary source of gamma rajysn of particles by the massive star wind is ignored althoug
is point-like and coincident with the compact object pa@sitas  this can have some impagt (Bosch-Ramon H al. J008a). For a
it is depicted in Fig[]2. The origin and the angular dependent TeV electron, the radiative cooling timescales in LS 5039
of the primary gamma-ray flux are not specified at this stagget,, ~ 20 s (inverse Compton, at the compact object lo-
These methods are general and could be applied to any otkgfon) andtsn ~ 400 s (synchrotron, foB = 1 G). The
astrophysical context involving 3D pair cascading. maximum escaping timescale is given by the advection time
of pairs by the stellar wind. Taking a wind terminal velocity
Voo ~ 2400 km s for the massive star in LS 5039 (McSwain
et al.[200M) tesc = d/Veo ~ 6 x 10° s> tic andtgyn. In the
A beam of primary gamma rays propagating in the direction dease where pairs would escape the system at the speed of light
fined by the spherical anglésaandg (see Fig[|2), produces at aelectrons have just enough time to radiate by inverse Campto
distance to the primary source the first generation of pairs. Iscattering e = d/c = 50 s< t). This extreme situation
the point-like and mono-energetic star approximationdiie- is unlikely since pairs are confined by the ambient magnetic

Bkn S 4.7 5 T, 4R, 10053 [IN (v6T4.4) +2.46]7% G (4)

tonic origin since HESS observations shows an energy ffut
for photons at- 10 TeV.

3.1. Semi-analytical
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Normalized gamma-ray density (ph s™' ecm™, > 1 TeV)

none 107° 1078 107" 1078 107° 107* 1073 1072 107! 1

orbital separation
orbital separation

Orbital separation Orbital separation

Fig. 3. Spatial distribution of the escapingg including the &ect of gamma-ray absorption) VHE photon density (phan2)
emitted by the first generation of electrons (isotropizedjhe cascade as observed by a distant observer in LS 503patsu
(Ieft) and inferior €ight) conjunction. These maps show the gamma-ray density irritbgaic scale (common for both maps),
where bright and dark regions correspond respectivelygb and low density. Each map is a slice of the 3D gamma-raystonmis
distribution in the plane that contains the observer (whthseetion is indicated by the white solid line) and both staomputed
with the semi-analytical method. The primary source of ganays is isotropic and lies at the compact object locatioigif).
White dashed lines delimit the eclipsed regions (for thenpry source and the observer) by the massive star (brigtatramdisk).
The massive star is assumed point like and mono-energetieinalculations of radiative processes. Distances amalared
to the orbital separation.

field but provides a lower limit for the escaping timescale ithe absorption from the secondary source up to the observer.
the system. Assuming that: > tic andtyy, is a rather good Depending on the relative position of the secondary source,

approximation in LS 5039 for the high-energy particles. the massive star and the observer, inverse Compton emission
The steady-state particle distribution in rgm3sr! is is anisotropic though pairs are isotropic. The secondaunycgo
(Ginzburg & Syrovatskjj 1964) is seen at an angl@ with cosy’ = —e, - eqps (Fig.[2) so that
ANg oo g dNél) / cosy’ = cosy cos(yr — 6) — siny sin(y — 6) cose. 8)
dEdVdQe |Ee| f Ar dtdE’ed(V e ®) Inthe point-likg star a}pproximation, this viewing angléis
related to the interaction anglg between photons and elec-
with Ee = Ejc + Egn the inverse Compton and synchrotroffons such as cag = — costp. Similarly to inverse Compton

losses and)’ the volume encircling the binary. Note that thecattering, the total synchrotron radiation produced keyfitst
annihilation of pairs is not considered in this calculat@nce generation of pairs is

this dfect would be important only for pairs that are almost dN(l) dN®  dNgp
+ ———dE.d 9
thermalized. Triplet pair productiop + €& — €* + " + & ff dE.dVd0, dide, OC° vV, 9

dtde; dQe

seee.g. Mastichiadig 1991) is ignored too (see the discussion

i(n er?Jtti ot all 200 bJsiacz 2 f) ( h dNgn/dtde; the synchrotron kernel averaged over an
gs(otroplc distribution of pitch angles to the magnetic fidde

[Blumenthal & Goulf 1970).

This semi-analytical method can be extended to an arbi-
N(l) N(l) dNic o trary number of generations. By replacing the primary dgnsi
dtdedon ff dE.dVdo. ™ Gtde, 7dEedV, (7)  of gammarays in Eq[]5) by the new density of created photons
Egs. [’V)—[b), the second generation of pairs and gammaiftays
wheren, is the stellar photon density in ci) dNc/dtde; the the cascade can be computed, and so on for the next genera-

anisotropic inverse Compton kerngl (Dubus ¢t al. P008)and tions.

The total inverse Compton radiation produced by the fir
generation of pairs observed by a distant observer is giyen b~ 9.
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here point-like and mono-energetic. More realistic asgionp

10.0000 ™77 T T 3'0;”””‘ T T (injection of isotropic electrons, black body and finiteesiom-

panion star) are considered for the calculation of the 3D cas

1.0000 F cade emission in LS 5039 in the next Section (Sﬂct. 5).

0 1000: 4.1. Spatial distribution of gamma rays in the cascade

FigureﬂB shows the spatial distribution of the first generati
of escaping TeV gamma rays seen by a distant obseneer (
including the &ect of gamma-ray absorption) produced by the
cascade in LS 5039 at both conjunctions (for an inclinatibn o
the orbiti = 60°). These maps are computed with the semi-

0.0100 ¢

vF, (arbitrary units)

0.0010 F ]
E analytical approach. The massive star is assumed pomfdik
I ] the computation of radiative processes but eclipses are con
0.0001 L wwvinl +wviil v wviurad e visid il s sidered. No pairs can be created behind the star with respect
10°  10% . 1((2:7) 0% 10% to the primary source of gamma rays. Also, gamma rays pro-
1

duced behind the star with respect to the observer are eectlud

: - . from the overall cascade radiation (see black regions inﬂ;ig
Fig.4. The full cascade radiation (all generations) computg@nchrotron radiation is neglected in this part: pairs ateli
with the Monte Carlo code (black solid lines) and the pri

mary injected gamma-ray source (isotropic, dotted line) a(?nlyviainverse Compton scattering.
y Nl g y pic, The spatial distribution of gamma rays is extended and is

hown fory = nd 150. The Mon rl li . X R
sho ory = 30" and 150. The Monte Carlo output (solid not rotationally symmetric about the line joining the twarst

gray lines) is compared with the semi-analytical calcoladi ntrary t ire) since the observed inverse Compton-emi
(dashed gray lines) in the one-generation cascade appaexi gn dzz yer?dps)aor?)tr?e C(Zcultiaa? osrieen:ition (e;fstie (c))bspérc\)/et_rewitS
tion. There is no magnetic field but pairs are still assumed ?bs ectF;o the binar spstem NO Gamma ravs are emitted alon
be confined and isotropized. The massive star is point like at pectiotn ysy -Nog AYS 8 . 9
: he line joining the star to the observer direction (see Elg.
mono-energetic. . . - .
right panel) because pairs undergo rear-end collisions with
the stellar photonse{ - e;ns = 1). This dfect is smoothed if
3.2. Monte Carlo the finite size of the massive star is considered. The esgapin
amma-ray density at inferior conjunction is more impotrtan
an at superior conjunction as TeV photonffeuless from
absorption.

We also used a Monte-Carlo code to simulate the developm
of the full electromagnetic pair cascade in the radiatiold id
the star. In this calculation the path and successive ictiers
of photons and leptons are tracked until they escape therayst

(in practice until they reach a distance about 10 times the B, 2. One and multi-generation cascade

nary separation). This code was previously used by Zdziarsk

et al. ) to model the TeV emission of Cygnus X-1. ithe semi-analytical method is ideal to study the first genera
is similar in scope and capabilities to the code[ of BedrjartiRn of particles in the cascade as it provides quick andrateu
)_ The present code was developped completely indepg@lutions. In principle, this method can be extended to b ar
dently, and most of the random number generation techniqdiggy number of generation but the computing time increases
used for computing photon path and simulating the intevasti tremendously. The Monte Carlo approach is well suited @ttre
are very diferent from those used by Bednarek. Perhaps templex three dimensional radiative transfer problemshWi
most important dference is that the Compton interactions af®is method, the full cascade radiation (including all gane
simulated without any approximation, even in the deep Kleitions) can be computed with a reasonable amount of time but a
Nishina regime. Also, in order to reduce the computing timnl@rge number of events is required to have enough statfstics
required to achieve high accuracy at high energies, we usacgurate predictions.

weighting technique which avoids following every particle Figure@ gives the escaping gamma-ray spectra at both con-
the cascade down to low energies. The results of both cojlasctions in LS 5039. The Monte Carlo output is compared
were compared and found compatiljle (Zdziarski §it al. P009with the semi-analytical results in the same configuratisn a
in Fig. [ fory = 30° and 150. Both approaches give sim-
ilar results for the first generation of gamma rays. There are
slight differences mainly due to statistical and binnirtget

For illustrative purpose only, the primary source of gamaysr in the Monte Carlo result, particularly g = 30° where the

is assumed isotropic in this section. This assumption allaw absorption is high. The contribution from additional gexer
better appreciation of the intrinsic anisotropffeets of the pair tions of pairs to the cascade radiation is of major imporanc
cascade emission in binaries. Primary gamma rays areédjecs it dominates the overall escaping gamma-ray flux where
with a—2 (photon index) power-law spectrum at the location dhe primary photons are fully absorbed. The Monte Carlo ap-
the compact object. For simplicity, the massive star ism&sli proach is needed to compute the cascade radiation where ab-

4. Three-dimensional pair cascade radiation
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10.0000 10.0000

1OOOOE 10000.5_. .................... 30 .......................................
2 E E 150°
=] F L
:j =
o 0.1000 0.1000 ¢
g 3 3
j &
:.: L £
@ 0.0100¢ 0.0100
B_‘:
= [

0.0010¢ 0.0010

0.0001 0.0001

108 10° 10! 10!t 108 10" 108 10° 10 10! 10" 10
€, (ev) €, (eV)

Fig.5. Cascade radiation emitted by the first generation computddtive semi-analytical method in LS 5039 at periastron
fory = 30°, 60°, 90°, 12C° and 150. Left: The escaping gamma-ray spectrum (solid line) is comparéaet@pure-absorbed
(dashed gray line) and injected (isotropic, dotted lin&csia. The radiation from the cascade only is shown omitiie panel.
Synchrotron radiation is ignored and the massive star istfige and mono-energetic.

sorption is strong.e. at superior conjunction. In practice, thdess (by a factox 3) than the 1D cascade to the total TeV flux
one-generation approximation catches the main featuréreof at this orbital phase.

full three-dimensional pair cascade calculation elseehtng

the orbit.

4.4. The effect of the ambient magnetic field
4.3. Comparison with one-dimensional cascade

Synchrotron radiation has a significant impact on the cascad
spectrum. Figureﬂ? shows thé&ects of an uniform ambient

: . < magnetic field on the cascade radiation B« 0, 3 and 10 G.
(Fig. B). I?elow the threshold energy for pair productioB, The VHE emission is quenched as synchrotron radiation be-
e < mEc’/2e (1 - costo) with & the stellar photon energy, comes the dominant cooling channel for electrons produted i
pairs cool dowrviainverse Compton scatter_lng inthe Thomsog,q cascadet > tsn). The large contribution of the cascade
regime and accumulate at lower energy in-a-1.5 photon i, the Tev band is preserved if the magnetic field does not
index power-law tail. Above, emission and absorption congyceed a few Gauss (see F[b 1). Synchrotron radiation con-
pete, giving rise to a dip in the spectrum. At higher energigsy,tes to the total flux in the X-ray to soft gamma-ray energ

(e 2 10 TeV), the gamma-ray production in the cascade dgsng. These photons do not participate to the cascade as thei

f:lines due_to Klein-l\_lishinaféct in inve_rse Compton scatter-energy does not exceed 100 MeV, which is ifiisient for pair
ing and pair production becomes lesgaent.

production with the stellar photons.

Three-dimensional cascade radiation has a strong angular
dependence (Figﬂ 5) thatftrs significantly from the one- Figureﬁ’ compares also the contribution from the first gen-
dimensional case. Figurﬂ 6 presents the modulation of thtion of gamma rays with the full cascade radiation. Far lo
TeV radiation from a 1D and 3D cascade along the orbit magnetic field B < 5 G), all generations should be considered
LS 5039 (the one-dimensional cascade radiation is cakuilain the calculation. For higher magnetic fieB ¢ 5 G), the first
with the method described in Cerutti ef pl. 2009b). Bednargkneration of gamma rays dominates the total cascade radia-
) found a similar modulation for the 3D cascade radion. Only a few pairs can radiate beyond the threshold gnerg
ation. Both contributions are anti-correlated. Contrarythe for pair production and the cascade is quenched.
one-dimensional cascade, the three-dimensional casedde r
ation preserves the modulation of the primary absorbedtcsour A non-uniform magnetic field was also investigated for a
of gamma rays since pairs do not propagate. Peaks and dgvsidal or dipolar magnetic structure generated by thesiias
remain at conjunctions. In both cases, the cascade radliastar {.e. with a R™* or R-3 dependence). These configurations
flux prevails at superior conjunction where the primary fludo not give dfferent results compared with the uniform case.
is highly absorbed. Note that a small dip in the 1D cascatiost of the cascade radiation is produced close to the pyimar
radiation appears at superior conjunction because ali@orpsource (see Se.l) and depends mostly on the magnetic fiel
slightly dominates over emission. The 3D cascade con&ghustrength at this location.

Three-dimensional cascade radiation presents identieal-s
tral features to the one-dimensional linfit (Cerutti g{ &102b)
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Fig.6. Modulation of the TeV flux produced by a three- (v
dimensional (Monte Carlo calculation, black solid linedang;q 7. Efect of the ambient magnetic field on the cascade ra-
one-dimensional (semi-analytical calculation diation. The cascade is computed with the same parameters
00Yb, gray solid line) cascade in LS 5039 as a function of theonte Carlo approach) as used in Fib. 4 foe 90° with an
orbital phase (two full orbits). Synchrotron radiationgsored |,iform magnetic field3 = 0 (top), 3 and 10 G (bottom). The
for the computation of 3D cascade radiation. The primary apy, escaping gamma-ray spectra (all generations, blags)iis
sorbed flux (identical injection as in Fiﬁl be. isotropic) is compared with the one-generation approximation (grays)ine

shown (dashed line) for comparison. Conjunctions are indjpq the injected isotropic spectra (dotted line). The cariga
cated by vertical dotted lines. Orbital parameters aretédoem ;- is point like and mono-energetic.

Casares et @lf (2005) for an inclinatiba 60°. The companion
star is point like and mono-energetic.

flux observed by HESS varies by about a factor 6 with a min-
imum at the orbital phaseg = 0.1-0.2 and a maximum at
¢ = 0.8-0.9 (Aharonian et all 20P6). The radiation from a
The full cascade radiation calculation is applied to LS 503Bree-dimensional cascade of pairs decreases the angbfud
and discussed below. The black body spectrum and the sge TeV modulation yet conserves the light curve pattera (se
tial extension of the massive star are taken into accoutisn tSect.[4.8). The flux remains minimum at superior conjunc-
part. The primary source of gamma rays is computed here fiibn (¢ ~ 0.06) and maximum just after inferior conjunction
lowing the model described in Dubus ef dl. (3008) where tli¢ ~ 0.85).

pulsar is assumed to inject energetic electron-positrarspa  The amplitude of the modulation in LS 5039 can be repro-
with an isotropic power-law energy distribution at the shoauced for an inclination of the orbiit= 40° (Fig.[3,top panel),
front, expected to lie at the vicinity of the compact stakifig assuming a constant energy density of cooled particlegyalon
Vo = 2400 km s, M = 1077 M, yr ! for the massive star the orbit as il Dubus et bl (2 08). This assumption implas th
wind (McSwain et al] 2004), and a pulsar spin-down luminoghe injection of fresh particles depends (roughly)da The

ity Lp = 10°° erg s, both wind momenta balance at a distancambient magnetic field is 1 G (if uniform) otherwise emis-
I'snock ~ 0.1d from the pulsar. Pairs generated by the pulsar ensibbn up to 10 TeV cannot be sustained. For higher inclination
via inverse Compton scattering on stellar photons the prim&iyz 50°), the flux at superior conjunction is too small to explain
gamma-ray photons. Contrary to the previous section, the mbservations. For lower inclination £ 30°), the amplitude of
mary gamma-ray source is highly anisotropic. The orbital pthe light curve becomes too small. If the injection rate @& th
rameters of the system are taken from Casares|ef al.|(20@®m)cooled primary pairs is instead kept constant along thit or
New optical observations of LS 5039 have been carried out (&ig.[§, bottom panel), a lower inclination { < 3¢°) is required
cently by[Aragona et §I[ (20p9) where slight corrections t to reproduce an amplitude consistent with observationenTh
orbital parameters have been reported, but these do nogehahe light curve presents a broad peak centered-at0.5. The

the results below. profile of the modulation is not explained to satisfactiohis
case.

The cascade radiation contributes significantly at every or
bital phase and dominates the overall gamma-ray flux close to
The shape of the TeV light curve can be explained with a orgsperior conjunction (& ¢ < 0.15), where the primary flux
zone leptonic mode| (Dubus et|@l. 2008) that combines emis-highly absorbed. The residual flux observed at superiof co
sion and absorption. However, it overestimates the angaitujunction is explained by the cascade. The averaged spdctra a
of the modulation (by a factog 50 fori = 60°). The TeV high and very-high energy are not significantly changed com-

5. Three-dimensional cascades in LS 5039

5.1. TeV orbital modulation
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the Monte Carlo approach for a constant injection of enangy i
cooled particlestpp) and for a constant injection of pairsat-
tom) along the orbit. The black-body spectrum and the finite e
size of the companion star are taken into account. The ambien B
magnetic field is small < 1 G). Theoretical lightcurves are 0.0 05
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with HESS observations (data points) taken from Aharoni@_rilg_ 10. Same asin Figﬂ&aﬁp panel) for i = 60° with a primary
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pared with the case without cascade (ffjg. 9, see also Fig. ®@Infree pulsar wind emission, s¢e Cerutti €t|al. 2D09a) might
Dubus et 4 2008). It should be noted that the ratio betwieen gominate at GeV energies.

GeV and the TeV flux decreases if a three-dimensional pair cas

cadingis cons_idere_d. The cascade con_tributes more at B2V t%.Z. Constraint on the location of the VHE emitter

at GeV energies with respect to the primary source. If spectr

are fitted with HESS observations, then the flux expected ®te primary gamma-ray emitter position might not coincide
GeV energies is too low to explain observations. In addjtiowith the compact object location. One possibility is to imag
this model cannot account for the energy ¢titibserved by ine that particles radiate VHE farther in the orbital plafoe,
Fermi at a few GeV [(Abdo et (. 20D9). Electrons radiating anstance backward in a shocked pulsar wind collimated by the
GeV and TeV energies may have twdtdrent origins. An ex- massive star wind. In this case, the primary source is less ab
tra component, possibly from the pulsar itself (magnetesph sorbed along the orbit and more power into particles is re-
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A .
w100 10f o8 _10°  10® the dfect of synchrotron losses on the cooled energy distribu-
107 iz Fermi E tion of the radiating pairs in the cascade. Synchrotroningol

dominates over Compton coolintyf < tic) at high energies
and depletes the most energetic pairs in the steady-stdte di
bution (see E(ﬂG). In consequence, the mean energy of cooled
pairs in the cascade diminishes with increasing magnetit fie
(for a fixed stellar radiation field). The non-trivial comhbiion

of both efects results in a (almost) constant synchrotron peak
(the critical energy in synchrotron radiation is propantbto

¥5B).

100 G }

1034 =

vL, (erg s™)

1033

6. Conclusion

1032

10 10% 10% 10% 10% 102 Three-dimensional pair cascade can be initiated in ganaya-r
v (Hz) binaries provided that pairs are confined and isotropized by
. _ _ _ the ambient magnetic field in the system. In LS 5039, a three-
Fig.11. Orbit averaged spectrum of the first generation fimensional pair cascade contributes significantly in thre f
gammarays in LS 5039 with a uniform magnetic fiBle- 0.1,  mation of the VHE radiation at every orbital phase. In partic
1,5,10and 100 G. Comparison with observations from X-raygr, the cascade radiation prevails over the primary soafc
to TeV energles&mk;;lm_asmi’i%gp9Fﬂ mi (Abdo  gamma rays close to superior conjunctibe.(where theyy-
et al.[200p) and HES$ (Aharonian effal. 2006) bowties.  pacity is high) and gives a lower flux than the 1D cascade at
this phase. The 3D cascade radiation is modulat&dreintly
compared with the 1D cascade and preserves the modulation
quired to compensate for the decrease of the soft photoiitdensf the primary absorbed flux because the pairs stay localized
from the companion star. A consistent amplitude could be olp- addition, the 3D cascade radiation decreases the amelitu
tained if the primary gamma rays originate from large disegn of the observed TeV modulation. The amplitude of the HESS
(2 10d), but then the TeV light curve shape is incorrectly rdight curve is correctly reproduced for an inclinationi ef 40°.
produced as the tendency for the main peak is to shift towards The ambient magnetic field in LS 5039 cannot exceed 10 G
superior conjunction. Another possibility is to assume tha (if uniform) or synchrotron radiation from pairs in the cade
VHE emitter stands above the orbital plaegy(in a jet). This would overestimate X-ray observations. This is a reas@nabl
situation does not ier significantly from the previous alterna-constraint as most of massive stars are probably non-magnet
tive. For altitudez > 2 R, ~ d, theyy-opacity decreases sig-even though strong magnetic fields {00 G) have been mea-
nificantly and the escaping VHE gamma-ray flux increasessatred for a few O stars at their surface (see Donati & Lanéstre
superior conjunction but the TeV modulation is not repragtlic 009 for a recent review and references therein). The VHE
as well (Fig.[1p). Regarding observations, it appeafiécdit emitter should also remain very close to the compact object
with this model to push the gamma-ray emitter at the outeeedgcation, possibly at the collision site between both stizds,
of the system. The primary source should still lie in thenilgi  otherwise the TeV light curve shape is not reproduced aghou
of the compact objeci.g. at distances smaller than the orbitalhis does not rule out complex combinations.
separation). The model described in this paper is not fully satisfying.
The spectral shape of VHE gamma rays is still not reproduced
close to superior conjunction. In addition, the light cuare-
plitude tends to be overestimated except for low inclinatio
The synchrotron radiation produced by secondary pairs eanf!t then the shape is not perfect. It remairfiicilt to explain
a dominant contributor to the overall X-ray luminosity as-di Poth the shape and the amplitude of the modulationin LS 5039.
cussed by Bosch-Ramon ef 4I. (2qfBa,b). Fidute 11 presehtRossible solution would be to consider a more complex in-
the orbit-averaged spectrum of the first generation of gami4tion of fresh pairs along the orbit or additiondlieets such
rays in LS 5039 with an inclination = 40°, using the semi- @S adiabatic losses or advection. A Doppler-boosted eonissi
analytical approach for various magnetic field intensitgeT N the primary source can also change the spectrum seen by the
comparison of the expected flux in the 2-10 keV band with ttgServer, especially around superior conjunctfon (Dubhad] e
recentSuzaku observations|(Takahashi ef fl. 2P09) constrai ). The primary source of gamma rays might be extended,
the (uniform) magnetic field strength below 10 G. This resufHE photons would come frore.g. the shock front between
is in agreement with the development of a three-dimensiof3f Pulsar wind and the stellar wind or along a relativistic |
cascade (see Sect. 2). The one-generation approximation 1€ development of an anisotropic 3D cascade is not excluded
the cascade is good in this case since for high magnetic figfiWell. Nevertheless, the calculations show that a threerm
(B > 5 G), the contribution from extra-generations can pdonal pair cascading p_rov@desaplausibleframeworktceu-nd
ignored (see Secf4.4). Note that the synchrotron peak &kand the TeV modulationin LS 5039.
ergy emitted by secondary pairs barely changes with inereasknowledgements. This work was supported by th&uropean
ing magnetic field§ ~ 1 MeV, see Fig|j1). This is due toCommunity via contract ERC-StG-200911.

5.3. Constraint on the ambient magnetic field
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