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ABSTRACT

Context. LS 5039 and LSH61°303 are two binaries that have been detected in the TeV emengpin. These binaries are composed of a
massive star and a compact object, possibly a young pulsargdmma-ray emission would be due to particle acceleratitire collision site
between the relativistic pulsar wind and the stellar windh&f massive star. Part of the emission may also originate frverse Compton
scattering of stellar photons on the unshocked (free) puisal.

Aims. The purpose of this work is to constrain the bulk Lorentzdadif the pulsar wind and the shock geometry in the compadaiapwtind
nebula scenario for LS 5039 and L$61°303 by computing the unshocked wind emission and compatribagobservations.

Methods. Anisotropic inverse Compton losses equations are deriwd@pplied to the free pulsar wind in binaries. The unshoekied spectra
seen by the observer are calculated taking into account thg absorption and the shock geometry.

Results. A pulsar wind composed of monoenergetic pairs producesiedlygharp peak at an energy which depends on the bulk Lofactiar
and whose amplitude depends on the size of the emittingmegits emission from the free pulsar wind is found to be grand dificult to
avoid in LS 5039 and LS+61°303.

Conclusions. If the particles in the pulsar are monoenergetic then thembsions constrain their energy to roughly 10-100 GeV. iRore
complex particle distributions, the free pulsar wind enissvill be difficult to distinguish from the shocked pulsar wind emission.

Key words. radiation mechanisms: non-thermal — stars: individual 039, LSI+61°303) — stars: pulsars: general — gamma rays: theory —
X-rays: binaries

1. Introduction ments. If the magnetic field is frozen into the pair plasma
as it is usually assumed, there is no synchrotron radiation
Pulsars are fast rotating neutron stars that contain a lafgem the unshocked wind. Nevertheless, nothing prevents in
amount of rotational energy. A significant fraction of this- e verse Compton scattering of soft photons onto the cold-ultra
ergy is carried away by an ultra-relativistic wind of elecrelativistic pairs from occuring. The pulsar wind nebuls\(R)
trongpositrons pairs and possibly ions (gee Kirk elt[al. 20@mission has two components: radiation from the shocked and
for a recent review). In the classical model of the Crab nethe unshocked regions.
ula (Rees & Gurjii 1974; KenneT & Corofiiti 1984), the pulsar pBogovalov & Aharonian [(2000) investigated the inverse
wind is isotropic, radial and monoenergetic with a bulk Lt compton emission from the region upstream the termination
factoryo ~ 10P far from the light cylinder where the wind is shock of the Crab pulsar. Comparisons between calculatéd an
kinetic energy-dominated( < 1). The cold relativistic wind measured fluxes put limits on the parameters of the wind, in
expands freely until the ram pressure is balanced by the sy#rticular the size of the kinetic energy dominated regiail
rounding medium at the stanfidistance R In the termination g Kirk (2000) investigated emission from an unshocked fyeel
shock region, the pairs are accelerated and their pitcteangl expanding wind with no termination shock in compact birerie
the magnetic field are randomized, producing an intense Sikey computed spectra and light curves in the gamma-ray bi-
chrotron source. Moreover, the inverse Compton scatt@ingnary PSR B1259-63, a system with a 48 ms pulsar and a Be star

the relativistic electrons on soft photons produces higr@n in g highly eccentric orbit. The resulting gamma-ray enoissi
(HE, GeV domain) and very high energy (VHE, TeV domainy 3 jine-like spectrum.

gamma-rays. In addition to PSR B1259-63, two other binaries have been
The shocked pulsar wind is thought to be responsible firmly confirmed as gamma-ray sources: LS 5039 (Aharonian
most of the emitted radiation and gives clues about the propet al.[2006) and LSk61°303 {Albert et a)[2006). They are
ties of this region. However, our knowledge of the unshockedmposed of a massive O or Be star and a compact object in
pulsar wind region is limited and based on theoretical stat@n eccentric orbit. The presence of a young pulsar was de-
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tected only in PSR B1259-63 (Johnston ef|al. 1992). Radlte simple case of a monoenergetic and unidirectional bdam o
pulses are detectable but vanish near periastron, probakly photons in the Thomson limit, the calculation of the Compton
to free-free absorption and interaction with the Be diskdvinenergy loss per electron is

The compact PWN scenario is most probably at work in this g

system and investigations were carried out to model high andYte _ o1 cnoeo (L1 — Buo) [(1 — Buo)¥2 — 1] )

very high energy radiatior] (Kirk et Bl. 1999; Sierpowska & dt
Bednare §; Khangulyan et al. 2D07; Sierpowska-Ba&tosi . . _
& Bedna8). N LS 5039 and LSB1°303 the nature of Whereorr is the Thomson cross sectiom = cosfp and 6o
= . the angle between the incoming photon and the directioneof th
the compact object is still controversial but spectral @mdgo- : . 2 .
ral similarities with PSR B1259-63 araue in favor of the co electron motion. This calculation is done using the Compton
9 rnel calculated by Fargion et|al. (1997). In the Thomson

pact pulsar wind nebula scenarip (Dutus 206b). The v imit, the cooling of the electron follow &2 power law and
radiation would therefore be produced by the interaction bﬁas ,a stron ang ular dependance. In aar;opre eneral wav and
tween the pulsar wind and the stellar companion wind. Tl?e g ang P : . 9 way
massive star provides a huge density of seed photons for . e > 1 the_ power lost per electron is calculated with the
verse Compton scattering with the ultra-relativistic pdnom kernel derived i Dubus etlal. (2408) Eq. (A.6).

the pulsar wind. Because of the relative position of the com-

pact object, the companion star and the observer, the Comp®2. Compton cooling of the free pulsar wind

emission is modulated on the orbital period. The vicinityaof ) ) o

massive star is an opportunity to probe the pulsar wind atism5n€ Pulsar is considered as a point-like source of monoener-
scales. getic and radially expanding wind of relativistic pa&s/e".

The component of the shocked pulsar wind was comput®€ Pulsar wind momentum is assumed to be entirely carried
in Dubus et 4. [(2038) for LS 5039 and limits on the electrddV&y bygghe pais. The companion star, with a typical luminos
distribution, the pulsar luminosity and the magnetic figltha 1Y Of 107 — 10° ergs s°, provides seeds photons for inverse
termination shock were deriveld. Sierpowska-Bartosik &rapr CCMPpton scattering onto the radially expanding electrons
(2008) calculated the VHE emission in LS 5039 as well, gthe pulsar. The electrons see a highly anisotropic photdoh fie
suming a power law injection spectrum for the pairs in tHgvVerse Comptonféciency has a strong dependencetpras

unshocked pulsar wind and pair cascading. In this paper, €N in Eq[@). Depending of the relative position and dioec
investigate the anisotropic inverse Compton scatteringfei motion of the electron with respect to the incoming photans d

lar photons on the unshocked pulsar wind within the compd€€tion. the cooling of the wind is anisotropic as well. Figfd
PWN scenario for LS 5039 and LS$B1°303. Because of their Sketches the geometry considered in the binary system to per

tight orbits, the photon density is higher than in the Cralsgu fOrm calculations.
and PSR B1259-63. A more intense gamma-ray signal from the

unshocked pulsar wind is expected. The main purpose of this 13

work is to constrain the bulk Lorentz factgg of the pairs and \

the shock geometry. The next section presents the method and €0 8o Observer
the main equations used in order to compute spectra in gamma-© ' Ye

ray binaries. Section 3 describes and shows the expected spe
tra for LS 5039 and LSKk61°303 with diferent parameters. Pulsar
Section 4 discusses the spectral signature from the unstiock

pulsar wind.

2. Anisotropic Compton losses in y-binaries _
Companion star

2.1. The cooling of pairs

An electron of energy E= yemeC? in a given soft photon field
of densityny ph cnt3 cools down through inverse Compto
scattering (here the term ‘electrons’ refers tteliently to elec-

trons and positrons). The power lost by the electron is giyen
Uonel 1965; Blumenthal & Gollld 1970)

Fig. 1. Geometry of the binary system. Electrons of Lorentz
r]’actorye are radially moving away at a distance r from the pul-
sar and R from the companion star. The anglguantifies the
relative position between the pulsar, the companion stttam
observeny, measures the angle between the electron direction
€ dN of motion and the line joining the companion star center & th
T ot fE (€1~ €0) nomdq (1) electron position through its motion to the observer.

wheree is the incoming soft photon energy, the scattered

photon energy and dMtde; is the Compton kernek. bound- For ultra-relativistic electrons , the radial dependerftb®
aries are fixed by the relativistic kinematics of inverse @ton electron Lorentz factoye(r) for a given viewing angle is ob-
scattering. The cooling of the pairs/@™ depends on the angu-tained by solving the first order fiigrential equation Eq[l(l).
lar distribution and spectrum of the incoming photon field. IChernyakova & lllariondv{(1999) found an analytical sodui
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in the Thomson limit andl Ball & Kifk [(2040) derived a solu-
tion in the general case using the Jnes (1L965) results for a  10°F
point-like and monoenergetic star wigh > 1. In this approxi- F
mation, the density of photonslis. / (4rcR%&) ph cnt3, where

L, is the star luminosity ane, = 2.7kT,. the average energy

photon from the star. The fiierential equation is then 10°E
dye 1 L, ff* e — e\ dN =
—_—=- — d 3 =

o - mcacre ). T & [dde (3) =
whereR? = d? + r?2 — 2rd cosy. Calculations beyond the mo- 10%¢
noenergetic and point-like star approximation require éwxtva

integrations, one over the star spectrum and the other bato t

angular distribution of the incoming photons due to the dinit

size of the star. The completdi@irential equation is then given 1081
by 0.0
dye 1 dN

ar T med fff (€1~ o) "0 Gtde; der deod€o. 4} Fig.2. Compton cooling of a monoenergetic, free pulsar wind

with v = 10°, d = 2R, (T, = 39 000 K,R, = 9.3R,). The
For a blackbody of temperatuiie. and a spherical star of ra-different curves show the dependence with the viewing angle
diusR,, the incoming photon density, is given by Eq. (13) in on the coolingy varies between 3Qbottom) and 150(top) if
Dubus et d.[(2008). It is more convenient to compute theieald = 60°. Each curve shows the evolution of the Lorentz factor
lation of the Lorentz factor as a function@f rather thamr (see y with ¢, as the electron moves along the line of sight.is
Fig.ﬂ). These two variables are related through the redatio related tor by Eq. ﬂS) so thatyy = y atr = 0 andy, = = for

r = +o0. The calculation was carried out for a blackbody point

3 tany like star (solid line) and taking into account the finite stfe
r=dcosy (1_ tanz,m)’ r €0, +eo], yr € [¥7]. ®) the star (dashed line).

Figureﬂ? presents the numerical computed output solgiipy)

applied to LS 5039 with an inclination o= 60° for a neutron

star where the viewing angle varies betwe¢@ — i = 30° and The number of scattered photons per unit of time, energy and

n/2+i = 15C. Here, the wind is assumed to have an injectiosolid angle depends on three contributions: the densithef t

Lorentz factory(i4;(0)) = yo = 10° and to continue unimpededincoming photons, the density of target electrons and time-nu

to infinity (i.e. it is not contained by the stellar wind). ber of scattered photons per electron. The pulsar wind of lum
For small viewing angles, the cooling of the wind is nosity L, is assumed isotropic and monoenergetic, composed

very dficient because the collision electfphoton is almost only of pairs and with a negligible magnetic energy density

head-on and the electrons are moving in the direction of the < 1). The electrons density (&€m erg) is then propor-

star where the photon density increases. For viewing anglienal to 3/r2 if pair production is neglected. Here, the interest-

W 2 n/2, the cooling of the pairs is limited. In all cases, modng quantity for spectral calculations is the number of &tats

of the cooling occurs ap, ~ y. Fory, 2 n/2, the electron per unit of solid angle, energy and length, which3gime the

is moving away from the star and the scattering angle becoglectrons density so thdt (Ball & K]k 20000)

small leading to a decrease in the wind energy loss. A com- X Lo ( )

parison of Compton cooling between the point-like and finite = 6 (y —ve(r)), (6)

size star is shown in Fi] 2. Thefects of the finite size of the dQetydr — 4rcBoyommec?

star are significant in two cases. The impact of the finite sfizewith ¢ the Dirac distribution. In deep Klein-Nishina regime,

the star is important if the observer is within the cone definspectral broadening is expected because the continuorgene

by the star and the electron at apex (fee Dubus| kt al|] 2008Iéms prescription failsAE. ~ Ee). The complete kinetic equa-

more details). For viewing angles < arcsinR,/d), the cool- tion must be used in order to describe accurately the eletro

ing is less ficient whereas fop 2 7 — arcsinR,/d) itis more dynamics (seg Blumenthal & Gollld 1970 Eq. (5.7)). However,

efficient as it can be seenin the two extreme valug ioffigure the 6 approximation used here is reasonably garski

E. The other situation occurs when the electrons travekdios ). The case of an anisotropic pulsar wind is discussed in

the companion star surface, fors n/2 andy, 2 n/2. Inthat §4. In the following, the pulsar wind will therefore be assuime

case the angular distribution of the stellar photons isdheved to follow Eq. (). Heating of the pulsar wind by the radiative

close head-on scatterings are possible, leading to nfibceat  drag is neglected (Ball & Kifk 2000).

cooling compared with a point-like star. Neverthelesssé¢het- In order to compute spectra, the emitted photons are sup-

fects remain small for LS 5039 and L$61°303 and will be posed to be entirely scattered in the direction of the edectr

neglected in the following spectral calculations. motion. Because of the ultra-relativistic motion of thecele

2.3. Unshocked pulsar wind spectra
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Fig. 3. Computed inverse Compton spectrum from the unshockedmwied in LS 5039 and its dependence with the emitting
region sizeRs. The pulsar wind hagy = 10°, L, = 10*® erg s and the star is a point-like blackbody. Spectra are caledlat
the superior (left) and inferior (right) conjunctions fafférent standf distancesRs = 10'° (bottom), 3 18°, 10', 3 10'* cm
and+oo (dashed line).

trons, most of the emission is within a cone of aperture aofylehydrodynamical limit. They obtained the geometry for tha+e
the order of 1ye < 1. Inthis classical approximation, the spectivistic and nonrelativistic shock fronts and the contadstdn-
trum seen by the observer is the superposition of the cantribinuity. They find that the collision between the two windspr
tions from the electrons along the line of sight pulsar-obse duces an unclosed pulsar wind termination shock (in the-back
in the solid angledQe. The spectrum seen by the observer iward facing direction) fop > 1.25 1072,

obtained with the following formula

_ dNit o ONe
dtdeldQe ffff dtdel dQedyd dydeodrdQy  (7)

wherer,, takes into account the absorption of gamma-rays due .
to pair production with soft photons from the companion star -

and is calculated followinf Dubuf (2006a).

Observer

2.4. The compact PWN geometry

The collision of the relativistic wind from the pulsar andeth
non-relativistic wind from the massive star produces twmte
nation shock regions separated by a contact discontinsgty (
Fig. ). The geometry of the shock fronts are governed by the
ratio of the flux wind momentum quantified lpyand defined
as (e.g| Stevens et|al. 1992; Eichler & Usov 1993)

Companion star

Fig.4. Shock geometry considered for the wind collision. For
Lp n > 1.25 107, the pulsar wind region remains open with
(8 an asymptotic half-opening angle The dark region is the

shocked relativistic pulsar wind and the light region is the
WhereMW is the mass loss rate ang the stellar wind Speed shocked non-relativistic stellar wind, Separated by a acnt
of the QBe star. For two spherical winds, the staffdtistance discontinuity (dot-dashed line). The size of the emittinge

T MV

pointRs depends ol and on the orbital separatiah seen by the observpg depends on the viewing angje
Ro= 7V (®  The size of the emitting region depends on the shock ge-
1+ vi g region depends on the shock ge

ometry and the viewing angle, which can therefore have a ma-
Bogovaiov etal.[(2008) have investigated the collisiomi&n jor impact on the emitted spectrja. Ball & Dodd (2001) com-
the pulsar wind and the stellar wind in the binary PSR B125puted spectra from the unshocked pulsar wind in PSR B1259-
63, with a relativistic code and an isotropic pulsar windtia t 63 for an hyperbolic shock front terminated close to the guuls
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They found a decrease in the spectra fluxes and a decrease in
the light curve asymmetry and flux particularly near perist ISO L
compared with the spectra computed by Ball & Kifk (2000). b no shock

Figureﬂ% presents computed spectra, ignonitxgabsorp- 0.8; T T T T~ i
tion at this stage, applied to LS 5039 at the superior and infe b T 0.1 RN
rior conjunctions for dierent standf distancesRs and a pul- [T - > 1
sar wind withy, = 10P. At the superior conjunction where 06F .~ e N N
¥ = 30°, the Compton cooling of the wind isfficient. The ’ 1
broadness in energy of the radiated spectra is related gizae . . J
of the unshocked pulsar wind region. For small stahdcs- 0.4 N 7
tancesRs <« d, spectra are truncated and sharp because the I 0.001 ]
termination shock region is very close to the pulsar, sottieat i : N0 T
pairs do not have time to radiate before reaching the shock. 02p AN
ForRs 2 d, the free pulsar wind region is extended and emis- r
sion from cooled electrons starts contributing to the loergn 000 v e T
tail in the scattered spectrum. The amplitude of the spettru 10* 10° 10° 107
reaches a maximum when the injected particles can dtiel e %o
ciently before reaching the shock. The spectral luminasity
then set by the injected power and is nfieated anymore by Fig. 5. Total radiated power by the unshocked pulsar wing
the size of the emitting zone. At the inferior conjunctiones in LS 5039 as a function ofg. Prag is computed at periastron
¥ = 150, the cooling is lessfiicient and most of the emis-for n = 1072 (solid line), 2 102 (dotted line), 10! (dashed
sion occurs close to the pulsar where the photon densitgandine) and with no termination shock (dotted-dashed line).
are greater, regardless of the size of the emitting regibe. T
radiated flux then depends linearly &3. A complete inves-
tigation is presented in the next section where absorptich a
spectra along the orbit are computed and applied to LS 508%le is taken from Eq. (27) ifi Bogovalov et]al. (2908), both

and LSI+61°303, ignoring pair cascading. parameters depending only gn Figureﬂl sketches the shock
morphology for 125 10?2 < 5 < 1 and presents theftiérent

. . shock fronts expected. The twist due to the orbital motion is
3. Spectral signature of a monoenergetic pulsar . : - . L
ind in LS 5039 and LS| +61°303 ignored since most of the emission occurs in the vicinityhef t
windin an pulsar. The size of the emitting zopgeseen by the observer is

In the following sections, the emission expected by the uiws set for any given viewing angje Note that it is always
shocked pulsar wind in LS 5039 and L861°303 is compared greater thamRs. The remaining free parametgy is chosen in-
with measured fluxes. Because spectra depends on the stitgiendently between 4@nd 10.
geometry and the injection Lorentz factor, spectra areuealc Computed spectra predict the presence of a narrow peak
lated for various values of the two free parameteasndyo. in the spectral energy distribution due to the presence ef th
free pulsar wind. The luminosity of this narrow peak can be
comparable to or greater than the measured fluxes by EGRET
and HESS|(Hartman et |4l. 1999; Aharonian gt/ al. 2006). For
The companion star and the pulsar winds are assumed isotrepi 103, the pulsar wind termination shock is closed and the
and purely radial. The orbital parameters are those medibyre unshocked wind emission zone is small. kot 0.02 andp =
[Casares et &l| (2005b) as usedl in Dubus|et al. (2008). 0.1 the line spectra are well above both the limits imposed by
Figurel]S gives the total power radiated by the electrotise HESS observations. The extreme case with no termination
in the unshocked pulsar wind as a functionyf at peri- shock shows little dferences with the case whege= 0.1.
astron. Here, the shock front is assumed spherical of rad&sectroscopic observations of LS 5039 constrains the O star
Rs. A maximum of dficiency is observed at aboyg ~ 10° wind parameters tl,, ~ 107 M, yr ! andv,, ~ 2400 km s
which corresponds to the transition between the Thomson aMESwain et a)[2044). Assuming, = 10°® erg s then gives
Klein-Nishina regimes where the Compton timescale is shont ~ 2 1072 (top right panel of Fig[|6) ORs ~ 2 10' cm as
est (Dubud 2006b). The fraction of the pulsar wind power ra (Dubu$[2006)b). In this case, almost half of the pulsar wind
diated at periastron depends strongly R It is about 20% energy is lost to inverse Compton scattering before thelsisoc
for n = 1073 and can reach 70% for = 0.1. Hence, most of reached (FigﬂS). This is an upper limit since the reducedaul
the spindown energy can be radiated directly by the unslibckeind luminosity would bring the shock location closer to the
pulsar wind. pulsar than estimated from E(ﬂ (9). HESS observationsdyjrea
Figureﬂi presents computed spectra averaged along therole out a monoenergetic pulsar wind wigg = 10° or 10/
bit for different shock geometry and Lorentz factor with a pundL, = 10*® erg s* as this would produce a large component
sar spindown luminosity of , = 10° erg s. The relativistic easily seen at all orbital phases (see Fig.[5 in Dubud eta8)20
shock front is described by an hyperbolic equation. The hyhe EGRET observations probably also already rule out galue
perbola apex is set by Ec[] (9) and the asymptotic half-ogeniof y < 10°.

prad/Lp

3.1. LS 5039




6 Cerutti, Dubus and Henri: Spectral signature of a freeggulsnd in LS 5039 and LS+61°303

eV eV
108 10° 10" 10" 10" 10" 108 10° 10" 10" 10" 10"
10%8 T T T T T T | 10%6 T T T T T T
[ 1=0.001 [ 7=0.02
7 - N
10% 10 E 10%F AR 3
£ 3
[} n
W0 g, 2 34
@1 10 E E 10 E
s Il High ] i
S | S
A ]
1033 ! i 10% 4
) El
1 L ]
oW ]
1 / /
1 1 r !
10% L A ST B 10%% s o YD APRNTIT NERY /A1 S AT B
1022 102 10% 102 1028 1027 1028 102 102 102 10% 1028 1027 1028
v (Hz) v (Hz)
9 10 EV 11 12 13 8 9 1 eV 11 1 13
108 10 10 10 10 10 10 10 10 10 10 10
10%8F 7 T T T T T 3 10%€F 7 T T T T T
[ n=0.1 ] [ no shock
10% L PRGN SO i 10% L i
£ £
0 n
%0 g, 34
5 10%F E o 10 E
A Y
._1 _‘:
S S
103 L E 10 ¢ E
1020 Lo o NPT Y AVPr1 ST | T 0l Y SR A EEEITN S AN]SR B
102 103 10% 10% 1028 1027 102 102 102 102 10% 102 107 1028
v (Hz) v (Hz)

Fig.6. Spectral signature from the unshocked pulsar wind expdnté® 5039 and dependence wifl andn. Spectra are
averaged on the orbital phases corresponding to the HE§B dtate’ (solid line, @5 < ¢ < 0.9, with ¢ = 0 at periastron) and
‘low state’ (dashed lineg < 0.45 or¢ > 0.9). The spectra are compared with EGRET (dark bowtie) andS@ght bowties)
observations, adopting a distance of 2.5 kpc. In the topplfiel; = 1073 the shock is closed and the unshocked pulsar wind is
assumed spherical. Fgr= 2 1072 (top right panel) andy = 0.1 (bottom left panel) the shock is open with half-openinglasg

a ~ 2° anda ~ 30° respectively. The bottom right panel shows the extreme wétbeno termination shock.

3.2. LSI +61°303 Lorentz factor to 16, 10°, 10° and 10 as for LS 5039. There is
more uncertainty im because of the complexity of the stellar

In this system the stellar wind from the companion star is agind. The polar outflow is usually modelled witf,, = 108

sumed to be composed of a slow dense equatorial disk and yr—* andv,, = 2000 km s (Waters et gl 1988) leading to

a fast isotropic polar wind. The stellar wind may be clumpy ~ 0.2 — 0.3. Concerning the slow dense equatorial disk, the

and[Zdziarski et 41.[(2008) have proposed a model of the highass flux is typically one hundred times greater than therpola

energy emission from LS+61°303 that entails a mix betweenwind and the terminal velocity is a few hundred la giving

the stellar and the pulsar wind. The orbital parameterdar®et ; compatible with~ 102 — 1072,

measured by Casares ef al. (2005a) (new orbital parameter

were recently measured by Grundstrom ¢f al. P007).

SThe overall behaviour is similar to LS 5039. The spectral
luminosities and the total power radiated by the unshoclad p
Computed spectra applied to L$61°303 and averaged sar wind (Fig[[) are lower in LS+61°303 than LS 5039 be-
over the orbit to compare with EGRET and MAGIC luminosieause the compact object is more distant to its companion sta
ties (Hartman et @|. 1999; Albert et|al. 2006) are presemtedand the latter has a lower luminosity, leading to a decrease i
Fig.[8. New data were recently reported by the MAGIC collalthe density of seed photons for inverse Compton scattelfing.
oration [Albert et 4I[ 2008). They confirmed the measurement = 10-3, no constrains ory, can be formulated as the spec-
of the first observational compaign and found a periodigity trum is always below the observational limits. For largelr va
the gamma-ray flux close to the orbital period. The pulsar-spues ofy, the very high energy observations constrajrio be-
down luminosity is set td., = 10°® erg s* and the injected low 1P, assuming the pulsar wind is monoenergetic. Spectra
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is therefore conceivable that this conversion is not cotadée

(Y] the distances under consideration here (0.01-0.1 AU). ik th
r 1 case the emission from the particle component would be re-
0.8; ] duced. However, the shocked emission would also be reduced
L 1 as higho shocks divert little of the energy into the particles
[ 1 (Kennel & Coronil[1984). Furthermore, the high energy part
L0.6F no shock - cles would preferentially emit synchrotron rather thareise
N I T Tl ] Compton due to the higher magnetic field. Hence, this possi-
C:@ L ’/./'/ 0.53 \‘\\ 1 bility also seems unlikely.
047 7 TS o] Alternatively, the unshocked wind emission could be
e N SO weaker compared to the shocked wind emission if the termi-
oal - 0.02 S N nation shock was closer to the pulsag if one had a low
’ R S 1 n. In LS 5039 the unshocked wind emission is strong even
[ 0.001 T~ with = 0.001, which already implies a stronger stellar wind
0.0 A P than optical observations seem to warrant. Furthermoee, th
10 10° 10° 10" value of the magnetic field would be high if the termination
Yo shock was close to the pulsar and this inhibits the formation

_ _ of very high energy gamma-rays as the high energy electrons
Fig. 7. Total radiated power by the unshocked pulsar W@  would then preferentially lose energy to synchrotron raolia

in LSI +61°303 as a function ofg. P;5g is computed at perias- (Dubul 2006b). Hence, it does not seem viable either to Evok
tron fOfT] = 10_3 (SOI|d ”ne), 2 102 (dotted ”ne), 0.53 (da.Sheda smaller zone for the free wind.

line) and with no termination shock (dotted-dashed line). The conclusion is that the strong emission from the pul-

sar wind found in the previous section is robust againstiggne
were computed for = 0.53 with My, = 108 M, yr-! and changes in the parameters used. The following subsections e

Ve, = 1000 km s! as used b Romero elldl. (2007). In this Cas@,mine how this emission can be made consistent with the ob-

the spectra are close to the freely propagating pulsar Wine. Servations.
EGRET luminosity is slightly overestimated fgs < 10° when

n=0.53. 4.2. Constrains on the pulsar wind Lorentz factor

. i The high level of unshocked emission is compatible with the
4. Discussion observations only if it occurs around 10 GeV or above 10 TeV,

The proximity of the massive star in LS 5039 and $/1°303 i.e. outside of the ranges probed by EGRET and the current
provides an opportunity to directly probe the distributioi generation of Cherenkov telescopes. This poses stringent ¢
particles in the highly relativistic pulsar wind. The cdiu Straints on the energy of the particles in the pulsar wince Th
tions show the inverse Compton emission from the unshocKe@fe€ntz factor of the pulsar wind would be constrained to a
wind should be a significant contributor to the observed spdeW 1¢° or to more than 10 The 1-100 GeV energy range
trum. For a monoenergetic and isotropic pulsar wind the emill be partly probed by GLAST and HESS-2, and CTA in the
sion remains line-like, with some broadening due to coglin§0re distant future. For instance, unshocked wind emission
as had been found previously for the Crab and PSR B1259)635039 would appear in the GLAST data as a spectral harden-
({Bogovalov & Aharonialf 200d; Ball & Kiff 2000). However,ing at the highest energies. Nevertheless, that the fred isin
here, such line emission can pretty much be excluded by §®itting in the least accessible spectral region may appear
available very high energy observations of HESS or MAGIdortuitous for comfort.

and (to a lesser extent) by the EGRET observations that show

power-law spectra at lower flux levels.

4.3. Anisotropic pulsar wind

The assumptions on the pulsar wind may be inaccurate. Pulsar
winds are thought to be anisotropic (Begelman &[Li 1992).
Reducing the pulsar power (or, equivalently, increasimglis- Bogovalov & Khangoulydn[(2002) interpreted the jet-torus
tance to the object) would diminish the predicted unshockettucture revealed by X-ray Chandra observations of thé Cra
wind emission relative to the observed emission. This is noébula, as a latitude dependence of the Lorentz fadr=
viable as this would also reduce the level of the shocked pyl-+ ym Sir? 6 wherey; is small (say 16) andyy, is high (say

sar wind emission. Similarly, the energy carried by theipartl). This hypothesis was corroborated by computational cal-
cles may represent only a small fraction of the wind energgulations in| Komissarov & Lyubarsky (2004) where the syn-
At distances of order of the pulsar light cylinder the energshrotron jet-torus was obtained. Here, the pulsar oriertat

is mostly electromagnetic. Evidence that this energy is- cato the observer is fixed (unless it precesses) so that thalinit
verted to the kinetic energy of the particles comes fromipletorentz factor of the pulsar wind along the line of sight weul
ons, which probe distances of order 0.1 pc from the pulsarrémain the same along the orbit. However, assuming the par-

4.1. Is the pulsar wind power overestimated?
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Fig. 8. Spectral signature from the unshocked pulsar wind expécte8l +61°303 and dependence wijls andn. Spectra are
averaged between phasd & ¢ < 0.7 (solid line, at periastropp = 0.23) and the complementary phages: 0.4 or¢ > 0.7
(dashed line). Luminosities are compared with the EGRETk(Bawtie) and MAGIC (light bowtie) observations, adoptiag
distance of 2.3 kpc. In the top left pangl= 1073 the shock is closed and the unshocked pulsar wind is assyshedical. For
n = 2 1072 (top right panel) andy = 0.53 (bottom left panel) the shock is open with half-openinglasa ~ 2° anda ~ 60°
respectively. The bottom right panel shows the extreme witheno termination shock.

ticle flux in the pulsar wind remains isotropic, the unshatkeand to lower fluxes by a factor 10 or more, thereby relaxing the
wind emission will appear at a lower energy and at a loweonstraints on the mean Lorentz factor of the wind. Although
flux if the pulsar is seen more pole-on. The peak energy of ttiés is not improbable, it would again require some fortugo
line-like spectral feature directly dependsy#). Its intensity coincidence for the pulsars in both LS 5039 and k801°303

will also decrease in proportion as the pulsar power matchede seen close enough to the pole that their free wind eonissi
the latitude change im to keep the particle flux isotropic (seeis not detected.

Eq. 6).

The shocked wind emission is set by the mean power agdy The energy distribution of the pairs
Lorentz factor of the wind and is insensitive to orientation

However, a more pole-on orientation will lower the contribuThe assumption of a monoenergetic wind may be incorrect, if
tion from the unshocked component. For instancey(#) = only because the particles in the pulsar wind are bathed by a
10* + 10Psirf9 andg = 175 then the fectivey along the strong external photon field even as they accelerate and that
line-of-sight will be 16 and the observed luminosity of the unthis may lead to a significantly fierent distribution. Fig[|9
shocked emission will be lowered by a factor 10 compared $hows the emission from a pulsar wind where the particles hav
the mean pulsar power (Eqg. 6). The probability to have an obieen assumed to have a power-law distribution with an index
entation corresponding to a value g®) of 0.1y, or less is of -2 betweeny of 10° and 1§. Obviously, a power-law distri-
about%, assuming a uniform distribution of orientations. Thiution of pairs erases the line-like spectral feature. These
would be enough to push the line emission to lower energigien properties are essentially identical to the emissiomf
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the shocked region with a harder and faintegrinsic Compton 108 10° 10%° evmll 102 108
spectrum when the pulsar is seen in front of the star compared ~ 10°f ‘ ‘ ‘ ‘ ‘
to when it is behind. The emission from the shocked region i
is also shown, calculated as fin Dubus €t fl. (2008). The par-
ticle injection spectrum is the same in both regions. The par 10%F E
ticles are assumed to stay close to the pulsar and to escape i ]
from the shocked region after a timg. = Rs/(c/3) (top) and
10Rs/(c/3) (bottom). Longetescdo not change the distribution
any further. The longer escape timescale enables a handier pa
cle distribution to emerge at high energies (where the tadia
timescale is comparable ®/c, see Fig. 2 i Dublif 2006b).
With tesc = Rs/(c/3), the shocked spectra is very close to the 10%E
unshocked spectra. Generally, calculations show the spect b
from the shocked and unshocked regions may be indistiguish- i
able when the injected particles are taken to be the same in  1p%

vL, (erg s7)

I conl il el il
24
10

‘ 1‘(‘)25 026 1(‘)27‘ - “1‘028

both regions. The only possibleffirence is that the longer res- 10%¥  10%
idence time of particles in the shocked region allows fodear v (Hz)
spectra. eV
P 10® 10° 10 10" 10%® 10"

1036 T T T T T

4.5. Dominant emission from the unshocked wind

Emission from the unshocked wind could be the dominant con- 10%E E
tributor to the spectral energy distribution. In this cate = F 3
observations give the particle distribution in the pulsamdy DA
[Sierpowska-Bartosik & TorrhsIWOS) have considered such L0%
a scenario for LS 5039 and use a total energy in leptons of < b
about 16° erg s* and a power-law distribution with an index
around-2, both of which are adjusted to the observations and

vary with orbital phase. The total pulsar power is much lgrge 10
10°7 erg st, in order to have a big enough free wind emis- i

sion zone. Most of the pulsar energy is then carried by nuclei

Such a large luminosity would make the pulsar very young, 10%% L i Ll Ll Ll il i
comparable to the Crab pulsar, implying a high birth rate for 0% 10® 10* 10® 10*® 10 10*®
such systems. Fifj.]10 shows the expected emission from a pul- v (He)

sar wind propagating to infinity and with a particle power law

index of -1.5 fromy = 10° to 10° chosen to adjust the ‘high Fig.9. Comparison between emission from the shocked and
state’ of LS 5039. The injected power is 4% @rg s'. The unshocked regions in LS 5039, taking the same particleinjec
injected spectrum gives a good fit of the ‘hard’ state. Howevéion for both regions. The distribution is a power-law of éxd

the ‘low’ state dominates the complete very high energyrcont-2 betweeny = 10° and 16 with total power 18° erg s*.
bution & 1 TeV) due to the extended emitting region. Particlegpectra are averaged to correspond to the HESS ‘high state’
have enough time to radiate very high energy gammay-ray faplid lines) and ‘low state’ (dashed lines) as in Hipj. 6. The
away, where they are lesffiected byy — y absorption. geometry is a sphere of radius 2'1@m. Grey lines show

A possible drawback of this scenario is that the synchrotrSﬁmSSion from the unshocked emission and dark lines show the

and inverse Compton emission are not tied by the shock corfgfihiSsion from the shocked region. The orbital averaged
tions and that the total energy in leptons is low so that itis n2250rbed spectrum from the unshocked pulsar wind is shown

clear how the radio, X-ray and gamma-ray observations belgh8"eY dotted line. Particles escape from the shocked negio
a few GeV would arise. It is also unclear how this can lead tPalimeScaldesc - RS/(9/3) (top) 0r_1(RS/(c/3) (bottom). The
collimated radio outflow as seen in L$61°303. A possibility unshocked emission is the same in both panels.

is emission from secondary pairs created in the stellar Wwind

cascading as suggested [oy Bosch-Ramon|et al. [(2008). More

work is necessary to understand thesiedent contributions gamma attenuation is very limited in L$161°303. On the

and the signatures that may enable to distinguish them.  other hand, if the emission arises from the shocked pulsad wi

Another potential drawback of this scenario is that it dogeen synchrotron losses explain the lack of very high energy
not explain why the very high energy gamma-ray flux is olgamma-rays at periastron: the pulsar probes the dense equa-
served to peak close to apastron in 11%1°303. If the inverse torial wind from the Be star and the shock forms at a small
Compton scattering in the pulsar wind is responsible then tHistance, leading to a high magnetic field and a fiutothe
maximum should be around periastron, especially as gamrhah-energy spectrum (s€6.2.2 inb).
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108 10° 10% evmu 102 108 of any line emission will show that the assumption of a Crab-
10% T ‘ ‘ ‘ ‘ I like monoenergetic, lovwr pulsar wind was simplistic. If the
i 1 pairs in the pulsar wind have a power-law distribution, then
b 1 the unshocked emission is essentially indistinguishataen f
10%®E E the shocked emissionp (Sierpowska-Bartosik & Tg[res P088).
: ] promising alternative is thetriped wind model in which the
I wind remains highly magnetised up to the termination shock,
Lol ] where the alternating field could be dissipated and acdelera
E 3 particles (se¢ Kirk et 4. 20D7 and references thereinyuréut
i ] theoretical studies on the generation of pulsar relaionginds
in the context of a strong source of photons may be able td yiel
3 the particle distribution to expect and lead to more aceyved-
1 dictions.

vL, (erg s
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Fig. 10. Fit to the observations of LS 5039, assuming the domIiQ_eferences
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