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ABSTRACT

PSR B1259-63/LS 2883 is an elliptical pulsar/Be star binary that emits broadband emissions from radio to TeV y-rays. The massive
star possesses an equatorial disc that is inclined with the orbital plane of the pulsar. Non-thermal emission from the system is believed
to be produced by pulsar wind shock and double-peak profiles in the X-ray, and TeV y-ray light curves are related to the phases of
the pulsar passing through the disc region of the star. In this paper, we investigate the interactions between the pulsar wind and stellar
outflows, especially with the presence of the disc, and present a multiwavelength modelling of the emission from this system. We
show that the double-peak profiles of X-ray and TeV y-ray light curves are caused by the enhancements of the magnetic field and
soft photons at the shock during the disc passages. As the pulsar is passing through the equatorial disc, the additional pressure of the
disc pushes the shock surface closer to the pulsar, which causes the enhancement of magnetic field in the shock, and thus increases
the synchrotron luminosity. The TeV y-rays due to the inverse-Compton (IC) scattering of shocked electrons with seed photons from
the star are expected to peak around periastron, which is inconsistent with observations. However, the shock heating of the stellar
disc could provide additional seed photons for IC scattering during the disc passages, and thus produces the double-peak profiles as
observed in the TeV y-ray light curve. Our model can possibly be examined and applied to other similar gamma-ray binaries, such as
PSR J2032+4127/MT91 213, HESS J0632+057, and LS I+61°303.
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1. Introduction

High-mass gamma-ray binaries are a small class of binary sys-
tems composed of a compact object which is orbiting around a
massive main sequence star and radiate y-rays with the emission
peaking at energies above 1 MeV (see Dubus 2013; Paredes &
Bordas 2019 for reviews on gamma-ray binaries). The compact
object is widely believed to be a rotating pulsar, although it still
needs to be proved for most binaries. PSR B1259-63/LS 2883 is
the first of these binaries whose compact object has been identi-
fied as a radio pulsar. The pulsed radio emission indicates the
spin period of the pulsar is P = 47.76 ms with a spin-down
power of Ly ~ 8 x 10¥ ergs™! (Johnston et al. 1992). The pul-
sar is moving in a highly elliptical orbit (e ~ 0.87) around the
companion star with an orbital period of 1237 days, and the sys-
tem is about 2.60 kpc away from the Earth (Johnston et al. 1992;
Negueruela et al. 2011; Shannon et al. 2014; Miller-Jones et al.
2018).

After its first discovery in 1992, PSR B1259-63/LS 2883
has been widely detected from radio to very high energy y-rays
(e.g. radio: Johnston et al. 1992, 1994, 1996, 1999, 2001, 2005;
Manchester et al. 1995; Wex et al. 1998; Connors et al. 2002;
Wang et al. 2004; Moldén etal. 2011; Shannon et al. 2014; Miller-
Jones et al. 2018; optical: Johnston et al. 1994; Negueruela et al.
2011; van Soelen & Meintjes 2011; van Soelen et al. 2012, 2016;
X-ray: Cominsky et al. 1994; King & Cominsky 1994; Kaspi
et al. 1995; Hirayama et al. 1999; Shaw et al. 2004; Chernyakova
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et al. 2006, 2009; Uchiyama et al. 2009; Pavlov et al. 2011,
2015; Kargaltsev et al. 2014; GeV y-ray: Abdo et al. 2011; Tam
et al. 2011, 2015, 2018; Caliandro et al. 2015; Xing et al. 2016;
Johnson et al. 2018; Chang et al. 2018; TeV y-ray: Aharonian
et al. 2005, 2009; Abramowski et al. 2013; Romoli et al. 2015,
2017). Two extended multiwavelength observational campaigns
were performed on this system during the 2010 and 2014 perias-
tron passages (Chernyakova et al. 2014, 2015). The multiwave-
length emission varied with the orbital motion of the pulsar and
did not show significant super-orbital modulations. In particu-
lar, the un-pulsed radio, X-ray, and TeV y-ray light curves are
similar for previous periastron passages and they are character-
ized by two asymmetrical peak profiles around periastron. When
the pulsar is moving around apastron, the radio emission com-
prises only the pulsed component. As the pulsar is approaching
periastron, the pulsed radio flux decreases and finally disappears
during ~Ty + 15days (Ty is the time when the pulsar is at
periastron), while the un-pulsed radio flux increases and re-
aches its maximums at ~T — 10 days and ~ T + 20days (e.g.
Chernyakova et al. 2014, 2015). The X-ray emission is detected
throughout the entire orbit and exhibits a similar behaviour to
the un-pulsed radio light curve. About 25 days before periastron,
there is a rapid increase in the X-ray flux reaching its maximum
at ~Ty — 15days. Subsequently, the X-ray emission decreases
gradually to a minimum around periastron and then it is followed
by a second peak around ~T( + 20 days (e.g. see Chernyakova
et al. 2014, 2015). Although the detections by the High Energy
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Stereoscopic System (H.E.S.S.) of PSR B1259-63/LS 2883 are
not adequate to reach final conclusions, the combined TeV
y-ray light curve with all available observational data shows
double asymmetrical peaks around periastron, which is simi-
lar to the X-ray and un-pulsed radio light curves (Sushch &
Bottcher 2014; Romoli et al. 2017). The overall double-peak
profiles as observed in the radio, X-ray, and TeV y-ray light
curves are generally believed to be attributed to the phases of
the pulsar passing through the dense disc regions of the star (e.g.
Chernyakova et al. 2014, 2015). In addition, the GeV y-rays from
PSR B1259-63/LS 2883 was detected by Fermi/LAT during the
2010, 2014, and 2017 periastron passages (e.g. Johnson et al.
2018; Tam et al. 2018; Chang et al. 2018). The 2010 and 2014
analysis results showed that only upper limits or a very low flux
was detected when the pulsar is close to periastron. Afterwards,
it was accompanied by an enhancement of GeV flux starting at
30-32 days after periastron and the flare lasted for several weeks.
Strangely, in 2017, the flare started at ~Ty + 40 days which is about
10 days later than those in 2010 and 2014, and showed notable
spectral curvature and rapid variability in the light curves. Also,
the y-ray luminosity in 2017 is brighter than previous flares with
the peak flux levels even exceeding the spin-down luminosity of
the pulsar (e.g. Johnson et al. 2018). The origin of the distinctive
GeV emission is still unclear.

In the leptonic model of pulsar-powered binaries, the inter-
actions between the relativistic wind of the pulsar and the out-
flows from the companion star form a terminal shock in which
the ram pressures of two winds are in balance. The electron
and positron pairs (hereafter electrons) from the pulsar wind are
accelerated to ultra-relativistic speeds by the terminal shock and
emit broadband non-thermal emission via synchrotron radiation
and IC scattering (Tavani & Arons 1997; Kirk et al. 1999; Dubus
2006a). Under the pulsar wind shock model, the X-ray and TeV
y-ray emissions are expected to peak around periastron owing
to a higher magnetic field and a higher density of stellar pho-
tons at the shock along the entire orbit'. In the revised shock
scenario, some other effects are considered: for example, the
Doppler-boosting effect enhances the shock emissions around
the inferior conjunction due to a more favourable orientation of
the shocked flows (Dubus et al. 2010); the pair creation process
suppresses the TeV y-rays around periastron owing to a denser
soft photon density and a more efficient collision angle between
the y-rays and stellar photons (Dubus 2006b; Sushch & van
Soelen 2017); moreover, the non-radiative cooling of shocked
electrons (Khangulyan et al. 2007; Kerschhaggl 2011) and the
anisotropy of pulsar wind (Kong et al. 2012) are introduced
to explain the complex emission behaviours of PSR B1259-
63/LS 2883. Besides the leptonic model mentioned above, it was
suggested that the non-thermal emissions can also be produced
by the hadronic process (e.g. Kawachi et al. 2004; Neronov &
Chernyakova 2007). The protons from the pulsar wind would be
accelerated to relativistic speeds by the terminal shock and then
converted into pions after the collisions with the protons from
the stellar outflows. The high energy y-rays are produced by the
decays of neutral pions and the secondary particles generated
by the decays of charged pions also contributes to the observed
emissions.

One of the most important features of this binary system
is that the companion star has an equatorial disc which is
inclined with the orbital plane, so the pulsar passes through the
disc region twice in one orbital period (Melatos et al. 1995;

! Considered the anisotropic nature of IC, the y-ray light curve peaks
a few days before periastron due to a favourable scattering angle.
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Chernyakova et al. 2006). The presence of the stellar disc
on shock radiation was firstly investigated in Tavani & Arons
(1997). In their model, the orbital variation of the X-rays is
caused by the changes of the magnetic field in the shock and
the increase of energy loss of shocked electrons due to IC pro-
cess when the pulsar is moving around periastron. Sierpowska-
Bartosik & Bednarek (2008) studied the effect of an aspheri-
cal stellar outflows on the shock structure and found that the
geometry of the shock would change significantly as the pul-
sar moves from the dilute polar wind to the dense stellar disc
region. These authors considered the complex shock structure
due to the stellar outflows and the anisotropic photon field on the
IC scattering with pair cascades to explain the TeV emissions.
Besides the optical photons from the companion star, the stel-
lar disc also produces an infrared (IR) excess which can be up-
scattered to high energy y-rays (van Soelen & Meintjes 2011).
van Soelen et al. (2012) found that the y-ray emission produced
by the IC process of shocked electrons with the disc photons is
expected to peak around periastron instead of the disc passages.
This is because the IR excess is mainly generated by the inner
part of the disc, and its maximum contribution on IC scattering
is around periastron when the pulsar is closest to the brighter
disc region (van Soelen et al. 2012). In addition to its contribu-
tion on IC, the IR emission from the stellar disc also provides
additional soft photon for pair cascades and y-ray absorption. In
Sushch & Bottcher (2014), they studied the pair cascades pro-
cess of y-rays assuming a constant width of the disc and a con-
stant energy density inside the disc. These authors suggested that
the cascade emission may explain the relatively low GeV flux
around periastron, but cannot produce the observed GeV flare.
A detailed investigation on y-ray absorption of PSR B1259—
63/LS 2883 was presented in Sushch & van Soelen (2017). They
found that the y-ray absorption due to the disc photons produces
a =14% decrease in the TeV flux and the maxima absorption
occurs about four days before periastron and the total absorp-
tion due to the stellar and disc photons produces a maximum
decrease with ~52% around periastron. Okazaki et al. (2011)
used three-dimensional smooth particle hydrodynamical (SPH)
simulations to investigate the tidal and wind interactions with the
presence of the stellar disc of PSR B1259—-63/LS 2883. The sim-
ulations indicated that the strong pulsar wind strips off the outer
part of the disc, and truncates the disc at a distance much smaller
than the orbit of the pulsar. Based on the work of Okazaki et al.
(2011) and Takata et al. (2012) studied the influence of the stel-
lar disc on the non-thermal emission from the binary system.
The double-peak profiles in the X-ray light curve was attributed
to a significant increase of particle luminosity during the disc
passages. The predicted TeV light curve, however, showed the
maximum flux at periastron which is inconsistent with the
observations.

Although the double-peak profiles of the un-pulsed radio,
X-ray, and TeV +y-rays in PSR B1259-63/LS 2883 are gener-
ally thought to be connected to the phases of the pulsar passes
through the stellar disc, the detail mechanisms for the enhance-
ments of the shock emissions are still unclear. In this paper, we
investigate the interaction between the relativistic wind from the
pulsar and the aspheric stellar outflows from the Be star, espe-
cially with the presence of its equatorial disc. We study how the
disc affects the structure of the terminal shock and the radiation
process, and discuss the formation of the double-peak structures
as observed in the X-ray and TeV y-ray light curves. The outline
of our paper is as follows: we describe the wind interaction in
Sect. 2.1; the electron distribution and the shock radiations are
presented in Sect. 2.2. Then we present the theoretical results
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with comparison of observations in Sect. 3.1, and discuss the
effects of the different disc parameters on the X-ray and TeV
y-ray light curves in Sect. 3.2. Finally, a brief discussion and
conclusion are provided in Sect. 4.

2. Model description

In Fig. 1, we illustrate the geometry of the binary system as dis-
cussed in this paper. The pulsar wind is stopped by the stellar
outflows and forms a terminal shock with a bow-shape geome-
try. As the pulsar is passing through the disc, the pulsar wind
shock is compressed because of the additional pressure from
the stellar disc. The electrons from the pulsar wind are accel-
erated to very high energies by the shock and emit keV X-rays
and TeV y-rays through synchrotron radiation and IC scattering,
respectively.

2.1. Interactions between the pulsar wind and stellar outflows

The star, LS 2883, is a massive Be star and the stellar out-
flows are characterized by a dilute polar wind with an equatorial
disc (Waters et al. 1988). The mass-loss rate M and velocity of
the stellar outflows vy, are distinct in the equatorial and polar
regions. For a typical polar wind, we have M~ 1078 M, yr!
with vy, ~ 103 cms™!, while the equatorial disc is much denser
than the polar wind with a slower speed. To get the dynamic pres-
sure of the stellar outflows, we need to know the exact mass-loss
rates and velocity profiles of the polar wind and equatorial disc,
which could be complex in the case of Be stars (Khangulyan
et al. 2011). We apply a simple model on the outflow structure
of Be stars as explored in Petropoulou et al. (2018) and write
the dynamic pressure of the stellar outflows of LS 2883 in the
coordinate of the star as

Py(R,0) = poR™"(1 + G | cos 6 ["), (1

where R is the distance from the centre of the Be star, 8 is
the polar angle measured from the stellar equator, and pg is
the ram pressure of the polar wind. The radial dependence of
the wind pressure adopted in this case is n = 2 as suggested

Aparastfon
!
/ Fig. 1. Illustration of the binary geometry. The
R interaction between the pulsar wind and stellar
-7 outflows forms a terminal shock with a bow-

- - shape geometry. The electrons from the pulsar
wind are accelerated to very high energies by the
shock, and then emit the keV X-rays and TeV
vy-rays through synchrotron radiation and IC scat-
tering, respectively. The shadow area is the stellar
disc of the Be star projected on the orbital plane.
The direction towards the Earth is indicated in the
plot.

by Petropoulou et al. (2018). The parameter G is the equator-
to-polar ram pressure contrast (G = 0 corresponding to case
without the disc), and the confinement of the equatorial disc is
determined by the index m (Ignace & Brimeyer 2006), i.e.
Aby = cos™H(G™m), )
where Ay is the half-opening angle of the disc given in the coor-
dinate of the star. Within this parameterization, a smaller value
of m means that the disc opening angle would be larger.

The equatorial disc of LS 2883 is thought to be inclined
with the orbital plane (Melatos et al. 1995; Chernyakova et al.
2006). The inclination angle of the disc is still unknown yet.
Melatos et al. (1995) suggested that the inclination angle is about
ig ~ 10°=40° to fit the observed variations in dispersion mea-
sure and rotation measure of PSR B1259-63, while other values,
such as 45° and 90°, were also considered in theoretical models
(Okazaki et al. 2011; Takata et al. 2012; van Soelen et al. 2012).
Since the pulsar is moving on the orbital plane, it is more conve-
nient to express the ram pressure of stellar outflows as a function
of the true anomaly angle ¢ instead of the polar angle 6 mea-
sured from the stellar equator. According to the rotation of the
coordinate system, we have
sinf = —siniq - sin(¢ — ¢q), 3)
where ¢q is the true anomaly of the midplane of the disc. For
a perpendicular disc (i.e. iy = 90°), the above equation can be
simply written as 8 = —(¢ —¢q). Substituting Eq. (3) into Eq. (1),
we can get the ram pressure of stellar outflows on the orbital
plane. Similarly, the half-opening angle of the disc projected on
the orbital plane is given by

“

Agq = sin™! (—Sin Aed) .

sin id
With a fixed value of A8y as given in Eq. (2), if the inclination
angle iq is smaller, the disc region on the orbital plane would be

larger, and it takes a longer time for the pulsar to pass through
the disc region.
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The position and geometry of the terminal shock are deter-
mined by the dynamic balance of two winds. We define the
momentum flux ratio of the pulsar wind to stellar outflows
as

Lg/c
4repo[1 + G | cos6(¢) "]’

n(¢) = ®

then the shock distance from the pulsar can be written as (Canto
et al. 1996)

n'/?
rs(¢) =d Tegi (6)

where d is the binary separation. The terminal shock has a bow-
shape geometry and the half-opening angle can be estimated as
(Eichler & Usov 1993)

Os(¢) = 2.1(1 — ™ 14ym' 3. 7

Because of the anisotropy of the stellar outflows (i.e. G # 0),
the momentum flux ratio 7 is expected to vary along the orbital
period, so the shock distance and opening angle of the terminal
shock also varies with orbital phase. In particular, when the pul-
sar is moving from the dilute wind region to the dense disc envi-
ronment, the shock surface is pushed closer to the pulsar because
of the additional pressure of the disc, and the opening angle of
the shock also becomes smaller.

After the shock distance is determined, we can obtain the
magnetic field in the shock from the magnetohydrodynamic
jump conditions (Kennel & Coroniti 1984a,b) as follows:

Ly 1
= ZL (1 + —2), )]
ric(l + o) u
2 802+ 100 +1 [640%(0 + 1)? +200(0 + 1) + 1112
16(c + 1) 16(c+ 1) ’
)

where o is the magnetization parameter of pulsar wind at the
shock. According to the previous studies of pulsar wind nebula,
the wind should be kinetic dominated at a much larger distance
from the light cylinder of the pulsar, and it means that the value
of o at the shock cannot be very large (e.g. Kennel & Coroniti
1984a,b. Sierpowska-Bartosik & Bednarek (2008) suggested the
wind magnetization parameter should be oo ~ 1072-10~* for
PSR B1259-63/LS 2883. So we adopt o = 1073 in the calcu-
lation based on the fitting of the X-ray data. With a constant
value of o, we have B « rs‘l, which means that the strength of
magnetic field in the shock becomes larger for a smaller shock
distance from the pulsar. As we can imagine when the pulsar
passes through the disc region, the additional pressure of the
disc pushes the shock closer to the pulsar, so the strength of
magnetic field in the shock region is enhanced during the disc
passages.

The energy density of radiation field from the companion star
in the shock is given by

Lstar
Ustar RS (10)
where Lg,, is the luminosity of the star, and Ry = d — r; is the
shock distance from the centre of the star. Kirk et al. (1999)
investigated the IC scattering in the shock with the seed pho-
tons originating from the companion star, and found that the
predicted TeV y-rays showed the highest flux around periastron
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where the energy density of photon field is highest. It means
that the observed enhancements in the TeV flux is unlikely to
be caused by the up-scattering of stellar photons. Alternatively,
van Soelen & Meintjes (2011) and van Soelen et al. (2012)
studied the influence of the IR excess from the stellar disc of
LS 2883 on the shock radiation, and the predicted y-ray light
curve shows that the maxima contributions due to IC scatter-
ing with the disc photons is also around periastron instead of
the disc passages. Because the IR photons are mainly produced
by the inner part of the disc, its maximum contribution to IC
scattering occurs around periastron, where the pulsar is clos-
est to the brightest region of the disc. At the location where
the pulsar crosses the disc (~31 R, and ~40R, from the cen-
tre of the disc during the pre- and post-periastron disc pas-
sages), the local intensity of disc emission is much lower with
longer wavelengths, and its contribution to the production of TeV
y-rays is very small (van Soelen et al. 2012). It means that the IC
scattering in the shock with the stellar photons or the IR emis-
sions generated by the disc itself cannot explain the observed
double-peak profiles of the TeV light curves, and additional
seed photon components are required under the IC scattering
scenario.

Another possible component for IC scattering is the opti-
cal/IR emission produced by the shock heating of the stellar disc
as discussed in van Soelen et al. (2012). The heating process dur-
ing the disc passages could increase the disc intensity and thus
increase the y-ray luminosity by IC scattering. The total energy
for the shock heating of disc matter can be obtained by estimat-
ing the kinetic energy of the stellar disc being converted into the
internal energy of the shocked disc matter. With the dynamic bal-
ance between the stellar disc and pulsar wind pwv\zv ~ Ly /47rr52c,
the energy density of the shocked disc matter can be writ-
ten equally in the form of the spin-down luminosity of the
pulsar:

f Lsd

Inrle’ for ¢ € [¢a+A¢a]l and [(¢a +7) £ Adql, (11)
nrsc

Udisc =
where ¢ is the shock heating efficiency. Initially, the emerg-
ing radiation from the shocked disc region is dominated by
the thermal bremsstrahlung photons with the temperature of
kTgy, = 3pmpv§v/ 16 ~ 12 eV, where u ~ 0.62 is the average atomic
weight, m,, is the mass of proton, and vy, = 107 cms™! is the
velocity of the stellar disc (Zabalza et al. 2011a). As the pulsar is
passing through the dense disc environment, the strong wind of
the pulsar sweeps up the disc matter into a dense shell accumu-
lated at the shock front, and most of the bremsstrahlung photons
are absorbed by the shell. We assume that the thermalization is
quickly established, then the emerging emission from the shock
heating disc matter would be in the form of black-body photons.
The temperature of the shock heating of disc matter can be esti-
mated by

1/4

L

Tgise = (—é:zSd ) ~ 1X104K(
47TFSO'SB

ELgq A ( r, )*1/2
10%5erg s~! 102cm ’
(12)

where osp is the Stefan-Boltzmann constant. As expected, the
optical/IR photons produced by the shock heating of the disc
could provide additional soft photons for IC scattering during
the disc passages.

In Fig. 2, we show the orbital variations of the momentum
flux ratio of the pulsar wind to stellar outflows 7, the shock
distance from the pulsar ry, the strength of the magnetic field
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Fig. 2. Orbital variations of shock
parameters. From top to bottom: the
momentum flux ratio of two winds 7,
the shock distance from the pulsar r,
the magnetic field strength B(r;), and the
energy densities of the magnetic field ug

(blue lines) and the photon field u, (red
lines) at the shock. The dashed lines cor-
respond to the case without the presence
of the stellar disc (G 0), while the
solid lines show the effect of the disc

on the shock parameters (G = 100,m =
100). In the bottom panel, the red dashed
line shows the energy density of stellar
photons u,,, while the dotted line shows
the energy density of photon field due to
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B(rs), and the energy densities of the magnetic field up = B?/8n
with the photon field upy = Ugtar + gisc at the shock. The dashed
lines correspond to the case without the presence of the stellar
disc, while the solid lines show the effects of the disc on the
shock parameters. The model parameters are given in Table 1,
which are chosen by modelling the observational data. In par-
ticular, the ram pressure of polar wind adopted in this work
is 5 x 10 gcms™ to be consistent with typical values of the
mass-loss rate and the velocity of the polar wind from a Be star
(M ~ 1078 My yr~! and v,, ~ 108 cms™"). Given the uncertainty
of the inclination angle of the disc, we adopt a modest value of
ig ~ 45°, and other two disc parameters are fixed as G = 100
and m = 100. How the disc parameters may affect the shock
radiations is discussed in later sections. With the disc parame-
ters given above, the half-opening angle of the disc project on
the orbital plane is A¢q =~ 17.25°. This value is slightly smaller
than the value of 18.5° given by Chernyakova et al. (2006),
which was obtained by using the Gaussian function fitting of
the observational data. As we can see in the figure, consider-
ing the case of the polar wind without the disc, the momentum
flux ratio 7 is constant along the whole orbit, so the shock dis-
tance rg is smallest at periastron. Since ug o ry 2 o« d7? and
Ugtar RS‘2 o d~2, the energy densities of the magnetic field
and stellar photons in the shock are expected to show maxi-
mum at periastron. However, with the presence of the stellar
disc, the momentum flux ratio of two winds and shock dis-
tance from the pulsar show two dips during the disc passages
due to the increase of the dynamic pressure of stellar outflows.
When the pulsar is moving from the dilute wind region to the
dense disc environment, the additional pressure of the equato-
rial disc pushes the shock surface closer to the pulsar. There-
fore, the magnetic field and the magnetic energy density in
the terminal shock is enhanced. Also, considering the shock
heating process of the disc matter, the energy density of pho-
ton field is increased during the disc passages. In the calcu-
lations, we adopted a value for the heating efficiency of & =~
12.5%, and simply ignore the initial energy density of photon field
inside the disc, since its initial intensity is small (van Soelen et al.
2012).

shock heating of the disc ug;. The red
solid shows the sum of both components
Uph = Ustar T Udisc-

-
o
o

Table 1. Parameters of PSR B1259-63/LS 2883.

Parameter Symbol Value Reference
System parameters

Eccentricity e 0.86987970 1
Orbital period Poy 1236.724526 days 1
Distance from Earth d 2.60 kpc 2
Inclination angle of the orbit ¥ i 26° 1
Longitude of periastron ¥ w 138.665013° 2
Pulsar and pulsar wind

Spin-down power ¥ Ly 82x10¥ergs™ 3
Rotation period P 47.7625 ms 1
Lorentz factor of pulsar wind ® 1y, 5% 10° -
Magnetization of pulsar wind ® o 1073 -
Star and stellar outflows

Effective radius of star ? R, 9.2R, 4
Effective temperature of star VT, 3.02x 10*K 5
Ram pressure of polar wind ® po  5x10¥ gems™ -
Radial profile of the wind & n 2 -
Midplane of the disc @ o 97.5° -
Inclination angle of the disc iq 45° -
Disc-wind pressure contrast G 100 -
Confinement of disc m 100 -
Terminal shock

Particle distribution index ® p 2.4 -
Shock heating efficiency ® £ 12.5% -
Acceleration efficiency ¢ e 0.3 -
Velocity of shocked flow & B 1/3 -

Notes. (VObservational parameters. ©¥Model parameters. The values
adopted in this table are chosen by modelling the observational data.
References. (1) Shannon et al. (2014); (2) Miller-Jones et al.
(2018); (3) Manchester et al. (1995); (4) Negueruela et al. (2011);
(5) Chernyakova et al. (2014).

2.2. Electron distribution and shock radiation

The electrons from the cold pulsar wind are accelerated to ultra-
relativistic speeds via Fermi mechanism or reconnection process
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in the terminal shock. We assume that the injection rate of elec-
trons in the shock follows a power-law distribution,
Q(y.n =Ky for

Ymin < Y < Ymax, (13)

where K = (1 — p)/ (yrln;’; - y:n;’: ) is the normalization factor.
The minimum Lorentz factor of the shocked electrons is deter-
mined by the Lorentz factor of the pulsar wind at the pre-shock
region vy, which is given by ymin =~ yw(p —2)/(p — 1). Since
the pulsar wind is dominated by the kinetic energy of particles
at a much larger distance from the pulsar, the value of vy, can
be estimated as yy, ~oLyL, where o and y_ are the magneti-
zation parameter and the Lorentz factor of electrons at the light
cylinder, respectively. With the typical values of o ~ 10 and
yL ~ 10?~10%, we adopt y,, ~ 5 x 10° in the calculations (Takata
et al. 2012). The maximum Lorentz factor depends on the accel-
eration mechanism and the cooling process of electrons, which is
given by Ymax = (67g./orB)'/?, where g, is the charge of elec-
tron and the acceleration efficiency ¢ is usually less than unity
(Kong et al. 2011).

The shocked electrons lose their energies via adiabatic or
radiative cooling processes and the evolved distributions of
shocked electrons can be obtained by solving the continuity
equation, i.e.

on(y, 1) N ayn(y, 1)
ot ady

= 0(y.1), (14)

where ¥ = dy/dt is the energy loss rate. Under the steady-state
assumption dn(y, t)/0t = 0, the solution of the continuity equa-
tion can be written as (Khangulyan et al. 2007; Zabalza et al.
2011b; Kong et al. 2012)

1
n(y) = — f o0y)Hdy'. (15)
vl Jy

The electrons with energies above several tens of TeV could
be cooled rapidly by the synchrotron radiation, and the distribu-
tion index of cooled electrons steepens from p to p + 1 above the
break energy. However, the observed TeV spectrum by H.E.S.S.
did not show such steepening (Romoli et al. 2017). Similar to
van Soelen et al. (2012), we assumed that the shocked electrons
are mainly dominated by the adiabatic cooling process, and the
shape of electron distribution remains unchanged (Kirk et al.
1999; Zabalza et al. 2011Db).

As the energy distribution of shocked electrons is deter-
mined, we can calculate the emissivity of the shock by integrat-
ing over the distribution of electrons,

Jjo) = f n(y)P(y)dy, (16)
Y

where P(y) is the sum of synchrotron radiation and anisotropic
IC scattering power for an electron with Lorentz factor of y
(Rybicki & Lightman 1979; Aharonian & Atoyan 1981; Kirk
et al. 1999). As the pulsar moves around the companion star, the
spatial conditions and the shock parameters are changed accord-
ingly, so the emissivity of the shocked electrons is expected to
vary with the orbital phase (Kong et al. 2011).

According to the relativistic hydrodynamical and magneto-
hydrodynamical simulations by Bogovalov et al. (2008, 2012),
the shocked flow is accelerated to very high speed as it prop-
agates far away from the shock apex. Dubus et al. (2010) sug-
gested that the bulk motion of the flows is mildly relativistic,
which means that the observed emission from the shock would
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Fig. 3. Calculated spectrum of PSR B1259-63/LS 2883 at perias-
tron (i.e. ¢ = 0, dashed lines) and the disc passage after perias-
tron (i.e. ¢ = ¢y, solid lines). The Swift observational data are taken
from Chernyakova et al. (2014) at 23.96 days after periastron, and the
H.E.S.S. observational data are taken from the preliminary data reported
by Romoli et al. (2017).

be boosted or de-boosted at different orbital phases. Taking into
account the Doppler effect on the shock radiations, the observed
flux on Earth can be calculated as (Dubus et al. 2015)

1
Fo)=— f D3, v/ Daps)dV. (17)
d:- Jv

L

In the calculations, we treat the emitting region as a sim-
ple one-zone for simplicity. The Doppler-boosting factor Dy is
given by

1

Dops = ———
S 7 (1 = oS Bops)

(13)

where I' is the bulk Lorentz factor of shocked flows, g =

V1 -T2, Although the simulations by Bogovalov et al. (2008)
suggested that the shocked flows can be accelerated to an
extremely high speed (I'~ 100), the observed modulations in
the X-ray and TeV light curves indicate modest boosting, so
we adopt S = 1/3 in the calculations (Dubus et al. 2010).
Assuming that the shock has a purely radial structure direct-
ing away from the star, the angle between the line of sight
(LOS) and the moving direction of shocked flow is given by
€08 Oops = Sinicos(¢p — Pintc), Where i is the inclination angle of
the orbit, ¢infe = 37/2 — w is the true anomaly of the direction of
Earth, and w is the longitude of periastron. In this case, the maxi-
mum boosting occurs at the inferior conjunction when the flow is
moving directly towards the observer (Neronov & Chernyakova
2008; Dubus et al. 2010; Kong et al. 2012).

3. Results
3.1. Comparisons with observations

In Fig. 3, we present the calculated spectrum of synchrotron
radiation and IC scattering at periastron (¢ = 0, dashed lines)
and the disc passage after periastron (¢ = ¢4, solid lines) with
comparisons of observational data. The Swift data are taken from
Chernyakova et al. (2014) at 23.96 days after periastron, and the
H.E.S.S. data are taken from the preliminary data reported by
Romoli et al. (2017). In our calculations, we assume that the
electrons are dominated by adiabatic cooling, so the power index
of electrons remains unchanged (Kirk et al. 1999). With p = 2.4,
the resulting photon index of synchrotron radiation in keV X-ray
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Fig. 4. Integrated X-ray light curves (1-10keV) with comparisons of
observations. The observational data are taken from Chernyakova et al.
(2015) without error bars. The dashed line corresponds to the case of
synchrotron radiation without the stellar disc while the solid line takes
into account the presence of the disc. The dash-dotted line shows the
effect of the disc matter clump at the shock front on X-ray emissions.

isax = (p+1)/2 ~ 1.7, and the IC scattering in Klein-Nishina
regime in TeV y-ray is @, = 2p + 1)/2 ~ 2.9, which are con-
sistent with the observational data®. We should note that even
though the energy density of the photon field is larger than the
magnetic energy density in the shock (i.e. ¢ = upn/ug > 1, see
the bottom panel of Fig. 2), the synchrotron luminosity could
still exceed the IC scattering luminosity because of the suppres-
sion by the Klein—Nishina effect (Moderski et al. 2005).

The calculated X-ray light curves (1-10keV) with compar-
isons of observations are presented in Fig. 4. The observational
data are taken from Chernyakova et al. (2015) without error bars.
The dashed line corresponds to the case without the presence
of the stellar disc. As we can see in the figure, the X-ray flux
increases slightly as the pulsar is approaching to periastron, since
the magnetic field in the shock is highest at periastron without
the presence of the disc. The corresponding synchrotron lumi-
nosity is determined by the energy density of the magnetic field,
which is also highest for the smallest shock distance. The solid
line shows the influence of the stellar disc on the X-ray flux.
As we can see that the presence of the stellar disc plays a criti-
cal role in producing the double-peak profiles of the X-ray light
curve. Because of the compression of the shock by the disc pres-
sure, a higher magnetic field at the shock region during the disc
passages results in a stronger synchrotron luminosity and hence
produces double-peak profiles as seen in X-ray light curves. As
indicated by the observational data, the post-periastron peak is
significantly higher (about 1.5 times) than the pre-periastron
peak. Since the pulsar is approaching the inferior-conjunction
phase during the post-periastron disc passage (see Fig. 1), the
boosting effect enhances the observed emission, and therefore
makes the second peak higher than the first.

The integrated y-ray light curves (E > 1TeV), compared to
observations, are presented in Fig. 5. The observational data of

2 The relation between the photons index @ and the spectral index of
electrons p can be derived with the following basic relation: F(v)dv =
P(y)n(y)dy. For synchrotron radiation and IC scattering in Thompson
regime, we have v o y? and P(y) « 2. Combined with above equa-
tions and n(y) « y, we can get F(v) = P(y)n(y)dy/dv o« v #~1/2 5o
the photon index is @ = (p — 1)/2 + 1 = (p + 1)/2. Similarly, for IC
scattering in Klein-Nishina regime, we have v o« y and P(y) « y'/2, so
F(v) o« v=®r=D/2 and the photon index is @ = 2p—1)/2+1 = 2p+1)/2.
The seed photons for IC scattering in above derivations are assumed to
follow a Planck distribution. For simplicity, the effect of y-ray absorp-
tion on IC spectrum is not considered in this work, which hardens the
photon index of y-rays.

® 2004 HE.S.S.

— —star 2007 H.E.S.S.

- = disc
|| == star+disc
= = =clump

2011 HES.S.||
2014 HES.S.

2 1

12

flux [x10"“ph cm™s"]
(E>1TeV)

L
100 120

-40 -20 o 20 40 60 80
T-TO [day]

L L L
-120 -100 -80 -60

Fig. 5. Integrated TeV light curves (E > 1TeV) with comparisons of
observations. The observational data are taken from the preliminary
data reported by Romoli et al. (2017). The dashed and dotted lines cor-
respond to the IC scattering with seed photons from the star and the
shock heating of the disc. The solid line represents the total flux with
both components. The dash-dotted line shows the effect of the disc mat-
ter clump at the shock front on TeV emissions.

H.E.S.S are taken from the preliminary data reported by Romoli
et al. (2015). The dashed line corresponds to the TeV light curve
produced by IC scattering with the stellar photons. Similar to
the X-ray light curve, it shows flux maximum around periastron
because the density of the stellar photons at the shock is high-
est when the pulsar is closest to the star. The dotted line shows
the contribution of the seed photons from the shock heating of
stellar disc on y-ray flux. As the pulsar passes through the disc
region, the density of the soft photons is enhanced by the shock
heating process, and the y-ray luminosity from IC scattering also
increases correspondingly. The solid line shows the total y-ray
flux with contributions from the star and the shock heating of
disc matter. In our calculations, we ignore the possible contri-
bution of the IR emission generated from the disc itself on IC
scattering, since its contribution on TeV flux is much smaller
than that of stellar photons (see Fig. 8 of van Soelen et al. 2012).
Also, we do not consider the y-ray absorption on the TeV light
curves, since the optical depth for y-rays above 1 TeV due to the
stellar and disc photons is smaller than unity, and the maxima
absorption occurs when the pulsar is around periastron, not the
disc passages (Sushch & van Soelen 2017).

We should note that the X-ray flux exhibits a fast-rise and
slow-decay behaviour during the disc passages, and still remains
at a high level even after the pulsar leaves the disc region.
Tam et al. (2015) found that the declined trend of X-ray light
curve can be fitted by an empirical power-law function F(¢) «
(t - tp)‘0'47, where 1, is the peak time in light curves. Besides
the X-ray light curves, the recent data analysis of the H.E.S.S.
IT also indicated a relatively high TeV flux at several tens of
days after periastron (Romoli et al. 2017). The high flux level
observed in the X-ray and TeV light curves after the disc pas-
sages are somehow strange, since it is generally believed that
the enhancements of the X-ray and TeV flux are related to the
phases of the pulsar passes through the dense disc environment.
This could be because when the pulsar exits from the disc, part
of the disc matter is being accumulated at the shock owing to the
fast orbital motion of the pulsar, and the shock cannot expand
immediately. Similar to Connors et al. (2002), we assume that
the shock expands outwards linearly with a velocity of V when

it leaves the disc, i.e.
rs(t) = ro + V(i — 1p), (19)

where 1y and r( are the time and the shock distance when the
pulsar leaves the disc. The expansion velocities adopted in this

A87, page 7 of 10


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201935166&pdf_id=4
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201935166&pdf_id=5

A&A 627, A87 (2019)

G=100, m=100 PR
—id=30"

i_d=45"

J_j\ -
l H L

Fi d=45°, G=100 s

—_—m=25
m=50

——m=100

Fid=45° m=100 =
| ——G=50
r G=100]

A o

-100  -80 -60 -40 -20 0 20 40 60 80 100

T-TO [day]

flux [x10""erg cm2s™]
(1-10keV)

O N A O PO AN WS UO AN ®A O

T T
G=100, m=100

5t i_d=15"
4 —i_d=30°
3L id=45"
) — i d=90°

= b

2] 0 T 1 | | =

(\Il 5F . T o T T T T T T T —

= i_d=45",G=100 m=5

—~ 4[ —m=25

o> m=50

c o 3r ——m=100

[Ny L N

SR

A L ]

o

< QJ, 0 — T t t t t t T T

X 8 ['i_d=45", m=100 B

X 6 G=100{

= . | —Gc=200)

Y= - B
r _Aﬂ-& ]
0 L 7 L L

-100  -80 -60 -40 -20 0 20 40 60 80 100

T-TO [day]

Fig. 6. Disc parameters (i.e. inclination angle iy, confinement parameter m, and disc-wind pressure contrast G) on shock radiations. Left panel:
integrated X-ray light curves in 1-10keV energy band. Right panel: integrated y-ray light curves with £ > 1 TeV.

paper are V ~ 2kms~' and V ~ 1 kms™" after the first and sec-
ond disc passages, which are smaller than those used in Connors
et al. (2002). In principal, the expansion velocity is related to the
sound speed of disc matter, which is given by ¢ = /kT /um, ~

10kms~'. However, within this expansion velocity, the X-ray
and TeV flux decay much faster than the observations, so we
suspect the expansion velocity is smaller than 10kms~'. This
could be caused by the fact that the accumulated disc matter is
quickly cooled by the expansion process of the shock, and hence
the sound speed could be smaller. When the pulsar leaves the
disc region, we assume that the expansion of the shock is an
adiabatic process (i.e. TV”~! = const., where y = 4/3 is the adi-
abatic index), and the temperature evolution of the disc matter
clumps can be estimated by
Tclump = Taise(ro/7s), (20)
where T is the shock heating temperature of disc matter, and
rs is the shock distance given by Eq. (19). Following the simi-
lar description in Sect. 2, we calculate the expected X-ray and
TeV emissions (the dash-dotted lines) due to the disc matter
clumps at the shock when the pulsar exits from the disc region in
Figs. 4 and 5, respectively. The declined trend of the light curves
based on the model calculation is consistent with the empirical
function of Tam et al. (2015).

3.2. Disc parameters on the shock radiations

In previous sections, we adopted a modest disc inclination angle
with ig = 45°, and other two disc parameters are set as G = 100
and m = 100. Since the presence of the stellar disc has a strong
impact on the shock radiation, it is necessary to test other values
to see how sensitive the shock emission is to the disc parame-
ters. In Fig. 6, we calculate the X-ray (left panel) and TeV y-ray
(right panel) light curves with different values of the inclination
angle iy, the pressure contrast G, and the confinement parame-
ters m of the disc. We can see that, for a relatively lower value of
the inclination angle or the confinement parameters for the disc,
the disc opening angle projected on the orbital plane would be
larger. For example, in the case of iy = 15°, the stellar disc is
almost in the orbital plane, and it means that the pulsar has to
take a long time to pass through the disc region. Alternatively, in
the case of m = 5, with other parameters fixed, the opening angle
of the disc is very large, and the pulsar enters the disc region long
before periastron, and it is still inside the disc long after perias-
tron. Although a smaller value of iy or m may explain why the
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X-ray and TeV flux still remains high long after periastron, it
is difficult to explain the pulsed radio emission which vanishes
around T = 15 days, since the optical depth of the pulsed radio
signal would be much larger than unity during the disc passages.
We note that the pulsed radio flux from the pulsar reappears at
~Toy + 15days (e.g. Chernyakova et al. 2014), which is slightly
earlier than the time the pulsar exits from the disc region after
periastron in our model. This can be caused by the fact that the
powerful wind of the pulsar would create a cavity inside the
disc that would allow the observer to receive the pulsed emis-
sion from the pulsar magnetosphere without strong absorption
of stellar outflows around inferior conjunction (Bosch-Ramon &
Khangulyan 2009). In the bottom panels of Fig. 6, we show the
X-ray and TeV light curves with different pressure contrasts. As
expected, a larger value of G means more significant variations
of magnetic field and photon density in the shock during the disc
passages and causes a more significant enhancement of the shock
emissions.

4. Discussion and conclusions

PSR B1259-63/LS 2883 is a unique binary system to study
shock physics and constrain the related properties of young pul-
sars and massive Be stars (e.g. Murata et al. 2003). In this paper,
we investigated the influence of the stellar disc on the shock
radiations from this system. As the pulsar passes through the
dense disc environment, the interaction region of the two winds
is compressed into a compact shock. The additional pressure
of the stellar disc pushes the shock surface closer to the pul-
sar which causes the increase of the magnetic field at the shock.
Therefore, the enhancement of the magnetic energy density in
the shock during the disc passages increases the synchrotron
luminosity, and thus produces the observed double-peak profiles
in the X-ray light curve. As for the TeV +y-rays, we investi-
gated the IC scattering of shocked electrons with the seed pho-
tons from the star and found that the TeV flux is expected to
peak around periastron, which is inconsistent with the H.E.S.S.
observations. The double-peak profiles of the TeV y-ray light
curve, however, are likely caused by IC process with the seed
photons from the shock heating of the stellar disc. As the pul-
sar passes across the dense disc environment, the pulsar wind
sweeps up the outer part of the disc matter into a dense shell.
The dense shell absorbs the photons generated by the shocked
disc matter and re-emits black-body photons during the disc pas-
sages. In this case, the shock heating of the stellar disc provides
additional seed photons for IC scattering, and thus produces the
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double-peak profiles as observed in the TeV +y-ray light curve.
The fitting suggests that the half-opening angle of the disc pro-
jected on the orbital plane is A¢g =~ 17.25° with the position
of the disc midplane at ¢y =~ 97.5°. Because of the fast orbital
motion of the pulsar around periastron, part of the disc matter
might accumulate in the shock front even when the pulsar exits
from the disc region, and this might explain why the X-ray and
TeV y-ray emissions still remain at a high flux level after the disc
passages.

The Fermi/LAT detections of GeV 7y-rays from PSR B1259—
63/LS 2883 during the recent three periastron passages reveal
very unexpected results. Especially, its y-ray luminosity is of
the same order as the spin-down power of the pulsar, which
requires an extremely high conversion of spin-down power into
y-rays (e.g. Johnson et al. 2018). Also, the GeV flare is not
accompanied by significant correlations in other wavebands,
which means that the GeV emitting particles are distinct from
the shocked electrons that radiate keV X-rays and TeV y-rays
(Dubus 2013). Several models were proposed so far to explain
the origin of the GeV flare. Before the detection of GeV emission
from PSR B1259-63/LS 2883, Ball & Kirk (2000) predicted that
the optical photons from the companion star are up-scattered to
GeV-TeV y-rays by the cold pulsar wind electrons, and the y-
ray emission would reach the flux maximum when the pulsar is
around periastron; considering the anisotropic nature of IC, the
y-rays would peak slightly before periastron. Under the scenario
of IC in pulsar wind region, Khangulyan et al. (2011, 2012) con-
sidered the time variation of the pulsar wind length towards the
observer to explain the GeV flare, and suggested that the sud-
den increase of y-ray luminosity is caused by the rapid increase
of the cold pulsar wind region after the pulsar left the disc. The
difficulty of their model is the insufficient seed photons from the
companion star or the disc for IC scattering to produce such high
y-rays luminosity during the flare, and additional photon compo-
nents are required. Instead, Dubus & Cerutti (2013) searched for
the X-rays from the shock region instead of the photons from
the companion star or its disc as seed photons for IC scatter-
ing. In this case, the GeV light curve peaks at the phases as
the shocked flow crosses through LOS. Similar to Khangulyan
et al. (2012), the model requires a very high density of seed pho-
tons for the GeV flare, and it was unable to explain the time
delay between the X-ray peak after periastron and the GeV flare
(Sushch & Boéttcher 2014). Alternatively, Yi & Cheng (2017)
suggested that a transient accretion disc around the pulsar could
be formed after the disc passages and the GeV flare might arise
from IC scattering in the cold pulsar wind with the target pho-
tons from the transient accretion disc. As the pulsar is passing
through the dense equatorial disc, a small fraction of the disc
matter might be gravitationally captured by the pulsar. It takes
a few days to form the accretion disc and this can explain the
time delay of the GeV flare with the disc passages. However, the
recent timing observation of PSR B1259-63 shows no evidence
of a transient accretion disc (Shannon et al. 2014; Yi & Cheng
2018).

Producing the observed GeV y-ray luminosity with the order
of spin-down luminosity of the pulsar L, ~ L requires a high
photon density for IC scattering that the star or the disc cannot
provide during the flare (Johnson et al. 2018). In this paper, we
discussed the case that part of the disc matter is accumulated
in the shock when the pulsar exits from the disc region. Since
it is suggested that the GeV emission is likely produced by IC
scattering in the cold pulsar wind region, the optical/IR photons
from the disc matter clumps can supply an additional seed pho-
ton field even after the pulsar leaves the disc. We expect that

the cold pulsar wind up-scattering of the photons from the disc
matter accumulated at the shock, and possibly with the contri-
bution of boosted synchrotron emission from the shock, might
explain the mysterious GeV flare. A detailed calculation will be
done in the subsequent study.

There are some other high-mass gamma-ray binaries
showing many similarities to PSR B1259-63/LS 2883,
such as PSR J2032+4127/MT91 213 (Lyne et al. 2015),
HESS J0632+057 (Hinton et al. 2009), and LS 1+61°303
(Albert et al. 2006). All of these binaries contain a com-
pact object that is orbiting around a Be star. Especially,
PSR J2032+4127/MT91 213 is the second high-mass gamma-
ray binaries whose compact object was identified as a pul-
sar. Although the compact objects in the latter two binaries
are not confirmed yet, the absence of accretion signals sup-
ports a rotation-powered pulsar origin of the compact object.
The companion stars of these systems are type Be stars, which
possess a dense equatorial disc; the orbital variations of the
X-ray/TeV vy-ray light curves are generally believed to related to
the disc passages, which are similar to the case of PSR B1259—
63/LS 2883. Since the presence of the equatorial disc will have a
strong impact on non-thermal emissions, a detailed investigation
of multiwavelength emissions from these binaries could provide
us with a better understanding of shock physics and the geome-
tries of gamma-ray binaries.
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