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Abstract 1FGL J1018.6–5856 is a high mass gamma-ray binary containing a compact object orbiting
around a massive star with a period of 16.544 d. If the compactobject is a pulsar, non-thermal emissions
are likely produced by electrons accelerated at the termination shock, and may also originate from the
magnetosphere and the un-shocked wind of the pulsar. In thispaper, we investigate the non-thermal
emissions from the wind and the shock with different viewinggeometries and study the multi-wavelength
emissions from 1FGL J1018.6–5856. We present the analysis results of theFermi/LAT using nearly 10 years
of data. The phase-resolved spectra indicate that the GeV emissions comprise a rather steady component
that does not vary with orbital motion and a modulated component that shows flux maximum around
inferior conjunction. The keV/TeV light curves of 1FGL J1018.6–5856 also exhibit a sharp peak around
inferior conjunction, which are attributed to the boosted emission from the shock, while the broad sinusoidal
modulations could be originating from the deflected shock tail at a larger distance. The modulations of GeV
flux are likely caused by the boosted synchrotron emission from the shock and the IC emission from the un-
shocked pulsar wind, while the steady component comes from the outer gap of the pulsar magnetosphere.
Finally, we discuss the similarities and differences of 1FGL J1018.6–5856 with other binaries, like LS 5039.
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1 INTRODUCTION

Surveys with ground-based Cerenkov telescopes (e.g.,
H.E.S.S., MAGICandVERITAS) and space-based satellites
(e.g., Fermi) have discovered a new class of binary
systems that emit luminousγ-rays, which are called
gamma-ray binaries. These binaries are comprised of a
stellar-mass compact object orbiting around a massive star
which emits broadband emission with radiation power
peaking in theγ-ray band (Dubus 2013). The massive
stars are type O or Be stars, while the compact objects
can be neutron stars (NSs) or stellar-mass black holes
(BHs). There are two kinds of emission models being
proposed for such a kind of binary: (1) in the micro-
quasar scenario, the compact object accretes outflows or
envelope matter from the companion star and launches
a bipolar relativistic jet. Electrons in the jet up-scatter
off the black-body photons from the companion or the
synchrotron photons from the jet and then produce

the observed emissions (e.g.,Bosch-Ramon & Paredes
2004a,b; Bosch-Ramon & Khangulyan 2009). (2) In the
pulsar scenario: a termination shock would be formed
by a collision between pulsar wind and stellar outflows,
and shock-accelerated electrons would radiate broadband
emissions via inverse Compton (IC) scattering and syn-
chrotron radiation (e.g.,Tavani & Arons 1997). Besides
the shock radiation, the magnetospheric emission and IC
scattering in the wind will also produce the observedγ-
rays (Kapala et al. 2010).

The γ-ray source 1FGL J1018.6–5856 (hereafter
J1018) was certified as a gamma-ray binary by
Corbet et al. (2011) based on the blind search for
periodic sources in the firstFermi/LAT catalog. The
follow-up observations of the system in radio, optical and
X-ray also confirmed the binary nature with a period of
16.6 d (Fermi LAT Collaboration et al. 2012). The optical
spectroscopy suggested that the massive companion is a
type O6V((f)) star with a temperature ofT⋆ ≃ 38 900 K
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and distance ofdL = 5 ± 2 kpc from Earth (Napoli et al.
2011). Recently, a more accurate distance of J1018 was
updated todL = 6.4+1.7

−0.7 kpc by Marcote et al.(2018)
based on observations from the Australia Long Baseline
Array,GaiaData Release 2 (DR2) and UCAC4 catalog.

The X-ray observations of J1018 byNuSTAR, XMM-
NewtonandSwift/XRTwere presented inAn et al. (2013,
2015). The X-ray light curves exhibit a periodic flare
around phase 01 and a broad modulation component
which peaks around 0.3–0.4. The X-ray spectrum can
be fit well with a power-law function, which favors the
shock interaction scenario rather than the accretion model
(An et al. 2015). The high-energy (HE)γ-rays detected by
Fermi/LAT show significant modulations in the luminosity
and spectral shape (Fermi LAT Collaboration et al. 2012;
An & Romani 2017). The spectra around GeV band
are characterized by a power-law with exponential cut-
off (PLEC) function. An & Romani (2017) found that
the orbital variation in the lower energyγ-ray is
similar to that of X-rays, while theγ-ray flux above
1 GeV changes significantly. TheH.E.S.S. telescope
also detected very-high-energy (VHE)γ-rays from J1018
(H. E. S. S. Collaboration et al. 2012, 2015). The TeV
light curve also displays a similar behavior as the X-
rays, which also exhibits a flux maximum at phase 0.
The measured spectrum extends to above 20 TeV and the
spectral shape indicates a modest influence from theγ-ray
absorption (H. E. S. S. Collaboration et al. 2015).

Unfortunately, the nature of the compact object of
J1018 is as yet unknown. Although the measured spectral
shape byFermi/LAT is similar to gamma-ray pulsars,
there is still no direct detection of a pulsed signal, and
therefore an accreting NS or BH still cannot be dis-
carded explicitly (Fermi LAT Collaboration et al. 2012).
Waisberg & Romani(2015) presented a radial velocity
(RV) measurement of J1018 with the Cerro Tololo Inter-
American Observatory (CTIO) telescope. Their analysis
showed a semi-amplitude modulation of12 − 40 km s−1,
and indicated most likely a compact object mass with
MX < 2.2M⊙. Strader et al.(2015) performed further
spectroscopy of the optical companion with the Southern
Astrophysical Research (SOAR) telescope. The RV semi-
amplitude was constrained to be11 − 12 km s−1, which
suggested an NS primary of the binary, although a BH
cannot be discarded if the inclination angle of the orbit is
very small. They also found that both the X-ray andγ-ray
maxima emissions occur at inferior conjunction (INFC).
A follow-up RV study of J1018 with Southern African
Large Telescope (SALT) observations was performed by

1 The γ-ray maximum is denoted as phase 0 in
Fermi LAT Collaboration et al.(2012), and we use the same notation in
this paper.

Monageng et al.(2017). Combining with previous RV
studies, they obtained constraints on the eccentricity and
the inclination angle of J1018 withe = 0.31 ± 0.16 and
i ≥ 26◦, respectively, for an NS primary. Their study also
suggested that the periastron phase of the compact object
occurs around INFC (see fig. 4 inMonageng et al. 2017).

With the growing evidence suggesting an NS primary,
here we investigate HE emissions of J1018 under the pulsar
scenario and attempt to constrain the properties of the NS.
The paper is organized as follows. In Section2, we report
our analysis results of J1018 withFermi/LAT. Then, we
describe the emission model in Section3 and compare
our results with observational data in Section4. Finally,
we summarize our work and discuss the similarities and
differences of J1018 with other binaries in Section5.

2 DATA ANALYSIS

In this section, we analyze the HE emission of J1018
detected byFermi/LAT. Photon events from 2008-August-
09 to 2018-May-10 with energies of 0.1–100 GeV were
selected from the “Pass 8 Source” event class. The region
of interest (ROI) is a20◦ × 20◦ square centered at
the epoch J2000 position of the source:(R.A.,Dec) =

(10h18m55.18s,−58◦56′44.2′′). We removed the events
with zenith angle larger than90◦ to reduce contamination
from the Earth’s albedo. Thegtlike tool was applied to
perform maximum binned likelihood analysis to obtain the
spectral models for all the 3FGL catalog sources that are
within 25◦ from the center of the ROI (gllpscv16.fit),
the galactic diffuse emission (glliem v06) and the
isotropic diffuse emission (isoP8R2SOURCEV6 v06)
(Acero et al. 2015). Four extended sources within the
region: HESS J1303–631, Puppis A, Vela Jr and Vela X
are modeled by the extended source templates of Fermi
Science Support Center2. With the spectral indices fixed to
the global fit and leaving only the normalization parameter
free, the model then calculates the orbital flux. To get the
orbital light curve of J1018, we fix the orbital period to
be 16.544d (An et al. 2015), then the TEMPO2 package
(Hobbs et al. 2006) with Fermi plug-in (Ray et al. 2011)
was utilized to assign an orbital phase for each event. The
orbital light curve of J1018 is depicted in Figure1. As
we can see, the GeV emission displays significant orbital
modulations, with the flux maxima around phase 0.0 and
minimum around 0.5. We perform spectral analysis in the
selected phase intervals to investigate if the spectrum of
J1018 is varying throughout the orbital period. We defined
the phase interval between 0.0–0.1 as high state and 0.5–
0.6 as low state. We use the same data set described above
and sub-selected these two states. The spectral form of

2 http://fermi.gsfc.nasa.gov/ssc/

http://fermi.gsfc.nasa.gov/ssc/
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Fig. 1 The orbital light curve of J1018 in 0.1 – 100 GeV
obtained from binned likelihood analysis. The red dashed
line indicates the mean energy flux.
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Fig. 2 The orbital phase resolved spectra of J1018. Red
and blue curves are fitted by a PLEC function while the
points with error bars are observational data and upper
limit.

J1018 is modeled by a PLEC function

dN

dE
= N0

(

E

E0

)−Γγ

exp

[

−
(

E

Ec

)]

, (1)

with N0 = 5.65 × 10−5 ph s−1 cm−2 erg−1,Γγ = 1.82

andEc = 2.96 GeV for high state, andN0 = 3.70 ×
10−5 ph s−1 cm−2 erg−1,Γγ = 1.64 andEc = 2.42 GeV

for low state. The upper limits are derived when the
detection significance is less than 3σ. The phase-resolved
spectra are shown in Figure2. The spectra at these two
states exhibit significant discrepancies at lower energy
while the deviation becomes smaller at higher energy,
which are consistent with the results ofAn & Romani
(2017). The orbital modulation of GeV flux is similar to
that of X-rays, manifesting maximum flux around INFC.

Fig. 3 The orbit of J1018 with the parameters measured by
Monageng et al.(2017).

3 EMISSION MODEL

In this section, we describe the emission model for gamma-
ray binaries under the pulsar scenario. The pulsar wind
is terminated by stellar outflows which produce an intra-
binary bow shock (IBS). As the shocked flow propagates
away from the apex due to the adiabatic expansion, the
bulk Lorentz factor (LF) will increase gradually to mild
relativistic velocity in the tail. The synchrotron radiation
and IC scattering in the shock produce the observed X-rays
and VHEγ-rays, respectively (Dubus 2006b; Chen et al.
2019). Alternatively, the electrons in the pulsar wind
zone (PWZ) will up-scatter the stellar photons toγ-rays,
and the magnetospheric emission from the pulsar will
also contribute to the observed emissions. The orbit and
geometry of J1018 discussed in this paper are presented
in Figures 3 and 4, respectively. The related orbital
parameters of J1018 are summarized in Table1.

3.1 Geometry of the Termination Shock

The structure of the termination shock is decided by the
dynamic balance between the relativistic pulsar wind and
stellar outflows. Define the momentum flux ratio as

η =
Lsd/c

Ṁvw
, (2)

whereLsd is the spin-down luminosity,c is the speed
of light, and Ṁ and vw are the mass loss rate and the
wind velocity of the massive star, respectively. Then the
distance from the pulsar to the contact discontinuity of IBS
is (Cantó et al. 1996; An 2018)

ls = d
sin θs

sin(θp + θs)
, (3)

with
θs cot θs = 1 + η(θp cot θp − 1), (4)
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Fig. 4 Geometry of the cold pulsar wind and the termination shock.

whered is the binary separation, andθs and θp are the
angles of the point at the shock related to the line joining
the star and the pulsar, respectively. The half opening-angle
of IBS can be approximated with (Eichler & Usov 1993)

θsh = 2.1(1− η2/5/4)η1/3, (5)

with η = min(η, η−1). For most high mass gamma-ray
binaries, the stellar outflows are more powerful than that
of the pulsar (i.e.,η < 1), which means that the shock
would wrap around the pulsar.

3.2 IC Scattering in the Cold Pulsar Wind

The rotational energy of pulsars is mainly released via
relativistic winds composed of B-field and e-pairs (Michel
1969). Initially, the pulsar wind is dominated by Poynting
flux, and it is converted into kinetic energy as the wind
is spreading away at a larger distance (Aharonian et al.
2012). The detailed mechanisms of the dissipation of
Poynting flux and the acceleration of particles in pulsar
wind are still unclear. To describe the dynamics of pulsar
wind, we introduce the so-called magnetization parameter
which is defined as the ratio of magnetic energy density to
pair kinetic energy density in the wind. Assuming that the
magnetization of pulsar wind evolves with radial distance
in the form of a power-law (Contopoulos & Kazanas 2002;
Kong et al. 2011, 2012; Takata et al. 2017)

σ(l) = σL

(

l

rL

)−ασ

, (6)

according to the energy conservation law, the LF evolution
of electrons in PWZ can be written as (e.g.,Chen & Rui
2015)

γw(l) ≃ γL
1 + σL
1 + σ

, (7)

whereσL andγL are the magnetization parameter and LF
of pulsar wind at light cylinderrL, andασ is order of unity.

The companion star provides a large number of soft
photons that would be up-scattered to higher energies by
the pulsar wind electrons. For a monochromatic energy
electron with an LF ofγw ∼ 104 and a stellar photon with
ǫ0 ∼ 2.82kT⋆, the characteristic energy of the up-scattered
photon is

Eγ ≃ 4γ2wǫ0 ∼ 9.66× 108eV
( γw
104

)2
(

T⋆
104

)

, (8)

in the Thompson regime (i.e.γwkT⋆/mec
2 ≪ 1), or

Eγ ≃ γwmec
2 ∼ 5.07× 109eV

( γw
104

)

, (9)

in the Klein-Nishina regime (i.e.γwkT⋆/mec
2 ≫ 1),

which is located in the energy band ofFermi/LAT. It means
that the modulations ofγ-rays observed byFermi/LAT
could be contributed by the IC emission in PWZ. Since
the pulsar is orbiting around the massive star, the IC
emission from the wind is highly anisotropic. Assuming
that electrons are moving radially in the wind, the observed
γ-rays are produced by electrons that are moving in the
same direction (Khangulyan et al. 2011). The IC scattering
power at the frequency ofν for a single electron is given
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Table 1 Parameters of J1018

Parameter Symbol Value Reference

System parameters
eccentricity e 0.31± 0.16 Monageng et al.(2017)
orbital period Porb 16.544 days An et al.(2015)
distance dL 6.4+1.7

−0.7
kpc Marcote et al.(2018)

inclination angle of LOS i 45◦ Assumed†

true anomaly of LOS ω 1± 30◦ Monageng et al.(2017)

Pulsar and pulsar wind
spin-down power Lsd 1× 1036 erg s−1 Assumed†

rotation period P 0.05 s Assumed†

LF of pulsar wind atrL γL 1× 103 Assumed†

magnetization of pulsar wind atrL σL 1× 102 Assumed†

Star and stellar outflows
mass M⋆ 22.9M⊙ Monageng et al.(2017)
radius R⋆ 9.3R⊙ Monageng et al.(2017)
temperature T⋆ 3.89× 104 K Napoli et al.(2011)

Termination shock
particle distribution index p 2.1 Assumed†

maximum LF of shocked flow Γ 2 Assumed†

† Model parameters. The values adopted in this table are chosen by modeling the observational data.

by (Aharonian & Atoyan 1981):

P (ν, γw) = 3σT

∫

νf(νs)

4γ2wν
2
s

H(ξ, bθ)dνs, (10)

H (ξ, bθ) = 1 +
ξ2

2(1− ξ)
− 2ξ

bθ(1− ξ)
+

2ξ2

b2θ(1− ξ)2
,

where ξ = hν/γwmec
2 and bθ =

2(1 − cos θSC)γwhνs/mec
2. Under the point

source approximation, the flux density of
stellar photons is expressed asf(νs) =

π(R⋆/R)
2(2hν3s /c

2)[1/(exp(hνs/kT⋆) − 1)], and
the scattering angle is determined byθSC = π − ψ, with
ψ being related to the distancel from the pulsar, expressed
as

ψ =







tan−1
(

d sinψ0

d cosψ0−l

)

for l < d cosψ0

π + tan−1
(

d sinψ0

d cosψ0−l

)

for l > d cosψ0.
(11)

The distance from the star is defined byR2 = d2 +

l2 − 2dl cosψ0 and cosψ0 = − sin i cos(φ − ω), with
i being the inclination angle of the orbit, andφ and ω
being the true anomaly angle of the pulsar and the line of
sight (LOS) projected to the orbital plane, respectively. The
number of electrons in PWZ per unit of length is given by
(Yi & Cheng 2017)

Ne(l, γw) =
Lsd

4πγw(1 + σ)mec3
. (12)

Finally, the observed flux from PWZ can be obtained by
integrating over LOS

F (ν) =
1

d2L

∫ ls

0

Ne(l, γw)P (ν, γw)dl. (13)

Different from the case of a free expanding pulsar wind
as investigated byBall & Kirk (2000), the presence of
the termination shock will reduce the size of the cold
pulsar wind, and thus affect the IC emissions (Ball & Dodd
2001; Cerutti et al. 2008), so in the calculation of Eq. (13),
we integrate over the length of un-shocked wind region
towards the observer from the pulsar to the shock contact
discontinuity surfacels.

In summary, the emissions from the un-shocked
wind are mainly determined by the following parameters
(Khangulyan et al. 2011, 2012): (1) the LF of un-shocked
electronsγw, (2) the flux density spectrum of the seed
photonsf(νs), (3) the length of PWZ towards the observer
ls, and (4) the scattering angle between the incoming
and up-scattered photonθSC. The orbital motion of the
pulsar around its companion leads to the modulations of
the above parameters, and thus affects the wind emission.
It is necessary to point out that the IC process in PWZ
would reduce the particle energies, which provide a drag
of pulsar wind and reduce the LF of un-shocked electrons
(Ball & Kirk 2000). For simplicity, the effect of Compton-
drag on the dynamics of pulsar wind is not considered
here. The rest of the parameters (i.e.,f(νs), ls, andθSC)
are mainly determined by the distance of the emitting
region from the star, the shock structure and the viewing
angles, which are governed by the binary separation, the
momentum flux ratio and the viewing angles. Next, we
will explore the effects of the above parameters on the IC
emission from the un-shocked wind.

In the left panel of Figure5, we present the radial
evolution of pulsar wind LF. Initially, the pulsar wind
is dominated by Poynting flux, and therefore the LF of
pulsar wind particles at the light cylinder cannot be very
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Fig. 5 Left: The radial evolution of pulsar wind LF;Right: The IC spectra with different travel distance of PWZ along
LOS at SUPC. The model parameters adopted in calculations areσL = 1× 102, γL = 1× 103 andασ = 1.5.

large. With the dissipation of Poynting flux, the magnetic
energy of pulsar wind would be gradually converted into
kinetic energy of particles. As the magnetization parameter
drops below unity, the LF of pulsar wind particles reaches
its maximum with the order ofγw ∼ σLγL. The
corresponding IC spectra with different travel distances of
PWZ along LOS at SUPC are provided in the right panel
of Figure5.

In Figure 6, we present the orbital modulations of
HE γ-ray flux in Fermi/LAT energy band due to the IC
scattering in PWZ with different values of inclination
angles (left panel) and momentum flux ratios (right panel).
For a fixed shock structure (i.e.,η = 0.05), a larger
inclination angle of the orbiti predicts a more significant
modulation of γ-ray flux due to the variation of the
scattering angle. As the inclination angle is small enough
(i.e., i = 0◦), theγ-ray flux is mainly determined by the
density of stellar photons, which shows flux maximum
at periastron (φ = 0◦). For a fixed viewing angle (i.e.,
i = 45◦), a larger value of momentum flux ratioη means
that the size of the un-shocked wind is larger, and therefore
the integratedγ-ray flux is higher. When the pulsar is
moving around INFC, the flux reaches its minimum due
to the inefficient tail-on collision. We note that the light
curves also feature some dips when the pulsar is moving
around superior conjunction (SUPC,φ = ω + 180◦),
which is caused by the decrease in the size of PWZ along
LOS and a larger binary separation. Alternatively, for a
larger eccentricity, the dip would become more obvious.
For comparison, we also present the case of free expanding
pulsar wind without the termination shock (i.e.,η = ∞).
As expected, the presence of the shock reduces the size of
PWZ, and thus reduces theγ-ray flux especially when the
pulsar is near SUPC.

3.3 Emission Model for the Termination Shock

As the pulsar wind is terminated by stellar outflows, the
kinetic energy of particles would be converted into internal
energy of the shock. According to magnetohydrodynamic
shock jump conditions, the magnetic field at the shock can
be obtained with

B =

√

Lsdσ

l2s c(1 + σ)

(

1 +
1

u2

)

, (14)

u2 =
8σ2 + 10σ + 1

16(σ + 1)

+
[64σ2(σ + 1)2 + 20σ(σ + 1) + 1]1/2

16(σ + 1)
,

(15)

whereu andσ are the radial four velocity and the mag-
netization of the wind, respectively (Kennel & Coroniti
1984a,b). Besides the compression of the magnetic field,
the shock will also accelerate electron pairs into a power-
law distributionQ(γ) ∝ γ−p. The accelerated electrons
in the shock lose energies through radiative cooling
and adiabatic process. The cooled spectrum of shocked
electrons is given by (Zabalza et al. 2013; Chen et al.
2019)

n(γ) =
1

|γ̇|

∫

Q(γ′)dγ′, (16)

with γ̇ being the total energy loss rate (Moderski et al.
2005; Khangulyan et al. 2007). Then the local emissivity
of the shock can be calculated by

j(ν) =

∫

n(γ)P (γ)dγ, (17)

where P (γ) is the total power of synchrotron and IC
scattering for a single electron (Kirk et al. 1999). The
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Fig. 6 The orbital modulations of HEγ-rays (0.1–100GeV) from PWZ with different values of inclination angles (i) and
momentum flux ratios (η).

synchrotron power is given by (Rybicki & Lightman 1979)

P (γ) =

√
3q3eB

mec2
F

(

ν

νc

)

, (18)

F (x) = x

∫ ∞

x

K5/3(y)dy,

where νc = 3γ2qeB/4πmec is the characteristic
frequency andK5/3 is the modified Bessel function.
As for IC scattering, we only consider the external
IC emission with seed photons from the massive star,
and synchrotron-self-Compton emission is ignored due
to strong suppression of the Klein-Nishina effect (Dubus
2006a; Kong et al. 2011). The IC scattering power for a
single electron is given in Eq. (10).

According to numerical simulations of gamma-ray
binaries, the shocked flow would propagate in a narrow
region with an increasing bulk velocity (Bogovalov et al.
2008, 2012). It means that the shock emission from the
tail could be highly beamed. In particular, as the beaming
direction passes through LOS, we will receive the boosted
emission from the shock tail (Dubus et al. 2010, 2015).
Taking the Doppler-boosting effect into consideration, the
total flux from the bow shock is given by (e.g.,Granot et al.
1999)

F (ν) =

1

d2L

∫ π

θsh

sin θdθ

∫ 2π

0

dϕ

∫ ls+∆s

ls

r2drD2j(ν/D) exp(−τ),
(19)

where∆s ∼ 0.1ls is the shock thickness, andθ andϕ are
the polar and azimuthal angles, respectively, of the flow
measure from the symmetric axis of the shock cone. The
Doppler factor is

D =
1

Γ(1− β cosα)
, (20)

with Γ being the bulk LF of the moving flow elements,
andβ =

√
1− Γ−2. For simplicity, we assume that the

shocked flows are moving with the same speed. The angle
between the shocked flow and LOS is given by (e.g.,
Kathirgamaraju et al. 2018)

cosα = cos θo cos θs + sin θo sin θs cosϕ, (21)

whereθo = π − ψ0 is the angle between the symmetric
axis of the shock cone directed radially away from the star
and LOS. For a purely radial shock, maximum boosting
happens around INFC where the flow elements are moving
towards us.

Apart from the boosting effect, the VHEγ-rays would
be absorbed by the soft stellar photons. In particular, the
absorption could be important when the pulsar is moving
around SUPC due to the huge amounts of soft photons
along LOS. The optical depth due to pair creation can be
calculated as

τ =

∫

dl

∫

dνs(1− µ)nph(νs)σγγ , (22)

wherenph is the number density of stellar photons,µ =

cos θγγ is the collision angle andσγγ is the cross-section
of pair creation (Gould & Schréder 1967). A detailed
description ofγ-ray absorption in binaries can be found
in Dubus(2006a).

Among all model parameters, the orbital inclination
angle and the momentum flux ratio between two winds are
the most uncertain ones, which would significantly affect
the orbital modulations of shock radiations. Therefore, itis
necessary to explore the effects of the parameters on light
curves. In Figure7, we show the normalized integrated flux
from IBS with the Doppler-boosting effect in X-ray (0.3–
10 keV, upper panels) and VHEγ-ray (E ≥ 0.35 TeV,
bottom panels). Since the shock geometry is determined
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Fig. 7 The normalized integrated fluxes in X-ray (0.3–10keV,upper panels) and VHEγ-ray (E > 0.35 TeV, bottom
panels) from the termination shock with different values of momentum flux ratio and orbital inclination angles.

by the momentum flux ratio, and the orbital motion of the
pulsar around the companion leads to the rotation of the
shock cone, the shock radiation received by the observer
changes significantly with the angle between LOS and the
moving direction of the shocked flow. Depending on the
relations between the inclination angle of the orbiti and
the opening angle of the shockθsh (which is governed by
the momentum flux ratioη), two different patterns of light
curves will be observed. In particular, when the inclination
angle satisfiesπ/2 − i < θsh, LOS will pass through the
shock cone twice every orbit, and two rapid flares will be
observed around INFC due to the boosted emission from
the shock region. The positions of the two flux maxima
occur when the shock is passing through LOS, which are
defined by

φ1,2 = φINFC ±∆φ, (23)

whereφINFC = ω is the anomaly of INFC, and

∆φ = arccos

(

cos θsh
sin i

)

. (24)

The duration of each flare can be approximated with
2/Γ × 180◦/π of orbital phase, and a larger value of
Γ would definitely lead to sharper flares around INFC.
As the inclination angle of the orbit decreases toi ≤
π/2 − θsh or the opening angle of the shock satisfies
θsh ≤ π/2−i (i.e., a smaller value ofη), two sharp peaks at
φ1 andφ2 would be merged at INFC and finally disappear
(Neronov & Chernyakova 2008).

For the case ofi = 0 (i.e., LOS is perpendicular to the
orbital plane), the Doppler factor is constant throughout
the orbit. Since the X-rays are generated by synchrotron
radiation, the X-ray intensity mainly depends on the
magnetic field strength in the shock. Under the assumption
that the magnetization of un-shocked wind evolves with
radial distance in the form ofσ ∝ l−α, the magnetic
field strength in the termination shock would be higher
as the shock is closer to the pulsar. So, the X-ray light
curves display flux maximum at periastron. As for TeV
emission produced by IC scattering, the flux modulations
are much more complicated due to a combination of
effects, including the orbital variations of scattering angles
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between relativistic electrons and soft photons, and the
pair creation process. Although the stellar photon density
achieves its highest value at periastron, the gamma-ray
absorption and the rapid cooling process of electrons will
further reduce the TeV flux, and therefore features a dip
at periastron. We should note that in the calculations of
Figure7, we assume that the rotating hollow cone has a
symmetric axis directed radially away from the star. In
particular, when the periastron is assumed to be at INFC
(which is the case for J1018), the observed light curves
from the shocked cone have a symmetric profile around
INFC. When the periastron passage of the pulsar is not at
the INFC, then the light curve profiles are not symmetric
due to the orbital modulations of the magnetic field and the
photon field.

4 FITTING RESULTS

In this section, we utilize the emission model described
above to calculate emissions from J1018. We use the
orbital solution as obtained byMonageng et al.(2017),
with the eccentricity ofe = 0.31, and the periastron
phase occurring around INFC (ω ∼ 1◦). The LF and
magnetization parameter at the light cylinder are taken as
γL = 103 andσL = 102, respectively, with the decay index
of the magnetization parameter ofασ = 1.5 (Kong et al.
2011; Takata et al. 2017). The photon index in 3–10keV
during the entire orbit isΓX ≃ 1.2 − 1.8 which suggests
that the power-law index of injected electrons in the shock
is in the range ofp = 2ΓX − 1 ≃ 1.4 − 2.6. Given the
flat spectrum at VHEγ-ray band, we adoptp = 2.1 in
calculations. The shocked flow is assumed to move with
a mildly-relativistic speed with a bulk LF ofΓ = 2 as
adopted inKong et al. (2012). The other parameters of
the pulsar are obtained by fitting the steady component
detected byFermi/LAT as we discuss below. The related
model parameters for J1018 are listed in Table1.

4.1 Outer Gap Emission from J1018

Currently, because there is no existing result on the timing
parameters of the pulsar in J1018, the properties of the
pulsar remain unknown. To explain the complete emission
spectrum of J1018, the magnetospheric contribution
cannot be ignored. We use the standard outer gap model
to simulate the curvature spectrum from the outer gap,
which extends from the null charge surface to the light
cylinder (Cheng et al. 1986a,b). The separation of the
oppositely charged particles induces an electric potential
in the space between them, leading to the growth of the
outer gap. On the other hand, the curvature photons can
undergo pair creation with the softer photons from the
pulsar surface. The accumulation of charges will reduce
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Fig. 8 The calculated outer gap emission with a compari-
son of the steady component detected byFermi/LAT.

the electric potential, resulting in depletion of the outer
gap. These two instantaneously occurring processes can
be approximately modeled by the two-layer structure,
which defines contrasting charge densities for the primary
acceleration and the screening regions.

In this study, we follow the two-layer outer gap
model explored byWang et al.(2010, 2011), in which the
accelerating electric field is solved by assuming the charge
density in the outer gap. We assume a moderate value for
the charge density in the gap, namely, that the gap has a
charge density of 70% of the Goldreich-Julian value. We
solve a two dimensional Poisson equation in the poloidal
plane and assume that there is no variation of the gap
structure in the azimuthal direction. This approximation
will be justified if the thickness of the gap in the poloidal
plane is much smaller than the width of the azimuthal
direction, for which we apply∼ 180◦. The spin period
and the surface dipole magnetic field strength are0.05 s

and1012 G, respectively, which yield a spin-down power
of Lsd ≃ 1× 1036 erg s−1. By assuming the pulsar has an
inclination angle of40◦, we calculate the direction ofγ-
rays at each calculation point and obtain the spectrum as a
function of the viewing angle. In this paper, we present the
calculatedγ-ray spectrum for the viewing angle at120◦ (or
60◦), which provides a reasonable fit to the GeV spectrum
in the LOW state as plotted in Figure8.

4.2 Modeling the HE Emissions from J1018

In this subsection, we use the emission model described
above and parameters listed in Table1 to fit the multi-
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Fig. 9 The integrated X-ray (0.3 − 10 keV) flux of
J1018 as compared with observational data. The dashed
line corresponds to emission from the bow shock,
while the dot-dashed line signifies the contribution from
the deflected tail. The X-ray data are taken from
Fermi LAT Collaboration et al.(2012).

wavelength emissions of J1018. As shown in Figures9 and
10, the rapid flares around phase 0 in the X-ray and VHEγ-
ray light curves of J1018 can be naturally explained by the
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Fig. 10 The integrated VHEγ-ray (E > 0.35TeV)
flux of J1018 as compared with observation data. The
dashed line corresponds to emission from the bow
shock, while the dot-dashed line signifies the contribution
from the deflected tail. Theγ-ray data are taken from
H. E. S. S. Collaboration et al.(2015).

boosted emissions from the shock as LOS passes around
the shock cone at INFC. With a modest value of inclination
angle i ∼ 45◦, the half opening angle of the shock
should be less than90◦ − i, otherwise, two sharp spikes
will be observed in one orbital period, and therefore the
momentum flux ratio of J1018 is expected to be less than
η ≤ 0.07. Considering typical values of mass-loss rate and
wind velocity of type O stars withṀ ∼ 10−7M⊙ yr−1

andvw ∼ 108 cm s−1 respectively, the spin-down power is
expected to be less thanLsd ≤ 1.5× 1036erg s−1.

Besides the rapid flare around phase 0, the X-ray
light curve also exhibits a broad sinusoidal modulation
component which peaks around phase0.3 − 0.4. We
note that the radio light curve of J1018 also displays a
smooth sine-wave modulation with flux maxima around
phase0.2 − 0.4 (Fermi LAT Collaboration et al. 2012).
This indicates that the broad sinusoidal modulations in
X-ray and radio bands may have a common origin. The
radio emission is believed to be produced by the tail of
shocked flows at a larger distance (Takata & Taam 2009),
so we expect that this sinusoidal component could be also
caused by the shock tail. According to the hydrodynamical
simulation, the Coriolis force due to fast orbital motion
of the pulsar could amplify the bending of shocked flow
(Bosch-Ramon et al. 2012, 2015), and it means that the
flow direction at a larger distance of the tail is not radial.
The realistic geometry of the shock tail could be very
complicated. In our calculation, we simply treat the shock
tail as a comet-like geometry starting at the distance of
l ≥ 3 d with a deflection angle ofθflow ≃ 150◦. In this
case, the anglecos θobs in Eq. (21) should be replaced
with cos θobs = sin i cos(φ − ω − θflow). The deflection
of the shock tail at larger distance explains why the peak
phase of this sinusoidal modulation is not around INFC
(Dubus et al. 2010). Following the above description, we
calculate the X-ray and VHEγ-ray emissions from the
deflected tail as presented by dash-dotted lines in Figures9
and10 respectively.

The multi-wavelength spectra of J1018 with compar-
isons of the observational data at INFC (left panel) and
SUPC (right panel) are presented in Figure11. The solid
line is the total flux from the binary system, including
the curvature emission from the outer gap (dashed line),
IC scattering in PWZ (dash-dotted line), and synchrotron
radiation and IC emission from IBS (dotted line). As we
can see, the steady component observed byFermi/LAT can
be fitted well by the outer gap emission from the pulsar
magnetosphere, while the boosted emission from the shock
and IC scattering in the wind will also contribute to theγ-
rays observed byFermi/LAT. We note that the predicted
spectrum of the wind at SUPC is somehow higher than the
observational data which may be due to our neglect of the
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Fig. 11 Multi-wavelength spectra of J1018 at INFC (left panel) and SUPC (right panel). TheSwiftandH.E.S.S.data are
taken fromAn et al.(2015) andH. E. S. S. Collaboration et al.(2015), respectively. The solid lines are the model results
including the emissions of pulsar magnetospheric (dashed lines), un-shocked wind (dash-dotted lines) and termination
shock (dotted lines).

Compton-drag effect. Finally, the orbital variations ofγ-
ray flux in 0.1–100GeV are presented in Figure12.

5 CONCLUSION AND DISCUSSION

Gamma-ray binaries are unique astrophysical laboratories
for studying particle acceleration and physical properties
of outflows from energetic pulsars and massive stars. The
outer gap, the cold pulsar wind and the termination shock
are the most likely regions that produce the observed
γ-rays. We examined non-thermal emissions from the
binary system with different shock structures and viewing
angles, and applied the emission model to J1018. For IC
emissions from the un-shocked wind, we demonstrated
that the presence of the termination shock and the viewing
angles determine the length of the un-shocked wind
region towards the observer, and thus affectγ-ray flux.
Alternatively, the Doppler-boosting effect has a strong
influence on the shock radiations. Depending on the
relation between the shock structure and the viewing angle,
two different patterns of X-ray/TeV light curves will be
observed. In particular, when the orbital inclination angle
i is large enough, LOS will pass through the shock cone
twice per orbit, and two sharp peaks will be observed
around INFC, otherwise, only one or less spike can be
observed in one orbit. Under the pulsar scenario, we
studied HE emissions from J1018. We show that the
periodic sharp peaks around phase 0 in the keV/TeV light
curves of J1018 are caused by a boosted emission from
the shock around INFC, while other broad sinusoidal
modulations likely originate from a deflected tail at a
larger distance. The data analysis ofFermi/LAT indicates
that the 0.1–100GeV flux contains a steady component
that does not change with the motion of the pulsar, and

a modulated component which manifests flux maximum
around INFC. The steady component can be fitted well by
the outer gap emissions from the pulsar magnetosphere,
while the modulated component is caused by boosted
emissions from the shock and IC emissions from the
wind. Our model basically agrees with a previous study
by An & Romani(2017), which performed a more delicate
analysis and modeling of J1018. Both our results suggest
the compact object of J1018 is an energetic pulsar with
Lsd ∼ 1036 erg s−1. Among the orbital parameters, the
inclination angle of the orbit is the most uncertain one,
which has a strong impact on the modeling. We adopt
modest values ofi = 45◦ and η = 0.05, which are
close to those ofAn & Romani (2017) with i = 50◦ and
η = 1/25. Strictly speaking, the mass-loss rate and wind
velocity of the companion star can be obtained via optical
spectroscopy, therefore, the sharp flares of light curves at
INFC can further constrain the properties of the compact
object. These would be beneficial for the future search of
pulsations from the putative pulsar.

Some other binaries display common features with
those of J1018, such as LS 5039 and LMC P3. The
most important characteristic of these systems is that all
of them exhibit significant correlation between the keV
and TeV flux, which indicates a common population of
particles that emit these photons (Zabalza et al. 2011).
Nevertheless, different from J1018, the GeV flux of LS
5039 manifests anti-correlation with keV/TeV light curves,
which is unlikely to be produced by the shock radiations
(Takata et al. 2014; Chang et al. 2019). Besides, the flux
modulations of LS 5039 and LMC P3 are much smoother
than that of J1018. Since the orbits of LS 5039 and LMC
P3 are more compact than J1018, the strong wind from
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Fig. 12 The orbital light curve of 0.1–100GeV emission
from J1018. The solid line corresponds to the model result
including the emissions of pulsar magnetospheric (dashed
line), un-shocked wind (dash-dotted line) and termination
shock (dotted line).

the companion star will push the shock much closer to
the pulsar with a comet-tail shock geometry rather than a
hollow-cone, and LOS may be far away from the shock
flows, which causes a more smooth variation of shock
radiations. Due to the limitations of the observational
sensitivities, some system parameters of these binaries
are not yet constrained well, such as the eccentricity
e, the viewing anglesi, ω and the properties of the
compact objects. If the compact objects of these systems
are rotation-powered pulsars, there will be significant
emissions from the termination shock and the un-shocked
wind region. Investigating the multi-wavelength emissions
from these regions can provide further constraints on the
system parameters and the related properties of massive
companion stars and compact objects.
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