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Abstract 1FGL J1018.6-5856 is a high mass gamma-ray binary contaminompact object orbiting
around a massive star with a period of 16.544 d. If the complajeict is a pulsar, non-thermal emissions
are likely produced by electrons accelerated at the tetinimahock, and may also originate from the
magnetosphere and the un-shocked wind of the pulsar. Inpger, we investigate the non-thermal
emissions from the wind and the shock with different viewgepmetries and study the multi-wavelength
emissions from 1FGL J1018.6-5856. We present the anaggists of thd=ermi/LAT using nearly 10 years

of data. The phase-resolved spectra indicate that the Gassiems comprise a rather steady component
that does not vary with orbital motion and a modulated conepbrthat shows flux maximum around
inferior conjunction. The keV/TeV light curves of 1FGL JB)&-5856 also exhibit a sharp peak around
inferior conjunction, which are attributed to the boostedssion from the shock, while the broad sinusoidal
modulations could be originating from the deflected shotitlata larger distance. The modulations of GeV
flux are likely caused by the boosted synchrotron emissimm the shock and the IC emission from the un-
shocked pulsar wind, while the steady component comes fnenotiter gap of the pulsar magnetosphere.
Finally, we discuss the similarities and differences of LEBG018.6—5856 with other binaries, like LS 5039.
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1 INTRODUCTION the observed emissions (e.@Bosch-Ramon & Paredes
200448b; Bosch-Ramon & Khangulyan 20R9(2) In the

Surveys with ground-based Cerenkov telescopes (e Eﬁulsar scenario: a termination shock would be formed

H.E.S.S.MAGIC andVERITASand space-based satellites ©Y @ collision between pulsar wind and stellar outflows,
(e.g., Ferm) have discovered a new class of binaryand shock-accelerated electrons would radiate broadband

systems that emit luminous-rays, which are called emissions via inverse Compton (IC) scattering and syn-

gamma-ray binaries. These binaries are comprised of (éhrotron radlqt|9n (e.g-Tavani & Arons _1997'. B§S|des
stellar-mass compact object orbiting around a massive stél?e shgck .radlatlon., the .magnetospherlc emission and 1C
which emits broadband emission with radiation powerscatterlng in the wind will also produce the observed
peaking in they-ray band Dubus 2013 The massive rays Kapala et al. 2010

stars are type O or Be stars, while the compact objects The ~-ray source 1FGL J1018.6-5856 (hereafter
can be neutron stars (NSs) or stellar-mass black hole¥l018) was certified as a gamma-ray binary by
(BHs). There are two kinds of emission models beingCorbet et al. (201) based on the blind search for
proposed for such a kind of binary: (1) in the micro- periodic sources in the firsFerm/LAT catalog. The
guasar scenario, the compact object accretes outflows @llow-up observations of the system in radio, optical and
envelope matter from the companion star and launcheX-ray also confirmed the binary nature with a period of
a bipolar relativistic jet. Electrons in the jet up-scatter16.6 d Fermi LAT Collaboration et al. 20)2The optical

off the black-body photons from the companion or thespectroscopy suggested that the massive companion is a
synchrotron photons from the jet and then produceype O6V/((f)) star with a temperature @f ~ 38900 K
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and distance ofl;, = 5 + 2kpc from Earth Napolietal. Monageng et al.(2017. Combining with previous RV
2011). Recently, a more accurate distance of J1018 wastudies, they obtained constraints on the eccentricity and
updated tod;, = 6.441(1)} kpc by Marcote etal.(2018  the inclination angle of J1018 withh = 0.31 + 0.16 and
based on observations from the Australia Long Baselinge > 26°, respectively, for an NS primary. Their study also
Array, Gaia Data Release 2 (DR2) and UCAC4 catalog. suggested that the periastron phase of the compact object
The X-ray observations of J1018 BJuSTARXMM-  occurs around INFC (see fig. 4 Monageng et al. 2037
Newtonand Swift/XRTwere presented iAn et al. (2013 With the growing evidence suggesting an NS primary,
2019. The X-ray light curves exhibit a periodic flare here we investigate HE emissions of J1018 under the pulsar
around phase '0and a broad modulation componentscenario and attempt to constrain the properties of the NS.
which peaks around 0.3-0.4. The X-ray spectrum car he paper is organized as follows. In Sect®mwe report
be fit well with a power-law function, which favors the our analysis results of J1018 witfermiLAT. Then, we
shock interaction scenario rather than the accretion modélescribe the emission model in Secti8rand compare
(An et al. 2015. The high-energy (HE)-rays detected by our results with observational data in SectibnFinally,
Fermi/LAT show significant modulations in the luminosity we summarize our work and discuss the similarities and
and spectral shapd&¢rmi LAT Collaboration et al. 2012 differences of J1018 with other binaries in Section
An & Romani 2017. The spectra around GeV band
are characterized by a power-law with exponential cut2 DATA ANALYSIS

off (PLEC) function. An & Romani (2017 found that
the orbital variation in the lower energy-ray is In this section, we analyze the HE emission of J1018

similar to that of X-rays, while they-ray flux above detected byrermi/LAT. Photon events from 2008-August-
1 GeV changes significantly. Thel.E.S.S.telescope 09 to 2018-May-10 with energies of 0.1-100 GeV were
also detected very-high-energy (VHE)rays from J1018 selected from the “Pass 8 Source” event class. The region
(H. E. S. S. Collaboration etal. 2012015. The Tev of interest (ROI) is a20° x 20° square centered at
light curve also displays a similar behavior as the X-the epoch J2000 position of the sour¢®.A.,Dec) =
rays, which also exhibits a flux maximum at phase 0(10"18™55.18%, —58°56'44.2”). We removed the events
The measured spectrum extends to above 20 TeV and théth zenith angle larger tha®0° to reduce contamination
spectral shape indicates a modest influence fromrey ~ from the Earth's albedo. Thgtlike tool was applied to
absorptioni. E. S. S. Collaboration et al. 2015 perform maximum binned likelihood analysis to obtain the
Unfortunately, the nature of the compact object ofspectral models for all the 3FGL catalog sources that are
J1018 is as yet unknown. Although the measured spectr#fithin 25° from the center of the ROI (glbscv16.fit),

shape byFermiLAT is similar to gamma-ray pulsars, the galactic diffuse emission (gkém.v06) and the
there is still no direct detection of a pulsed signal, andSotropic diffuse emission (is#8R2SOURCEV6.v06)

therefore an accreting NS or BH still cannot be dis-(Acero etal. 201p Four extended sources within the
carded explicitly Fermi LAT Collaboration et al. 2032  égion: HESS J1303-631, Puppis A, Vela Jr and Vela X
Waisberg & Romani(2015 presented a radial velocity 2'€ modeled by the extended source templates of Fermi
(RV) measurement of J1018 with the Cerro Tololo Inter-Science Support Cenfeith the spectral indices fixed to
American Observatory (CTIO) telescope. Their analysiéhe global fit and leaving only the normalization parameter
showed a semi-amplitude modulationid — 40 kms—1, free, the model then calculates the orbital flux. To get the

and indicated most likely a compact object mass witrerbital light curve of J1018, we fix the orbital period to
Mx < 2.2 M. Strader et al(2015 performed further D€ 16.544dAn etal. 2013, then the TEMPO2 package
spectroscopy of the optical companion with the SoutherAHobbs etal. 2006with Fermi plug-in Ray etal. 2011
Astrophysical Research (SOAR) telescope. The RV semilas utilized to assign an orbital phase for each event. The
amplitude was constrained to he — 12 kms~!, which orbital light curve of J1018 is depicted in Figule As
suggested an NS primary of the binary, although a BHVE can see, the GeV emission displays significant orbital
cannot be discarded if the inclination angle of the orbit ismedulations, with the flux maxima around phase 0.0 and
very small. They also found that both the X-ray apday minimum around 0.5. We perform spectral analysis in the
maxima emissions occur at inferior conjunction (|NFC)_seIected phase intervals to investigate if the spectrum of
A follow-up RV study of J1018 with Southern African J1018 is varying throughout the orbital period. We defined

Large Telescope (SALT) observations was performed b)t,he 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

1 The ~-ray maximum is denoted as phase 0 in @nd sub-selected these two states. The spectral form of

Fermi LAT Collaboration et al(2012, and we use the same notation in
this paper. 2 http://fernm.gsfc.nasa.gov/ssc/
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Fig.1 The orbital light curve of J1018 in 0.1 — 100GeV ) )
obtained from binned likelihood analysis. The red dashedfig. 3 The orbit of J1018 with the parameters measured by
line indicates the mean energy flux. Monageng et al(2017).

3 EMISSION MODEL

- - In this section, we describe the emission model for gamma-
—— phase 0.0-0.1 . . . .
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

3 relativistic velocity in the tail. The synchrotron radiati

and IC scattering in the shock produce the observed X-rays

\ and VHE ~-rays, respectively@iubus 2006bChen et al.

, 2019. Alternatively, the electrons in the pulsar wind

10° 10° 10° 10" zone (PW2Z) will up-scatter the stellar photonsteays,

Enery (&V) and the magnetospheric emission from the pulsar will

also contribute to the observed emissions. The orbit and

Fig.2 The orbital phase resolved spectra of J1018. Re ; P
and blue curves are fitted by a PLEC function while thegjeometry of J1018 discussed in this paper are presented

points with error bars are observational data and uppdf Figures 3 and 4, respectively. The related orbital
limit. parameters of J1018 are summarized in Tdble

N
S

Flux (erg s"cm‘Q)
8;

31018 is modeled by a PLEC function 3.1 Geometry of the Termination Shock

The structure of the termination shock is decided by the

dN EN\ E 1 dynamic balance between the relativistic pulsar wind and
aE - O\ E, PN E | (1) stellar outflows. Define the momentum flux ratio as
o Lsd/c
; _ -5 12— _ n=—: )
with No = 5.65 x 107° phs™ cm™“erg™",I'y = 1.82 Muvy

and E. = 2.96 GeV for high state, andVo = 3.70 X\ here 1., is the spin-down luminositye is the speed
107 phs™ em™?erg™!, I'y = 1.64 andE,. = 242 GeV o jight, and M and v,, are the mass loss rate and the
for low state. The upper limits are derived when theying velocity of the massive star, respectively. Then the
detection significance is less than.3rhe phase-resolved isiance from the pulsar to the contact discontinuity of IBS
spectra are shown in Figu2 The spectra at these two g (Canto et al. 1996An 2018

states exhibit significant discrepancies at lower energy .

while the deviation becomes smaller at higher energy, Iy = d'sm7957 (3)
which are consistent with the results 8h & Romani sin(6p + 65)

(2017). The orbital modulation of GeV flux is similar to with

that of X-rays, manifesting maximum flux around INFC. O cot 05 =1+ n(6, cot 6, — 1), (4)
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Fig. 4 Geometry of the cold pulsar wind and the termination shock.

whered is the binary separation, arty and ¢, are the according to the energy conservation law, the LF evolution
angles of the point at the shock related to the line joiningof electrons in PWZ can be written as (e.Ghen & Rui
the star and the pulsar, respectively. The half openingeang2015

of IBS can be approximated witfE{chler & Usov 1993 ) = 1+ oy )
v T
O = 2.1(1 = 7°/° /)72, (5)  whereoy, and, are the magnetization parameter and LF

of pulsar wind at light cylindery,, anda,, is order of unity.
with 77 = min(n,n~"). For most high mass gamma-ray ~ The companion star provides a large number of soft
binaries, the stellar outflows are more powerful than thaphotons that would be up-scattered to higher energies by
of the pulsar (i.e.y < 1), which means that the shock the pulsar wind electrons. For a monochromatic energy

would wrap around the pulsar. electron with an LF ofy, ~ 10 and a stellar photon with
€y ~ 2.82kT,, the characteristic energy of the up-scattered
3.2 IC Scattering in the Cold Pulsar Wind photon is

The rotational energy of pulsars is mainly released via

relativistic winds composed of B-field and e-paikéi¢hel

1969. Initially, the pulsar wind is dominated by Poynting

flux, and it is converted into kinetic energy as the windin the Thompson regime (i.e. kT /m.c® < 1), or

is spreading away at a larger distan&hdronian et al.

2012. The detailed mechanisms of the dissipation of Ey ~ yymec® ~ 5.07 x 10%V (17—(‘;1) ; 9)

Poynting flux and the acceleration of particles in pulsar

wind are still unclear. To describe the dynamics of pulsain the Klein-Nishina regime (i.eyykTy/mec® > 1),

wind, we introduce the so-called magnetization parameteihich is located in the energy bandrérmiLAT. It means

which is defined as the ratio of magnetic energy density téhat the modulations of-rays observed byrermiLAT

pair kinetic energy density in the wind. Assuming that thecould be contributed by the IC emission in PWZ. Since

magnetization of pulsar wind evolves with radial distancethe pulsar is orbiting around the massive star, the IC

in the form of a power-lamontopoulos & Kazanas 2002 emission from the wind is highly anisotropic. Assuming

Kong et al. 20112012 Takata et al. 201)7 that electrons are moving radially in the wind, the observed
~-rays are produced by electrons that are moving in the

l ) Qe ©) same directionkhangulyan et al. 2001 The IC scattering

o(l) = ow <E power at the frequency of for a single electron is given

B, ~ 472 ¢y ~ 9.66 x 10%V (V—W)Q L (8)
K w 104 104 )"
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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 Porp 16.544 days Anetal.(2019
distance dy, 6.470 7 kpc Marcote et al(2018
inclination angle of LOS i 45° Assumed

true anomaly of LOS w 1+ 30° Monageng et al(2017)
Pulsar and pulsar wind

spin-down power Lsg 1 x 1036 ergs—! Assumed
rotation period P 0.05s Assumeld

LF of pulsar wind atry, o7 1 x 103 Assumed
magnetization of pulsar wind at, oL 1% 102 Assumed

Star and stellar outflows

mass M 229 Me Monageng et al(2017)
radius R, 9.3 Rg Monageng et al(2017)
temperature Ty 3.89 x 10* K Napoli et al.(2011)
Termination shock

particle distribution index P 2.1 Assumed
maximum LF of shocked flow r 2 Assumed

T Model parameters. The values adopted in this table are shnsmodeling the observational data.

by (Aharonian & Atoyan 198}t Different from the case of a free expanding pulsar wind
as investigated byBall & Kirk (2000, the presence of
P(v,vy) = 30’T/ Vfgysgﬂ(g,be)dys, (10) the termination shock will reduce the size of the cold
427st , pulsar wind, and thus affect the IC emissioBal & Dodd
H(Eby) = 1+ S 3 2€ 2001, Cerutti et al. 2008 so in the calculation of Eq1Q),

- + ) . . .
200-¢) bp(1—=¢)  b5(1—¢)?" we integrate over the length of un-shocked wind region
towards the observer from the pulsar to the shock contact

where ¢ = hv/yeymec?  and by = : o

discontinuity surfacé..
2(1 — cosfsc)ywhvs/mec®.  Under the point y &
source  approximation, the flux density of In summary, the emissions from the un-shocked
stellar photons is expressed asf(vs) — wind are mainly determined by the following parameters
7(R./R)?(2h3 /c?)[1/(exp(his/kT,) — 1)}, and (Khangulyanetal. 2012012: (1) the LF of un-shocked

the scattering angle is determinedfy: = = — v, with  electronsy,,, (2) the flux density spectrum of the seed
1 being related to the distanéérom the pulsar, expressed photonsf(vs), (3) the length of PWZ towards the observer

as ls, and (4) the scattering angle between the incoming
and up-scattered photahc. The orbital motion of the

o tan~—! (%) for 1 < dcosy 1) pulsar around its companion leads to the mo_dulatio_ns.of

7+ tan—! (dil:cf:;;fo—l) for I > d cos . 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

i being the inclination angle of the orbit, andand w (Ball & Kirk 2000). For simplicity, the effect of Compton-

being the true anomaly angle of the pulsar and the line oﬁrag ?I_r;] the dynfarrr:ics of pulsar vyind s lnot cgzsidered
sight (LOS) projected to the orbital plane, respectiveheT '€ The rest of the parameters (i-flws), Is, andbsc)

number of electrons in PWZ per unit of length is given byare. ma;mly d:termme: byh thi distance Of(;hﬁ emlttlpg
(Yi & Cheng 2017 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.
Finally, the observed flux from PWZ can be obtained by ) )
integrating over LOS In the left panel of Figureb, we present the radial

evolution of pulsar wind LF. Initially, the pulsar wind
1 b is dominated by Poynting flux, and therefore the LF of
F(v) = E/o Ne(l; v P(v, o)l (13) pulsar wind particles at the light cylinder cannot be very

The distance from the star is defined B = d> +
12 — 2dlcostpg andcostpg = —sinicos(¢ — w), with

Lsd
No(l, ) = . 12
ol w) 47y (1 4+ 0)mec3 (12)
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Fig.5 Left The radial evolution of pulsar wind LRight The IC spectra with different travel distance of PWZ along
LOS at SUPC. The model parameters adopted in calculatieng as 1 x 10%,~;, = 1 x 10% anda, = 1.5.

large. With the dissipation of Poynting flux, the magnetic3.3 Emission Model for the Termination Shock

energy of pulsar wind would be gradually converted into

kinetic energy of particles. As the magnetization parameteS the pulsar wind is terminated by stellar outflows, the

drops below unity, the LF of pulsar wind particles reache<inetic energy of particles would be converted into intérna

its maximum with the order ofy, ~ opy. The €Nergy of the shock. According to magnetohydrodynamic
corresponding IC spectra with different travel distandes 0SnOck jump conditions, the magnetic field at the shock can
PWZ along LOS at SUPC are provided in the right paneP€ obtained with

of Figureb. I N
B=—27 (14— 14
(mcia(va)  uo

In Figure 6, we present the orbital modulations of
HE ~-ray flux in FermiLAT energy band due to the IC 802 + 100 + 1
scattering in PWZ with different values of inclination wWwr=—""_"

angles (left panel) and momentum flux ratios (right panel). 16(0; 1) ) L, (15)
For a fixed shock structure (i.ey, = 0.05), a larger . [640° (0 + 1)® + 200 (0 + 1) + 1]/
inclination angle of the orbit predicts a more significant 16(c + 1) ’

modulation of-ray flux due to the variation of the \herey ando are the radial four velocity and the mag-
scattering angle. As the inclination angle is small enoughetization of the wind, respectivelyKénnel & Coroniti
(iLe.,i = 0°), they-ray flux is mainly determined by the 19g4ap). Besides the compression of the magnetic field,
density of stellar photons, which shows flux maximumine shock will also accelerate electron pairs into a power-
at periastron¢ = 0°). For a fixed viewing angle (i.e., |aw distributionQ(y) « ~~?. The accelerated electrons

i = 45°), alarger value of momentum flux ratipmeans  j, the shock lose energies through radiative cooling
that the size of the un-shocked wind is larger, and thereforg,4 adiabatic process. The cooled spectrum of shocked

the integratedy-ray flux is higher. When the pulsar is gjectrons is given by Zabalzaetal. 20%3Chen etal.
moving around INFC, the flux reaches its minimum due2019

to the inefficient tail-on collision. We note that the light 1 o
curves also feature some dips when the pulsar is moving n(y) = m / Q(Y)dY', (16)
around superior conjunction (SUP@, = w + 180°),

which is caused by the decrease in the size of PWZ alon ith  being the total energy loss ratMt()derski et.all.
LOS and a larger binary separation. Alternatively, for a 005 Khangulyan et al. 207 Then the local emissivity

larger eccentricity, the dip would become more obvious.Of the shock can be calculated by

For comparison, we also present the case of free expanding

pulsar wind without the termination shock (i.8.= ). i) = /”(’Y)P(W)d% (17)
As expected, the presence of the shock reduces the size of

PWZ, and thus reduces theray flux especially when the where P(v) is the total power of synchrotron and IC
pulsar is near SUPC. scattering for a single electrorKifk etal. 1999. The
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Fig.6 The orbital modulations of HE-rays (0.1-100 GeV) from PWZ with different values of in@ltion angles#) and

momentum flux ratiosr).

synchrotron power is given byr{/bicki & Lightman 1979
V3428

14
P) = L2r (L)), a8
Fz) = / Ks/3(9)dy,
where v. = 3+%q.B/4mmec is the characteristic

with T" being the bulk LF of the moving flow elements,
andg = /1 —I'~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

cos o = cos 0, cos b5 + sin 0, sin 6 cos p, (22)

frequency andK;/; is the modified Bessel function. whered, = = — v is the angle between the symmetric
As for IC scattering, we only consider the externalaxis of the shock cone directed radially away from the star
IC emission with seed photons from the massive starand LOS. For a purely radial shock, maximum boosting
and synchrotron-self-Compton emission is ignored dugappens around INFC where the flow elements are moving

to strong suppression of the Klein-Nishina effebupus

2006a Kong et al. 201} The IC scattering power for a

single electron is given in Eq10).

towards us.
Apart from the boosting effect, the VHE=rays would
be absorbed by the soft stellar photons. In particular, the

~ According to numerical simulations of gamma-ray absorption could be important when the pulsar is moving
binaries, the shocked flow would propagate in a narroground SUPC due to the huge amounts of soft photons

region with an increasing bulk velocitydogovalov et al.

along LOS. The optical depth due to pair creation can be

2008 2012. It means that the shock emission from theca|culated as

tail could be highly beamed. In particular, as the beaming
direction passes through LOS, we will receive the boosted

emission from the shock tailDubus et al. 201,02015.

)ph (Vs) T, (22)

7'—/dl/d1/b

Taking the Doppler-boosting effect into consideratiom, th wheren,y, is the number density of stellar photons=

total flux from the bow shock is given by (e.Granot et al.

1999
F(v)=

1 AT 27 lD+A>
= / sin 6d6 / dy / r*drD?j(v/D) exp(—7),
L J6Os 0 ls

(19)
whereAg ~ 0.1/ is the shock thickness, afdandy are

cos 6., is the collision angle and.,, is the cross-section
of pair creation Gould & Schréder 1967 A detailed
description ofy-ray absorption in binaries can be found
in Dubus(20063.

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. Thereforis, it

the polar and azimuthal angles, respectively, of the flowhecessary to explore the effects of the parameters on light
measure from the symmetric axis of the shock cone. Thgyrves. In Figurd, we show the normalized integrated flux

Doppler factor is

1

D= I'(l —Bcosa)’

(20)

from IBS with the Doppler-boosting effect in X-ray (0.3—
10keV, upper panels) and VHE-ray (£ > 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—10 keyper panelsand VHE~-ray (E > 0.35 TeV, bottom
paneld from the termination shock with different values of momentflux ratio and orbital inclination angles.

by the momentum flux ratio, and the orbital motion of theThe duration of each flare can be approximated with
pulsar around the companion leads to the rotation of the/T" x 180°/7 of orbital phase, and a larger value of
shock cone, the shock radiation received by the observér would definitely lead to sharper flares around INFC.
changes significantly with the angle between LOS and théds the inclination angle of the orbit decreasesito<
moving direction of the shocked flow. Depending on ther/2 — 64, or the opening angle of the shock satisfies
relations between the inclination angle of the orbétnd 6, < w/2—i (i.e., a smaller value of), two sharp peaks at
the opening angle of the shoék, (which is governed by ¢, and¢, would be merged at INFC and finally disappear
the momentum flux rati@), two different patterns of light (Neronov & Chernyakova 2008

curves will be observed. In particular, when the inclinatio For the case of = 0 (i.e., LOS is perpendicular to the
angle satisfiesr/2 — i < 64, LOS will pass through the orbital plane), the Doppler factor is constant throughout
shock cone twice every orbit, and two rapid flares will bethe orbit. Since the X-rays are generated by synchrotron
observed around INFC due to the boosted emission fromadiation, the X-ray intensity mainly depends on the
the shock region. The positions of the two flux maximamagnetic field strength in the shock. Under the assumption
occur when the shock is passing through LOS, which arghat the magnetization of un-shocked wind evolves with
defined by radial distance in the form of « [~“, 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 scatteringkes

$1,2 = pinre £ Ao, (23)

wheregnre = w is the anomaly of INFC, and
cos Og,
sini /)

A¢ = arccos ( (24)
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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 ~ 7 '.'"F'e'r'r'nilLATdat; ]
absorption and the rapid cooling process of electrons will [ — Outer-gap emission |]
further reduce the TeV flux, and therefore features a dip ]
at periastron. We should note that in the calculations of 0"
Figure 7, we assume that the rotating hollow cone has a_
symmetric axis directed radially away from the star. InN'g
particular, when the periastron is assumed to be at INFG 10"
(which is the case for J1018), the observed light curvessj i
from the shocked cone have a symmetric profile arounds
INFC. When the periastron passage of the pulsar is not at 1o |
the INFC, then the light curve profiles are not symmetric
due to the orbital modulations of the magnetic field and the
photon field.

-9

10713 il Lol M | M | PN W
10’ 10° 10° 10 10"

4 FITTING RESULTS energy (eV)

In this section, we utilize the emission model describeq:ig 8 The calculated outer gap emission with a compari-
above to calculate emissions from J1018. We use thgon' of the steady component detectedbymi/LAT.
orbital solution as obtained bionageng et al(2017),

with the eccentricity ofe = 0.31, and the periastron . . o .
phase occurring around INFG(~ 1°). The LF and the electric potential, resulting in depletion of the outer

magnetization parameter at the light cylinder are taken aaP- These two instantaneously occurring processes can
1, = 10% andoy, = 102, respectively, with the decay index be approximately modeled by the two-layer structure,
of the magnetization parameter of = 1.5 (Kong et al. which defines contrasting charge densities for the primary

2011 Takata etal. 2017 The photon index in 3-10key 2acceleration and the screening regions.

during the entire orbit i§'x ~ 1.2 — 1.8 which suggests In this study, we follow the two-layer outer gap
that the power-law index of injected electrons in the shocknodel explored byvang et al(201Q 2011), in which the

is in the range op = 2I'x — 1 ~ 1.4 — 2.6. Given the accelerating electric field is solved by assuming the charge
flat spectrum at VHEy-ray band, we adopt = 2.1 in density in the outer gap. We assume a moderate value for
calculations. The shocked flow is assumed to move wittthe charge density in the gap, namely, that the gap has a
a mildly-relativistic speed with a bulk LF of = 2 as charge density of 70% of the Goldreich-Julian value. We
adopted inKong et al. (2012. The other parameters of solve a two dimensional Poisson equation in the poloidal
the pulsar are obtained by fitting the steady componerftlane and assume that there is no variation of the gap
detected byFermiLAT as we discuss below. The related Structure in the azimuthal direction. This approximation

model parameters for J1018 are listed in Table will be justlfled if the thiCkneSS Of the gap in the p0|0ida|
plane is much smaller than the width of the azimuthal
4.1 Outer Gap Emission from J1018 direction, for which we apply~ 180°. The spin period

and the surface dipole magnetic field strength @os s
Currently, because there is no existing result on the timingnd 10'2 G, respectively, which yield a spin-down power
parameters of the pulsar in J1018, the properties of thef L,y ~ 1 x 1036 erg s~!. By assuming the pulsar has an
pulsar remain unknown. To explain the complete emissiofinclination angle of40°, we calculate the direction of-
spectrum of J1018, the magnetospheric contributiomays at each calculation point and obtain the spectrum as a
cannot be ignored. We use the standard outer gap modglnction of the viewing angle. In this paper, we present the
to simulate the curvature spectrum from the outer gapcalculatedy-ray spectrum for the viewing angle 5#0° (or
which extends from the null charge surface to the light60°), which provides a reasonable fit to the GeV spectrum
cylinder (Chengetal. 1986k). The separation of the inthe LOW state as plotted in Figuge
oppositely charged particles induces an electric potentia
in the space between them, leading to the growth of thg 2 Modeling the HE Emissions from J1018
outer gap. On the other hand, the curvature photons can
undergo pair creation with the softer photons from theln this subsection, we use the emission model described
pulsar surface. The accumulation of charges will reduc@above and parameters listed in Talilgo fit the multi-
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boosted emissions from the shock as LOS passes around
the shock cone at INFC. With a modest value of inclination

' — total flux anglei ~ 45° the half opening angle of the shock
- - —bow shock [§ should be less thaf0° — i, otherwise, two sharp spikes
== deflected tail will be observed in one orbital period, and therefore the

momentum flux ratio of J1018 is expected to be less than
n < 0.07. Considering typical values of mass-loss rate and
wind velocity of type O stars with\/ ~ 10~7 Mg yr—!

. andv,, ~ 10% cms~! respectively, the spin-down power is
1] expected to be less thdny < 1.5 x 10%%ergs—!.

] Besides the rapid flare around phase 0, the X-ray
[_' light curve also exhibits a broad sinusoidal modulation
component which peaks around phas8 — 0.4. We

flux (10™%erg s"'ecm™)
0.3-10 keV

'\I note that the radio light curve of J1018 also displays a
Ly R TR "é.o smooth sine-wave moQuIation with flug maxima around
orbital phase phase0.2 — 0.4 (FermiLAT Collaboration et al. 2032
This indicates that the broad sinusoidal modulations in
X-ray and radio bands may have a common origin. The
Fig.9 The integrated X-ray (3 — 10keV) flux of radio emission is believed to be produced by the tail of
J1018 as compared with pbservational data. The dashegocked flows at a larger distanckakata & Taam 2009
line corresponds to emission from the bow shock, e expect that this sinusoidal component could be also
while the dot-dashed line signifies the contribution from . . .
the deflected tail. The X-ray data are taken fromcfelused.by the shocl.< tgll. According to the hydr.odynar’r-ncal
Fermi LAT Collaboration et a2019). simulation, the Coriolis force due to fast orbital motion
of the pulsar could amplify the bending of shocked flow

wavelength emissions of J1018. As shown in Fig@ard (Bosch-quon etal. 2012_015’ and it means that thg
flow direction at a larger distance of the tail is not radial.

10, the rapid flares around phase 0 in the X-ray and VVHE - :
The realistic geometry of the shock tail could be very

ray light curves of J1018 can be naturally explained by the i ) .
complicated. In our calculation, we simply treat the shock

tail as a comet-like geometry starting at the distance of
[ > 3d with a deflection angle oo, ~ 150°. In this

5.0 ——————————————————— case, the angleosf.ns in Eq. (21) should be replaced
sl —total flux | with cosOons = sinicos(¢p — w — bgow ). The deflection

- -~ ~bow shock ] of the shock tail at larger distance explains why the peak
40 —-—- deflected tail ||

[ phase of this sinusoidal modulation is not around INFC
35 . (Dubus et al. 2010 Following the above description, we

I T calculate the X-ray and VHE-ray emissions from the
deflected tail as presented by dash-dotted lines in Figures
and10respectively.

The multi-wavelength spectra of J1018 with compar-
isons of the observational data at INFC (left panel) and
SUPC (right panel) are presented in Figdfe 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
orbital phase radiation and IC emission from IBS (dotted line). As we
can see, the steady component observeledomniLAT can
be fitted well by the outer gap emission from the pulsar

Fig.10 The integrated VHEy-ray (£ > 0.35TeV) ; i
flux of J1018 as compared with observation data. Themagnetosphere,whlle the boosted emission from the shock

dashed line corresponds to emission from the bovitnd IC scattering in the wind will also contribute to the
shock, while the dot-dashed line signifies the contributiorfays observed byerm/LAT. We note that the predicted
from the deflected tail. The-ray data are taken from spectrum of the wind at SUPC is somehow higher than the
H.E. S. S. Collaboration et g2015. observational data which may be due to our neglect of the

flux (10"%ph s™'cm™®)
E>0.35 TeV
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Fig. 11 Multi-wavelength spectra of J1018 at INFeft pane) and SUPCight pane). TheSwiftandH.E.S.Sdata are
taken fromAn et al.(2015 andH. E. S. S. Collaboration et 2015, respectively. The solid lines are the model results
including the emissions of pulsar magnetosphetisfied lines un-shocked winddash-dotted lingsand termination
shock @lotted lines.

Compton-drag effect. Finally, the orbital variationsof a modulated component which manifests flux maximum

ray flux in 0.1-100 GeV are presented in Figd2 around INFC. The steady component can be fitted well by
the outer gap emissions from the pulsar magnetosphere,
5 CONCLUSION AND DISCUSSION while the modulated component is caused by boosted

o ) ) _emissions from the shock and IC emissions from the
Gamma-ray binaries are unique astrophysical laboratories; \ y  our model basically agrees with a previous study
for studying particle acceleration and physical propertie by An & Romani(2017, which performed a more delicate
of outflows from energetic pulsars and massive stars. Thgnalysis and modeling of J1018. Both our results suggest
outer gap, the cold pulsar wind and the termination shoclfhe compact object of J1018 is an energetic pulsar with
are the most likely regions that produce the observe(isd ~ 10% ergs—1. Among the orbital parameters, the
v-rays. We examined non-thermal emissions from thE?nclination angle of the orbit is the most uncertain one,

binary system with different shock structures and viewing, v has a strong impact on the modeling. We adopt
angles, and applied the emission model to J1018. For IG oot values of — 45° and n = 0.05, which are
emissions from the un-shocked wind, we demonstrated, <q {5 those oAn & Romani (2017 with i,: 50°

that the presence of the termination shock and the viewin

and

X : 9 = 1/25. Strictly speaking, the mass-loss rate and wind

angles determine the length of the un-shocked Wln(ii/elocity of the companion star can be obtained via optical

region tgwards the observer, aqd thus affeay flux. spectroscopy, therefore, the sharp flares of light curves at
Alternatively, the Doppler-boosting effect has a srongi\ec can further constrain the properties of the compact

influence on the shock radiations. Depending on theypiect These would be beneficial for the future search of
relation between the shock structure and the viewing angl%ulsations from the putative pulsar

two different patterns of X-ray/TeV light curves will be

observed. In particular, when the orbital inclination angl Some other binaries display common features with
i is large enough, LOS will pass through the shock con¢hose of J1018, such as LS 5039 and LMC P3. The
twice per orbit, and two sharp peaks will be observedmost important characteristic of these systems is that all
around INFC, otherwise, only one or less spike can b&f them exhibit significant correlation between the keV
observed in one orbit. Under the pulsar scenario, wand TeV flux, which indicates a common population of
studied HE emissions from J1018. We show that theparticles that emit these photongapalza etal. 20)1
periodic sharp peaks around phase 0 in the keV/TeV lighiNevertheless, different from J1018, the GeV flux of LS
curves of J1018 are caused by a boosted emission froB8039 manifests anti-correlation with keV/TeV light curyes
the shock around INFC, while other broad sinusoidalhich is unlikely to be produced by the shock radiations
modulations likely originate from a deflected tail at a(Takata et al. 20L4Chang et al. 201)9 Besides, the flux
larger distance. The data analysiskermiLAT indicates  modulations of LS 5039 and LMC P3 are much smoother
that the 0.1-100GeV flux contains a steady componerthan that of J1018. Since the orbits of LS 5039 and LMC
that does not change with the motion of the pulsar, and3 are more compact than J1018, the strong wind from
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