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ABSTRACT

The binary system HESS J06324-057 was recently detected by Fermi to possess orbital-
modulated GeV emission. In this paper, we study the possibility that the compact companion
of HESS J0632+057 is a pulsar. Under such a presumption, we focus on the high-energy
emission mechanism of this system, which is as follows. The pulsar companion travels through
the circumstellar disc of the main-sequence star twice in each orbit, when some of the matter is
gravity captured. The captured matter develops an accretion disc around the pulsar, and from
which the soft photons are inverse Compton scattered by the pulsar wind as the GeV emission
from the system. With proper choice of parameters, SED and light curve that are in accordance
with observations can be produced. We predict that the light curve of GeV emission has two
peaks, the larger one is at around 0.4 after the periastron (or 0.1 after the X-ray maximum),
while the smaller one is between phases 0 and 0.1, with integrated flux one-fourth of the larger
one.

Key words: binaries: close —stars: emission-line, Be — stars: individual (HESS J0632+4-057) —

gamma-rays: stars.

1 INTRODUCTION

HESS J0632+057 was discovered as a TeV gamma-ray source
(Aharonian et al. 2007). The follow-up observations found peri-
odic time variations of emission in X-ray and TeV (Aharonian
et al. 2007; Acciari et al. 2009; Hinton et al. 2009; Aleksié
et al. 2012; Aliu et al. 2014), which revealed the binary nature
of this system. This system is considered to be one of the y-ray
binary systems' (see Dubus 2015 for a review). The optical com-
panion is a Be star MWC 148 (Aharonian et al. 2007). Casares
et al. (2012) detected the radial velocity variations in the photo-
spheric lines of the optical companion and thus determined the
period of the binary system P = 321 + 5days and the mass func-
tion f(M) = 0.35%072 M. Aliu et al. (2014) further refined the
orbital period to be 3157 days. The mass of the optical companion
was determined to be 13.2 — 19.0 M (Aragona, McSwain & De
Becker 2010). Due to the uncertainty of the inclination of the orbit,
the possible mass range of the compact companion is determined
to be in the range 1.3 — 7.1 My, which covers two distinct cate-
gories: neutron stars (usually believed to have mass M. < 3Mg);
Kalogera & Baym 1996) or black holes. We summarize other as-
pects of the binary in Section 2.

* E-mail: yishuxu@hku.hk (S-XY); hrspksc @hku.hk (KSC)

' The term ‘p-ray binary’ in our paper is equivalent to ‘y-ray emitting
binary’ with a pulsar or a black hole companion in Dubus 2015. However,
the author use ‘y-ray binary’ to specifically refer the case when the compact
companion is a pulsar.

There are two families of mechanisms to explain the high-energy
emission of y-ray binary systems, depending on the nature of the
compact companion. When the compact object is a black hole,
accretion from the main-sequence star is expected to produce a
microquasar jet, which accounts for the high-energy emission (see
a review by Bosch-Ramon & Khangulyan 2009, and references
therein). On the other hand, if the compact object is a neutron star
(a pulsar), one main branch of theories explains the high-energy
emissions to originate from the collision shock between the pulsar
wind and the stellar wind/circumstellar disc (CD) (Maraschi &
Treves 1981; Dubus 2006).

An example of the pulsar wind scenario is the y -ray binary system
PSR B1259-63/1.S2883, where the compact companion is known
to be a pulsar for its radio pulsations. Theoretical models on this
system (Kong et al. 2011, and references therein) proposed that the
X-rays are produced by synchrotron radiation from shock-heated
electrons, and TeV emission is produced via an inverse Compton
(IC) process of the hot electrons (both synchrotron self-Compton
and external IC scattering of the thermal photons from the optical
companion). However, to explain the GeV emission (HE, 100 MeV
to 100 GeV) is more difficult. Many of the efforts try to explain the
GeV emission with IC scattering by cold electrons from the pulsar
wind (e.g. Khangulyan et al. 2012; Dubus & Cerutti 2013). The
main difficulty is the lack of soft photons because the GeV peaks at
~20 days after periastron, where neither the circumstellar matter nor
the soft-photon field from the optical companion is at the densest.
Recently, we use a new approach to the GeV emission of the system
(cf. Takata et al. 2017; Yi & Cheng 2017). In that framework, the
soft photons are from the accretion disc around the pulsar, which
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was developed after the CD matter being gravity captured by the
pulsar at disc crossing. The time required for the accretion disc to
form corresponds to the lag time between the X-ray/TeV maximum
and the GeV peak.

HESS 06324057 seems to share some observational similarities
and therefore researchers put efforts in searching for its GeV emis-
sion for a long time. With 3.5 years of data from Fermi Large Area
Telescope (LAT), Caliandro et al. (2013) found no GeV emission
and set the upper limit of the GeV flux for this system. A recent
search for HESS J0632+057 with up-to-date Fermi-LAT data dis-
covered the orbital-modulated HE GeV emission (Li et al. 2017).
With the studies on the Balmer and Feu line profile variations
from the CD, Moritani et al. (2015) concluded that the pulsar wind
mechanism is the most likely candidate for high-energy emissions
in this system. These motivate us to apply the model proposed for
B1259-63/1.52883 to HESS J0632+057.

The presupposition of the model is that the compact object in
HESS J0632+057 has a mass of a neutron star. In Section 2, we
discuss the mass of the compact object based on the present obser-
vational constraints. We also discuss other parameters of the binary
system which will be used in the next section. In Section 3, we
discuss the mass transfer and accretion process. In Section 4, we
calculate the time-dependent HE SED and light curve as a predic-
tion of our model for future test by observations. We conclude and
discuss our finding in the final section.

2 MODEL PARAMETERS

In our model, the compact companion of the binary system is a pul-
sar. When the pulsar travels through the CD, some of the materials
are gravity captured by it. An accretion disc then develops around
the neutron star, and the soft photons from the accretion disc are
IC scattered by the relativistic electrons in the pulsar wind. The
upscattered photons are the observed HE emission.

2.1 The parameters of the binary and the circumstellar disc

To explore the validity of the proposed scenario, we first examine the
parameters of the system within ranges set by previous observations.
Those parameters include the masses of the compact companion
M. and optical companion M,, the configuration of the orbit, the
geometry and the density profile of the CD, the spin property of the
pulsar and the velocity distribution of the pulsar wind.

We start with ranges of the parameters of the optical compan-
ion and the orbital solution of Aragona et al. (2010) and Casares
et al. (2012): K = 22.5 + 57kms™!, M, = 16.1 = 29Mg,
e =0.83 £ 0.08 and P = 321 £ 5days, where K is the amplitude
of the radial velocity modulation, and e and P are the eccentricity
and period of the orbit, respectively. The resulted mass function is
f(M) =0.35"07¢ M@, where

(M) = PK? 1
fiM) = G (
In the above equation, i, is the inclination of the orbit. Casares et al.
(2012) limited i, to be within 47°-80°.

Suppose that the distribution of K, M, and e is Gaussian and the
standard derivative is their given uncertainty (with P fixed to 321d
as in Casares et al. 2012), and sin i, is uniformly distributed in its
range, we can obtain the distribution of M.. The probability density
distribution of M. is plotted in Fig. 1. We can see from this figure
that the probability of the compact companion to have a mass of

e)? = M]sin’ io/(M, + M.)’. (1

o o
N w

=4
i
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Figure 1. The probability density distribution of M, based on the observed
distribution of K, e, P and M,.

a neutron star (<3 M) is less (than that of a black hole) but still
significant.

We specify three sets of K, e, P, i, and M, in Table 1. Under each
parameter M. = 1.5, 2.0 and 2.4 M, respectively. The possibili-
ties of M, < 1.5,2.0 and 2.4 Mg, are ~8 percent, 17 per cent and
28 per cent, respectively.

Next, we discuss the properties of the CD. Outside the CD, we
suppose the velocity of the stellar wind is radial and takes the form
(Waters et al. 1988)

v () = 10% ems™! x (1 — R,/r)'?, )
and the density profile is
108 Mg yr!

W = 3

pulr) 47tr2vy(r) )

The density distribution of the CD has been modelled by previ-
ous researchers (Lee, Osaki & Saio 1991; Porter 1999; Carciofi &
Bjorkman 2006) as

(7)o (i)
= — X —_—
Pcp = Po R €xXp 2H?

_ <&>nex <—(¢—¢CD)2> @
=P\R) U oA )

where 7 is in the range 3-3.5, with 3.5 corresponding to a steady-
state isothermal outflow, H is the scaleheight of the disc and z is
the coordinate in the vertical direction of the CD. The second part
of above equation is the disc density profile projected to the orbital
plane, where ¢¢p is the azimuthal angle at which the mid-plane of
the CD intersects with the orbital plane and A¢ is the half-width
of the CD projected on the orbital plane. Chernyakova et al. (2006)
proposed that ¢.q+ and A¢ corresponded to the peak position and
the width of the X-ray and TeV light curves. We use ¢4+ = 170°
and A¢ = 2.2° based on the X-ray light curve from Bongiorno et al.
(2011). The orientation and inclination of the CD with respect to
the orbit plane are important for the determination of the relative
velocity between the neutron star and material on CD. Denoting the
azimuth angle and the polar angle of the angular momentum vector
of CD as ¢, and 6, respectively, and the azimuth angle and the polar
angle of the direction to the observer as ¢q and g, respectively,
we have the following equation:

sin fgy sin 6, cos(p@ — @a) + cos Ogy cos §, = cosicp, 3)

where icp is the inclination of the CD with respect to the observer
(see Fig. 2 for illustration). There is a relationship between icp and
the full width at zero intensity of certain absorption lines of the
inner region of the CD o pwzi:

Orwz1/2 X | sinicp| = (GM,/R,)"2. ©
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Table 1. Parameters of the model.

K (kms™") e P(d) io (°) M. M@) M M) a (km) $ed+ () Ag ()
1 16.8 0.88 315 80° 13.2 1.5 3.29 x 108 170° 2.2°
2 19.2 0.86 315 70° 13.2 2.0 3.32 x 108 170° 2.2°
3 22.5 0.88 315 75° 16.1 24 3.55 x 108 170° 2.2°
Norm of the The soft-photon field is constituted by radiation from the accretion
orbit plane disc developed around the pulsar. In the axis of the accretion disc,
To the observer . . .
the integration of Uy, along [ is
o 47'[5rin 4
Ul = 5T (1n
Substituting equation (11) into equation (10), we have
T; Uy ¢ kTiw \* n L
SLe1=743x 102 (e ) L~ S (12)
""" Iy 10°\10eV/ 108cm L,y — Lic

Orbital plane

Figure 2. Illustration of the binary system configuration. ¢, and 6, illus-
trated in this figure do not represent the values adopted in the text.

The last approximation relationship in the above equation is due to
the fact that the energy of electrons is transferred to the photons via
the IC process, with an isotropic assumption. If the accretion disc is
a Shakura—Sunyaev disc (Shakura & Sunyaev 1973), then take the
relationship between ry, and Ti,:

Using the measured o pwz1(15018) ~ 1300 km s~ and assuming the T 14 x 10'a- ( M. ) i ( M, ) i ( Tin )f% K. (13)
radius of MWC 148 to be R, = 6.6R (which is in the range of ' 1016 gs—! Mg 10'° cm ’
Aragonaetal. 2010), We.obtain tha.t icp = £73°. Putting icp = £73° then we have
and ¢, = ¢cp+ — 90° into equation (5), we have 6, = 75.3° and ) -
On = 80°. Lic =15 50[_0'8 I M. T M. ( Tin )_2
Lyw—Lic 100 \ 100 gs=! / Mg \108cm/
2.2 The IC efficiency and the accretion rate of the disc a5
We define the IC efficiency as the ratio between the luminosity of HE where o is the viscosi/ty indéx in the S8 disc.
emission that originates from IC and the pulsar wind luminosity: If we take the Alfvén radius 74 as ri,
y =2/ -1/7

LIC L =51 Macc Mc 4/7 15

= Low’ D 108cm  ~ \ 106 gs-! Mo Ha s 13

Ly, refers to the pulsar wind luminosity in particles, which could
be much less than the spin-down power of the pulsar near the pulsar
if most spin-down power is still in an electromagnetic wave.’£ is
determined by the density of the soft-photon field, which is related
with the accretion rate of the accretion disc.

The energy losing rate via IC of an electron through an isotropic
photon field is

dE. 4

)
where o1 is the Thompson scattering section and Uy, is the energy
density of the photon field. The above equation can be rewritten as

the energy losing rate along the light of sight:

®)

2
tcUpI™?,

where 13 is the magnetic dipole in units of 10’ G cm?. Therefore,
M.

equation (14) becomes
1.77 1.29
) (o)

£ _peas (

1—¢ 103

The above equation relates the IC efficiency with M. With a typ-
ical assumption that the IC efficiency is 10 per cent, M. = 1.5 M@,
pi=1,T;=10%, @ =0.1 and M, ~ 3.5 x 10" gs~!. Note that
M. is calculated under the isotropic soft-photon field assumption.
When the anisotropic soft-photon field is considered (anisotropic
IC, AIC), the needed Macc will be higher. The estimation here will

serve as an insight into the spectrum calculation in Section 4.

M acc

Y
1016 gs~! ’

30

16)

dr 4
mﬁa = —gaTUphl"z. ©) 3 MASS TRANSFER AND ACCRETION RATE
Integrating equation (9), we have The circqmstellar material (CM? transfers to the compact star via
r PR the Bondi—-Hoyle process (Bondi & Hoyle 1944). The transfer rate
i orl; i
— = Upn(Ddl. 10 18
i et /0 (D) (10)

2 Itis generally believed that the pulsar spin-down power would be converted
into the pulsar wind power. However, at the IC location, how much pulsar
spin-down power has been converted into the pulsar wind power is not
known. As a result, the inferred pulsar wind power is a lower limit of the
pulsar spin-down power.

an

where 1 accounts for the inefficiency of the Bondi-Hoyle accre-
tion, vy is the relative velocity between the neutron star and the
circumstellar material, o is the density of CM and

2G M,

I'BH = >
rel

y 2
Manst = NTU g P Vrel s

(18)
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Figure 3. Upper panel: ry (dashed) and rgy (solid) as a function of ¢ for
three sets of parameters, where ¢ is the true anomaly. Black lines are for
parameter set 1, red lines are for set 2 and blue lines are for set 3. Bottom
panel: The illustration of the orbit and the position of the disc (grey shade
region). The red shades are regions where mass transfer takes place. The
number beside the orbit is the days after periastron of the start and end of
the mass transfer. The sense of orbit is counter clockwise, as indicated with
the arrow. Both panels are plotted with n =3.5and pg =1 x 10~ g cm™3.

is the radius of the Bondi—Hoyle accretion when v, is much larger
than the sound speed of CM. v, depends on the orientation and
inclination of the CD.

However, the collision between the pulsar wind and the stellar
wind will alter v, at a shock-front radius of

Lpw
re= 4] —os—. (19)
4mpviyc

Therefore, a necessary condition for accretion is rgy /1 > 1:

. 0 rBH < T
Mtransf = 2
TIrggPVrel  FTBH = T

When the neutron star is outside the CD, evaluation from equations
(2) and (3) gives rgp/rs < 1. As aresult, mass transfer is impossible
outside the CD.

We have assumed in the above section that & = 10 percent,
and Li et al. (2017) found that the HE Iluminosity was
~2.7 x 103 ergs~!. As a result, we suppose the pulsar wind lumi-
nosity as Ly, = 2.7 x 10** ergs™'. In Fig. 3, we plot r, and rgy as
functions of the true anomaly (the upper panel). We also visualize
the orbit and the location of the CD in the bottom panel (see details
in the caption of the figure).

The transferred materials need to have enough angular momenta
for an accretion disc to form. When accrete from the CD, the
specific angular momenta of the transferred mass originate from
the gradients of the velocity and the density:

(20)

l

2
_ (GM,) <|ere|| 4 IVPcd|>. n

3
Urel Urel Ped

We evaluate the circular radius with Rg. = [*/(GM.) and
equation (21), and find that R is orders of magnitudes larger than

the typical light cylinder radius. Therefore, the angular momenta
are enough.

If the duration of mass transfer is much larger than the viscosity
time-scale, we expect a stable accretion disc establishing with the
accretion rate equal to the mass transfer rate. On the other hand, if
the duration of accreting is much less than the viscosity time-scale,
we expect the accretion disc is transient and the accretion rate at the
inner edge of the accretion disc is described as follows (Rees 1988):

W 0 t<rt 22)
acc. X

R N U
where t ~ 10d is the viscosity time-scale and § = —19/16 for

an electron scattering dominated disc opacity (Cannizzo, Lee &
Goodman 1990). In the case of this system under the chosen pa-
rameters, the duration is about the same order of magnitude with
the viscosity time-scale. Equation (22) can serve as the response of
an impulse mass transfer, and the accretion rate corresponding to
an arbitrary mass transfer rate as a function of time Mlmns(t) is the
convolution between Mm“s(t) and equation (22):

Macc(t) = Con(Mtranw Macc,é‘)- (23)

‘We plot My, and M, as functions of time for different » in Fig. 4.

We expect that the accreted matter does not reach the neutron star
or at least not for a long time. It is because the matter accreted on
to the neutron star will quench the pulsar wind and thus destroy the
emission mechanism. The accreted matter is expected to be stopped
by the propeller effect of the magnetic field. The condition for the
propeller effect is that the fastness parameter f > 1, which is defined
as f = Q,/Qk(ra), where €2, is the angular velocity of the pulsar
and Qk(ra) is the angular velocity of Kepler motion at the Alfvén
radius r,. With the assumption of a typical magnetic field strength
B =10"2G and a spin frequency v > 1, the condition of the fastness
parameter is satisfied.

4 THE HE SPECTRUM AND THE LIGHT
CURVE

In this section, we work on the HE spectra from AIC. With Moo
evaluated in the above way, we calculate #, and r;, as functions
of time with equations (13) and (15). For simplicity, we assume
the accretion disc is face on. Since the soft photons are mainly
contributed by the inner edge of the accretion disc, we make a
further simplification that the soft photons come from a ring with

width of ry, at r;,. Therefore,
47l egrfn

h3c3 (r2 + 12)3/2(exp k% -1

npn(€o, ) = 24)

Assuming the velocities of the electrons in the pulsar wind zone
dld$2 follows a Gaussian distribution:

dN(T) (T — F0)2>
drdide 2AT2 )

where N is normalized to the number of electrons per unit length
around [:

N( Lo
ereczdr = 2 (26)
drdQdi 47e

= Noexp ( (25)

From equation (26), we have
No = Low : i
47te/2t AT Tomec?

@n
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Figure4. Upper panels: Mass transfer rate. Lower panels: The accretion rate corresponding to the mass transfer rate in the upper panel. In each panel, different
n are indicated with different colours. The left, middle and right columns correspond to parameter sets 1, 2 and 3, respectively.

In principle, AT" and I'y can all be a function of /. The spectrum of
AlC is

AN
dAdtdel B

dN(T) dNr,
Q r 2
/ dl/ d (Z)/ d / deomnl€o- D4 qiag drde, © @Y

where dNr ,/dtde; is the kernel of AIC in the Thomson region
(which is given in equation (7) of Dubus, Cerutti & Henri 2008), €,
is the energy of the soft photon and ¢, is the energy of upscattered
photon. f d€2(/) integrates over all the incoming directions of the
soft photons at wind zone /. The incoming angles of the soft photons
are concentrated around

l

COS 9() ~ _W, (29)
and

@~ T 30
ST e G0

Since the AIC is most efficient in a small distance range around
the inner edge of the accretion disc, we assume I'y and AT to be
constant.

The evolution of the SEDs of AIC is plotted in Fig. 5 as black
dashed curves with the dates labelled beside each curve. These SEDs
are calculated with parameter set 2 in Table 1, n = 11 percent,
I'p =2 x 10° and AT =2 x 10°. The phase-averaged SED is
plotted as the red solid line. For comparison, we plot in Fig. 5 the
observed SED from Li et al. (2017). The observed SED is orbital
phase averaged. We plot in Fig. 6 the SEDs with different choices
of I'y and 7.

Integrating the spectra over the HE range gives the light curve.
The light curve is plotted in Fig. 7.

5 SUMMARY AND CONCLUSIONS

In this paper, we study the possibility that the compact companion
of HESS J0632+057 is a pulsar. Under the current observational

E? dN/dE (erg cm~2s7")

1010

Energy (eV)

Figure 5. The evolution of the SEDs of AIC: black dashed curves are
SEDs at different times. The numbers labelled beside each curve indicate the
corresponding days after the periastron. The SEDs of AIC are calculated with
parameter set 2 in Table 1, n = 11 percent, ' =2 x 10%and AT =2 x 10°.
The blue dots with an error bar are observed data of Li et al. (2017), and
those with downward arrows are observed upper limits. The red solid curve
is the phase averaged SED.

constraints, the probabilities that the compact companion has a
mass less than 1.5, 2.0 and 2.4 M, are ~8 per cent, ~17 per cent
and ~28 per cent, respectively.

In the pulsar framework, we use a new mechanism that could
account for the orbital-modulated GeV emission from HESS
J06324-057 (cf. Takata et al. 2017; Yi & Cheng 2017). The pul-
sar companion travels through the circumstellar disc of the main-
sequence star twice in each orbit when some of the matter is gravity
captured. The captured matter develops an accretion disc around
the pulsar, and from which the soft photons are inverse Compton
scattered by the pulsar wind as the GeV emission from the system.

Under assumptions of parameters within observational con-
straints, the above-mentioned mechanism can produce SED and
light curve in accordance with current observations (see Figs 5
and 7).
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Figure 6. Same as Fig. 5, but with different 'y and 1. The SEDs in the left-hand panel correspond to different I'g (in different line colours and styles as shown
in the legend) with 5 = 11 per cent. The SEDs in the right-hand panel correspond to different 5 with [y =2 x 103.
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Figure 7. The light curve in the HE range. The parameters are the same as

in Fig. 5.

One major prediction of the proposed mechanism is that the light
curve has two peaks, the larger one is at around 0.4 after periastron,
while the smaller one is between phases 0 and 0.1, with integrated

flux one-fourth of the larger one.
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