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Abstract. The gamma-ray binary star system PSR B1259-63 is unique among the five
known systems since it is the only one where a radio pulsar has been directly detected.
Approximately 30 days after the 2010 periastron passage Fermi-LAT detected a rapid in-
crease, at a time when emission at other wavelengths was already decreasing. Here we
discuss the possible influence of second-order Fermi acceleration if sufficiently strong tur-
bulence develops in the shock. Following the steady-state approximation as presented by
Stawarz & Petrosian (2008) we calculate the expected shape of the light curve produced
under this processes, if it is assumed that in the final emission region the particles are sub-
ject to mild Doppler boosting (Γ = 2). In this first approximation, the modelled light curve
shows a rapid rise beginning ∼ 28 days after periastron, and peaks ∼ 42 days after.
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1. Introduction

The gamma-ray binary star system
PSR B1259-63 which consists of a 48 ms
pulsar in a 3.4 year orbit (e ≈ 0.8) around a Be
star (M? ≈ 31M�) (Negueruela et al. 2011),
is unique among the five known gamma-ray
binaries because it is the only one where a
radio pulsar has been directly detected in
the system (Johnston et al. 1992). Close to
periastron, the pulsar appears to pass close to
or behind the Be star’s circumstellar disc and is
eclipsed. It is, however, during this period that
an increase in non-thermal/unpulsed emission
is detected from radio to TeV gamma-ray. The
non-thermal emission in radio, X-ray and TeV
gamma-rays has been fairly consistent during
the previous periastron passages (Johnston et
al. 2005; Moldón et al. 2011; Chernyakova et

al. 2009; Pavlov et al. 2011; Abramowski et
al. 2013)

Before the observations undertaken with
Fermi during 2010/2011, it was unclear
whether PSR B1259-63 would be a GeV
source. Various modelling suggested that the
system would, at most, be only slightly de-
tectable with Fermi. This made the subsequent
bright detection highly unexpected.

Near to the previous periastron
(2010/2011) observations with Fermi only
detected PSR B1259-63 by integrating from
τ = −20 to τ = 0 d (where τ is the time from
periastron; Abdo et al. 2011). This resulted in a
faint detection, which lasted until τ =∼ +18 d.
The resulting flux during this period was
F = (0.9± 0.3stat ± 0.4sys)× 10−10 erg cm−2 s−1

with a photon index of Γ = 2.4±0.2stat±0.5sys.
There was a subsequent rapid increase
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in flux (above 100 MeV) from about
τ = +30 d with an average flux of
F = (4.4±0.3stat±0.76sys)×10−10 erg cm−2 s−1,
a photon index of Γ = 1.4±0.6stat±0.2sys and a
cut-off at E = 0.3 ± 0.1stat ± 0.1sys GeV (Abdo
et al. 2011). The resulting peak luminosity
was Lγ ≈ 8 × 1035 erg s−1 for an assumed
distance of d = 2.3 kpc. This is ∼ 100 per cent
of the spin-down luminosity of the pulsar
(P = 47.75 ms, Ṗ = 2.28 × 10−15, Shannon,
Johnston & Manchester 2014). Around the
2014 periastron passage, there has been a
repeated observation of gamma-ray activity
from PSR B1259-63, confirming the binary
nature of these observations (e.g. Wood et al.
2014). The shape of the gamma-ray spectrum,
a power-law with exponential cut-off, is simi-
lar to that seen in gamma-ray pulsars (see e.g.
Abdo et al. 2013; Dubus 2013) though there is
no detected pulsed signal from the system.

A number of different models were
put forward to explain the GeV emission:
Khangulyan et al (2012) proposed that the
emission was inverse Compton scattering from
the cold pulsar wind; Kong et al. (2012) pro-
posed that it was Doppler boosted synchrotron
emission originating in the outer shock front;
while most recently Dubus & Cerutti (2013)
considered inverse Compton scattering of X-
ray photons.

Below we discuss a different possibility,
that the GeV gamma-ray emission is the result
of turbulence induced particle acceleration in
the shock-front which results in a Maxwellian-
like particle distribution and subsequent in-
verse Compton scattering.

2. Particle acceleration

Stawarz & Petrosian (2008) investigated the ef-
fects of second-order Fermi particle accelera-
tion in a turbulent plasma, under the influence
of particle cooling. These authors found that
the combined effect of second-order particle
acceleration and radiative cooling resulted in
a steady state solution with a Maxwellian-like
particle distribution with the approximate form

ne(γ) = n0γ
2 exp

[
−1

a

(
γ

γequ

)a]
, (1)

where n0 is the normalization, γequ is the
equilibrium Lorentz factor of the particle
determined by the acceleration and cooling
time-scales, and the parameter a depends on
the radiative cooling and turbulent spectrum.
For synchrotron and Thomson limit inverse
Compton scattering, a = 3−q, while for Klein-
Nishina inverse Compton scattering a = 1.5−q
(and q < 1.5). Here, q is the turbulence spec-
tral index, i.e. q = 5/3 for Kolmogorov turbu-
lence and q = 3/2 for a Kreichnan turbulence
spectrum. This is, of course, an approximation
and the more detailed analysis (as discussed in
Stawarz & Petrosian 2008) shows that the par-
ticle distribution can develop with, for exam-
ple, a power-law tail. However, we will take
this as a first approximation of the required par-
ticle distribution.

The problem faced with second-order
Fermi acceleration is that the time scales re-
quired to accelerated the particles are of-
ten considered too long: here the acceleration
timescale is (following the notation of Stawarz
& Petrosian 2008)

tacc =
λ2

ζβ2
Ac

(
p0c

eBλ2

)2−q

χ2−q (2)

where, λ2 is the maximum Alfvén wavelength,
ζ = (δB/B)2 is a measure of the change
in the magnetic field strength B, (βAc) is the
Alfvén velocity, e is the electron charge, and
χ = p/p0 is the dimensionless particle mo-
mentum, in terms of the injected particle mo-
mentum, p0. The resulting time scale is longer
than obtained from, for example, first order ac-
celeration in a shock. However, if sufficiently
strong turbulence can develop, a particle may
become trapped allowing enough time for the
second-order acceleration to become impor-
tant. If such a Maxwellian-like particle distri-
bution does develop, inverse Compton scatter-
ing of optical photons from the Be star could
produce a spectrum which is consistent with
the spectrum observed by Fermi. Further, by
introducing variations in γequ due to the chang-
ing conditions in the shock front as the pulsar
orbits around the Be star, and by introducing
geometric dependent events, such as Doppler
boosting, it may be possible to reproduce the
observed GeV light curve.
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3. Development of turbulence

The interaction between the pulsar and stel-
lar wind presents interesting possibilities for
the development of turbulence. The large ve-
locity difference between the pulsar and stel-
lar wind could lead to Kelvin-Helmholtz in-
stabilities forming along the shock front (e.g.
Bosch-Ramon & Barkov 2011), while numeri-
cal simulations have shown their development
in colliding wind binaries (Bosch-Ramon et
al. 2012; Lamberts et al. 2012). This could
then lead to the development of turbulent re-
gions within which second-order Fermi accel-
eration could occur. The dispersive nature of
Kelvin–Helmholtz instabilities results in the
fact that not all modes (k-number) are equally
affected by this large velocity gradient. If cer-
tain wave-modes can develop in the pulsar-
stellar wind interface it will grow, resulting in
mixing which will tend to smooth the large ve-
locity gradient, allowing more modes to de-
velop and grow.

4. Model outline

The outlined model is such, high energy parti-
cles, either from the cold pulsar wind, or re-
accelerated particles from the post-shock re-
gion are trapped within regions of turbulence
which develop along the shock front. This will
result in these particles undergoing a process
of acceleration and radiative cooling, leading
to the development of a Maxwellian-like parti-
cle distribution. Subsequent inverse Compton
cooling will produce the spectrum observed
with Fermi. Given that the bright point in the
GeV light curve occurs near inferior conjunc-
tion, when the shock front is directed towards
us, suggests a geometric component is required
to explain the light curve. We assume here
that the particles are undergoing mild Doppler
boosting from the bulk flow in the shock front
(Bogovalov et al. 2008) resulting in a preferen-
tial flux close to inferior conjunction. In addi-
tion, the change in condition of the surround-
ing medium near the pulsar, around periastron,
creates a variation in γeq and a subsequent shift
in the peak of the observed emission.

Here, as a first approximation, we con-
sider only the steady state solution presented
by Stawarz & Petrosian (2008), assume Γ = 2
and calculate γeq from tacc = tic, where we
have only considered inverse Compton cooling
in the Thomson regime. The inverse Compton
cooling rate, tic ∝ 1/(γU), is inversely propor-
tional to the photon energy density, U, which
we have calculated from the stellar photon en-
ergy density, taking into account the reduction
due to Doppler boosting. The acceleration time
scale, equation (2), depends on the stellar den-
sity, through the Alfvén speed, and the maxi-
mum allowed Alfvén wavelength λ2.

The density of the medium is determined
by the density of the stellar wind and circum-
stellar disc at the position of the pulsar. The
density of the disc is calculated by (Hummel
& Vrancken 2000)

ρdisc(rc, z) = ρ0

(
R?

rc

)$
exp

−0.5
[
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where rc is the radial distance in cylindrical
coordinates (where rc lies in the plane of the
disc), ρ0 is the density at the base of the disc,
$ determines how the density scales with ra-
dial distance and

H(rc) = a
R?

vcrit

(
rc

R?

)1.5

,

with a the speed of sound and vcrit the crit-
ical velocity. Here we have adopted ρ0 =
10−10 g cm−3, $ = 3.055, Tdisc = 18 000 K
and µ = 1.9 (e.g. van Soelen et al. 2012), and
the disc is assumed to lie at an inclination of
50◦ to the plane of the orbit.

The density of the stellar wind is calculated
from (e.g. Kong et al. 2011; Waters et al. 1988)

ρstar(r) =
Ṁ

4π f r2vw(r)
,

where Ṁ/ f is the fraction of mass outflow in
the stellar wind, and vw is the speed of the stel-
lar wind given by

vw(r) = v0,polar + (v∞ − v0,polar)
(
1 − R?

r

)1.5

.

Here, r is the binary separation, and we have
assumed v0,polar = 106 cm s−1 and v∞ =
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Fig. 1. Variation in γeq around periastron (as mea-
sured in the co-moving bulk frame).

108 cm s−1 (Kong et al. 2011), and Ṁ/ f ∼
6 × 10−8M� yr−1 (Negueruela et al. 2011).

The two remaining parameters ζ and λ2
have been chosen so that a value of γeq ∼ 1000
is found near periastron, which produces a rea-
sonable match to the spectral shape observed
by Fermi. We have taken ζ = 0.25 and, given
the uncertainty in the maximum allowed wave-
length, allowed λ2 to scale as some constant
fraction f of the stand–off shock distance RS ,
i.e. λ2 = f RS . The stand–off shock distance is
determined by

Rs =
η1/2

1 + η1/2 D,

where D is the binary separation, and η is ratio
of the momentum flux of the pulsar and stellar
wind. We adopted ηmin = 0.01 and ηmax = 0.1
(appropriate for the circumstellar disc and stel-
lar wind respectively) and produce a smooth
transition by scaling η in terms of the ram pres-
sure of the stellar wind/disc (ρv2). It is found
that f ≈ 2× 10−4 produced a reasonable match
for the gamma-ray spectrum. The variation in
γeq is shown in Fig. 1

A first approximation of the light curve is
calculated by determining the isotropic inverse
Compton scattering rate, using the full scatter-
ing crossing section, such as given in, for ex-
ample, Blumenthal & Gould (1970). The tar-
get photon number density is calculated from
the photon energy density, taking into account
Doppler boosting, while the electron density is
determined by equation (1). The normalization
of the observed flux will depend on the nor-
malization of the emitting electron distribution.
For a first approximation we require only that
∫ ∞

0
dγ

(
γmc2

)
ne(γ) = constant.
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Fig. 2. Preliminary result for the modelled light
curve for the gamma-ray emission, scaled to arbi-
trary units, compared to the flux detected by Fermi-
LAT during around the 2010/2011 periastron pas-
sage.

It can be shown that this integral is propor-
tional to γ4

eq and therefore we set n0 ∝ γ−4
eq .

Assuming a cone shape for the shock out-
flow, we have calculated the Doppler boosting
factor by calculating the minimum angle be-
tween the outflow (determined from the open-
ing angle of the shock) and the line-of-sight to
the observer. The opening angle of the shock
is estimated from the opening angle of the
shock contact surface (Eichler & Usov 1993;
Bogovalov et al. 2008)

θ = 2.1η1/3
(
1 − η

2/5

4

)
.

The resultant light curve (in arbitrary units)
is compared to the Fermi light curve in Fig. 2.

5. Discussion & conclusion

The shape of the modelled light curve shown
in Fig. 2 predicts a much slower decay in the
observed flux after the flare. However, this is a
first approximation and the correct modelling
of the normalization of the particle spectrum,
as well as the emission region is not consid-
ered. A more refined model may be able to
produce a better approximation (see discussion
below).

This simplified model does, however, pro-
duce a rapid rise in observed flux, shortly af-
ter periastron (starting τ ∼ +28 d, peaking
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τ ∼ +42 d) and not during periastron nor near
the disc crossing, which is in line with the gen-
eral trend of of the GeV gamma-ray observa-
tions.

There are a number of assumptions and
approximations made in this first approxima-
tion which can be extended and further investi-
gated. Firstly reasons from the over prediction
of the flux in the period following the initial
flare in the GeV spectrum should be consid-
ered. Possible reasons for this include:

1. The particle distribution is only normalized
to assume there it is some constant value,
while the particle energy will depend on
the amount of energy that enters into the
turbulent region. This total energy should
be limited by the spin-down luminosity of
the pulsar. Following on this no assumption
has been made about the size of the emis-
sion region.

2. A steady state solution is assumed to cal-
culate the electron distribution, following
Stawarz & Petrosian (2008). Since the in-
verse Compton cooling time at ∼ 30 d after
periastron is

tIC ≈ 0.6
(
γ

103

)−1
(

r
61.2R?

)2

d

a full time-dependent solution may be
more appropriate. Given this longer cool-
ing time, it is required that particles must
become trapped within turbulent regions
close to the pulsar/star binary system to
provide sufficient time for particle accel-
eration to produce the Maxwellian-like
distribution. As the binary separation in-
creases following periastron, there will be
a subsequent decrease in the target pho-
ton energy density and particle density,
and an increase in the radiative (inverse
Compton) cooling time. Since the com-
bined effects of second-order acceleration
and radiative cooling is required to produce
the Maxwellian-like distribution (Stawarz
& Petrosian 2008), less particles may be
accelerated to form this spectrum. In ad-
dition we have not considered other cool-
ing effects, and as the pulsar moves into

regions of lower ambient density adiabatic
cooling can become the dominant process.

3. Only one configuration for the Doppler
boosting as been consider, and a different
choice of Γ and direction of bulk flow rela-
tive to our line of sight will produce differ-
ent results.

The combination of these effects, could explain
the over prediction following the rapid rise
in the emission (Fig. 2). Secondly, additional
cooling process which may become dominant
within the circumstellar disc have not been
considered. Near the disc crossing the lower
value of γeq (Fig. 1) would produce inverse
Compton emission in the keV to MeV energy
range. However, during this time, because of
the higher density in the circumstellar disc,
Coulomb and bremsstrahlung losses will be-
come important (e.g. Neronov & Chernyakova
2007), an effect not considered here, which
will alter the value of γeq. In addition, a pos-
sible shorter escape time, due to a more con-
fined shock within the disc, may not provided
sufficient time to allow the second-order accel-
eration to become important.

Lastly the chosen orientation of the disc
has implications for the observed radio pulsa-
tions which are eclipsed from ∼ 17 days be-
fore periastron until ∼ 17 days after. A higher
density is required to restrict γequ such that the
rapid rise in GeV emission is only observed a
few 10s of days after periastron, but this is con-
strained by the requirement that the radio pul-
sar is observable. Since the higher density is
confined to the circumstellar disc (equation 3),
the disc may be orientated so that the line of
sight through the disc is low enough that the
pulsed emission is still visible.

While there are a number of aspects that
are still being investigated, the model is able
to produce a rapid rise in GeV flux after pe-
riastron, with a spectrum compatible with that
observed with Fermi-LAT. This may point to
an alternative explanation for the Fermi flare.
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