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Abstract: We consider the interaction of a millisecond pulsar wind with a very inhomogeneous stellar wind from
the companion star within binary system of the Black Widow orRedback types. In such case the winds should
mix efficiently in the collision region. They move outside the binary with a relatively low velocity. Electrons
accelerated in such mixed, turbulent winds can efficiently interact with the strong radiation field. They produce
not only synchrotron radiation but alsoγ-rays in the the Inverse Compton process. We calculate the GeV-TeV
gamma-ray fluxes expected from some millisecond pulsar binary systems and confront them with sensitivities of
the present and future gamma-ray telescopes. It is concluded that millisecond pulsar binary systems can create a
new class of TeV gamma-ray sources. The TeVγ-ray light curve from the millisecond pulsar binary systemsis
expected to have the maximum when the compact object is behind the companion star. This is in contrust to the
emission features observed in the case of massive TeV gamma-ray binaries such as LS I 303 61 or LS 5039.
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1 Introduction
Most of the millisecond pulsars (MSP) are members of bi-
nary systems. It is supposed that this feature is related to
their mechanism of origin. Several such binaries have sur-
prisingly low mass companion stars which are of the or-
der of a few percent of the solar mass in the case of the
so called Black Widow binaries and a few tens percent
of solar mass in the case of so called Redback binaries
(Roberts 2012). It is supposed that low masses of the com-
panion stars are due to the evaporation of the stars under
the influence of heating by the energy lost by millisecond
pulsars in these binaries. This energy also heats the surface
of the companion star to temperature significantly above
that expected from the nuclear burning. Therefore, thermal
emission from these companions is often modulated with
the period of the binary system.

As observed in the famous binary system containing
classical pulsar PSR 1259-63, it is also expected that elec-
trons can be also accelerated within the MSP binaries in
the shock which appear as a result of the interaction of the
winds from the millisecond pulsar and the companion star.
Electrons can reach energies allowing them production of
γ-rays in collisions with the radiation from the companion
stars. In this paper we apply specific model for the inter-
action of the winds from the MSP and the companion star
assuming that the wind from the star in highly inhomoge-
neous. Then, the pulsar and stellar winds should mix ef-
ficiently. As a result of that, they expend from the binary
system with relatively low velocity. Electrons captured in
such a mixed wind can interact efficiently with the radia-
tion from the companion star producing TeVγ-rays. We
calculate theγ-ray and synchrotron spectra produced by
these electrons and compare them with the X-ray observa-
tions and sensitivities of the present and future Cherenkov
telescopes.

2 Interaction of winds in millisecond pulsar
binary systems

We consider the standard picture for the compact binary
systems containing energetic millisecond pulsars of the
Black Widow and Redback type following previous work
by Arons & Tavani (1993). In this scenario a millisec-
ond pulsar produce a relativistic pulsar wind which inter-
acts with the stellar wind of the low mass companion (see
Fig. 1). As a result of this interaction, a shock structure ap-
pears within the binary system which separates the pulsar
and stellar winds. We modify this standard scenario by as-
suming that the wind from the companion star is highly in-
homogeneous. In such case the interaction of winds pro-
duce very turbulent mixed pulsar-stellar wind which moves
together. The velocity of the mixed pulsar-stellar wind can
be estimated by assuming that the energy of the pulsar
wind in loaded with the matter from the stellar wind,

vmix = [
2Lpul∆Ωpul

Ṁ⋆∆Ω⋆
]1/2 ≈ 1.2×109(

χ−1L35

M−10
)1/2 cm

s
(1)

whereLpul = 1035L35 erg s−1 is the power of the pulsar
wind, andṀ = 10−10M−10 M⊙ yr−1 is the mass loss rate
of the companion star.∆Ωpul and ∆Ω⋆ describe parts of
the solid angles which are over-taken by the collision re-
gion as observed from the pulsar site and from the com-
panion star site. These solid angles can be estimated on
∆Ωpul = (1−cosφpul)/2 and∆Ω⋆ = (1−cosφ⋆)/2. We in-
troduced the parameterχ = 0.1χ−1 = ∆Ωpul/∆Ω⋆ in other
to take into account that only parts of the pulsar and stel-
lar winds collide within the binary system.φpul is the the
half opening angle in which turbulent winds escapes. It is
calculated fromφ = 2.1(1− η2/5/4)η1/3 rad (see Eich-
ler & Usov 1993).η is the lower value fromη0,η−1

0 . η0
defined by the parameters of the pulsar and stellar winds
η0 = (Lpul/c)/Ṁ⋆v⋆ ≈ 5L35/(M−10v8), and the velocity
of the stellar wind isv⋆ = 108v8 cm s−1 (Girard & Wil-
son 1987). The closest approach of the collision region to
the companion star is atρ⋆ = Db/(1+

√
η) whereDb is the
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Figure 1: Schematic representation of the compact binary
system containing energetic millisecond pulsar. The pul-
sar creates strong wind which contain relativistic electrons
(γe). The companion star creates turbulent stellar wind
mainly as a result of irradiation from the pulsar. The winds
collide creating turbulent, nonstationary transition region.
Both winds mix in this region. Relativistic electrons (from
the pulsar wind or additionally re-accelerated in the tur-
bulent pulsar-stellar winds) are isotropised by the random
magnetic field of the mixed winds. They are advected
along the shock structure. During this process electrons
comptonize stellar radiation producingγ-rays. Due to the
anisotropy of the stellar radiation field,γ-rays are produced
preferentially in general directions towards the companion
star. As a result, theγ-ray signal escaping towards the ob-
server (obs.) should be modulated with the phase of the bi-
nary system.

distance between stars. The distance of the shock for other
anglesφ⋆ is approximated byρ(φ⋆)≈ ρ⋆×φ⋆/sin(φ⋆). We
estimate the angleφ⋆ by solving the approximate equa-
tion: Dbcosφ⋆ ≈ ρ⋆(φ⋆/sinφ⋆). For typical parameters of
the millisecond pulsar binary systems (L = 1035 erg s−1,
M = 10−10 M⊙ yr−1 andv⋆ = 700 km s−1, estimated for
B1957+20),η is estimated on∼7, the angleφpul on∼0.45
rad and the angleφ⋆ on 1.2 rad. Then, the value of the pa-
rameterχ is equal to∼ 0.14. For these parameters, typical
velocity of the mixed pulsar/stellar wind should be∼ 1.4×
109 cm s−1.

The above estimated relatively low velocity of the
mixed winds (in respect to the velocity of the pulsar wind)
allows the relativistic electrons to stay relatively closeto
the stellar surface for long enough time that their inter-
action with the soft radiation from the stellar surface is
efficient. These electrons are isotropised in the reference
frame of the mixed wind. They lose energy mainly on the
synchrotron process and the IC scattering of stellar radia-
tion. In Table. 1, we report the basic parameters of some
MSP binary systems. They determine the interaction pro-
cess of electrons. These binary systems are compact, con-

tain powerfull MSPs, the collision region of their winds is
close to the stellar surface and their measured surface tem-
peratures are relatively high.

3 High energy processes within binary
systems

We consider the role of the high energy processes expected
in such general scenario. We are interested in processes
which could be able to explain modulated X-ray emis-
sion produced within the MSP binary system of the PSR
1957+20 type. This emission can not be produced by rela-
tivistic electrons which escape from the inner pulsar mag-
netosphere and move rectilinear in the pulsar wind. How-
ever, synchrotron X-ray emission is expected to be pro-
duced within the binary system when the relativistic elec-
trons move in the region of the mixed pulsar/stellar wind.
In fact, the phase dependent X-ray emission is observed
up to at leastεsyn∼8 keV in PSR 1957+20 binary system
(Huang et al. 2012). We assume that this emission origi-
nates in the synchrotron process. Then, the magnetic field
in the emission region and the Lorentz factor of electrons
should fulfil the following condition,

εsyn = mec2(B/Bcr)γ2, (2)

wheremec2 is the electron rest energy,B is the magnetic
field strength in the emission region,Bcr = 4.4× 1013 G
is the critical magnetic field strength, andγ is the Lorentz
factor of electrons. On the other hand, the magnetic field
strength at the shock region can be estimated by extrapo-
lating from the pulsar surface, assuming the dipole struc-
ture of the magnetic field below the light cylinder and the
toroidal structure in the pulsar wind region,

Bsh= 3σ1/2Bpul
Rpul

RLC

3 RLC

ρo
≈

0.3σ1/2
−4 B8

P2
2 ρ11

G, (3)

where Bpul = 108B8 G and Ppul = 2P2 s are the sur-
face magnetic field strength and the period of the pulsar,
RLC = cPpul/2π is the light cylinder radius of the pulsar,
σ = 10−4σ−4 is the magnetization parameter of the pul-
sar wind. Note that the magnetic field is expected to very
efficiently reconnect in this highly turbulent region of the
mixing winds. Therefore, the magnetic field strengths cor-
responding to very low values of the magnetization param-
eterσ << 10−2 should not be surprising. For the above
value of the magnetic field at the shock region (Eq. 3), the
Lorentz factor of electrons have to be at least of the order
of,

γ ∼ 1.5×106P2ρ1/2
11 /(σ1/4

−4 B1/2
8 ), (4)

in order to produce observable X-ray emission in syn-
chrotron process. We conclude that the TeV electrons has
to be present within the turbulent region of the colliding
winds of the MSP binary system PSR1957+20 in order to
explain the X-ray emission modulated with the period of
the binary system.

Let us determine the conditions for which electrons can
reach the TeV energies. The maximum energies of elec-
trons accelerated at the shock are determined by the accel-
eration time scale and the time scales of energy losses or
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Table 1: Basic parameters of millisecond pulsars and their binary systems: radius of the companion star (R⋆) and its
surface temperature (T⋆), semimajor axis of the orbit (a), distance of the shock fromstellar surfaceRsh, pulsar energy loss
rate (Lpul), distance to the binary system (D).

Name R⋆ (cm) T⋆ (K) a (cm) Rsh (R⋆) Lpul (erg/s) D (kpc)
B1957+20 1010 8×103 1.7×1011 5 1.6×1035 2.5
J1023+0038 3×1010 6.65×103 1.7×1011 2 1.2×1035 0.6-1.3
J1816+4510 8.4×109 2×104 1.2×1011 4 1035 2.4
J1810+1744 1.4×1010 8×103 9.3×1010 3 4×1034 2.

escape from the acceleration region. The acceleration time
scale can be estimated from,

τacc≈ 1E/(χ−1B) s, (5)

where electron energy is in TeV andχ = 10−1χ−1 is the
acceleration parameter. On the other hand, their energy
loss time scale on the synchrotron process is

τsyn = Ee/Ėsyn≈ 370/(B2E) s, (6)

Electron energy losses in the Inverse Compton (IC) scatter-
ing processes have to be also considered. The synchrotron
energy losses dominate over the IC energy losses (in the T
regime) provided thatB ≈ 40T 2

4 /D G, whereD is the dis-
tance from the companion star in units of the stellar radius.
If energy density of the magnetic field dominates over the
energy density of the radiation than the maximum energy
of accelerated electrons are

Emax
syn ≈ 19(χ−1/B)1/2 TeV. (7)

The value of the acceleration parameter can be estimated
on χ ∼ (vmix/c)2 = 0.1v2

10. Then, electrons are expected to
reach energies as large as

Emax
syn ≈ 35P2v10ρ1/2

11 /(σ1/4
−4 B1/2

8 ) TeV. (8)

We conclude that the acceleration mechanism in the tran-
sition region can provide relativistic electrons with TeV
energies, required to explain observations of the non-
thermal synchrotron emission from the binary system PSR
1957+20.

The maximum energies of electrons can be also con-
strained by their escape from the acceleration region with
the velocity of the mixed pulsar/stellar wind. The advec-
tion time scale of the mixed wind is

τadv = ρsh/vmix ≈ 10R11/v10 s. (9)

whereR = πRshR⋆ = 1011R11 cm is the characteristic dis-
tance which [asses the turbulent wind around the compan-
ion star. By comparing this time scale with the acceleration
time scale, we get the limit on the electron energies,

Emax
adv ≈ 3R11σ

1/2
−4 B8v10/(P2

2 ρ11) TeV. (10)

We conclude that advection process determines the maxi-
mum energies of electrons accelerated in turbulent mixed
wind. Electrons with the maximum energies will lose en-
ergy on sychrotron process and on IC scattering of stellar
radiation in the Klein-Nishina (KN) regimes. By compar-
ing the synchrotron energy loss time scale of electrons with
the IC time scale in the KN regime, we estimate electron

energy below which they radiate mainlyγ-rays in the IC
process,

E IC/KN
syn ≈ 1.2

T 2
4

RshBsh
≈ 4

T 2
4 P2

2 ρ11

σ1/2
−4 B8Rsh

TeV. (11)

This energy is usually not far from the maximum energies
of accelerated electrons.

4 Gamma-rays from comptonization of
stellar radiation

A few MSP binary systems are selected for which the basic
parameters of the pulsars and their binary systems are well
known (see Table 1). We assume that electrons are acceler-
ated in the turbulent collision region of the pulsar and stel-
lar winds to TeV energies as discussed in the section above.
These electrons are isotropised in the reference frame of
the mixed pulsar-stellar wind. They are advected from the
acceleration region (assumed the apex of the collision re-
gion) with the velocity of the mixed winds. Since electrons
are isotropised, they can efficiently interact with the stel-
lar radiation. The injection place of electrons is outside the
isotropic source of stellar radiation. Therefore, the IC scat-
tering process has to occur anisotropically because the col-
lision rate depends on the angle between the propagation of
electron and soft photon. The production rate (and spectra)
of γ-rays should depend on the observation angle of the bi-
nary system in respect to the direction defined by the stars.
We calculate the ICγ-ray spectra produced by electrons
with the power law spectrum (spectral index -2) extending
up to 3 TeV. The spectra are obtained as a function of the
cosine angle (cosα) between the direction defined by the
stars and the direction towards the observer. In our calcu-
lations we also take into account the synchrotron energy
losses of electrons in the magnetic field of the mixed winds.
The synchrotron spectra are also calculated. In contrast to
the IC spectra, the synchrotron spectra are isotropic since
the magnetic field and electron distribution in the mixed
wind reference frame is assumed to be isotropic. The ve-
locity of the mixed wind is small. So the relativistic beam-
ing effects can be safely neglected. The only modulation
effect on the X-ray emission is due to its absorption in the
inhomogeneous stellar wind.

The X-ray emission modulated with the period of the bi-
nary system has been reported from two MSP binary sys-
tems: PSR 1957+20 (Huang et al. 2012), PSR J1023+0038
(Bogdanov et al. 2011). The upper limit on the X-ray
flux from PSR J1816+4510 has been also derived for the
binary MSP J1816+4510, based on the Swift data (Ka-
plan et al. 2012). We use the positive detections and the
upper limit of the X-ray emission as the normalization
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Figure 2: Comparison of the emission expected from millisecond binary systems with sensitivities of the MAGIC and
CTA telescope arrays for different range of observation angles: cosα = (1.0;0.9) (dot-dashed, outward the companion
star), (0.5;0.6) (dotted), (0.0;-0.1) (dashed), (-0.4;-0.5) (solid), (-0.9;-1.0) (dot-dot-dashed). The other parameters of the
models have been fixed on:σ = 10−4, Ee = 3 TeV, andvadv = 109 cm s−1. The X-ray fluxes are taken from the works
mentioned in the paper.

for the synchrotron X-ray emission calculated in terms
of our model. This procedure allows us to predict the
absolute level of the TeVγ-ray emission expected from
the IC scattering of stellar radiation by this same popula-
tion of relativistic electrons. The calculations of the syn-
chrotron and IC spectra for the considered binary systems
are confronted with the sensitivities of the present MAGIC
Cherenkov telescope and the future Cherenkov Telescope
Array (CTA) (see Fig. 2). Note that the predicted spectra
are above the 50 hr sensitivity limit of the CTA for some
phases of the binary systems. We predict the largest TeVγ-
ray fluxes at phases when the MSP is behind the compan-
ion star in respect to the location of the observer. For such
geometry, the interaction angles between electrons and soft
photons from the stellar surface are the most favourable for
IC process to occur efficiently. Therefore, we predict that
MSP binary systems of the Redback type and also some of
the Black Widow type should be detectable by the CTA.

The TeVγ-ray light curves observed from massive TeV
binary systems (such as LS5039 or LSI 303 +61) show
maximum at phases when the compact objects are in front
of the massive stars. In contrast, we predict that the TeV
γ-ray light curves from MSP binaries should behave com-
pletely opposite, i.e. maximum TeV flux at phases shifted
by half of the period in respect to massive TeV binaries.

5 Conclusion
We consider the interaction of the inhomogeneous stellar
wind with the millisecond pulsar wind within the binary
systems of the Redback and Black Widow types. Both

winds mix effectively creating good conditions for acceler-
ation of electrons and their interaction with soft radiation
created by the nearby hot surface of the companion stars.
We show that these electrons can reach TeV energies. We
argue that some MSP binary systems should emit TeVγ-
rays on the level above the 50 hrs sensitivity of the CTA.
This emission should be modulated with the period of the
binary system but theγ-ray light curve should look signifi-
cantly different than those observed from the massive TeV
γ-ray binary systems such as LS 5039 and LSI 303 +61.
Based on our calculations of the ICγ-ray production by
electrons accelerated in the mixture of the pulsar and stel-
lar winds we predict that the maximum of the TeVγ-ray
flux from MSP binaries should appear when the MSP is be-
hind the companion star. This basic feature is in contrast to
the light curves observed from the massive TeVγ-ray bina-
ries.
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