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We consider the interaction of a millisecond pulsar (MSP) wind with a very inhomogeneous stellar
wind from the companion star within binary systems of the black widow and redback types. Our
aim is to determine the features ofγ-ray emission produced in the collision region of the winds
from a few typical MSP binary systems. Electrons accelerated in such mixed, turbulent winds can
interact with strong radiation from the companion star, producingγ-rays in the inverse Compton
process, fluxes of which are expected to be modulated on the periods of the binary systems.
Applying numerical methods, we calculated the GeV-TeV gamma-ray angle dependent spectra
expected from some millisecond pulsar binary systems. It isconcluded that energetic millisecond
pulsar binary systems might create a new class of TeVγ-ray sources that could be detectable by
the future Cherenkov arrays (e.g., CTA) and possibly also bythe extensive campaigns with the
present arrays.
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1. Introduction

Most of the millisecond pulsars are members of binary systems. The masses ofcompanion
stars are a few percent of the solar mass in the case of black widow binaries and a few tens percent
of solar mass in the case of redback binaries (Roberts 2012). The energy realized by the millisecond
pulsar heats the surface of the companion star to temperature significantly above the temperature
of the side of the star opposite to the pulsar (Breton et al. 2013). It is expected that electrons can be
accelerated within the MSP binaries at the shock that appears in the interaction of winds from the
millisecond pulsar and the companion star.

In this paper we consider a specific model for the interaction of winds fromthe MSP and the
companion star. In contrast to previous models (Harding & Gaisser 1990,Arons & Tavani 1993),
we assume that the wind from the companion star is highly inhomogeneous. Then, the pulsar and
stellar winds should mix very efficiently at the location where the pressure ofboth winds becomes
comparable. The mixed winds expand from the binary system with a relativelylow velocity owing
to the barion loading of the relativistic pulsar wind with the matter from the relatively slow stellar
wind. Relativistic electrons, which are captured in such mixed winds, can interact efficiently with
the radiation from the nearby companion star producing TeVγ-rays. We calculate theγ-ray and
synchrotron spectra, produced by these electrons and compare them with the available X-ray ob-
servations from these binary systems. Based on this comparison, the TeVγ-ray fluxes are predicted
(for details see Bednarek 2014).

2. Interaction of winds in millisecond pulsar binary systems

We modify the standard scenario for processes in MSP binary systems (Harding & Gaisser 1990,
Arons & Tavani 1993) by assuming that the wind from the companion star is highly inhomoge-
neous. In this case, the interaction of winds produces a very turbulent mixed pulsar-stellar wind
that moves together with the velocity,

vmix = [
2Lpul∆Ωpul

Ṁ⋆∆Ω⋆
]1/2

≈ 4×109(
ξ−1L35

M−11
)1/2 cm

s
(2.1)

whereLpul = 1035L35 erg s−1 is the power of the pulsar wind,̇M = 10−11M−11 M⊙ yr−1 is the
mass loss rate of the companion star, and∆Ωpul and∆Ω⋆, describe a part of the solid angles that
are over-taken by the collision region as observed from the pulsar site and from the companion
star site, respectively. The above estimated relatively low velocity of the mixedwinds guarantees
that relativistic electrons stay relatively close to the stellar surface for longenough time that their
interactions with soft radiation from the stellar surface is efficient.

We consider the role of the high-energy processes that are expected tobe important in the gen-
eral scenario discussed above. We are interested in processes whichcould explain X-ray emission
produced within the MSP binary systems of the PSR B1957+20 type. Such synchrotron X-ray
emission can be produced within the binary system when the relativistic electrons move in the re-
gion of turbulent, mixed MSP-stellar wind. In fact, the phase dependent X-ray emission is observed
up to at leastεsyn∼8 keV from this binary system (Huang et al. 2012). The magnetic field in the
emission region and the Lorentz factor of electrons should fulfil the following condition,

εsyn≈ mec
2(B/Bcr)γ2

e , (2.2)
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wheremec2 is the electron rest energy,B the magnetic field strength in the emission region,Bcr =

4.4× 1013 G is the critical magnetic field strength, andγe the Lorentz factor of electrons. The
magnetic field strength in this region can be estimated by a simple extrapolation fromthe pulsar
surface, assuming the dipole structure 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, (2.3)

whereBpul = 108B8 G andPpul = 2P2 ms are the surface 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 pulsar wind,ρo = a−RshR⋆ = 1011ρo cm is the distance of the wind collision
region from the MSP,Rsh is the distance of the shock from the companion star,R⋆ is the radius
of the star, anda is the semimajor axis of the binary system. The magnetic field is expected
to reconnect very efficiently in the highly turbulent region of the mixed winds. Therefore, the
magnetic field strengths, described by very low values of the magnetization parameter,σ ≪ 10−2,
should not be surprising. For the above value of the magnetic field at the transition region (Eq. 2.3),
the Lorentz factor of electrons, have to be at least,

γe ∼ 1.5×106P2ρ1/2
11 /(σ1/4

−4 B1/2
8 ), (2.4)

to produce the observable X-ray emission in synchrotron process in the case of PSR B1957+20
(Eq. 2).

The maximum energies of electrons accelerated at the transition region are determined by the
acceleration time scale and the time scales for the energy losses or the escapefrom the acceleration
region. The acceleration time scale can be estimated fromτacc= RL/(cχ) ≈ 1E/(χ−1B) s, where
the electron energy is in TeV andχ = 0.1χ−1 is the acceleration parameter. We assume that the
acceleration parameter can be related to the velocity of the mixed winds in the following way:
χ ∼ (vmix/c)2 = 0.1v2

10, where the mixed wind velocity isvmix = 1010v10 cm s−1. The maximum
energies of electrons might be constrained by their escape from the acceleration region with the
velocity of the mixed pulsar/stellar wind. The advection time scale of the mixed wind isτadv =

πRshR⋆/vmix ≈ 10R11/v10 s, whereR≈ πRshR⋆ = 1011R11 cm is the characteristic distance scale
for the propagation of the turbulent wind around the companion star. By comparing this time scale
with the acceleration time scale, we get the limit on the electron energies,

Emax
adv ≈ 3R11σ1/2

−4 B8v10/(P2
2 ρ11) TeV. (2.5)

To fully understand the importance of the energy losses of accelerated electrons, we compare
the electron acceleration time scale with the synchrotron or the inverse Comptonenergy-loss time
scales. The synchrotron energy-loss time scale can be calculated fromτsyn= Ee/Ėsyn≈ 370/(B2E)

s. For the parameters of considered binary systems, the IC energy losses in the Thomson regime
usually dominate the synchrotron energy losses. However, the IC energy losses in the Klein-
Nishina (KN) regime declines, and the synchrotron losses can start to dominate at high energies. In
this case, the maximum energy of accelerated electrons is determined by the balance between the
acceleration time scale and the synchrotron time scale. They are estimated on

Emax
syn ≈ 19(χ−1/B)1/2 TeV. (2.6)
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Then, electrons can reach energies as large as (see Eq. 3),

Emax
syn ≈ 35P2v10ρ1/2

11 /(σ1/4
−4 B1/2

8 ) TeV. (2.7)

We now estimate the electron energy at which synchrotron losses become comparable to the IC
losses in the KN regime. For the IC energy loss time scale in the KN regime, we apply the approx-
imate formula by assuming that the IC energy losses in the KN regime are comparable to the IC
energy losses on the border between T and KN regimes (see e.g. Eq. 7 in Bednarek 2011). Then,
the IC losses in KN regime can be estimated from

τKN
IC =

3m2
ec4E

4cσTUradE2
T/KN

≈
16.7ER2

sh

T2
4

s, (2.8)

whereσT is the Thomson cross section,Urad is the density of stellar radiation at the acceleration re-
gion,T = 104T4 K is the surface temperature of the companion star, andET/KN = (mec2)2/3kBT ≈

0.1/T4 TeV is the electron energy corresponding to transition between the T and KNregimes. By
comparingτKN

IC with τsyn, we can estimate the critical energy below which electrons lose energy
mainly in the IC process,

EIC/KN
syn ≈ 4.7

T4

RshBsh
≈ 16

T4P2
2 ρ11

σ1/2
−4 B8Rsh

TeV. (2.9)

This critical electron energy is usually not far from the maximum electron energy determined from
the comparison of the acceleration time scale and the synchrotron energy-loss time scale.

We conclude that the most important process, which determines the maximum energies of
electrons accelerated in the turbulent region, is the advection from the acceleration region. How-
ever, electrons can lose a significant amount of their energy on radiationprocesses, such as the IC
scattering of soft photons from the companion star and the synchrotron radiation in the magnetic
field in the colliding wind region.

3. Gamma rays from comptonization of stellar radiation

A few MSP binary systems (shown in Table 1 in Bednarek 2014) have beenselected for de-
tailed calculations due to their well known parameters of the pulsars and binary systems. The
injection place of relativistic electrons is located outside the isotropic source of stellar radiation,
therefore the IC scattering process has to occur anisotropically because the electron-photon colli-
sion rate depends on the angle between the direction of propagation of the electron and the soft
photon. To calculate theγ-ray spectra expected in terms of our model, we applied the Monte Carlo
code that follows the ICe± pair cascade processes (see e.g. Bednarek 2006). We calculated theγ-
ray spectra from the IC process and the synchrotron spectra produced by these same electrons. We
assume that electrons are injected with the differential power law spectrum (spectral index -2), ex-
tending to the maximum energies allowed by their escape from the binary system.The synchrotron
spectra were 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 are assumed
to be isotropic.
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Figure 1: Comparison of the high-energy emission (energy flux versus energy) expected from the MSP bi-
nary systems with the sensitivities of Fermi-LAT (10 yrs - extragalactic background, see thin dashed curve,
Funk et al. 2013), MAGIC (thin dotted curve, Aleksić et al. 2012) and CTA (thin dot-dashed, Bernlöhr
et al. 2012), for different ranges of observation angles: 0.9 ≤ cosβ ≤ 1.0 (dot-dashed, away from the
companion star), 0.5 ≤ cosβ ≤ 0.6(dotted),−0.1 ≤ cosβ ≤ 0. (dashed),−0.5 ≤ cosβ ≤ −0.4 (solid),
−1.0≤ cosβ ≤ −0.9 (dot-dot-dashed). The other parameters of the models havebeen fixed onσ = 10−4,
andvadv = 1010 cm s−1, andEe is given by Eq. 7 . The spectra are normalized to the X-ray fluxes observed
from PSR B1957+20 (Huang et al. 2012), PSR J1023+0038 (Bogdanov et al. 2011), PSR J1810+1744 (Gen-
tile et al. 2013). For PSR J1816+4510, the upper limit derived from the Swift data (Kaplan et al. 2012). The
spectra have been calculated for the energy conversion efficiencies from pulsars to relativistic electrons es-
timated on 1.6×10−2 (for PSR J1023+0038), 6.5×10−2 (PSR J1810+1744), 5×10−3 (PSR J1816+4510),
and 1.8×10−3 (PSR B1957+20).

The X-ray emission, modulated with the period of the binary system, has been reported from
three of these selected MSP binary systems: PSR B1957+20 (Huang et al.2012), PSR J1023+0038
(Bogdanov et al. 2011), and PSR J1810+1744 (Gentile et al. (2013).For PSR J1816+4510, only the
upper limit on the X-ray flux has been reported based on the Swift data (Kaplan et al. 2012). These
X-ray positive detections (and the upper limit) are used for the normalization for the synchrotron
X-ray emission calculated in terms of our model. Such procedure allows us to predict the absolute
level of the TeVγ-ray emission.

The synchrotron and ICγ-ray spectra, calculated for likely parameters defining considered
model, were compared with the observations of the modulated synchrotron emission in the X-ray
energy range. We apply the velocity of the mixed pulsar-stellar wind equal to1010 cm s−1. For the
assumed magnetization parameter,σ = 10−4, and the other typical parameters of the pulsar and
its binary system, we estimated the maximum energies of accelerated electrons byusing Eq. 7. In
Fig. 1 we show the expected ICγ-ray spectra produced by electrons with the differential power-law
spectrum (spectral index -2), after normalization to the observed modulated X-ray emission from
binary systems, PSR J1023+0038, PSR J1810+1744, and PSR B1957+20, and consistent with the
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upper limit derived for the binary system J1816+4510. Specific curvesshow the results for different
ranges of the cosine of the observation angles, i.e., related to different phases of the binary system.
The ICγ-ray spectra in the sub-TeV energy range are close to the level of sensitivity of the present
Cherenkov telescopes (such as HESS, MAGIC, and VERITAS), for the observation angles that are
optimal for efficientγ-ray production (i.e., pulsar behind the companion star).

In the case of three binary systems, PSR B1957+20, PSR J1023+0038,and PSR J1810+1744,
the estimates of the inclination angles are available in the literature: 65◦ for PSR B1957+20
(Reynolds et al. 2007) and 46◦ for PSR J1023+0038 (assuming that the neutron star mass is equal
to the 1.4 solar masses, Archibald et al. 2009, Archibald et al. 2010), and 48◦ for PSR J1810+1744.
We conclude that the TeVγ-ray signals from these binary systems have a chance to be detected
in the extensive observations with the present Cherenkov telescopes only during specific range of
orbital phases. The situation should be much better with the construction of thenext generation of
Cherenkov telescope arrays such as CTA. In the case of CTA, the TeVγ-ray emission from MSP
binary systems is expected to be probed for most of the range of orbital phases. Modulated GeV
γ-ray emission from the considered binary systems is not likely to be detected inthe Fermi-LAT
data. The exception can only be the redback-type binary, PSR J1816+4510, which contains an ex-
ceptionally luminous companion star with surface temperature above∼104 K (Kaplan et al. 2013).

4. Conclusion

We have considered the high energy processes that are expected to occur within the MSP bi-
nary systems of the redback and black widow types. We modified the general scenario proposed for
those objects by assuming that the wind of the companion star is very inhomogeneous. Therefore,
winds should mix efficiently at the collision region and move with velocity that is clearly lower
than the velocity of light. Also, the reconnection of the magnetic field should be very efficient
in such a case. As a consequence, a relatively low value of the magnetic field is expected at the
transition region. Since the mixed winds move relatively slowly, relativistic electrons stay a rel-
atively long time in the dense radiation of the companion star, losing energy on the IC scattering
process. Thanks to the relatively weak magnetic field at the transition region, the cooling process
of relativistic electrons is not completely dominated by synchrotron radiation.

As an example, we applied our model to the four MSP binary systems, two of theblack
widow type and two of the Redback type. We calculated the synchrotron andIC γ-ray spectra
escaping to the observer located at different angles in respect to direction defined by the stars.
From normalization of calculated synchrotron spectra to the observed non-thermal X-ray flux from
these binary systems, we predicted the absolute level of the TeVγ-ray flux from these binaries.
It is concluded that the TeV emission is comparable to the sensitivities of the present Cherenkov
telescopes. However, detailed investigation of this TeV emission over the whole range of phases
will be only possible with the construction of the CTA.

Acknowledgments

This work is supported by the grant through the Polish Narodowe Centrum Nauki No. 2011/01/B/ST9/00411.

6



P
o
S
(
F
R
A
P
W
S
2
0
1
4
)
0
1
8

Gamma-rays from millisecond pulsar binary systems Wlodek Bednarek

References
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DISCUSSION

GENNADY BISNOVATYI-KOGAN: I do not understand how you come to the picture of collid-
ing winds in the binary NS+WD or NS+RG! In the last case you have an X-ray source, accretion,
and no pulsar wind. In the radio MS pulsars the WD does not produce wind. The induced evapo-
ration by the pulsar wind does not produce collision of winds: if the pulsar wind would be stopped
by the shock, the evaporation should stop.

WLODEK BEDNAREK: We do not consider in the paper NS binaries which contain slowly
rotating, and accreating, neutron star and stellar companion but only specific type of NS binary
systems which contain radio MSP pulsar and low mass WD companion (binaries of the black
widow and redback type).

A prototype of such specific binary systems is black widow binary containingMSP PSR
B1957+20. The presence of a shock in this binary system is expected since its discovery, since
the pulsed radio emission shows an eclipse lasting for about 10% of orbital phase (Fruchter et
al. 1988). The emission from such systems has been popularly modeled in thescenario of the
colliding MSP and stellar winds within the binary (e.g. Arons & Tavani 1993).The companion
star is expected to be evaporated by the energy realised from the inner MSP magnetosphere (e.g.
Ruderman et al. 1989). It is expected that due to this process, the companion stars in the MSP black
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widow type binaries have masses of only a few percent of the Solar mass. The average evaporation
rate (companion star wind mass loss rate) during the characteristic age of 10- Gyrs is expected to
be of the order of 10−10M⊙ yr−1, as assumed in our work.
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