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The matter from a star can be partially captured by a compaméwitron star (NS) creating a very
turbulent and magnetized transition region at some disténoen the NS surface. We consider the
consequences of particle acceleration at such transiigiom. Accelerated electrons lose energy
on the synchrotron process and the inverse Compton (IC)esitag of thermal radiation from
the NS surface and/or the companion star. We calculate thehsytron spectra (from X-rays to
soft y-rays) andy-ray IC spectra in the case of sources accreting the mattlruhe accretor and
propeller scenarios. Depending on the accretion stag&eheand/or the Te\y-ray emission can
be produced. The model can explain the TgYay emission from recently discovered massive
binary system (LSI 303 +61). Moreover, it predicts GgVay fluxes from some compact X-ray
binary systems detectable by thermi-LAT telescope. Hadrons accelerated in such scenario can
interact with the radiation from the NS surface producjagys and neutrinos. We estimate the
expected neutrino fluxes from some example binary systertgsrims of this model which might
be observable by the IceCube neutrino telescope.
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1. Introduction

Compact binary systems containing neutron stars are strong sourcesagfesnission which
is produced as a result of accretion of matter from a classical star ont$h&he accretion
process can occur in different stages depending on the parametins NS (surface magnetic
field, rotational period) and the accretion rate. Such sources have éxgected to accelerate
particles to relativistic energies which interacting with the matter and radiationlgiwoduce
high energyy-rays and neutrinos. In fact, the matter accreting onto the NS interacts wittdtsig
magnetosphere creating good conditions for acceleration of particlesaiihof this paper is to
investigate possible high energy radiation produced by these energgitibgsanteracting with the
radiation from the NS surface and the companion star.

2. TheModd

We consider a compact binary system containing rotating neutron staa(id%) classical star.
Itis assumed that the mass from the companion star is effectively captueestiong gravitational
potential of the NS. Depending on the rotational period and surface riadiedd of NS, the
accretion process onto NS can occur in the phase of accretor, propeklgector. A very turbulent
and magnetized transition region is formed when the magnetic pressure dmtaecpressure of
infalling matter. In the case of accretor, most of the matter falls onto the N&cgudreating a
small hot region on the NS surface (for details of this scenario[$¢¢ 8.2,

The distance of the transition region from the surface of the neutron atebe estimated by
comparing the energy density of the magnetic field with the energy densitycrdtang matter. It
is

A4/ p—2/7
Ra =4x 10°B1,/M; 27 cm, 2.1)

where the magnetic field at the neutron star surfadgis= 10'?B1» G and the accretion rate is
Macc% 1016M16 g Sﬁl.
The magnetic field aRa is estimated assuming its dipole structure in the inner magnetosphere

Ba=16x10'M'BY" G. 2.2)

The matter penetrate below the light cylinder radius for the rotational pedbS (from
comparison of the light cylinder radiuB_ = cP/2m, with Ra),

R > 00848, M2 s (2.3)

The matter can reach the NS surface (accretor phase) when the rdtaétowity of the NS mag-
netosphere is lower than the keplerian velocity of the matt®aafThis happens for the periods,

P> 378 M s (2.4)

The accretion occurs in the propeller phase (matter stopped at some distand\S surface)
forB <P <Hh.
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Particles (electrons and hadrons) can gain energy from the accelemaicimanism at a rate
which can be parametrised by,

Pace= ECEp/rL ~ 2.6 x 10 1MIL'B>7 ergs?, (2.5)

where& = 10"1&_, is the acceleration paramet&y, = Ep/€Ba is the Larmor radius, anfl, is the
energy of particle.

Electrons lose energy on the IC process in the Thomson (T) and the Kisfmiaisl (KN)
regimes. In the accretor stage, when the matter reachs the NS surfaemésdhermal soft
radiation from a polar cap region, the energy density of these thermabphat the acceleration
region above the NS surface is,

Peap~ 1.4 x 10°M12 'B.2/7 erg cm3. (2.6)
The radius of the polar cap region on the NS surface can be estimatBgyps, (RSs/Ra )2 ~ 5x
10°B,2/"M1L" cm, and its surface temperatureTssp= (Lx / MRZ,,0) /4 ~ 4.7 10'BY, M2 K.
The energy density of the magnetic fieldRat is, pg = BZ /81T~ 107M12/781210/7 erg cnm 3, The
energy losses of electrons for the synchrotron and the IC in the T regimbeccalculated from,

Iqoss: (4/3)CGTPV2 ~ 2.7 X 10714p(capB.,*)V2 €rg st (2.7)

By balancing energy gains and synchrotron losses we get the maximwentkdactors for elec-
trons,

Vinax 3% 10551/2 5/14M1_63/7- (28)

We conclude that electrons can reach energies of the ordefl00 GeV in the case of classical
NS. However, the energies can become of the ordesT&V for the NS with the surface magnetic
field typical for magnetars.

The maximum energies of the accelerated hadrons are estimated by thesdzganeen the
acceleration time scale and the time scale which defines the confinement ohdhawsme the
turbulent region. The lower limit on this last time scale gives the escape time aichbdrons
from the acceleration site. It can be defined ags¢= Ra/vi ~ 04B6/7M 3/7 s, wherev; =
(ZGMNS/RA)‘l/2 is the free fall velocity of matter & (G - gravitational constant ardys - the
mass of NS). By comparing this time scale with the acceleration time ggale; rr]oyp/ljaCC (where
m, is the proton mass), we can estimate the Lorentz factors to which hadrobs eacelerated,

Yo~ 6x 10°€_1BI/M3T. (2.9)

This estimate is of the order of the maximum possible Lorentz factor of partialbegh can
be accelerated within the region with characteristic diamBgeand magnetic field,, defined
by the condition that the Larmor radius is smaller than the Alfven radRis< Ra, yg‘axz
2x 10°B,, "ML,

We can also estimate the energy losses of hadrons on collisions with themmtahpfrom the
NS surface inside the transition region,

Poy—n = Op,CNKEy, (2.10)
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wheren = npp(Reap/ ((Ra — Rus) + Reap))? (N & NppR2,y/R& for Ra >> Regy) is the density of the
black body photons coming from the polar cap at the distance of the transgipon Ra, and

Opy ~ 3x 10728 cm™2 andK = 0.15— 0.35 are the cross section and the in-elasticity for pion
production due to collision of relativistic protons with thermal photons. In egtimations we
apply the average value fé¢ = 0.25. As above, we can estimate the maximum possible energies
of accelerated hadrons due to their energy losses on pion productiailisions with thermal
photons by comparing Eqg. (2.5) afd (2.10). We obtain the limit on the Lofacttar of hadrons,

Voym~ 8x 107E 1By M3Y28, (2.11)

These maximum Lorentz factors of hadrons are typically above the maximuemtzofactors of
hadrons estimated above based on their escape from the acceleraimonesgecially in the case
of large accretion rates. Therefore, we conclude that hadrong éiretaaccelerated to maximum
energies allowed by the escape mechanism and after that they interactemtiatiphotons during
their fall onto the NS surface.
It is assumed that particles are accelerated with the power law spectrunthgraximum ener-
gies estimated above.

The maximum power transfered from the rotating NS to the accreting matterecan b

Lace= MacdVir/2 ~ 3x 10*B/M P2 erg s ™, (2.12)

where vyt = 27Ra/P is the rotational velocity of the magnetic field of NSR&, andP is in
seconds. A party, of this power can be used for the acceleration of particles.

3. High energy radiation from accreting NS

Accelerated particles interact mainly with the thermal radiation field from the palaon the
NS surface and from the surface of the massive star. Below we calthéatégh energy radiation
produced by electrons and hadrons in the accretor stage and pddoljpetectrons in the propeller
stage.

3.1 Gamma-rays

High energyy-rays are produced in the inverse Compton scattering process of thenotahs
from the polar cap and radiation of the massive companion star. Theyecalsdabsorbed in this
same radiation field. We calculate the optical depthsyfoatys assuming that they are produced
by electrons in the transition region at the distaRaefrom the stellar surface and interact with
the thermal radiation from NS (see Fig. 3[in[1]). The optical depths amalgl@bove unity for
large accretion rates onto the classical NS (surface magnetic field ofdee @132 G) and the
milisecond NS (surface magnetic field of the order of ). For low accretion rates<{(10'° g
s™1), the optical depths fop-ray photons are below unity for energies abev&0 GeV. In this case
GeV-TeVy-rays can escape from the radiation field of the polar cap without signifedasorption.
However, they can be additionally absorbed if the radiation of the compataois strong enough.
We considery-ray production by electrons in the accretor scenario (for classidabguand the
propeller scenario (for the strongly magnetized NS, so called magnetar).



Gamma-rays and neutrinos from accreting neutron stars Wiodek Bednarek

3.1.1 Accretor scenario for classical pulsar

Due to the large optical depthg;rays are produced in the IE€" pair cascade initiated by
relativistic electrons in the radiation of the polar cap (for details of the theatksscenario see
e.g.[L.[#). In order to follow the process giray production, we developed the numerical code
which simulate the cooling process of electrons taking into account not aalytily production
in the IC process but also the synchrotron energy losses of primaryaisand secondary cas-
cadee™ pairs. Two models for injection of relativistic electrons are consideredin{éction with
the power law spectrum up to the maximum Lorentz fagigs, and (2) monoenergetic with the
Lorentz factorsymax. We investigate two general scenarios describing the caspsrefaccretor
phase and the intermediate accretor-propeller phase. The examplaspecthown for different
values ofM, & andB [[. They are above the sensitivity of tiiermiLAT telescope. Therefore,
we predict that thé&ermi-LAT telescope have a chance to dete€.1-1 GeVy-ray emission from
some compact binary systems. In more detail we discuss the case of thée-terdnassive binary
system IGR J19140+0951 recently discovered by INTEGRAL, predjgiiedicting its detection
for specific parameters of the accretion scenario and acceleration wiquaticles [1].

3.1.2 Propeller scenario for magnetar

In this scenario, a neutron star with the superstrong magnetic field actnetezatter in the
propeller scenario, i.e. the matter is stopped at some distance from the MSaaherated electrons
interact with the magnetic field at the transition region and radiation from theiveas@mpanion
star. Most of the matter is rather expelled from the vicinity of NS in this castirgjgrerpendicular
outflows similar to the jet features observed in some type of binary systemd cailleoquasars.
The y-rays are produced by electrons in the anisotropieiQpair cascade process occurring in
the massive star radiation. As an example, we consider the/my binary system, LS| +61 303,
which was suggested to contain a magnetar. The calculations are compidrdéuenX-ray to TeV
y-ray spectrum from this sourcf] [2]. It is concluded that such acgetiagnetar scenario can be
responsible for TeW-ray emission from LSI +61 303 at the apastron passage.

3.2 Neutrinos

We calculate the spectra of muon neutrinos coming from the decay of piodsged in col-
lisions of hadrons with the thermal radiation from the polar cap on the Naeirfin this case,
two types of hadron injection spectra are considered: (a) a power ld@ratifial spectrum with
the spectral index 2.1 which cuts at energies estimated by above, anan@i)@energetic spec-
trum with these maximum energies. For the example calculations, we fix the fofjaimmeters
describing acceleration of hadrorés:; = 0.1, andn = 0.1. We calculate the muon neutrino event
rates that are expected in a kmeutrino detector from millisecond pulsars (MSPs) at the distance
of 5 kpc which accrete matter from the stellar wiil [3]. The typical pararaditgrthe MSPs and
the accretion rates are considered. The number of neutrino events istestinyaintegrating the
muon neutrino spectra over the probability of their detection,

g emax

" 4nD2 Jemin

P\,_),,(Ev)diNVdEv, (3.1)

Ny dE,dt
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whereS= 1 kn? is the surface of the detectd,is the distance to the sourd®, ., (Ev) is the en-
ergy dependent detection probability of a muon neutiihodBl, /dE, dt is the differential neutrino
spectrum produced at the sour&"'" = 10? GeV is the minimum energy of produced neutrinos
over which we integrate the event rate in the 1°kmeutrino telescope and the maximum energy of
neutrinos produced in this model is typically in the rafgB2* = 10* — 10° GeV. This maximum
energy of neutrinos can not be simply expressed since it depends pardmaeters of the model
(see above). Therefore, it is obtained numerically in our calculations.ekpected neutrino event
rates from millisecond pulsars range from a few up to several pérpen yr (depending on the
model). These event rates should be detected by the IceCube neutéctodeNote that several
up to a hundred of milisecond pulsars are expected inside typical globutec Therefore, we
also suggest that globular clusters can produce detectable soumntestohos for the large scale
neutrino telescopes (IceCube, KM3NET).

We also calculate the neutrino event rates expected from two nearby putsars inside the
binary systems GROJ 1744-28 and A 0535+262. They are charactbsizeng rotational periods,
strong surface magnetic fields, and high accretion rates. Also from suesees a few neutrino
events per year are expected in an IceCube size neutrino detector.

4. Conclusion

We calculated the expected X-ray yeray and neutrino emission from the rotating neutron
stars which accrete the matter in the terms of the accretor and propellerissen@he y-ray
emission, expected in such a model, has been calculated the high massiXargysgstems: IGR
J19140+0951, discovered by the INTEGRAL and the TeMy binary LSI +61 303. We conclude
that compact massive binaries recently discovered by the INTEGRAlikatg to be detected in
the y-rays by the Fermi-LAT telescope. The accreting magnetar scenarioecalst responsible
for the TeVy-ray emission from LSI +61 303.

We also estimated the neutrino event rates in thé éetector for two relatively nearby binary
systems which accrete at large rate, GRO 1744-2 and A 0535+262. ¢thsidered sources are
expected to emit lower neutrino fluxes due to the larger distances or lowet@an rates. We also
estimate the neutrino event rates expected from the millisecond pulsars apited tistance of
globular clusters. We conclude that some accreting millisecond pulsars loecdine detectable
neutrino sources. The neutrino event rates expected from the whpldgton of MSPs in a
specific globular cluster can be enhanced due to the cumulative contriframomany milisecond
pulsars.
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