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The transition states between the rotation powered an@@mempowered non-thermal emission
in millisecond pulsar binary systems have been recentlgmesl in the case of three objects PSR
J1023+0038, PSR J1824-2452, and PSR J1227-4859. Thditarnsirelated to the significant
change in thegray flux. The origin of this enhanced emission seems to lsea@lto the pen-
etration of the inner pulsar magnetosphere by the accreigla We propose that the radiation
processes, characteristic for the rotation powered putsar co-exist with the presence of an
accretion disk in the inner pulsar magnetosphere. yFhay emission can be also produced by
secondary leptons in the Compton scattering of thermahtiadi from the accretion disk. The
accretion disk is assumed to penetrate deep into the pulagnetosphere allowing the matter
to fall onto the NS surface producing pulsed X-ray emissiMe. show that the sum of the rota-
tion powered pulsay-ray emission, produced by the primary electrons in theature process,
and they-ray emission, produced by secondary leptons, can exge@imbserved high energy
radiation from the redback binary pulsar PSR J1227-48586rhigh state.
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1. Introduction

The hypothesis on the formation of millisecond pulsars (MSPs) in binaryragstas recently
got strong support with the discovery of three MSP binary systems thateshtransition from the
rotation powered pulsar state to the accretion disk powered state. Thg bysaem containing
PSR J1023+0038 has shown at first the evidences of an accretiowittisk relatively low power
(< 10% erg s'1) which moved to the rotation powered pulsar with clear radio pulsations {alth
et al. 2009). Similar behaviour has been also observed in the binanjriogt® SR J1824-2452
(Papitto et al. 2013). X-ray pulsations with the period of the pulsar hage bbserved in PSR
J1824-2452 (Papitto et al. 2013). This last result indicates that the matteeach the NS surface
also at low accretion rates. The mentioned binary systems belong to thekettiss which contain
companion stars with the mas$€.2 M., accreting matter through the 1st Lagrangian point. Thus,
the formation of the accretion disks around these pulsars is expectedrank#éion between two
states in the binary systems containing PSR J1023+0038 and PSR JBRi&48nnected with
the change of thg-ray flux which is a factor of a few larger in the state with the presence of the
accretion disk (Takata et al. 2014, Xing & Wang 2014, Johnson et 46)20

The high luminosity differeny-ray states has been explained in terms of two models. Takata
et al. (2014) assumes that the accretion disk does not penetrate belmhtioglinder radius of the
pulsar magnetosphere due to its evaporatiop-bgy radiation produced in the outer gap (Takata et
al. 2010) or as a result of the disk interaction with the pulsar wind (Buetexi. 2001). Papitto et
al. (2014) proposes that the pulsar mechanism is quenched by th&é@tdisk which penetrates
below the light cylinder radius angrays in the disk state are produced in the synchrotron self-
Compton process by electrons accelerated on the border between tivgyrotagnetosphere and
the inner accretion disk (see also Bednarek 2009). Here we considdrea scenario in which
the accretion disk slowly penetrates the inner pulsar magnetosphere upco-tbetion radius,
allowing the matter to fall onto the NS surface. However, the acceleratios igafhe pulsar
magnetosphere, which developed at large distance from the disk (eegpected in terms of the
slot gap model), are not switched off. Due to the geometry of the magnetiofitditie the light
cylinder radius, the matter from the disk cannot penetrate into gaps adistgace from the disk
surface. We propose that secondary leptons, produced in the mdganslot gap, comptonize disk
radiation producing enhanceeray emission in the GeV energies (for details see Bednarek 2015).

2. A modéd for the high energy radiation in the disk state

We concentrate on the redback binary system containing millisecond p@Bai 227-4853.
The post-transitiony-ray emission from this binary system shows clear modulation with the period
of the pulsar (Johnson et al. 2015). Therefore, it is expected todzkiped in terms of rotation
powered pulsar mechanism. According to the outer gap and slot gap madedsnission mostly
comes from the region close to the light cylinder radius and originates in thratave process of
primary leptons accelerated in the gap to the Lorentz factors of the ordefesy 1. On the
other hand, thg-ray emission in the pre-transition state, in which the accretion disk is présent,
proposed to be produced in another mechanism. Here we considerrlaeigsder the pre-transition
emission state in the binary PSR J1227-4853. We assume that the accreticardigenetrate
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below the light cylinder radius but it does not switch off completely the putsachanism. This
can happen since in the case of nearly aligned rotator the plasma in thigcacdigk is not directly
connected by the magnetic field lines to the regions in the inner pulsar magmatesyghich are

at large distances from the equatorial plane. It is expected that théydehmatter outside the
accretion disk in the wind or an extended corona is much rare than the defsigtter within the
disk. Therefore, its energy density is likely to be also lower than the emkengsity of the magnetic
field in the pulsar wind zone. The slot gap appears in the pulsar magnetespha result of the
space charge limited outflow scenario (Arons & Scharleman 1979, Hagdwigslimov 1998). In
this model the matter from the NS surface is not expected to saturate the dietdriaf the gap
since plasma with Goldreich & Julian (1969, GJ) density at the NS surfags telow GJ density
at some distance from the surface due to the dipole geometry of the magrdtimés. Thus, the
conditions for the appearance of the accelerating gap are satisfiedy thiemmagnetic field lines
above the null surface, electrons can be accelerated in the slot gegiscé\s expected in classical
pulsar model, we assume that the post-transiiway emission is due to curvature radiation of
the primary electrons accelerated in the electric field of the slot gap model Agamps 1983).

A part of these primary curvaturgrays is absorbed close to the gap and creates the secondary
population ofe* plasma. Additional disk radiation field can significantly increase the population
of secondary leptons due to absorption of primary gamma-rays in the Mdéation as postulated
by e.g. Romani (1996). These secondary leptons comptonize thernmetioadrom the nearby
accretion disk penetrating deep into the inner pulsar magnetospherechrssenario, the pre-
transitiony-ray emission state is the sum of tiigay emission produced in the inverse Compton
process of secondary leptons and the lower Igu@ly emission produced in the pulsar mechanism
(observed also in the post-transition state). We suppose that the prodotiieays in terms of
the the outer gap model (Cheng et al. 1986) may be impossible in suchisceNate that the
accretion disk, penetrating the inner pulsar magnetosphere, is quite cltsedater gap at the
light cylinder radius. Thus, a part of the matter from the disk could easigfpate into the outer
gap switching off its electric field.

The transition states are expected to be initialized by the enhanced accegtdnom the
stellar companion of the pulsar due to the Roche lobe overflow. The rothtiviseof the pulsar
should be close to alignment to the rotational axis of the binary system due pashaccretion
history of the accreting matter. Therefore, the matter is expected to pentbteateiter pulsar
magnetosphere along the rotational plane of the binary system. In the tnarssitie the pressure
of the matter, accreting in the rotational plane, is not balanced by the peesfsine pulsar wind.
Therefore, accretion disk starts to build up. With accumulation of matter in tretaan disk, its
inner radius shrinks reaching at first the light cylinder radius and #fegrit can penetrate into
the inner pulsar magnetosphere. The location of the disk inner radius inlge pnagnetosphere
(below the light cylinder) can be estimated by balancing the kinetic energjtdefithe plasma in
the disk with the magnetic field energy densB¥(R) /81 = pvZ /2, whereB(R) = Bys(Rus/R)3
is the magnetic field strength at the distafic&om the centre of the NS = (GMys/R)Y? is
the Keplerian velocity of the matter in the accretion diRkg andBns = 10°Bg G are the radius
of NS and its surface magnetic field strengthis the density of matter at the inner disk radius
Rn (in grams). The above condition allows us to estimate the location of the so cdfieshA
radius,Ra = 8.4 x 10%(B3/p)Y/® cm, wherep is in grams. In fact, the inner disk radius is expected
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to be located at the magneto-spheric radigg, which is not precisely known fraction of the
Alfven radius,Ry, = xRa. X is expected to lay in the range~0.1-1 (see e.g. Lamb, Pethick &
Pines 1973, and more recent discussion of this value in Bozzo et aR)(2&ven for relatively
low density of accreting matter, the disk can penetrate the inner pulsar msghete below the
light cylinder radius. Note that the Alfven radius slowly shrinks with the iasieg density of
the matter in the inner disk. In this stage the accretion disk resembles the modkeés déad
disks (Sunyaev & Shakura 1977) or trapped disks (Spruit & Taar3,19%ngelo & Spruit 2010,
2012) around compact objects in which substantial amount of matter cactbmalated but the
thermal structure of the disk is determined by the continuously supplied rineger through the
1st Lagrangian point of the binary system. The process of building upeoflisk continue up
to the moment when the magneto-spheric radius reaches so called co-roaaiios defined as
the distance from NS at which the Keplerian velocity of matter becomes cobipasdth the
rotational velocity of the magnetic field line& = Viot, Wherevyot = 21R/Fys, Pys = 10 3Pys S
andMys are the pulsar rotational period and its mass assumed taddd 1 From this moment,
the matter from the disk can fall onto the surface of NS. The co-rotationg&llocated atR.or =
(GMns)Y/3(Pus/2m)?/3 ~ 1.7 x 10PPZ cm. ForRy ~ Reor, the matter starts to fall onto the NS
following local magnetic field lines. This distance defines also in our scettgimner radius of
the accretion disk. If the magneto-spheric radius is always lower tharothetation radius then
the disk extends up to the surface of NS.

In the quasi-steady state, the matter flows through the accretion disk att¢hdefaned by
the accretion rate of the matter passing through the 1st Lagrangian poinassiene that this
accretion energy is irradiated from the disk surface as expected in #leBh& Sunyaev (1973)
model. Then, the disk luminosity sy = GMysM /2Ry, = 47R2, 0spT.4 = 10%*L34 erg 8, Where
M is the accretion rate. Based on this model, we estimate the characteristic temgpefahe

disk at the inner radius offj, ~ 1.9 x 1O6L§£4 K, if the disk extends up to the NS surface (then
Rn < Reor) @and on, T, =~ 1.5 x 106L§£4/P§1/53 K, if the disk extends only to the co-rotation radius

(thenRy, =~ Reor).

The radiation field in the slot gap has been calculated assuming the Sunydek&r8 disk
model in which the gravitational energy extracted by the plasma is locally iteatlieom the disk
surface. In this model the temperature profile on the disk surface is ivapproximate formula
T(R) ~ Tin(Rm/R)3/4. We calculate the density of photons in the slot gap by integrating over the
disk temperature profile following prescription given in e.g. Frank et &8%] see Eq. 5.43).
The maximum power is radiated from the surface with temperakyrat photon energies ~
3ksTin ~ 390(L34/P3.)Y* eV. For the disk luminosity % 10°3 erg s and the pulsar period 1.7
ms, € is ~ 200 eV, falling into the UV energy range. Such photons are comptonizéuedoorder
between the Thomson (T) and the Klein-Nishina (KN) regimes by electronswétgiesr xy =
mg/e ~ 0.7(P3¢/Lsas)Y/* GeV. Therefore, in the calculations of the IC spectra, the KN effects has
to be taken into account. The mean free path for electrons (in the Thomsorejemn scattering
the thermal radiation from the disk with characteristic temperafiyrés, Ac/1 = (ornph) 1 ~
2.7 x 10°Pe& /LY,* cm, wherengn ~ 380(Tin/2.7K)3(Rn/R.c)? ph cni 3 is the density of thermal
photons from the disk in the location of the slot gap close to the light cylindeusaandor is the
Thomson cross section. This distance scale is smaller than the distanceosthéedropagation
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Figure 1. Spectral Energy Distribution (SED, differential spectraltiplied by energy squared) gfrays
produced in the IC scattering of the accretion disk radikip secondary leptons with the power law spec-
trum and spectral index equal to -2 between 100 MeV and 100 @&k curves) and the spectra after
absorption ofy-rays in the disk radiation (thick curves). Specific spean@ calculated for luminosities of
the accretion diskp = 10°3 erg s (dotted), 16* erg s* (solid), and 18° erg s'* (dashed). The disk
extends up to the co-rotation radius and the period of thegpus equal to 1.7 ms (Bednarek 2015).

of secondary leptons in the inner pulsar magnetosphere given by theyigider radius for the
disk luminosity abovelmin ~ 2.2 x 10’-“2Pr$,/59 erg s1. We also calculate the optical depths for
absorption of curvaturg-rays, produced by primary electrons, and theA€y spectra, produced
by secondary leptons, in the radiation field of the accretion disk. Theatiso of y-rays strongly
depend on the accretion rate (and so the disk luminosity). Sincg-thg production region in
the slot gap is assumed to be homogeneous, with the characteristic dimensabtodR, the
absorption effects are approximately included by multiplying prodyeesd/ spectra by the factor
equal to(1—exp—T1))/1. We show the example calculations of tixgay spectra produced in
terms of such model including the effects of their absorption (Fig. 1). le@ardhat absorption of

y-rays starts to be important for the disk luminosities abeved*® erg s1.

3. Gamma-ray emission statesin binary system PSR J1227-4853

We assumed that enhancgday emission in the pre-transition state in PSR J1227-4853 is
produced by the secondaey leptons which up-scatter disk thermal radiation to GeV energies.
In fact, e* pairs should be present in the region of the slot gap of the pulsar since inot-
transition state a clear radio pulsations are observedy¥hg spectrum in the post-transition state
is expected to originate in the curvature process of primary electronteesteel in the electric
field of the slot gap. A large amount of secondary leptons is expecteddmbaced with close to
the power law spectrum in the energy range between 100 MeV and 100Gkt such type of
secondary leptons spectra are expected to be produced in the pulsetoaggheres in the case of
the existence of the extended polar cap regions (see e.g. Hibschmann& 2001). In the pre-
transition state, the accretion disk penetrates deep into the inner pulsartosgpdreee providing
additional soft photon target to be up-scattered by secondary lepnsimulate the propagation
of leptons on the distance scale of the light cylinder radius in the thermaticadfgeld from the
inner accretion disk. The synchrotron energy losses of leptons aa tato account assuming
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Figure 2: Spectral Energy Distribution (SED) of the Redback type hjirgystem containing MSP PSR
J1227-4853. The approximation of the pre-transition anst-pansition spectra from PSR J1227-4853
(dotted and dashed curves, see Johnson et al. 2015). Thed@wsp produced by secondagy pairs which
comptonize thermal radiation from the accretion disk, befohin solid curve) and after absorption in the
disk radiation (thick solid). It is assumed that the secop@g spectrum is of a simple power law type
with the spectral index -2.6 between 0.1-100 GeV. The aicerelisk luminosity is assumed to be equal to
Lp =3 x 10°3 erg s * (Bednarek 2015).

their average pitch angle of of the order of 0.1 rad. For the magnetic fiedgitr of the NS at
the light cylinder radius, the synchrotron energy losses of leptonsstireaded to be clearly lower
than their energy losses on the IC process in the accretion disk radiatebn fie

The y-ray spectrum in the pre-transition state is reasonably well describecelsuth of the
spectrum from the post-transition state (curvature radiation of primartrete and the spectrum
produced by secondary leptons in the inverse Compton scattering ofadlgition. This fitting
to the pre-transitiory-ray spectrum has been obtained for the simple assumption on the spectrum
of secondary leptons which has been assumed to be of the power lawithp@evspectral index
equal to -2.6 between 100 MeV and 100 GeV and the disk radiation field Wwhighosity is equal
to 3x 10* erg s (see Fig. 3). In order to obtain corregray luminosity in the pre-transition
state, the power in secondary leptons should be equadt83 of the product of the the pulsar spin
down luminosity (equal to & 10** erg s'* in the case of PSR J1227-4853) and the collimation
factor of they-ray emission produced by leptons in the slot gap.

Since the secondary leptons have some degree of beaming it is possilihe thety emission
during pre-transition state can also show some modulation with the period afitde.pHowever
the presence of the accretion disk can also influence the pulsar chistacgpin down rate which
might complicate direct detection of such modulation.

4. Conclusion

Observations suggest that the disk has to penetrate deep into the inrsrmatgetosphere
and that at least some of the disk matter has to fall onto the neutron statesulfée propose
that highy-ray emission state from MSP binary systems, observed in the presetigeanicretion
disk, is produced in the comptonization process of the disk radiation bydanoleptons created
relatively far from the disk in the region of the slot gap. In contrast to titerogap scenarieg™
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pairs in the slot gap, are expected to be produced copiously since tieémtion region is far
away from the disk. In this scenarig;rays in the rotation powered state originate in the curvature
process of primary electrons. In the disk state, primary electrons pearugaturey-rays, which
can be additionally absorbed in the disk radiation ejecting secondary léptihrescascade process
occurring above the null surface. These secondary leptons aeetexpto have a few orders of
magnitude lower energies than primary electrons. Therefore, they brdocabcatter efficiently
UV to soft X-ray radiation produced by the accretion disk in contrast tmamy electrons. We
simulated propagation and radiation process of secondary leptons, iegibe close to the light
cylinder radius and above the null surface. The accretion disks with litie® in the range
expected for the accreting millisecond pulsars are considered. We talacoaant IC scattering
of disk radiation, synchrotron losses of secondary leptons and adsopion ofy-rays in the disk
radiation. The results of calculations of the {&ay spectra are compared with the tywaay
emission states from the transiting MSP Redback type binary system J8337er which the
spectral information in thg-ray energy range has been precisely measured (Johnson et@l. 201
Reasonable description has been obtained in terms of such model for lkelgneters of this
system.

Another transitional millisecond pulsar, PSR J1023+0038, shows thelfange in the~rays
by a factor of~5 in respect to the change by a factor~a2 in the case of discussed here source.
We think that such large flux changes between different states coulddersderstood in terms
of the proposed scenario. In principle the power in secondary leptesisonsible for additional
component in the disk state, can be larger than the power in obsgmagd. The primary-rays
can be efficiently absorbed in the gap region and only a small part caivestiis process and
escape to the observer. These leptons meet strong radiation field fr@auocttetion disk allowing
them efficient conversion of their energy to the y&ay component observed in the disk state of
transitional pulsars. Moreover the emission geometry can also play an imp@i The rotating
disk plasma is expected to produce additional component of the magnetic el mvight slightly
influence the dipole component of NS. As a result, the structure of maghet@sat the light
cylinder can change allowing enhangeday emission at certain directions.
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