PROCEEDINGS

OF SCIENCE

Gamma-rays from comptonization of stellar
radiation in the binary system containing PSR
J2032+4127 at its periastron passage

Wlodek Bednarek *
Department of Astrophysics, University of Lodz, Lodz, Rdla
E-mail: pednar @ini . | odz. pl|

Piotr Banasinski
Department of Astrophysics, University of Lodz, Lodz, Rdla
E-mail: p. banasi nski @ni . | odz. pl|

We calculate the high energy gamma-ray emission expecteagdine periastron passage of the
pulsar PSR J2032+4127 which form extended binary systeim thé& massive companion star
MT91 213. They-ray emission is expected due to the comptonization of thiéastradiation by
electrons accelerated at the pulsar wind and stellar witidiom shock. We apply the numerical
code for the cascade process initiated by electrons in ilsetaopic radiation from the companion
star. We conclude that around the periastron passage dfitt@isy system, thg-ray emission at
TeV energies can overcome the TeV emission observed fromtanded source in this direction
which is likely due to the pulsar wind nebula formed by thespulPSR J2032+4127. We discuss
the conditions within the binary system for which such a pdike TeV y-ray source should
appear in addition to the presently observed the extendéd/Aray source.
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1. Introduction

High energyy-ray emission from only one binary system, containing radio pulsar PSB812
63 and Be type massive companion SS2883, has been observed ded studore detail at TeV
energies[[1[]] 3]. Another young, radio pulsar, PSR J2032+41#7been proposed to be a com-
panion of the massive Be type star, MT91 213, which parameters are sintharstar SS2883]4].
This binary system is much more extended than PSR B1259-63/SS288&xHdsted that PSR
J2032+4127 passes the periastron late in 2017 [5]. The high energy Xad GeVy-ray emis-
sion from this binary has been recently studied]n [6]. Those authorssdighe Inverse Compton
(IC) y-ray emission in the context of the wind collision model for the massive bingstems.
The observations of the binary system PSR J2032+4127/MT91 213 irethg-flay energy range
are expected to be more difficult since in the direction of this binary an estksteady Te\y-ray
source (TeV J2032+4130) has been discovdied [7] (and confimidg]). Applying the available
parameters of the binary system, PSR J2032+4127/MT91 213, we pdesaited calculations of
the GeV-TeVy-ray radiation expected from this binary close to the periastron pass$élge jpul-
sar. For this purpose, we use the Monte Carlo cascade code whichdglmauction ofy-rays
by relativistic electrons, accelerated in the wind collision region, which conigeovell defined
radiation field from the companion star.

2. PSR J2032+4127/MT91 213 system

They-ray pulsar PSR J2032+4127, with the periodPef 143 ms, has been discovered by the
FermiLAT [{Q]. The spin down power of this pulsarli$sg= 2.7 x 10°° erg s°1, the characteristic
age is 113 kyr, the surface magnetic field is estimatedBusr= 1.7 x 102 Gs [I0], and the
distance d = B3 0.06 kpc [I1]. The pulsar is on the elongated orbit around the companign sta
MT91 213, which is a BO V type star with the luminoslty = 5.8 x 10°” erg s’ and the effective
surface temperature Bx 10* K [[[]. The radius of this star iR, = 3 x 10'1 cm.

The basic parameters of the pulsar in the binary system are not precis®iy lsince only
a part of the pulsar orbit has been observed up to now. According tmdldel 2 of Ho [b], the
semi-major axis of the binary systemas= 2.7 x 10'# cm, and the eccentricity is= 0.961. For
these parameters, the distance of the pulsar from the companion starttierjpeyiastron passage
iS Dperi = a(1—e) ~ 1.05x 103 cm, and the distance between the stars in the superior conjunction
of the pulsar iDgyp=a(1l—€?)/(1+ecoq90° + w) ~ 1.28 x 10'3 cm, where the longitude of the
periastron igv = 40° (for the model 2 in[[p]). The angle between the line of sight and the direction
defined by the centers of the stars is (&0 — a) = cog90° + w)cog90° — i), wherei is the
inclination angle of the binary system (see Fig. 1).

The pulsar PSR J2032+4127 is expected to form a pulsar wind which dtiteravith the
wind of the companion star can be quite complicated. Close to the periastramintie create a
collision region, between the star and the pulsar, in which particles carfdmtivefly accelerated
to energies allowing them production of the X-ray radiation in the synchrgirocess and also
the TeVy-rays in the IC scattering of the stellar radiatin| [[3, [I4,[I%, 16]. Thedatke pulsar
wind after collision with the stellar wind is not well known. Two limiting cases catiniiggined:
the collision of the ideal homogeneous winds and the collision of the verylambwinds. If the
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Figure 1. Schematic representation of the geometry of the binanesysiontaining PSR J2032+4127 at
the periastron passage. The pulsar is surrounded by theasihision region (thick solid curve), in which
electrons are accelerated. The observer sees the comsaiat the angler, which is measured between
the directions defined by the centers of the companion stanff¢ and the pulsar "NS" and the direction
towards the observer "Obs". The inclination angle of thehjirsystem i$ and the longitude of the periastron
passage of the pulsards.

winds are homogeneous, then the winds after the shocks are expectethta separate fluids.
The pulsar wind can even accelerate along the shock structure ast @fésel adiabatic expansion
[L7,[Z8.[1P]. In the second model, the very in-homogeneous, turbstiglidr wind loads the pulsar
wind with the barionic mattef[2(, PL,]22]. In the limiting case, when the winds nfiscgfely the
pulsar wind can be significantly decelerated to veloujty. To estimate the order of magnitude
of the velocity of the winds after mixing we can make use of the idealistic scenariwhich the
colliding winds conserve their energy and momentum. The conservation eh#rgy gives us the
upper limit on the velocity of the mixed winds since a part of the energy of thdsnimexpected
to be thermalised in the collision process. In this case, the mixed wind velocityecastimated
as shown in[[40] (see Eq. 1 and description below). In this limit the velocifi@seomixed winds
can be of the order of a few to several percent of the velocity of the li@htthe other hand, the
conservation of momentum of the colliding winds (but not very turbulentggihe lower limit
on the mixed wind velocity[[43]. In this case, the mixed wind velocity can chdraa close
to zero at the apex and increase up to the velocity of the stellar wind (bafigieg) at regions
along the collision region which are far away from the apex. In our caiounlswe use the range
of velocities which are laying between those two limits. Note that in the case oieeffimixing,
electrons accelerated in the turbulent winds are relatively slowly advéciadthe vicinity of the
companion star, allowing for more efficient comptonization of the stellar radidatiche y-ray
energy range.

The distance, between the apex of the wind collision region and the pusabecestimated
from, Ryypsr= Dy/N/(1+ /M), whereD = 10*D13 cm is the separation of the objecty,=
Lpsr/(cM,V,) ~ 0.14/M_gvg is the ratio of the pressures of the winds from the pulsar and the
companion staf[24IM, = 10°8M_g M, yr~* andv, = 10°vg cm s'* are the mass loss rate and
the velocity of the companion star windpsr = 10%°L35 erg s ! is the pulsar power, andis the
velocity of light.
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3. Gamma-raysfrom IC pair cascade

We assume that electrons can be accelerated in the magnetized, turbillsizinceegion
of the pulsar and stellar winds. Their acceleration time scale can be defindtk kacceler-
ation coefficienté and the magnetic field strength in the acceleration region (e.g. see Eq. 5
in [BQ]). Electrons are also advected with some velogjty from the acceleration site. The
characteristic time scale for the advection process can be estimatedtfgQm, Rsh/psp/vmix ~~
10*D13y/M/(L+ /M) /Ve S, Wherevmix = 10°v cm s'1. The advection time scale of electrons
limits their acceleration process to the maximum possible energid~ 11005/125,2/v9 TeV.
whereé = 0.01&_, is the acceleration coefficient, amd= 0.10_; is the magnetization parame-
ter of the pulsar wind. The value &f can be related to the velocity of the mixed winds in the
following way & ~ (Vmix/C)?, if particles are energized after the mixing process of the winds.
However, if the acceleration process of electrons occurs already iregien of the pulsar wind
then, £ can be fixed to~0.1 since the pulsar wind velocity slows down+d®.3c. The accel-
eration process can be saturated by the electron’s energy losses ynéeotron process (the
cooling time scale is given by Eq. 8 if ]20]). Then the maximum energies ofrefecare lim-
ited to, ES/n ~ 6.1(&_5/Bsh) Y2 ~ 17.5(6_5\/fD13/ 02 (1+ /7)]Y/2 TeV. The magnetic field at
the winds collision region is estimated by the simple extrapolation from the vicinityegbtitsar,

Bsh ~ (Bpsr(Rus/Ric)3(Ric/Ren) 02 ~ 0.116"2(1+ ,/7)/ /D13 G, whereRys = 10° cm is
the radius of the pulsaR_c = cP/2mm~ 6.8 x 10° cm is the light cylinder radius of the pulsar.

We assume that electrons are accelerated at the distance of the apexcaligihen region
formed in collisions of stellar and pulsar winds. They obtain a power lawtspaavith the spectral
index equal to -2 up to the maximum energy determined above. It is assunteeldiavistic
electrons can take up to 10% of the spin down power of the pulsar. Thdaardjstribution of
primary electrons is isotropic in the plasma reference frame. Electronloatg advected from the
acceleration place on the advection time scale. During this escape pelees®ns lose energy on
the synchrotron radiation and on the IC scattering of the anisotropic radfabim the companion
star. We calculate the synchrotron spectrum which is emitted isotropically leyetieons since the
magnetic field is assumed to be random in the reference frame of the plasooatriast,y-rays in
the IC process are produced anisotropically due to the anisotropic radidtibe companion star
as seen from the injection place of electropsays, produced in the general direction towards the
companion star, are additionally absorbed in the stellar radiation. As a oéshé absorption of
primary y-rays, the anisotropic I&" pair cascade develops in the surrounding of the massive star.
In order to calculate thg-ray spectra which emerge from the binary system at specific directions,
we apply the specific I@* pair cascade model in which the secondafypairs are isotropised by
the random component of the magnetic field close to their place of creatifirs{atich model has
been discussed ifi [2F,]26]).

4. TeV y-raysfrom the binary containing PSR 2032+4127

The HEGRA TeVy-ray source (TeV J2032+413f] [7]) has the extension-6f and the flux
of 5% of the Crab Nebuld[T29] §] 9.]130,|31]. The nature of the HEGRX Feurce remains
unclear. The discovery of the energetic pulsar in this direction, PSR+2027, seems to support



Gamma-rays binary system PSR J2032+4127 Wlodek Bednarek

N
[S]
=
[S]

o
o
ol

\

.....

ot

[
' o '
a
TTTT]TTTT

KN
B

log(E “dN/dE / erg cm s
-
|
KR
0 N
Ll \H\‘\H\‘H\\‘HH‘HH}

N =
N [ =
2 ~ @
. ]

e e
N =
@ @

o
w

'I"A H\‘HH‘HH‘HH‘HH}

KN
w

R
@
wu

A
©
wu

4 5 4 5
log(E / GeV) log(E / GeV)

Figure 2: The IC spectra (SED), at the periastron passage are compdtetthe TeVy-ray spectrum of the
extended source in the location of PSR 2032+4227, measyrdteHEGRA (black squareﬂ [7]), MAGIC
(circles [8]), and VERITAS (triangleq]9]). Figure on thétles for n =1, & = 0.1, Vmix = 7 x 10° cm s°1
ando = 0.003; and on the right fon = 1, & = 0.1, Vmix = 7 x 10° cm s ando = 0.1. The spectra are
calculated for the inclination of the binary system equal+o60° (solid curves) and= 0° (dashed curves).
The pulsed/-ray spectrum of PSR 2032+4127 [5] is marked by the dottedecur

the pulsar wind nebula hypotheds|[$2] 33]. The IC scattering of stetia@tian can give important
contribution when the pulsar is close to its periastron. In order to determiteveief the emission
from the binary system to already observed Tg¥ay emission from the nebula, we confront the
TeV y-ray spectrum from the nebula around the pulsar with the Ya®ly emission due to the
comptonization of stellar radiation by electrons accelerated at the collisioonrem Fig. 2, we
show they-ray spectra calculated for the pulsar at the periastron (the stroraghation field of
the companion star), for specific range of parameters describing tbegsrof the acceleration and
the interaction of electrons with stellar radiation. The spectra are calcutatéuefwide range of
the inclination angles of the binary systeim=0° and 60). The contribution to the Te\-ray
emission from the binary system to the extended TeV emission from the nedmdenbs important
when the parametery is not very far from unity (see Fig. 2). Our present calculations shaw th
at the periastron passage, the TeV emission from the binary system B3R4AQ7 can dominate
over the emission from the PWNa but only at energies lower than a fewElettrons with larger
energies are not able to scatter efficiently stellar radiation due to the Klemrdisffects and also
their dominant synchrotron energy losses. The features of theydray emission, for the pulsar
located at the superior conjunction, are quite similar to those observed petiastron (but on
a slightly lower level). Both these locations are separated by a few wedierefore, the TeV
y-ray emission from the binary system between periastron and superipmetion is expected
to be on the highest level. A few weeks time scale observations should altestide of such
an enhanced point-like emission by presently operating Cherenkov teésssoch as MAGIC
and VERITAS. Outside the region between the periastron and the supenjamction, the pulsar
(and relativistic electrons) stays at clearly larger distance from the cuompatar and/or they are
located more in the front of the companion star. Such geometrical situation fiavooed for the
efficient production of/-rays by scattering stellar radiation.
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5. Conclusion

We have presented the results of calculations ofth&y emission from the anisotropic &
pair cascades initiated by relativistic electrons in the vicinity of the massivevdtan the binary
system containing PSR 2032+4127. We considered only well definddjtmamd radiation field
within the binary system which is provided by the surface of the companianistarefore, calcu-
lated by us ICy-ray spectra from the binary system PSR 2032+2741 should be cedide the
lower limits especially above TeV energies. We show thedy emission from the binary system
can overcome the level of the TeV emission from the HEGRA source pravige electrons are
relatively slowly advected from the vicinity of the massive star. Such situaiexpected when the
stellar and pulsar winds mix effectively in the wind collision region and the tglaf the stellar
wind is not very large (i.ev, < 10° cm s'1). Moreover, the collision region should be close to
the massive star. This happens when the pressure of the stellar windataksninate completely
over the pressure of the pulsar wind, i.e. the paranmtéescribing the wind collision region is
not far from unity. Fom ~ 1, the collision region of the winds is far from the pulsar and relatively
close to the stellar surface. Then, the magnetic field in the mixed pulsar wingtisely weak
(due to the larger distance from the pulsar). Therefore, the energgdad relativistic electrons
on the synchrotron process are reduced and energy losses on pineck3s are enhanced. The
IC y-ray fluxes, shown in Figs. 4, are expected to be clearly larger if the mixed velocity is
below the value considered in this figure. However, the efficiency ofrele@cceleration can be
lower than assumed 10% since only a part of the wind regions can prawdgyefor the accelera-
tion process. Therefore, comparison of our calculations with the futbsergations of the binary
system PSR 2032+2741/MT91 213 during periastron can allow to constenange of allowed
values for parameters, determining the geometry of the collision regjafficiency of electron
acceleration and the velocity of the mixed winds. Note that, these parametebe Gdso con-
strained by the independent observations in other energy ranges. stiod constraints will allow
determination of the acceleration efficiency of electrons with this binary sylstesed on the TeV
y-ray observations and modeling of the type presented here.

Our calculations show that the conditions for txeay production within the binary system
PSR 2032+4127 close to the periastron are less favorite than those irséhefthe binary system
PSR B1259-63/SS2883. This is generally expected since the energpaless the pulsar PSR
2032+2741 is a factor of about 3 lower than the pulsar PSR B1259163eocation of the pul-
sar PSR B1259-63 to the companion star at the periastron and its larggy &ss rate moves the
wind collision region, and so the place of electron acceleration, is closes tmthpanion star than
in the case of the binary system containing PSR 2032+2741. Detailedvatisas of the binary
system PSR 2032+2741 by the Cherenkov telescopes close to the paritisked with the future
multi-wavelength studies of the stellar wind from the companion star, shouldderanteresting
independent constraints on proprieties of the pulsar winds, conditiotisf@cceleration of parti-
cles, and the details of their radiation mechanisms. At present, such detaifgudson of these
two binary systems is not possible due to the lack of knowledge on the possitiigbution of
additional radiation fields and their geometry (e.g. stellar disk) in the binaryZ032+4127.
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