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ABSTRACT

We report on results ol X-ray observations of the unique radio pulsar/he star
binary PSR 1112.59-63 /SS2883, obtained usingthe ASCA satellite two wecks
before, during, andiwo weeks alter the pulsar’s most recent periastron passage

on January 9, 1994. The source was detecled at all threcepochs, with an X-ray
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luminosity inthe 1-10 keV band of ~ 1 x 10**(d/2 kpc)® erg s al the pre- and
p ost-periastron ep ochs, and a factor of ~ 2 smaller at periastron.  ‘131¢ X-ray
cimission can be characterized by power--]law spectra with a photon index in the
range 1.5- 1,9, with evidence for spect ral softening al periastron. The photoelec-
iric absorption, Ny ~ 5 x 10%! cin™?, was constant for the three observations
within measurement uncertainties, and is consistent with the galactic contribu-
tion. We detect no pulsations, and derive an upper limit 011 periodicities close
to the PSR B1259—-63 spin period of ~7% of the total observed flux, conserva-
lively assuming a siljc-wave profile. We argue th at accretion of gaseous material
onlothesurface of the neutron star is anunlikel v origin for the observed X-rays.
The characteristics of the X-ray emission from the PSR B1259- 63 system are in
good agreement, with models of non-thermalacceleration of relativistic particles
[rom the pulsar wind in a shock at the location where the pulsar and Be star wind
pressures balance. Assuming reasonable Be star equatorial oulflow and pulsar
wind paramecters, we find that the mass 1oss rate M and surface velocity v are

constrained by the relation 10 < (v/10 ki s™ ) (M /1078 M, yi=' £ 100.

Subjeel headings: pulsars: individual: PSR B125 9—63 stars: neutron - stars:
individual: $52883 - Dbinaries: eclipsing - stars: emission line, Be - x-lays:
stars

1 INTRODUCTION

PSR 111259---63 is a 47 ms radio pulsar discovered by Johns ton ¢f al. (1992h) in a
survey of the southerni galactic plane for radio pulsars (Johnston et «l. 1992a). The pulsar’s
astrometric and spin parameters, as determined by radio timing observations (Jol imiston el
al. 1 994) aregiveninTablel. The snort pulse period suggests that the pulsar is either
young like the Crab putsar, oramember of the “recycled” class of pulsarsin whichthe short
period is the result of a past episode of mniass and angular momentum accretion. However,
the puisars short characteristic age 'cmd}f}\r;}lt/surfaccmagnctic ficld (see ‘1'able 1),as well
as the absence of any known supernova re nnant in the vicinity, imply that neither is likely
{o be the case.

The radio timing observations have shown that the pulsar is ina 3.4 yr, highly cccentric
binary orbit. The observed Keplerian orbital parameters are provided in Table 1. The
pulsar's mass functionimpliesits orbital companionhas amass greater than 3.2 M, assumning

a 1.4 Myncutronstar. Optical observations in the direction of the pulsar reveal a 10th mag
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B2¢ star, SS 2883, al a position coincident with the pulsar’s timing position. Johnston
e (11 (1992D) conclude SS 2883 is the pulsar’s companion, and from the spectral type!
JON1SLOIL elal. 1 994) deduce a mass for S5 2883 of ~10M, and a radius of ~61,. A
radio eclipse was observed by Johnston el al. (1 992b) during the last periast ron passage in
1990, however detailed monitoring was nol carried oul because only at that epoch was tile
duplicity recognized.

Among over 600 known radio pulsars, the PSR 1]1259-- 63 system is the only Be
star/pul sar binary. A similar binary system, PSR J0045—7319 in the Small Magellanic
Cloud, consists of a 0.926 s pulsar in orbit with a Bstar. However optical observations show
neither evidence for emission lines, nor any eclipse of the radio signal near periasiron (Bell
¢l al. 1995; Kaspi ef al. 1 994).

The distance to the PSR B1259—63 system is uncertain. Fromthe dispersion measure
(DM) of the pulsar and a model for the galactic electron distribution (Taylor & Cordes
1993), the estimated distance is d = 4.6 kpc. However, 1) M-derived distances are often
uncertain within a factor of ~2. Johnston el al.  (1994) argue onthe basis of photometric
observations that the distance to SS 2883 cannol be greater than 1.5 kpe, in conflict with

thal deduced fromihe pulsar DM |

Bestars are characterized by strong optical emission lines of ionized hydrogen, and excess
continuum radiation, likely due o free:-fru: emission, at infrared andradio wavelengths, all
of which suggest the presence of a dense, slowly expanding wind (e.g. Slettebak (1988)
and references therein). However, UV observations of asymmetric blueshifted absorption in
resonance lines of CIV and 5i | V suggest the presence of a fast, Jow-density wind (Snow
1982).  These scemingly contradictory observations are reconciled in the so-called “disk”
model(e.g. Waters 1986), in which the e emission and in [rared excesses are produced in
a d ense, slowl y-expandi ng equatorially concentrated wind, with a fast, tenuous wind inthe
polar region. The disk model is largel y empirical,however the equatorial concentration is
likely a result of relatively large stellar angular velocities (e.g. Bjorkman & Cassinelli 1993).
Typical mass-loss rates inthe disk regions of Be slars are in the range 10-amc,) yr=' & M &
107 Mg, yr ! (e.g. Walers ¢l al. 1988 and references therein. ) No direct estimate of the
mass-loss rate of SS 2883 has been published.

Radio pulsars 3%}8 2 ”l(]l rolational energy by a relativistic magnetized wind composed
of clect rons, positros s Ql ])o;s]l)]y heavy jons, which occas ionally is seen Lo energize sur-
rounding gascous nebular niaerial, resulting in the emission of high-cnergy radiation. The
best example of umcnt]y known pulsar-driven nebular einission is the Crab nebula, in which
the efliciency of conversion of spin-down encergy into unpulsed X-pqy cmission is observed to
be ~ 10%; such highly eflicient X-ray emission is believed to be the result of MITD shock




acceleration of relativistic pulsar wind particles al the location where the pulsar wind and
ambient medium pressures balance (Rees & Gunn 1974; Kundi & Krotscheck 1 980; Kennel
& Coronitil 984; Toshino ¢l al.  J 992). Pulsar bow Shock nebulac, inwhicha high-velocity
pulsar's wind is seeninteracting with the surrounding interstellar medium, also provide in-
formation on pulsar winds (e.g. Kulkarni & Hester 1988; Bell, Bailes & Bessell 1993; Cordes,
Romani & Lundgren 1 993). However, these systems are expectedto be weak [ligll-energy
emilters (Arons & Tavani 1993).

In contrast to the nebular environments of previously knowninteracting pulsars, the
nature of the PSR 111259—63 system naturally allowsthestudy of time-dependent pul-
sar/nebula interactions, because the radio pulsar unavoidably interacts with the Be star
outllow cach periastron passage (Kochanek 1994; Tavani 1994). The pulsar radiation pres-
sure might be large enough to withstand the compressing raim pressure force due to the
gaseous outllow fromthe 1 3e star, even al periastron.  If so, aninteresting time-variable
interaction of the pulsar wind with the mass outflow is expected (Tavani, Arons & Kaspi
1994, hercafter TAK94). Alternativel y, for a large Bestar mass outflow, accretionmight
occur, and bright X-ray emission could result. The 69 Ins X-ray pulsar A0538—66 is inan
eccentric orbit around a 1 3¢ star and occasionall y accretes with an X-ray luminosit y near
the Iiddington limit, demonstrating the ability of mass outflows from massive companions
to cause accrctiononto rapidly rotating neutron stars (Skinner ef al. 1982).

About 20 Be/neutron star X-ray emitting binaries are known in the Galaxy. These
have orbital characteristics similarto PSR 31259 —63: long orbital periods and high ec-
centricities (van denlleuvel & Rappaport 1987). The Be/X-ray binaries form a subclass of
the high-mass X-ray binaries, which show pulsed X-ray emission with periods inthe range
0.069s < 10 £10% s, the signature of accretion onto the surface of a strongly magnetized
neutron star (Nagase 1989). Radio pulsations have never been detected from any high-mass
X-ray binary system. The PSR 111259--63 system is therefore unique among Be/neutron
star binaries inthal the neutron star is also a radio p ulsar.

X-ray emission was detected the PSR 111259--63 system near apastron. The first low-
level X-ray detection was by Cominsky, Roberts & Johnston (1994) (hereafter CRJ94) who
observed the system just after apastron using ROSA 7' in Sepleniber 1 992, The observed
X-ray luminosily in the ROSAT band was 0.3 8x10** erg s~ *, for d = 2 kpc and depending
on the asswmed spectral miodel. A recent analysis of public archive ROSAT data takenin
February 1992, j ust before apastron, reveals significant X-ray cmission at a level approxi-
mat ely consistent, with the CRJ94 result (Grei ner, Tavani & Belloni 1994, hereafter GT195).
Statis tics in both detections are poor and little spectral information is available. The ob-
served X-ray Tuimi nosities near apastron, thoughdependent o11 tile assumed spectrum, are




larger than expected from coronal emission from a ty pical 1 3e star. Since the radio pulsa-
tions were detected at the epochs of all ROSAT observations, accretion of material onto the
neut ron star is an unlikely explan ation, since it would have quenched the radio emission.

In this paper, we report on three Xoray observations with the ASCA satellite at the sys-
tem’s most recent periastron passage. The X-ray observations were part of a multiwavelength
campaign 1o study the emission near periastron, including UV and optical (McCollum,
Castelaz & Bruhweiler 1995), hard X-ray and gamma ray (Grove ¢f al. 1995), and radio
obscrvations (Johnston ¢f al. 1 995). Preliminary reports indicate that the pulsed radio
emission became undetectable in mid December 1993 and became visible again only at the
beginning of February 1994 (S. Johnston and R.N. M anchester, personal communication).
Thus, the A SCA observations reported here were all obtained during the radio eclipse.

2 OBSERVATIONS

In order to monitor possible time variability of t he X-ray emission, the ASCA X-ray
satellite observed the system near periastron, and approximately two wecks before and after
periastron.  The first and third observations had exposure times of ~20,000 s, while the
second had ~40,000 s. Table 2 gives a summary of the three A SCA observation and of
the orbital geometry for an assumed Be star mass M, =10 Mg. In Iligure 1 we provide a
schematic drawing of the pulsar’s orbit around the systemic center of mass, together with
the approximate location of the pulsar during the X- ray obscrvations reported by CRJ94,
GT1395, and those described here.

The A SCAsatellite (formerl y Astro-1)) carries four X-ray telescopes (X RT's), each con-
sisting of nested concentric thin foils that approximate paired hyperbolic and parabolic
surfaces. The X-ray tdesc.opts have pass band 0.5 12 keV and spatial resolution ~17. At the
focus of two of the telescopes are Solid-state Imaging Spectrometers (S1S), each of which is
based around four CCD chips having energy resolution 2% at 5.9 keV and field of view 11'x
11'. At thefocus of the other two telescopes are Gas 1 maging Spectrometers (GIS), imaging
gas scintillation proportional counters with 8% energy resolution at 5.9 keV and a circular
ficld of view with diameter 50'. All three of our observations were done using both S1S and
GIS instruments. 1 he instruments are described in more detail by 1 anaka, Inouc & 1ol

(1994).

The data reduction was doncat the ASCA Guest observer Facility (GOI) at the God-
dard Space Flight Center and at the Institute for Space and Astronautical Science in Japan.
The program XSELECT from the FTOOT .S software package was used to identify the
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pulsar and select & circular region centered on the source from the ficlds of view of eachin-
strument. For GIS observations, the circular region had radius 6, while forthe S1S data the
region had radius 4’. 1 3ackground subfraction was done using G O1-supplied background files.
Hot and flickering pixels were removed from the S1 S data. Binned photon lists were created
for spectral analyses (rebinning to 64 spectral bins for GIS and 256 for S1S was done after
exiraction ), as were time-tagged photon event files for the timing analyses, with barycen-
tric corrections done using the GOT-supplied routine 133 ARYCEN. The pulsar's barycentric
pulse period asa function of time is shownin the top panel of Figure 2. The high-lighted
regions show the epochs and durations of our ASCA observalions; both the change in ob-
served barycentric period from epoch to epoch as well as the small period var iation within
cach O1yservationisapparent. This is discussed further in §3.2.

Response matrices were produced using G Ol'-supplied detector response functions and
XRT effective arca curves using the AS CAARF soft ware. The GIS data had time reso-
lution 0.976 or 0.488 s, depending on the telemetry mode, and were used for the timing
analysis described below. The S1S data have poor temporal resolution but excellent spectral

resolution, so were used only for the spectral anal ysis.
3 RESULTS

At all three observing epochs, a point source was detected al a position consistent
withthat of the pulsar, giventhe ~1" uncertainty of the ASCA pointing. An image from
the GIS detector for the second observation is shownin Figure 3; images of the field for
the first and third observations are similar. T'he brighter source sceninthe image is the
pulsar. The S1S image of the field (IYigure 4) showsthe typical ASCA “cross- pattern” at the
position of the pulsar, consistent with its ident ification as a point-source; SIS images for all
{three observations are similar. Count rates for the four instruments are given in Table 3.
Figure 5 shows the light curves for GIS2 data at all three observing cpochs; those for the

other iustruments are similar. We note the absence ol any rapid variability in the X-ray flux.

The second source sceninthe GISfield of view approximately 10° south west of the
pulsar system is a previousl y unidentified X-ray source, serendipitousl y discovered as part of
this cffort. The serendipitous source does not appear in the S1S images since it lies outside
the smaller S1S field of view. We do nol consider the serendipitous source further in this
paper, apart for some brief remarks in §3.3. A more careful analysis of this new X-ray source
is planned.



3.1 Spectral Results

The spectral analysis was done with the NASA /GSFC XSPEC software package. SIS
spectra for the three observations are shownin Figuie 6. We fou nd that a simple power
law describes the data well al allthree epochs. No evidence was found for any line features
in the spectra. The results of three-parameter fits to the 256-spectral bin S1S data (S1S0
and S1S1 combined)arcgivenin ‘I’able 4. The x*fit statistic. is only slightly higher for
a thermal bremsstrahlung model compared with that for the power-law model; thus, from
the ASCA data alone, a thermal model, with k7'~ 10 keV, Ny~ 0.4 x 1 0% ¢, and
(luxes equal to those found with the power law modclcannotbe exciuded. However, hard
X-ray enission in the energy range 50-200 keV from the direction of the PSR 111259-63
system was detected by the OSSI/ instrument aboard the Complon Gamma-Ray Observalory
during an observation from January 3- 23, 1994, and had a spectrum consistent with a
simple extrapolation of the power | aw {it to the ASCA dala reported here, thus ruling
out atherrnalmodel (Grove el al. 1 995). The GIS data arc in agreement with the
SIS data to within ~30%, consistent with known systematic diflerences due to calibration
uncertaintics. The uncertainties quoted in the Table for the SIS data are statistical 90%
confidence intervals as calculated by XSPEC,anddonot include any estimale of systematic
calibration uncertainties. In Figure 7 we show contour plots of the Ny and photon index
parameter uncertainties, holding the 1- 10 keV flux fixed at the values in Table 4. The
contours plotted are 68%, 90% and 99% confidence levels.

Animportant result of these observations concerns tile deterimination of the columu
density Njj. We [ind that the photoelectric absorption toward the source, Ny = (0.53
0.05) x 10” ci™2, is consistent with an intrinsically unabsorbed source inthe galactic planc
al the estimated distance of PSRB1 259--63 . We find no evidence for any significant
variationin the absorption with orbital phase within the measurement uncertainties, Our
measurcment. of Ny is consistent with the approximate values obtained independently near
apastron from the ROSAT ohservations (CRJ91, GT1395). We discuss the absorption further
i §4.

As is clearlromTable 4, the X-my flux from the source was time-variable, having
reached a minimuim al periastron that corresponds { o about half the values symmetrically
around periastron.

3.2 Search for Pulsations




X-ray emission modulated with the PSI{ Bl 259-63 spin period can be produced by
several mechanisms: (1) magnetospheric pulsed emission (c.g. Seward & Tarnden 1 982)
(2) reprocessing al the neutron star polar cap of energy from the precipitation of elec-
tron/positron pair currents (e.g. lHarding 1 995) (3) accretion of gascous material channeled
by thestrong surface magnetic field into an X-ray radiating accretion columnn, as in the case
of the rapidly rolating X-my pulsar A0538--66 during its outbursts (Skinner ¢f al.  1982).

To determine whether any of these mechanisms has produced the observed X-ray emis-
sion, we scarched for pulsations in the PSR B1259--63 data, using the ephemeris provided by
the radio data shown in Table 1 (Johnston el el.  1994). For the timing analysis, only GIS
dala were used because of their high time resolution. Table 5 summarizes the characteristics

of the ASCA data that are relevant to the pulsation scarch.

A's shown in Figure 2,the pulse period of PSR B 125963 changed significantly during
cach of our observations because o f the varying Doppler shi [t due to the large acceleration
o f the pulsar in its eccentric orbit near periastron. Ingeneral,a variable Doppler shill ona
pulsed signal can be neglected if the distance 1 the source has traveled during the integration
time 7" due to acceleration a, 1 :- @7?/2, is much less than the distance between emitted
wavelronts I — ¢, Yor the three ASCA observations of the PS1{ B1259-63 system, the
condition 1 << L is not verified. However, the variation in the observed period because of
the acceleration of the pulsar in its orbit is well-approximated by a linear trend for our
observations. Thus, to scarch for pulsations, we folded the photons modulo trial periods
near the expected pulse period, after having corrected the arrival times for the acceleration
of the pulsar in two diflerent ways: using the orbital parameters given by Johnston el al.
(1994) ($3.2.1) and by correcting for a number of trial linear trends in the period (53.2.2).

3. 2.1 I'poch-folding with Orbilal Doppler Shift Correclion

Prior to scarching for pulsations, the orbital Doppler shift of the pulse period, givenby

2n Pay, sin

d1(t) = (1 - (2)1/2

[cos(w -+ ¢(1)) -i ¢ cosw] 1
to first order (ec.g.Shapiro & Teukolsky 1 983), where ¢(1) is the trucanomaly,was accounted
for using standard methods. Iipoch-folding of the cor rectal photon arrival times was done
using the X-ray timing software package XRONOS (Stella & Angelini 1992). For each
A SCA observalion, photon arrival times corrected for the orbital motion were folded with
1 = 32 time bins across the pulse profile at periods intheinterval P+ AP, with PP —
47.7623 ms. A tolalof 128 {rial periods were scarched, with period steps of half the Tourier




step, 817 = P?/2T. The corresponding period range AP was 1.5 x 1079 s for the first and
third ASCA observations, and 6 x 10-7 s for the secon d observation.

Tor cach irial period, an estimate of the likelihood of the existence of a pulse in the
folded data was computed using the quantity
- (G0

S>> , 2

2
k=1 Ok

where Oy, is the observed count rate of the kil phase bin, C is the average count rate, and
of= 27" (Leahy el (11, 1 983). For our observations ¢ is constant. A coherent pulsation
inthe data results ina value for S large compared with noise. In the limit of a large number
of photons N, = C71', S is the familiar x2_;. A plot of the statistic S versusirial period
[or one of the observations is shown in I'igure 8. No statistically significant peakintihe S
distributions for any of the three observations was detected. We estimated an upper limit
to the pulsed [raction using the analytical methods described by leahy ef ol. (1983). In
{his way, wc compute 90% confidence upper limits on the pulsed fractions, conservatively
assuminga sillc:-wave profile, These are given in Table 5.

Similar epoch folding analyses were done on short stretches of data in which the variable
Doppler shift was negligible. In addition, similar analyses were done on the GIS2 and
GIS3 data sets separately, incasc anunknown clock discrepancy exists beltween the two
instruments. In no instan ce was there any evidence for pulsationsinthe data. 111 addition,
a similar analysis was done using epoch folding and tile 72 test (Buccherielal. 1 983) for
1 =2, 3; no evidence for pulsations was found.

2.2.2  Epoch-folding by Searching in P — I Space

Since the variationinthe pulse period due to a variable Doppler shift over the course. of
cachobservation is well-aJ]l>loxill)alJc:cl by a lincar trend, as an additional check, we scarched
for pulsations in - ]"spa‘cc‘ This “acceleration search” is motivated by the possibility of
siall biasing of the orbital parameters obtained by Jolmistonef al.  (1994) using radio
timing, duc perhaps to unmodcled dispersion delays, unmodeled post-Keplerian dynamical
eflfects (Lai, Bildsten & Kaspi1995), or simply because their determination was based on
fewer than two complete orbits. The maximum accr etion t orque onthe pulsar, assuming
Iiddington rate accretion at the corotation radius, gives 17~ 3 x 107! 1(P/1 )73, which,
for our observations of 'S} { B1259-—-63, is negligibly small. SIIICC! XRONQOS cannot (J0
acceleration scarches, it was nol used for this part of the analysis.
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Withno variable Doppler shift correctiondonetotlie photon arrival times, they were
folded al a range of trial I’s and P’s using n = 8,16, and 32 bins across the pulse period, to
cnsure sensitivity to a variely of pulse duly cycles. Stepsin P2 were done oversampling the
Fourier step by a factor of 5, that is §P = P2/5T'. The optimal step in P was chosen to be
that which results inthe worst case photon arrival time 180° out of phase with the pulse,
L P/1)2, and was also oversampled by a factor Of 5. The statistic S was computed
for cach folded profile using Biqualion 2. Plots of S versus P and J” were examined for
significant feal ures; none was found. *1°0 estimate an upper limit to the pulsed fraction, fake
pulsed photonarrival times were injected into the data, The fraction of fake arrival times
was adjusted untilit produced a fecalurc inthe S plots consistent with feat ures seen in the
real data. Using this method, we conclude that for pulse profiles having widths less than
178 of thepulse period, less than 2% ot the flux was p ulsed al cach ep och.

3.3 Serendipitous Source

Iigure 3 shows a sccond source in the GIS field of view, ~10’southwest of the pulsar,
outside the S1S field of view inallour observations. Although the source appears slightly
clongated in the image shown in Figure 3, given its location far ofl-axis, its apparent mor-
phology is roughly consistent with a point source. The source was present in all three of
our observations, and showed no strong variability on short time scales. However, there was
some evidence for a small monotonicincrease in its count rate from the first to the third
observation. A power law spectral model provides a reasonable (it to the data, although
given the limited statistics, othermodels cannot be ruted out withany certainty. Assuming
a power law, the absorption toward the source, Ny~ 3 x 10%2cin™?, suggests ii, is consider-
ably moredist ant than PSR 131 259—-63, A scare]) throughtheSiimbad database reveals no

calalogued sources within ~5" of this source.

4 DISCUSSION

We consider here various possible origins of the X-ray emission rom the PSR 131259--63

s ystemnear periastron.,

4.1X-ray emission from the Be Star

A s discussed by CRJ94, carly-type B stars have been shown to emit X-rays that are

explained as originating from a radiation-driven wind heated by shocks (Lucy 1982; Macltar-
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lane & Cassinelli 1 989; Bjorkman & Cassinelli 1 993), with X-ray luninosities, L., observed
o scale roughly with the bolometric luminosities, I4,01, With proportionality constant ~10~7
(Pallavicini et ol. 1981 ). In a recent ROSAT survey of O3 and OBce stars, Meurs et al.
(1992) found a similar relationship, albeit with considerable scatter, with ROSAT L,/ Ly
ranging from 107% 1o 10-4, Cassinelli¢t al. (1994) used ROSA ‘I observations of 13 and Be
stars to show thatl there is a transition in X-ray properties as a function of spectral type, with
L./ Lot smaller for stars laler than 111. Using our observed ASCA X-ray fluxes extrapolated
to the ROSAT band and the 14,4 for SS 2883 of 5.8 X 10°L, (Johnstonet al.  19921)),
we find L ../ Tvor~ 1072, much larger than would be predicted by the empirical relationship.
Furthermore, Cassinelli ¢f al. (1994) showed that X-ray spectra of main and near-main
sequence B stars are characterized by emission from gas al a tem perature of ~ 2 x 10°K
wilh the hottest X-ray source in their sample having, temperature 9 x 10° K. By contrast,
our thermal spectrumfits to the ASCA data for PSR 111259---63 arecharacterized by much
highertemperatures, 72 ~ 108 K (see §3.1). 111 any casc, as discussed in §3.1, OSS17 observa-
tions by Grove clal. (1995) rule out a thermal spectrum. Thus the Be star is an unlikely
source of the observed x-rays.

4.2 X-ray emission from the neutron star surface or magnetosphere

Sllodl-period pulsars arc occasionally observedto emit X-rays (see Ogchnan 1995 for a
review). Although high-energy emission is generally associated with putsars having much
smaller characteristicagesthanthatl of PSR 31259—-63 | its shortl pulsation period of 47 1115
makes il a plausible X-ray emitier. X-rays {rom isolated neutron stars are observed in two
diflerent forms: X-rays are either produced in the form of pulsations (e.g. Fritz el al. 1 969;
Seward& Ifarnden 1 982; Seward, Harnden & Helfand 1984), or in weak unpulsed thermal
emission arising from the cooling of the neutron star (e.g. Cdordova ¢l al. 1 989;Halpern&

Ruderman 1993). The unpulsed and non-thermal emission rules out both these possibilities.
4.3 X-ray emission from accretion onto the neutron star surface

The gravitational acc.retie]] radiusis given by

Joow = 26'M, 3x 10%cm 3)
s v2, = (vear/100 km s~ )

where vy is the relalive wind/orbital velocity. As shownby TAT(94, for reasonable as-
sumptions aboul the pressures of the pulsar and Be star winds, the radius at which the
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{wo pressures halance is well outside the gravitational accretion radius, at all orbital phases.
Thus, they concluded that accretion would be unlikely to occur, even near periastron, unless

the Be star possessed an unusually strong wind.

Parametrizing the Be star wind by T = ]\‘Lgv(;, where the Be star mass-loss rale M =
(107% M, yr”l)]\fng, and the wind velocity at the stellar surface v = (10° ¢ s™)vg, TAK94
showed thal accretion was possible near periastron only for T > 100 for standard pulsar wind
paramecters and characteristics of the Be star outflow. Under these conditions, accretion onlo
the neutron star should yield an X-ray huninosity 1, o (,'Mp]\‘/l/li,, ~1.2x10%M_g erg s,
assuming M, — 1.4 My, and R, =- 10 ki for the neutron star mass and radius respectively.
Thus, the expected L, in this scenario is several orders of magnitude greater than the
observed value of ~ 1 x 10%1(d/2kpc)? ergs s

Other evidence against accretion is provided by the absence of X-ray pulsations al any
orbital phase. The surface magnetic ficld strength of PSR B1259--631s 13 =:3.3x101 G, This
field strength should easily be sufficient to channel any infalling matter ontothe stellar surface
ncar the poles, which should resull in a strongly anisotropic angular pattern of cinission
(Nagasce 1989). The observability of X-ray pulsationsfromthe PSR ]]11259-63 system
depends somewhal on the geometry of inclination of the pulsar magnetic axis with respect

to the Iine of sight, however aceretion withoul pulsations requires finely tuned geometries.

There are several additional arguments against accretion. The observed reddening to-
ward SS 2883, A, = 3.25 mag (Westerlund & Garnier 1989), implies an expected Nu~7x 107
(Gorenstein 1975). This is in rough agreement with the observed value of ~5x10* cim™2

Thus, the X-ray absorption is consistent with that from the galactic contribution. The obh- g

served absen ce of temporal variation of Nyas PSR 13125963 moved arou nd the periastron
region can be used to rule oul the presence of alarge quantity of absorbing material intrinsic
to the system as expected from accretion models of the PSRBI 259—-63 system (Tavani
& Arons 1995 hereafter TA9S). Iurthermore, spectra at all three epochs show no features,
such as I'e Ko emission lines, seen in spectra of known accreting, high-iagnetic ficld sys-
tems (Nagase 1989). Also, the OSST results demonst rate the absence of any spectral cutolf,
commonly observed inaccreting systems (White, Swank & Toll 183). I'urthermore, accret-
ing sources commonly show strong, rapid variability (e.g. SMC X-1, K. Iibisawa, personal
communication); by contrast, the light curves for PSR 31259- 63 are stable (Figure 5).

Finally, a fourth ASCA observation of PSR B1 25963 made after the radio pulsations
reappeared (Ilirayama el al.  1995), shows very similar X-ray characteristics to those
reported here, rendering anaccretion scenario, in which radio pulsations should be quenched,
highly unlikely.
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The absence of accretion implies the pulsar wind was able to withistand the pressure of
the Bestar mass outflow, which implies T & 100 assuming a large fraction of the pulsar
spin-down energy goes into its wind (TAK94).

4.4 X-ray emission from captured material outside the pulsar light-cylinder

King & Cominsky (1994), hereafter KC94 proposed a model to explain the observed
apastron X-raysas being due to the release of gravitational potential energy of gaseous
material falling to a boundary radius, defined to be the location al which the pulsar magnetic
pressure balances the ram pressure of the infalling gas. In this model, theboundary radius,
unlike the canonical magnetospheric radius, is located outside of the light-cylinder. The
mot i vation for such a scenario came from the fact that al apastron, both radio pulsations
and X-ray cmission were detected.

This model has difficully accounting for the X-ray observations reported here. 19rst, it
does not account. for the pulsar wind pr essure, observed to be inip ortant in numerous other
radio pulsar systems (e. g. Kennel & Coroniti 1984; Ku tkarni & Hester 19S8; Cordes, Romani
& Lundgren1993; Bell, Bailes & Bessell 1 993). The wind pressure, as discussed above, would
otherwise keep material from approaching the pulsar. Second, even al apastron, KC94 found
a boundary radius very close (withina factorof two)tlo the li~I1td--cylinder ?;al periastron
where the Be star wind density is at least threc orders of magnitude larger, it is diflicull
o sce how madter, if it, could overcome the pulsar wind pressure, would not penetrate the
light cylinder and result instandard accretion, already discussed in§4.3 above. Also, KC94
required the Be star to have an outflow velocity in the apastron region that was much smaller
with those determined for other Be stars by independent means (Waters el o, 1988); to
explain the periastron X-raysthe outflow inthe periastron region would have to be much
faster than at apastron, which would also be at odds with the resulls of Waters el al. (1988).
W ¢ conclude this model is anunlikely explanation for the observed X-rays.

4.5 Shock Imission

The difliculties canonical accretion and gravitational capture models have explaining
tile characteristics of the X-ray emission from the PSR 131259—63 system suggest that an

"We note that KC91 used a dipolar magnetic ficld outside the light-cylinder in their pressure balance cal-
culation. Using the correct 1 /v ficld dependence does not change this result much for their inpul parameters.
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allernalive mechanism of emission is al work. A nalural candidate for the origin of the
unpulsed X-rays of moderate luminosity and low photoclectric absorptlion reported in this
paper is magnetohydrod ynamic shock-powered radiation. Shock acceleration of the Crab
pulsar pairs accounls wcll for many of the spectral and morphological properties of the high-
energy emission from the Crab nebula (K ennel & Coroniti 1984; Gallant & Arons 1994). The
relativistic reverse shock formedinthe pulsar’s wind just interior to the boundary between
the decelerated pulsar wind and the Be star wind is the likely site of analogous shock particle
accelerationinthe PSR 111259-63 system.

As discussed by T'AK94, thereare two important radiative cooling mechanisms that can
be effective in the PSR B1259--63 system. One is synchrotron cooling of the pairs in the
pulsar maguetic field, whichbecomes more eflicient asthe shock approaches the putsar, The
other is inverse Complon scattering in the background optical photons froin the radiating
photosphere of the Bestar, whichbecomes 1i1o1°c efficient as the shock approaches the Be star.
Nowever, il the shock accelerationtime is short compared to radiative cooling time scales, the
flowinand just behindthe shock is nonradiative, and shock acceleration is able to achieve a
pair power-law spectrum. Thus, the radiative propertics of the relativistic. electron/positron
pairs i the pulsar wind depend o011 the extent to which the shock acceleration mechanism is
effective, which inturn depends on the location of the shock. Inthe PSR B1 X59---63 system,
{hesize of the pulsar cavity, hence the distance of the shock from the surface of the Be star,
depends 011 the wind properties.  Ior a range of windparametersinthe PSR 1)125{)-63
system corresponding o a shock Jocated al intermediate distances, ‘1'/11{94 showed thatthe
shock acceleration time scale is shorter than the cooling time scales. 1lence, in this regi me,
a non-thermal spectrum is expected, and will extend from X-ray energies to ~1 -1 0 MeV
for anupstream flow Loreniz factor of the pulsar’s wind v~ 10", similar 1o that found in
models of the res ponse of the Crab Nebula to the wind from its p ulsar.”

The non-thermal nature of the ASCA spectrum, as corroborated by the OSSI detec-
tion (Grove ef al.  1995), doesnot agree with the quasi-thernial spectrum expected for
T <10 for strong inverse Complon cooling for a shock radius close to the surface of the
Be star, assuming the fraction of the pulsar spin-down energy that goes into a wind is of
order unity. Our results favor a shock radius at an intermedi ate distance between the e star
and PSR 31 259—63, with T & 10, and a shock acceleration time scale less than or compa-
rable with the synchrotron time scale near periastron (case A of the non-thermal “compact”
nebular emission of TAK94). The observed efficiency of conversion of spin-down pulsar en-
crgy into X-ray emissi on i1t th ¢ ASCA band al periastron is L,/ ~ 0.9(d/2 kpc )%, and
approximately twice this value al the Pre-and post-periastron epochs. The variability of
the X-ray emission and spectrum of the PSR 11125{)-63 system near periastron can be due

to an increase of synchrotron cooling near periastron with consequent modification of the



emission properties of the shock, including a change in luminosity in the ASCA band as well

as a change in the photon index, as is observed. Alternatively, misalignment of the orbital

and Be star equatorial planes, or time-variability in the Be star wind may be important.

The shock model outlined here is consistent with all shock acceleration processes which
salisfy the constraint that the acceleration time in and just behind the shock is short com-
pared {o the synchrotron and inverse Compton radiative loss times. In particular, this
constraint is salisfied by the magnetosonic wave absorption theory of Hoshino el al. (992
wich applies to the quasi-transverse shock geomelry appropriate to the termination shock
1 quasi-parallel rel-
alivistic shocks, as studied by LEllison, Jones & Reynolds (1990). A detailed study of the
constraints on the shock acceleration physics and on the complex interplay among diflerent
radiation mechanisms for the PSR B1259—63 system will be presented elsewhere (TA95).

o this pulsar’s wind; 1 is not satisfied by the diffusive Fermi proc

5 SUMMARY

We have reported on three X-ray observalions of the anique radio pulsar/Be star binary
system ?SR B1259-—63 oblained near periastron using the ASCA satellite. At all three
epochs, the source was observed to have moderate X-ray luminosity ~10%! erg s in the
ASCA band, and absorption Ny ~ 5 x 10%" cm™?, consistent with thatl expected from the
galactic contribution alone. No X-ray pulsations were detected. The observed X-ray spectra
arc all consistent with simple power laws. Some of the X-ray characteristics varied in the
three observations: the X-ray luminosity was a factor of ~2 smaller, and there was some
evidence for a softening of the spectrum al periastron. The absorption, by contrast, was
constant for the three observations.

W

observed X-rays, both those reported here, and those observed ncar apastron. Any model

conclude that accretion onto the neutron star is an unlikely explanation for the

involving accretion would have to explain the following observations, none of which is typical
of other known accreting sources: a radio pulsar wind pressure was overcome with only
moderate X-ray luminosily; no pulsalions were detected; no absorption intrinsic to the source
was scen; no features were observed in spectrum; no spectral cutoll is observed  (Grove el
al.  1995); no strong, rapid variabilily is observed; and radio pulsations were visible near
the same epoch as the X-rays (Ilirayama ef «l.  1995). Since accretion is unlikely, the Be

. . . . . <
star wind could not overcome the pulsar wind pressure, which imphes T ~ 100,

By contrast, magnetohydrodynamic shock acceleration of relativistic electron/positron

pulsar wind pairs provides a natural way o account for the observations reported here. In the
. N . N >

framework outlined by TAK94, our observations constrain the Be star wind to have T < 10.
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A detailed interpretation of the results reported here in terms of the shock acceleration
mechanism will appear elsewhere (TA95).

Careful monitoring of high-energy emission from PSR B1259-63 al other orbital phases
will be useful for further constraining properties of the pulsar wind and the shock accelera-
tion mechanism. Be stars are well-known to have episodes of enhanced mass loss, and the
possibility of accretion of Be star wind material onto the neutron star during a future out-
burst, especially near periastron, cannot be discounted. Indeed, our observations cannot rule
oul briefl ¢pisodes of accretion due to a variable Be star wind in the intervals between the
ASCA observations, however radio timing dala obtained before and after periastron should
be uselul for setting limits on external torques expericnced by the pulsar, which in turn set
a limit on the amount of material accreted.
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Astromelric, Spin, and Radio Parameters

Right Ascension, a (J2000) 13802™47%.68(2)
Declination, § (J2000) 63°50°08".6(1)
ispersion Measure, )M 46.75(8) pc cm™?
Period, P 47.762053919(4) ms
Period Derivative, P 2.27193(4) x 0°1°
Period ipoc MJD 48053.44
Spin-down Age, 7 3 x 0° yr
Magnetic Iteld, I3 3 x 0" G
Spin-down Luminosi .y, I 8 x 0% erg s

Orbital Parameters

Orbital Period, P, 1236.79( ) days
Projected semi-major axis, a,,8in? 1295.98(1) t s
Longitude of periastron, w 38°.6H48(2
Fecentricity, ¢ ©.869836 2)
>eriastron Kpoch, g MJD 48124.358 (2)

for PSR 3 259- 63 from Johnston el al.
(-994) The inclination o the plane o the orbit i is necasured wilh respect to the plane o

Table : Spin, astrometric, and orbital paramete

the sky, and w is measured from the line o nodes.
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Dale B

_ MJD (10'%em) )
])(‘,(‘, u\’?ﬁ@ilu'liiﬁl“" R N o ]67 v bé%}(
Jan. 10,1901 49362270 O 70 24
Jail. 26, 1994 49378.5 ]Q° 18 14

Table 2: Summary of PSR 111259--63 system geometr y near ASCA observations. The true
anomaly ¢ is 0° al periastron. The separation between tilt: pulsar and Be star center, s, was
deduced assuming M.-10 Myand M, =14 Mg, and R, is the Be st ar radius, assumed to be
6.

MJD Count Rales (cts S-)
SIS0 S1S1 - G1S2 (1S3
49349.0 0.613 0.499 0.437 0.499
49362.2 0.335 0.271 0.2360.283
49378.5 0.576 0.433 0.427 0.493

Table 3: Count rates for the four ASCA instruments for cach observing epoch.




MJD Ny Photon 111(1CX 1-10 keV I'lux I'e Iomission Line IFlux
o (1022 ¢n—?) (lo-" crgem™ s-) 10“6 photons ¢m s}

49349.0 0.56(2) 1.71(4) 3.17(1 4) <75

19362.2 0.53(3) 1.86(4) 1.50(7) < 9.8

19378.5_ 0.50(3) 1.56(4) 3,04(16) < 9.7

‘1'able 4 Modelparametersfor  ASCA SlS observationsof PSR 131259--63 assuming a power
lawsp ectrum . Numbers in brackets represent the 90% confidence interval uncertainties in
thelast digit q uoted. The uncertainties quoted are stat istical, and do not imclude any contri-
bution for unknown systematic calibration errors. The last column contains 90% confidence

upper limits for flux ina 6.4 keV or 6.7 keV emission line having widih 10 eV.
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MJD T \/\Q ch_vw ‘Mv‘ﬁvm r I’

(s) (mns) (118)

49349.0 44,289 19,282 47 (bUBZbA CABYY X LU T 40.(0DZ3UY U000
49362.2 110,447 18,496 47.7514099 —5.739 x 10712 47.762311  0.069
AGTR K 46113 15587 47 7527459 42,647 x 10712 47762314 0.075

Table 5 Summary of characteristics o the ASCA data relevant to the pulsation scarch
The MJID is the al the start o the observation, 7' is the duration of the observation (longer
than the exposure time because of carth occultations, South Atlantic Anomaly passages,
ele.), Ny is the total number of GI1S photons, P, is the barycentric period al the start of
the integration, uc_; is the eflfective period derivative due to the pulsar’s acceleration in its
orbit, P is the period as observed in a reference frame at rest with respect to the pulsar,
and 17 is the 90% confidence upper limit on the pulsed fraction oblained via epoch-folding
and assuming a sine-wave profile (see §3.2). The spin parameters were obtained using the
Johnston ¢ al.  1994) ephemenis.

MJD P Range P Range
(ns (x107'%)

49319.0 47.7600 - 47.7616 —20.0 - 0.0
49362.2  47.7510 - 477520 —7.0- -4.0
49378.5 47.7520 - 47.7535 0.0~ 18.0

Table 6: Summary of P- P pulsalion scarch. The tabulated P range was searched 1 steps
of P2/57, and the P range in steps of P? /577
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FIGURE CAPTIONS

Iig. 1.-  Schiemalic representation of the PSR B1259--63 binary orbit with the locati ons of
the pulsar during all published X-ray deteclions indicated. CRJ94 is Cominsky, Roberts &
Johnston (1994), G'TB95 is Greiner, Tavani & Belloni (1994), and the observations labeled
ASCA arc the subject of this paper. The cross indicates the location of the center of mass
of the system.

IYig. 2.- PSR BB1259-63 velocity curve and the ASCAobserving epochs. The upper panel
is the pulsar’s velocity curve asdetermined fromradio timing data (Johnston ef l. 1992b).
The region betweenthe vertical lines is expanded inthe lower pancl) in which the epochs of

the A SCA observations described here are high-lighted.

IYig. 3- Tmage of the GIS2 field of view for the MJD 49378 obscrvation. Those for the first
iwo observalions are similar. A logarithmic scale was used for {his image, and pixels are
17, North is up and west is to the right. The brighter source is PSR 111259-63 while the
weaker source is a screndipitously discovered source unassociated with the PSR B31259—63
system. The weak enhancement seenin 011 east side of theimage is due to the imperfectly

removed ASCA calibration source. (TOBFE REVISED)




Iig. 4.- Image ol the S1S0 ficld of view for the MJD 49378 observation. Those for the first
two observalions are similar. The signature “cross-patiern * typical for a point source, is
ap parent.

g, 5. GIS2 light curves for PSR B1259--63 at the three observing epochs. The data
shown here have been binned in 240 s intervals. Light curves for the other instruments are

stiilar,

IYg. 6.- ASCA 515 spectra at the three observing epochs.

Iig. 7.- Contour plots of the confidence levels for the fit. values of Ny and photon index at
the three observing epochs. The contours are the 68% ., 90% and 99% confidence levels, and
were obtained while holding the 1-10 keV flux fixed at the values givenin ‘1 able 4.

Iig. 8.- The parameter S, defined in Iig. 2 versus trial period for MJD 49349 combined
G152 and G1S3 data corrected for a variable 1Joppler shi f{ using 19q. 1. The features in the
plot are not statistically significant.
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