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Abstract PSR B1259-63 is a y-ray emitting high mass X-ray binary system, in which the compact
object is a millisecond pulsar. The system has an orbital period of 1236.7d and shows peculiar y-ray
flares when the neutron star moves out of the stellar disk of the companion star. The ~y-ray flare events
were firstly discovered by using Fermi-LAT around the 2010 periastron passage, which was repeated
for the 2014 and 2017 periastron passages. We analyze the Fermi-LAT data for all the three periastron
passages and found that in each flare the energy spectrum can be represented well by a simple power
law. The v-ray light curves show that in 2010 and 2014 after each periastron there are two main flares,
but in 2017 there are four flares including one precursor about 10d after the periastron passage. The
first main flares in 2010 and 2014 are located at around 35 d after the periastron passage, and the main
flare in 2014 is delayed by roughly 1.7 d with respect to that in 2010. In the 2017 flare, the source shows
a precursor about 10d after the periastron passage, but the following two flares become weaker and
lag behind those in 2010 by roughly 5 d. The strongest flares in 2017 occurred 58 d and 70d after the

periastron passage. These results challenge the previous models.
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1 INTRODUCTION

PSR B1259-63/L.S2883 is a ~-ray binary system, a
member of a special class of X-ray binaries, emit-
ting radiation in broad wavelengths. Among gamma-
ray binaries, PSR J2032+4127 (Abdo et al. 2009) and
PSR B1259-63 are the only two for which the nature of
the compact object is known: it consists of a pulsar and
a massive main sequence Be star (Johnston et al. 1992).
The pulsar PSR B1259-63 is a non-recycled, spin-down
powered radio pulsar, with a spin period of 47.76 ms and
a period derivative of 2.27 x 10~® (Shannon et al. 2014).
The companion star, LS 2883, is a Be star with a mass of
~31 M. The binary orbit is highly eccentric, with an
eccentricity of e = 0.87 and an orbital period of P =
1236.7d. The pulsar has a distance of ~0.67 AU with re-
spect to its companion star at periastron, which is roughly
comparable to the size of the equatorial disk of the com-

panion (Johnston et al. 1992). The pulsar will cross this
disk twice in one orbit, as the orbital plane of the pulsar
is thought to be highly inclined with respect to this equa-
torial disk (Melatos et al. 1995). Multiwavelength emis-
sions are usually thought to result from the shock inter-
action between relativistic pulsar wind and stellar wind.
Around the 2010 and 2014 periastrons of PSR B1259—
63, enhanced y-ray emissions as well as GeV flares were
observed by Fermi-LAT at the time when the neutron star
moved out of the stellar disk the second time (Abdo et al.
2011; Tam et al. 2011; Caliandro et al. 2015).

Though there are other GeV detected gamma-
ray binaries also hosting a Be star as a companion
(LS T +61°303, Hadasch et al. 2012; HESS J0632+057,
Li et al. 2017), the GeV emissions observed in
PSR B1259-63 during periastron passages are unique.
Here using the latest instrument response functions
(IRFs), we report the Fermi-LAT observations of the
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2017 periastron passage of PSR B1259-63, and compare
it to the 2010 and 2014 passages. The paper is struc-
tured as follows. The observations and data analysis are
described in Section 2, and the results are provided in
Section 3. In Section 4 we highlight how these results
have constrained the current models.

2 OBSERVATIONS AND DATA ANALYSIS

The Large Area Telescope (LAT) onboard Fermi is
an electron-positron pair production telescope operating
at energies from ~100MeV to greater than 300 GeV
(Atwood et al. 2009). Fermi-LAT observed PSR B1259—
63 during its periastron period in 2010 (Abdo et al. 2011;
Tam et al. 2011), 2014 (Caliandro et al. 2015) and 2017
(He et al. 2017; Johnson et al. 2018; Tam et al. 2018).

The analysis of Fermi-LAT data was performed us-
ing the Fermi Science Tools v10rOp5 package'. The Pass
8 SOURCE event class> was included in the analysis
using the PSR2_.SOURCE_V6 IRFs. All v-ray photons
within an energy range of 100 MeV-100 GeV and within
a circular region of interest with a 10° radius centered
on PSR B1259-63 were used for this analysis. Time in-
tervals, when the region around PSR B1259-63 was ob-
served at a zenith angle less than 90°, were selected to
avoid contamination from the Earth limb ~y-rays. The
Galactic and isotropic diffuse emission components as
well as known v-ray sources within 15° of PSR B1259-
63 based on the 3FGL catalog (Acero et al. 2015) were
considered in our analysis. The spectral parameters were
fixed to the catalog values, except for sources within 3°
of PSR B1259-63, for which the flux normalization was
left free. In the modeling of PSR B1259-63, a simple
power-law was applied.

The times for three periastron passages of
PSR BI1259-63 wused in our work are MID
55544.693781 (2010-12-14  16:39:02.000 UTC),
MIJD 56781.418307 (2014-05-04 10:02:21.000 UTC)
and MJD 58018.142833 (2017-09-22 03:25:40.771
UTC). They are derived from the orbital ephemeris as
reported in Shannon et al. (2014).

3 RESULTS
3.1 GeV Flares

During PSR B1259-63’s 2010 periastron passage (Abdo
et al. 2011) and the 2014 periastron passage (Caliandro
et al. 2015), bright GeV emission was observed ~30-
80d and ~31-80d after the periastron point respectively.

U https:/ffermi. gsfe.nasa.gov/ssc/data/analysis/software/

2 https://fermi.gsfe.nasa.gov/ssc/data/analysis/documentation/
PassS_usage.html
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For the 2017 periastron passage, the Fermi-LAT weekly
and daily light curves are shown in Figure 1 (blue points
in both panels). A 95% confidence upper limit was cal-
culated when PSR B1259-63 was not significantly de-
tected (Test Statistic (TS) value < 9).

It is apparent that a low flux level emission was de-
tected around the 2017 periastron point, similar to those
reported in He et al. (2017). At about 10d after the pe-
riastron passage, an intense y-ray flare became visible.
Then about 39d after the periastron point another flare
with comparable flux showed up, followed by a series of
additional flares.

For comparison with previous passages, we re-
analyzed the Pass 8 data during the 2010 and 2014 pe-
riastrons with the latest IRFs. The weekly and daily light
curves are consistent with those reported in Abdo et al.
(2011) and Caliandro et al. (2015) respectively. All the
Fermi-LAT light curves of the periastron passages in
2010, 2014 and 2017 are shown in Figure 1.

A clear similarity can be found in these three light
curves. They all have bright flares occurring at about one
month after the periastron, and there are one or more
flares following the first one. Apart from these similar
trends, clear differences are also obvious in the perias-
tron light curves of the source in 2010, 2014 and 2017
in ~y-rays. Firstly, more flares are observed in 2017: one
at time only 10d after the periaston passage, and two
more intense flares at time roughly 60d after the peri-
astron passage. In 2017, the most significant y-ray flares
were observed by Fermi-LAT at about 58d and 70d af-
ter the periastron, but there were almost no visible y-ray
emissions in 2010 and 2014. These results are consistent
with Johnson et al. (2017). The two flares at time around
30d after the periastron passage show a clear time delay
in each orbital period since 2010.

In order to quantify the difference in the light curve
profiles during these three periastron passages, we pro-
duced smoothed light curves with the sliding windows
technique introduced in Caliandro et al. (2015) (Fig. 2).
We choose the time windows of 2 d, whose starting times
lag behind the previous one by 6 hours. During this anal-
ysis, a binned likelihood analysis was performed in ev-
ery window. The spectral index of PSR B1259-63 was
allowed to vary between 1.0 and 4.0. The smoothed light
curves show the same trend as the daily light curve dis-
played in Figure 1, but with the main structures standing
out more clearly in the Fermi-LAT light curves.

To investigate the time lag of an individual ~y-ray
flare with respect to the one in the last orbital period,
we did a cross correlation calculation using the results
from the sliding windows technique. We found that the
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Fig.1 Weekly (left panels) and daily (right panels) light curves (top three panels), TS values (middle three panels) and photon
indexes (bottom three panels) during Fermi-LAT flares as observed in 2010 (red), 2014 (green) and 2017 (blue). The vertical dashed
black line in both panels indicates the time of periastron.

Flux (1076 ph cm=2 s71)
N4
B
o
=
<
=
é

TS Value

10 20 30 40 50 60 70 80 9
Days after Periastron

Fig.2 Sliding window light curves and TS values for flares observed by Fermi-LAT in 2010, 2014 and 2017 periastron passages
of PSR B1259-63. The shadowed areas indicate the statistical error zones or the upper limits (at 95% confidence level, when TS
value is less than 9). More details can be found in the text.
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2014 flare is delayed 1.73 4 0.35d with respect to the
2010 flare, and the 2017 flare is delayed 3.43 + 0.16d
with respect to the 2014 flare within the time window
of 30-55d associated with the perisatron passage, where
the two flares are always present in 2010, 2014 and 2017.

3.2 Spectral Analysis

To carry out spectral analysis of the 2010, 2014 and 2017
periastron passages, we defined time intervals to denote
the different flares. As shown in Table 1 and Figure 1, we
define the flare periods as only positive Fermi-LAT de-
tections (without upper limits) in the continuous light
curves in Figure 2. The spectral parameters derived with
standard likelihood analysis are also shown in Table 1.

Table 1 Spectral parameters of flares from PSR B1259-63 ob-
served by Fermi-LAT in the 2010, 2014 and 2017 periastron
passages, fitted with a simple power-law model. The time in-
tervals are labeled with differently colored shadows in the right
panels of Fig. 1.

Year | Flare Time Interval Photon Index Flux (100 MeV~10GeV)
days after periastron r (1076 phem™ 2s7hH

1 30~41.25 2.76+0.08 1.63£0.17
2010 2 41.25~57.25 2.7240.08 1.40£0.16
all 30~57.25 2.744+0.05 1.51£0.12
1 29~43.25 2.85+0.07 1.06£0.10
2014 2 43.75~58.5 2.69+0.07 1.18+0.12
all 29~58.5 2.78+0.05 1.10£0.08
precursor 7~13.75 2.6340.12 0.99+0.21
1 39.75~44.5 2.52+0.11 1.31£0.24
2017 2 50.75~65.75 2.574+0.06 1.69+£0.15
3 68~75 2.58+0.11 1.47£0.23
all 39.75~75 2.58+0.05 1.2940.10

As shown in Figure 3, all the energy spectra can be
represented with a simple power-law. The spectral in-
dices of the flares in 2010 and 2014 are comparable, but
are softer than those in 2017. The spectral index aver-
aged over flares is about 2.7440.05 in 2010, 2.78+0.05
in 2014 and 2.5840.05 in 2017. It is obvious that the
spectra became harder for flares in 2017.

4 DISCUSSION

We analyzed the Fermi-LAT data derived from observa-
tions of the periastron passages in 2010, 2014 and 2017.
We found that the energy spectrum from each flare can
be represented with a simple power-law shape, but with
the spectral shape slightly changed. The three y-ray light
curves indicate that, in each flare, there are two main
peaks in 2010 and 2014, but four peaks in 2017. The first
main peaks of 2010 and 2014 are located at around 35d
after the periastron passage, and the two main peaks are
delayed in 2014 by roughly 1.7 d with respect to 2010. In

Z. Chang et al.: Three Periastron Passages of PSR B1259-63

the 2017 flare, the source shows a precursor about 10d
after the periastron passage, but the following two peaks
become weaker and lag behind those in 2014 by roughly
3.5d. The strongest flares in 2017 occurred 58 d and 70d
after the periastron passage.

It is generally thought that for a y-ray binary system,
the high energy emission comes from the synchrotron
or inverse Compton process, in which particles are ac-
celerated to relativistic speeds via shock between stel-
lar wind of the companion star and pulsar wind from
the neutron star. In this scenario, the particles are ac-
celerated in the shocked region, which shows up with
a bow shape and the power from the energetic pulsar
wind will be partially extracted and released in the form
of high energy emissions. General support for this emis-
sion mechanism comes from the «y-ray binaries LS 5039
and LS I +61°303, for which soft y-rays (hundreds of
MeV to GeV) dominate the orbital phase region of the
periastron, where the adiabatic cooling prevents parti-
cles from being accelerated to high energies (Takahashi
et al. 2009; Acciari et al. 2011; Dubus 2013; Chang
et al. 2016). While at apastron, this constraint becomes
weaker so that the TeV and X-rays become dominant
via inverse Compton and synchrotron processes. Here
a similar picture fits as well for PSR B1259-63 in its
two crossing points of the neutron star and the stellar
disk: the TeV and X-rays have emission peaks that are
observed at the two crossing points. The separation of
the periastron point from the companion is much larger
for PSR B1259-63 than for LS 5039 and LS I +61°303,
for example, the periastron distance of PSR B1259-63 is
0.94 AU, which is much larger than that of 0.19 AU for
LS 5039 and 0.64 AU for LS I +61°303 in their apas-
tron distances (Dubus 2013). This in turn increases the
difficulty if having Fermi-LAT flaring for PSR B1259-
63 when it moves away from the stellar disk after the
second crossing, because the stellar density of the stellar
disk is expected to become even smaller. So far, almost
all the theoretical models were developed to focus on the
possible explanation of why there is an emission peak at
~-rays as observed by Fermi-LAT. Here the different tim-
ing properties as derived in this research based on Fermi-
LAT observations definitely put strong constraints upon
the previous models, which, as is demonstrated in what
follows, are hard to fully account for in these observa-
tional phenomena.

The first two observational results that any models
have to explain are about the time delay after the peri-
astron passage and the total power output of the Fermi-
LAT flare. We know that the Fermi-LAT flare happens at
time 30d later when the neutron star moves away from
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Fig.3 Spectrum of the flares observed by Fermi-LAT during the periastron periods of 2010, 2014 and 2017. The time intervals are
defined in Table 1, which also presents the fitting parameters. Top left: three periastrons with all data, top-right: each flare in the
2010 periastron, bottom-left: each flare in the 2014 periastron and bottom-right: each flare in the 2017 periastron.

the stellar disk, and the total power output of the flare
is comparable to the rotational power of the pulsar. To
handle these, one needs either a condensed stellar envi-
ronment in a shock model or a beaming effect in a jet
model.

Chernyakova et al. (2015) proposed a destroyed stel-
lar disk model to account for the time delay and the large
power output of the Fermi-LAT flare. Here they sug-
gest that during the passage of the neutron star through
the stellar disk, the disk will be destroyed, probably due
to the sound speed in the disk being lower than that
of the neutron star. As a result, part of the disk mat-
ter will accumulate and surround the neutron star, then
the neutron star moves away from the stellar disk, which
provides a condensed stellar environment necessary for
shock with the pulsar wind to accelerate particles to en-
ergies needed for having «-ray emission. In this scenario,
the matter density of the shocked region may be com-
parable to those in periastron regions of LS 5039 and
LS I +61°303, where the MeV-GeV emissions are dom-
inant. Since the neutron star is mostly enclosed within
the accumulated matter, most power of the pulsar wind
can be extracted via shock and emitted as ~y-rays. It is
obvious that this model expects only one flare at y-rays
once the neutron star passes through the stellar disk.

Alternatively, an accretion/disk model was proposed
recently (Yi & Cheng 2017). Here they investigated the
possibility of whether the stellar matter can form an ac-

cretion disk. They found that, under some conditions,
the stellar matter can be captured in the vicinity of the
neutron star. Since the angular momentum needs to be
transported outward via viscosity, an accretion disk can
be formed a few days later once the neutron star passes
through the stellar disk.

Then the disk will provide sufficient seed photons
for inverse Compton scatterings off the relativistic pulsar
wind. The emission can be boosted to y-rays via adjust-
ing the Doppler factor to a proper value. Again, in such
an accretion/disk model, the multiple peaks and time lag
of the flare between orbits as observed by Fermi-LAT for
the flares in 2010, 2014 and 2017 periastron passages are
hard to properly handle.

Kong et al. (2012) considered the tail of the bow
shock to understand the Fermi-LAT flare. The collision
between stellar wind and pulsar wind will form a bow-
shaped shock. Along with the evolution of the shock
there will be two interesting regions: one is the hot
shock head where the normal high energy emissions are
expected to be observed in systems like LS 5039 and
LS I +61°303, and another is the shock tail where the
shocked matter will move all the way outwards while it
is cooling off. The entire bow shock has a cone shape and
its tail can pass through our line of the sight twice during
movement of the neutron star in its orbit. The matter in
the shock tail can have a moderate Doppler factor, with
which, because of inverse Compton scattering, the stel-
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lar photons can be boosted to y-rays and show up as a
Fermi-LAT flare twice. We see that in this scenario at
least two main peaks as observed by Fermi-LAT can be
predicted relatively naturally. However, additional fea-
tures that were observed in the 2017 flare like the pre-
cursor, more flare structures and the time lag of the flare
with respect to the last orbital period remain hard to be
properly addressed by the model.

Obviously, the emission properties of the -~y-ray
flares as observed by Fermi-LAT in a time scope of
8 years which covers three orbital periastron passages
are rather complicated. A multi-wavelength observation
campaign is needed to identify the emission mechanism
left behind from these observational results, and distin-
guish the different models or disentangle degeneracy in
model parameters which are so far only inferred from
Fermi-LAT observations at y-rays. In the case of jet mod-
els, if the inverse Compton peak is located at the MeV-
GeV band, the synchrotron peak should be present at
energies much lower than X-rays, most probably in the
radio band. Therefore, a jet model may work if the ra-
dio peak can be detected in the SED by a sensitive radio
telescope like FAST. In the case where a shock model
is applicable, X-rays may be weak compared to those
in the two crossing points of the stellar disk, but could
be expected to be visible by sensitive X-ray telescopes
like XMM-Newton and NuSTAR at soft X-rays, and/or
Insight-HXMT at hard X-rays after its next periastron
passage, which is around 2020. For the 2017 periastron
passage, unfortunately the source was not observable by
Insight-HXMT because the solar avoidance angle was too
small. A series of Swift/XRT observations was available
in 2017 and the data analysis/results will be reported in a
forthcoming paper (Chang et al. 2018, in preparation).

For the three periastron passages we analyzed in
this paper, the times of the main flares are consecu-
tively delayed. It is possible that this is due to variation
of the Be stellar disk in PSR B1259-63. Quasi-periodic
variation of the Be stellar disk was also observed in
LS I +61°303 (Zamanov et al. 1999; Zamanov & Marti
2000), which lead to multiwavelength super-orbital mod-
ulation (Gregory 2002; Li et al. 2012, 2014; Ackermann
et al. 2013; Ahnen et al. 2016). A similar super-orbital
modulation may also exist in PSR B1259-63, but it is
difficult to confirm considering the long orbital period of
3.4 years: future long-term monitoring of PSR B1259-
63 may shed light on this.
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