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ABSTRACT

We perform particle-in-cell simulations of pulsar magnetospheres, including pair production, ion
extraction from the surface, frame dragging corrections, and high energy photon emission and prop-
agation. In the case of oblique rotators, effects of general relativity significantly increase the fraction
of open field lines which support the active pair discharge. We find that plasma density and particle
energy flux in the pulsar wind is significantly non-uniform with latitude. Significant fraction of the
outgoing particle energy flux is carried by energetic ions, which are extracted from the stellar surface.
Their energies may extend up to a significant fraction of the open field line voltage, making them
interesting candidates for ultra high-energy cosmic rays. We show that pulsar gamma-ray radiation is
dominated by synchrotron radiation, emitted by particles which are energized by relativistic magnetic
reconnection close to the Y-point and in the equatorial current sheet.

Subject headings: plasmas — pulsars: general — stars: magnetic field — stars: rotation

1. INTRODUCTION

Significant progress has been made in global PIC mod-
eling of pulsar magnetospheres. It was shown how
the magnetospheric configuration changes between the
charge-separated disk-dome configuration to the plasma-
filled state, close to the force-free solution (Philippov and
Spitkovsky 2014; Chen and Beloborodov 2014; Belyaev
2015; Cerutti et al. 2015; Philippov et al. 2015a), under
sufficient plasma supply from pair discharges. The effects
of general relativity were shown to play an important
role in establishing the pair production in aligned pul-
sars (Philippov et al. 2015b; Gralla et al. 2016; Belyaev
and Parfrey 2016). Preliminary studies of nearly force-
free magnetospheres showed an important role of the cur-
rent sheet beyond the light cylinder for particle accelera-
tion and emission of high-energy photons (Cerutti et al.
2016).

In this paper we present GR simulations of oblique ro-
tators, which include pair production by magnetic con-
version of photons and by photon-photon collisions. We
discuss the magnetospheric structure, particle accelera-
tion, modeling of the high-energy emission and implica-
tions for the structure of the pulsar wind.

2. NUMERICAL METHOD

Our simulations are performed using 3D relativistic
PIC code TRISTAN-MP. Our basic setup follows Philip-
pov et al. (2015a) with a few modifications. Inside the
star, we force the fields to known values with a smooth-
ing kernel. The magnetic field in the star is set to the
field of a rotating dipole B = (37(Z - 7) — [)/r3, where
g(t) = (cos(4t) sin o, sin(,t) sin , cos ) is the mag-
netic moment vector, and « is the inclination angle. Elec-
tgic field inside the sphere is forced to corotation values
E = —(Q; — wrr) X 7 X B, where wyr is the Lense-
Thirring angular velocity (see below). At the distance of
4Ry ¢ from the star, we apply the absorbing layer bound-
ary condition (Cerutti et al. 2015), which mimics the
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outflow condition for both fields and particles.

Philippov et al. (2015a) showed that the effects of
frame-dragging are of crucial importance for efficient pair
production over a significant area of the polar cap. In or-
der to take them into account, we modified the Maxwell
solver of TRISTAN-MP and added a new term into Fara-
day’s induction equation, which describes the generation
of electric field due to the rotation of space-time:
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where 3 = LG x 7 and wrp = %Q*;—g (%)3 (for de-
tails, see Philippov et al. 2015b). Since frame-dragging is
important only close to the stellar surface, the magnetic
field in the RHS of (1) can be considered to be dipolar.
As was shown in Philippov et al. 2015a; Belyaev and Par-
frey 2016; Gralla et al. 2016, this is the only term, which
needs to be taken into account. All our simulations are
performed for the compactness value of r,/R, = 0.5.

As previously, we consider two sources of plasma sup-
ply in the magnetosphere: extraction of particles from
the stellar surface based on the value of local surface
charge, similar to Philippov et al. (2015a), and pair cre-
ation. Below positively charged particles coming from
the surface are referred to as ions. For simplicity, we
consider them to have the same charge to mass ratio
as electrons. However, they are not allowed to partici-
pate in the pair production process and do not experi-
ence radiation reaction force. In this paper, we consider
two sources of pair production: magnetic conversion and
the two-photon decay. The first channel operates near
the star, at r < 2R,. We model the magnetic con-
version in a way described in Philippov et al. (2015b):
a new pair is injected whenever the energy of a simu-
lation particle exceeds the threshold value, v > Ypin,
which is set to ymin = 0.0l = 20, where 7y is the
Lorentz factor of a particle experiencing the full vac-
uum potential drop between the pole and the equator,
Y0 = (QuR./c)(BoRy/c?) ~ 2000 in simulation. The
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polar cap voltage, ® pc, corresponds to possible particle
acceleration up to Lorentz factors ypo = (QuRx/¢)y0 =
500. The second channel mimics collisions of the high-
energy photons. Photons are emitted by energetic parti-
cles via synchrotron mechanism. Their frequency is set as
eBesy? /mec = e\/(ﬁ +7x BJe)2— (0 E/c)?y2 /mec
(Cerutti et al. 2016), where ¥ and 7 are the velocity and
lorentz factor of the emitting particle. Momentum of the
emitted photon is set to be along the direction of mo-
tion of the energetic particle. For each photon, we assign
the mean free path, which scales with the local density
of photons n_ L such that the typical mean free path of
photons at the light cylinder is L,,r, = 0.5RrLc. We
performed simulations with different values of L, , and
report our results below.

3. PULSAR MAGNETOSPHERE

3.1. Magnetospheric structure

After one rotation period, solution approaches a
steady-state in the corotating frame. We show the field
structure and densities of different species in the mag-
netosphere of 60° rotator in Figure 1. The magnetic
field structure is similar to the force-free solution and
PIC simulation in flat space-time presented in (Philip-
pov et al. 2015a). Compared to our earlier simulations
in flat space-time (Philippov et al. 2015a), we find that
inclusion of GR effects significantly increases the num-
ber of pair producing field lines, see Figure la and b.
However, as in the case of the aligned rotator, some field
lines still carry the sub-GJ current, which is supported by
the charge-separated outflow of electrons. In the case of
60° rotator, these field lines are located around the null
current line j; = 0. In addition to the polar cap zone,
we observe pair production in the return current layer
and in the equatorial current sheet. These regions are
highlighted by the distribution of high-energy photons
in the magnetosphere (Figure 1c). The voltage drop in
the return layer is non-uniform, so that pair production
mostly takes place near the stellar surface and close to
the Y-point. We note that for lower inclinations the re-
turn layer is more efficient photon emitter (for example,
see photon density in the magnetosphere of 30° inclined
pulsar in Figure 3.1). However, for all inclinations, the
current sheet beyond the Y-point is the most significant
source of high-energy photons and pairs in the outer mag-
netosphere. Plasma in the closed field region is mostly
charge-separated and dominated by ions (see Figure 1d).
Ions are extracted from the star with small momentum
and travel along the dipolar field line until they hit the
star. Ions are also pulled off the surface in the return
current regions and are accelerated to high energies in
the magnetospheric current sheet, see discussion below.
In the case of significant mean free path of photons, we
observe pair plasmas at some closed field lines. These
pairs are produced by photons which propagate back to
the star and are emitted close to the Y-point. Pairs on
closed field lines travel along field lines until they hit the
stellar surface.

Earlier simulations of magnetospheres with pair pro-
duction (Chen and Beloborodov 2014; Philippov et al.
2015b) found the formation of a density gap above the
current sheet. We find that if the photon mean free path
becomes comparable to the light cylinder, this gap starts

to be filled with plasma, produced in the decay of pho-
tons emitted by energetic particles in strong current lay-
ers. However, we do not observe a subsequent discharge
from the freshly produced pairs, so the density of pairs
remains significantly lower compared to the dense polar
outflow and current layers. This is because the avail-
able voltage on these field lines is significantly smaller
compared to the voltage in strong current sheets.

Pair production at high altitudes is supported by the
two-photon decay. We find that region around the Y-
point produces most of the simulation photons. As
shown in Figure 3.1, the region near the light cylin-
der also supports a counter-streaming photon distribu-
tion. We find that the backward propagating photons
are emitted mostly by electrons, which were captured by
the current sheet and reversed by the electric field. The
outgoing photons near the Y-point are mostly produced
by the escaping positrons 2, which come from the return
layer or the wind. Counter-streaming photon flows are
highly favorable for pair production. Lyubarskii (1996)
was the first to estimate the pair production efficiency
in the current sheet. This analysis can be improved by
taking backward propagating photons into account.

We observe the equatorial current sheet to be unstable
to both drift-kink and tearing instabilities. Plasmoids,
which are produced by tearing instability of the current
sheet, can be clearly seen in the equatorial plane, where
the dominant reconnecting component of the magnetic
field By is in plane. They are also noticable in three-
dimensional current density distribution, as shown in
Figure 4. The drift-kink instability mostly disappears at
high inclinations (see the difference in the current sheet
shape in Figure 1 and Figure 3.1), since V x B is sup-
ported mainly by the displacement current.

3.2. Particle acceleration

Near the star, particles are accelerated in regions of
super-GJ current j)/jgs > 1 and in the return current

layer, where j)/jgs < 0. Here, the accelerating voltage
fluctuates around the value set by the pair production
threshold. In the bulk of the polar cap, electric field
accelerates electrons outwards and pushes positrons in-
ward. As the voltage gets screened by freshly produced
pairs, acceleration of the primary particles ceases, and
the pair cloud escapes from the discharge zone. We also
observe particles leaking from the cloud and propagat-
ing back to the star (Timokhin and Arons 2013). In the
return current layer, accelerating electric field extracts
ions from the stellar surface, which are unable to produce
pairs. In this case, electrons, which return back and ac-
celerate toward the star, initiate the discharge. We find
that a similar situation happens in the half of the polar
cap of the orthogonal rotator, where pg; > 0, and ions
are extracted. Thus, models with free particle escape are
consistent with observations of radio interpulses, where
both parts of the polar cap are observed to power coher-
ent radio waves.

The most energetic particles in our simulations are
ions, extracted from the footpoints of the return current
layer, see Figure 4a. Their initial acceleration happens at
the base of the return current zone at the edge of the po-

2 We are considering the case G.-B>0
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lar cap, where e-/e+ discharge operates 3. However, they
gain most of their energy at the Y-point and the current
sheet beyond the light cylinder, where £ > B occurs. We
find that most energetic ions are accelerated close to the
equatorial plane. Positrons which reach highest energies
in our simularions are created in the e discharge in the
return current sheet, see Figure 4b. They are injected
into the Y-point and the current sheet at significantly

3 In the northern part of the polar cap in the northern hemi-
sphere, the return current represents a narrow sheet, which thick-
ness is of order of the plasma skin depth. In the southern part of
the polar cap, there is a volume return current zone.
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Slice through the g — 3. plane for the 60° pulsar magnetosphere. (a): Electron density, (b): positron density, (c¢): photon
density, (d): ion density. Black lines show poloidal magnetic field lines.

smaller energies compared to ions and experience syn-
chrotron cooling when they encounter strong magnetic
field inhomogeneities inside the current sheet. However,
their maximum energy is still around oy, significantly
higher than the limit set by synchrotron radiation re-
action. This is because deep inside the current sheet,
where B — 0 and particle acceleration happens, syn-
chrotron losses are significantly reduced and do not limit
the particle energy.

In Figure 4c we show different histories of electron en-
ergization. The major acceleration region of electrons is
the polar cap, as is shown by the trajectory of electron
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F1G. 2.— High-energy photon density in the magnetosphere of
the 30° rotator. Compared to the 60° inclined solution, the return
current layer inside the light cylinder is significantly more efficient
photon emitter. The kink instability of the current sheet beyond
the light cylinder is also more active.

Fic. 3.— Downsampled distribution of high-energy photons in
the magnetosphere of 60° inclined pulsar. Red dots show photons
propagating outward, and yellow dots show photons, which pro-
pogate back to the star. Region near the Y-point contains both
photons types. Color in the plane shows the mangetosphericcur-
rent density.

(c) Electrons

F1G. 4.— 3D trajectories of particles in the corotating frame.
Volume rendering shows current density, black lines show mag-
netic field lines, and colored thick lines show particle trajectrories:
(a) Ions. (b) Positrons. (c): Electrons. The color of trajectories
shows particle’s Lorentz factor, with magenta color representing
highest energies. Fewer electrons is shown to highlight different
types of their trajectories. Color in the plane in panel (c) shows
the magnetospheric current density.
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F1G. 5.— Particle and phase-averaged radiation spectrum of the current sheet in the magnetosphere. For particle spectrum, red, blue and
green lines represents positrons, electrons and ions, correspondingly. For radiation spectrum, red, blue and green lines represents positron,
electron and total emission, correspondingly. The results are shown for a range of inclination angles: (a) 30°, (b) 60°, (c) 90°.
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with label A. Here, electrons are accelerated up to the
pair formation threshold and initiate the pair discharge,
which leads to the screening of the electric field. As in
earlier studies, we observe electrons, captured from the
wind by the electric field in the current sheet outside
the light cylinder, returning back to the star (see trajec-
tory of the electron C in Figure 4c). We also observe
some electrons that are produced in the decay of out-
going photons inside the current sheet and reversed by
electric field back to the star (see trajectory of the elec-
tron D in Figure 4¢). Not all electrons are reversed in the
current sheet of the oblique rotator. We find that many
electrons in the magnetosphere of 60° rotator do signif-
icant surfing around the current sheet surface and later
reach the equatorial plane, where they are accelerated
outwards (trajectory of a representative electron of this
sort is labelled as B in Fig.). These electrons contribute
to the flux of the high-energy emission.

In Figure 3.1 we show the particle spectrum in the
current sheet for different inclinations. Spectrum of elec-
trons and positrons shows a clear power-law tail with in-
dex =~ 1.5, typical for relativistic magnetic reconnection.
The spectrum extends from v ~ 2, which corresponds to
the injection energy of secondary pairs, until

mec*orc = Bro(c/QON = mec?ypo/ . (2)

For low inclination angles, the direction of the electric
field in the current sheet does not significantly depend
on the distance from the Y-point and is mostly radial.
This results in a significant excess of outflowing ener-
getic positrons (Cerutti et al. 2015). In current sheets of
highly oblique rotators, the electric field is mostly along
0 direction. However, close to the Y-point electric field
still has a significant radial component, which results in
the excess of positrons at highest energies. The peak
of the ion energy distribution decreases with increasing
inclination angle, being in the range 0.1 — 0.3® p¢.

3.3. Pulsar wind

The structure of the pulsar wind beyond the light cylin-
der is highly non-uniform. In agreement with earlier con-
clusions of Tchekhovskoy et al. (2016), we find that the
Poynting flux is strongly concentrated towards the equa-
tor, (Sy), ~ sin® §, for inclination angles o > 40°. More
interestingly, we find that plasma density distribution is
also very non-uniform. In Figure (a) we show the par-
ticle energy flux (ny) distribution on a sphere of radius
3Rpc. Asis clearly seen, most of the space is filled with
plasma, while some regions are mostly empty. The empty
regions are connected with two regions. First, there are
polar zones around the line j; = 0, which do not launch
pair cascades and are sustained by the charge-separated
outflow. Second, there is a low density region just above
and below the current sheet, first observed in simula-
tions of aligned rotators (Chen and Beloborodov 2014;
Philippov et al. 2015b). Though including finite mean
free path of pair producing photons into account makes
the hole filled with plasma, its density is still significantly
lower compared to the dense polar outflows and equato-
rial current sheet. In panel (b) we show the particle flux
averaged over azimuth, which coincides with the average
over rotational period as the solution is steady in the
corotating frame.

Since the wind base conditions are now understood, the
long-standing problem of whether the striped pattern of
the pulsar wind survives until the termination shock can
now be addressed. If our patchy structure extends up to
large distances, the non-uniformity of the pulsar wind at
its base may have important implications for the particle
acceleration at the termination shock. For example, our
results imply that o parameter should be highest at the
equator, where particle flux is significantly reduced. If
the gap is filled with plasma of density significantly lower
compared to the dense polar outflow, the intermediate
latitudes may support a high o region as well.

4. MODELING OF THE HIGH-ENERGY EMISSION

The distribution of photons in Figure 1 shows that the
high-energy emission is produced close to the Y-point
and in the current sheet. We find that the resulting light
curves are similar to PIC simulations without pair pro-
duction (Cerutti et al. 2016), which suggests that the
beaming of emission is mainly determined by the magne-
tospheric geometry rather than by the small-scale plasma
processes. In Figure (4) we show the skymaps of high-
energy emission for inclination angles 30°,60° and 90°.
At low inclination angles, o < 45° the skymap shows a
sinusoidal-like caustic, which traces the shape of the cur-
rent sheet. The caustic is not uniformly bright, showing
significant flux enhancement closer to the equator. In
this geometry, we expect pulsars produce mainly double-
peak gamma-ray emission profiles, most pronounced at
viewing angles, ¢ & 90°. For the intermediate observer’s
viewing angle 90° < ¢ < 90°+q«, double peaks are accom-
panied by the significant bridge emission (see ¢ = 100° in
Figure 4a). For ¢ ~ 7/2 + « single-peaked profiles, cen-
tered at ®p ~ 0.5, are possible (see ¢ = 110° in Figure
4a). As the inclination angle increases, the two bright
equatorial parts become disconnected from each other,
see Figure 4b and d. In this case, only the double-peak
profiles are expected.

Given everything being equal, the radiative efficiency
decreases with the increasing inclination angle, which
may partially explain the observed scatter in L., vs FE.
The gamma-ray luminocity also depends on the efficiency
of the pair production around the light cylinder, which
in our setup is parametrized with the mean free path of
photons, Ly, p. The maximum efficiency corresponds to
large Ly, rp, > 2Rpc, in which case we reproduce the re-
sults of (Cerutti et al. 2016), where pair production in
the current sheet was neglected. In this case only small
number of photons is converted into pairs, and the ra-
diative efficiency varies between ~ 10% for the aligned
rotator and ~ 1% for the orthogonal rotator. As the pho-
ton mean free path decreases, pair production becomes
more efficient, and the radiative power drops.

Synchrotron emission of the particle distribution in a
current layer shows a broad-band spectrum, rising in v F,,
at low energies, see Figure 3.1. The low-energy cutoff
of the spectrum is determined by the injection energy
of secondary pairs, ~ BrcvyZ., with 7se. ~ 2. High
energy positron excess results in flattening of the emis-
sion spectrum at the highest energies. Its peak is at
VR 0.1BL00%C, where oo takes into account the den-
sity of plasma, produced inside the sheet. While the
highest energy part of the spectrum shows increasing v F,,
for low inclinations, < 40°, it is mostly flat or decreasing
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Fic. 6.— (a): Particle flux distribution on a sphere of radius 3Ry ¢ in a magnetosphere of 60° inclined rotator. (b): Same, but averaged
over azimuth. The distribution is highly non-uniform, because pair production does not operate on all field lines.

for larger inclinations. In our simulations we find that
the produced plasma multiplicity increases with the in-
creased value of the magnetic field, A < B¢, so the mag-
netization parameter o does not significantly change. Lo-
cal simulations of pair reconnection with more accurate
prescriptions for pair production will be able to identify
the dependence of plasma multiplicity cutoff of the high-
energy emission spectrum on the magnetic field strength
at the light cylinder. We will report this investigation
elsewhere.

Pair production in two-photon collisions has the high-
est cross-section when the center-of-mass energy of collid-
ing photons is around MeV, for example this is satisfied
for collisions of GeV and soft X-ray photons. The broad-
band nature of the radiation spectrum from the current
sheet shows that pair-production can be self-sustained,
e.g. soft X-ray photons, which are targets for further
pair-producing collisions with high-energy GeV photons,
are produced by secondary pairs. This should be the case
in young active pulsars, like Crab, where the density of
X-ray photons is sufficiently high. Older pulsars may
sustain an active discharge with X-ray photons from the
neutron star surface, similar to outer gap models.

5. DISCUSSION

Our previous study (Philippov et al. 2015b) showed
that effects of general relativity are essential in driving
efficient pair production in aligned pulsars. Here we show
that same effects help to increase the fraction of pair pro-
ducing field lines in magnetospheres of oblique pulsars.

We show that plasma density and the energy flux in
the pulsar wind is highly non-uniform. Charge-separated
flow on field lines that do not support pair production ex-
tends to infinity. Plasma hole above the current sheet,
identified previously, is filled with plasma density, much
lower compared to the dense polar outflow and the cur-
rent sheet. Given that wind base conditions are now un-

derstood, o problem can be addressed from first princi-
ples. In particular, it’s intriguing to investigate whether
the non-uniform striped wind survives until the termina-
tion shock, transforms to a vacuum-like wave (Melatos
and Melrose 1996) or transitions to turbulence (7).

In agreement with earlier expectations (Cerutti et al.
2016), particle acceleration in current sheets is not lim-
ited by synchrotron cooling, since energetic particles are
focused deep inside the layer, where losses can be ne-
glected. We found that particle acceleration and cutoff
of the high-energy emission is regulated by the efficiency
of pair production near the Y-point and current sheet.
This brings in the new fundamental problem in radia-
tive reconnection research, e.g. how efficient is the pair
production in reconnecting current sheets? We will ap-
proach this question with local simulations in our future
work. Collective motions on plasma scales in the current
sheet may power radio counterparts to gamma-ray pulses
(and giant pulses).

We find that pulsars are efficient sources of energetic
ions. For the geometry €2-B > 0 and inclinations angles
not very close to 90°, they are extracted at the base of
return current layer. They gain most of their energy at
and beyond the Y-point. This is important for reaching
extremely high energies, since acceleration in the return
layer becomes limited due to curvature radiation losses
(Arons 2012). Deep inside the equatorial current sheet,
where ions are accelerated, this is not an issue. For pa-
rameters of millisecond magnetars, this makes energetic
ions interesting candidates for the ultra high-energy cos-
mic rays.

Previously the concept of ”weak pulsar”, e.g., a pulsar
with sufficiently small magnetic field at the light cylin-
der to drive efficient pair creation in the outer magne-
tosphere (Chen and Beloborodov 2014; Gruzinov 2013).
We performed axisymmetric simulations with high polar
cap voltages and multiplicities of the secondary plasma,
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F1G. 7.— Skymaps and lightcurves of the high-energy emission. (a): 30° inclined magnetosphere, (b): 60° inclined magnetosphere, (c):

90° inclined magnetosphere.



and observed the return current being more and more ac-
tive. We also observe the oscillations between the active
force-free like solution and the disk-dome phase, which
happens on a timescale of few rotational periods. This
can be interesting for modelling nulling in pulsars near
the death line, which can not support large multiplici-
ties in their pair cascades. The details will be presented
elsewhere.
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