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Figure 1. Transverse section of the BSPWN tail at z = �11.5d0. Color map
of the intensity of the magnetic field in code units. For the labels:“FS” indi-
cates the position of of the forward bow shock into the ISM; “CD” locates
the position of the contact discontinuity between the ISM and PSR wind
shocked components (the magnetopause); “EQ CS” traces the location of
the equatorial current sheet; “P- CS” locates the position of the polar cur-
rent coming from the PSR axis in the negative y-direction (the PSR axis
that points away from the pulsar proper motion); “P+ CS” locates instead
what is left of the polar current coming from the PSR axis in the positive
y-direction (the PSR axis that points toward the pulsar proper motion).

integrity. This immediately suggests that is it more likely for parti-
cles injected along this polar region ✓ = [0, 60]� to escape into the
ISM.

In Fig. 2 we show the projection on the x � y plane of the 3D-
position of pairs injected with a Lorentz factor � = 3⇥107, for both
signs of their charge. Recall that what is relevant is not just the sign
but its values with respect to the polarity of the magnetic field as
amply discussed and illustrated in Bucciantini (2018). It is evident
that particles injected with a polar angle > 120� (i.e. those injected
around the polar current relative to the PSR spin axis pointing in the
opposite direction with respect to the PSR motion), remain mostly
confined in the tail within a region that is with good approximation
delimited by the equatorial current sheet of Fig. 1. The same holds
for particles injected with a polar angle in the range [60, 120]�,
around the position of the equatorial current sheet. Those also show
a clear tendency to remain confined between the equatorial current
sheet and the magnetopause at the CD, even if now there is a larger
fraction of them that manage to escape into the ISM. On the con-
trary those particles injected with a polar angle 6 60� (i.e. those
injected around the polar current associated to the PSR spin axis
pointing toward the PSR motion) have a high chance of escaping
in the ISM, with just some of them residually confined close to the
P+CS position. This is a clear evidence that the magnetic field lines
associated to this polar current tend to reconnect/interact with the
ISM magnetic field, most likely because of turbulence at the CD.
This make easier for particles injected in that polar region to jump
on ISM magnetic field lines and finally escape in the unperturbed
ISM. This is most clearly shown in Fig. 3 where the 3D position
of particles in the BSPWN is shown superimposed on a map of

the magnetic field to highlight the correlation between the particle
position and the current sheets and lines.

What is also evident from Fig. 2 is that the escape is strongly
change dependent, and non-symmetric. For example the (�) par-
ticles injected with a polar angle 6 60�, show a clear asymmetry
toward the positive y-direction, where the pulsar spin axis points.
This is less marked for the (�) particles, most likely because of dif-
ferent confinement properties of the polar currents with respect to
the sign of particles as discussed in Bucciantini (2018). The trend
seems reversed at ✓ > 120� where some of the (+) particles manage
to escape, unlike the (�) ones. It is also evident that at this energy
escaping particles remain confined into a ISM magnetic flux tube
with typical dimension of ⇠ 10d0, with no sign of further di↵usion
(in part due to the lack of magnetic turbulence in the ISM of our
simulation). It is also intersting to notice that the escape seems to
take place within narrow ⇠ d0 streams, likely associated to small re-
connection region, or turbulent patches. It is indeed clear that these
streams connect the ISM to those positions along the CD where
strong turbulence develops, and the integrity of the polar current
line is broken. It is also evident that these streams are charge sepa-
rated in the sense that there are streams dominated by (+) particles
and other by (�) ones. Most evident is the up-down (along the x-
direction) asymmetry of the particles injected with a polar angle
6 60� (green and red dots in Fig. 2).

We have also investigated how much the properties of the es-
cape depend on the energy of the particles. In Fig.4 the we show the
projections on the x � y plane of the 3D-positions of pairs injected
with a Lorentz factors � = [0.5, 1, 3, 10]⇥ 107, for both signs of the
charge and colocoded according to their polar injection angle ✓. As
one would naively expect, at low energies particles follow the flow
of matter, and in fact only a very marginal fraction of them escapes
into the ISM and almost exclusively those injected within a range
✓ = [0, 60]�. This seems to agree with the idea that those particles
are tightly bound to magnetic field lines around which they gyrate,
and that only where these lines reconnect with the one of the ISM,
they manage to escape. Again there is a clear evidence that particles
tend to escape in charge separated streams that are not symmetric,
and at low energies there is a clear preference for the escape along
the positive y-direction, that is where the front PSR spin axis points.
At � = 3 ⇥ 107, we begin to see a transition: the number of escap-
ing particles increases, the presence of streams is less evident, there
is a tendency for particles to be more di↵use, and the escape tend
to become more symmetric, yet the confining role of current sheet
is still present. We are in a regime where particles cannot be con-
sidered tied to magnetic field lines, their Larmor radii begin to be
comparable with the size and thickness of the current sheets, and
where they can easily jump from a field line to another, especially
where turbulence tend to mix them. At � = 108 particles begin to
di↵use e�ciency outside the BSPWN, there is less evidence for
any confinement in the tail, where particles injected in di↵erent re-
gions tend to mix with each other, and even particles injected at
✓ = [120, 180]� manage to escape in the ISM. Now particles looks
more di↵use, with some tendency for the (+) one to be less confined
that the (�) one. There is little evidence for an asymmetry in the
y-direction. In 3D some particles, in particular those injected in a
range ✓ = [0, 60]�, are also found ahead of the bow-shock as shown
in Fig. ??. This marks the transition to the di↵usive regime: now
particles have larmor radii, that even in the strong magnetic field
compressed at the magnetopause, are of the order of the BSPWN
thickness (the distance between the termination shock of the PSR
wind and the CD).
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