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Figure 2. Projection on the x � y plane of the 3D-positions of particles (e±) injected in the wind with a Loretnz factor � = 3 ⇥ 107. Left and right panels refers
to particles with di↵erent signs. From top to bottom, particles injected within di↵erent ranges of the polar angle ✓ with respect to the pulsar spin axis: [0, 60]�

(green and red) indicates particles injected along the polar current originating from the PSR spin axis pointing toward the PSR motion, [60, 120]� (black)
indicates particles injected along the equatorial current sheet, [120, 180]� (cyan and yellow) indicates particles injected along the polar current pointing in the
opposite direction with respect to the PSR motion. The background image shows the log10 of the density (darker brown for lower values, lighter brown for
higher ones), at z = �11.5d0 within the position of the CD, in order to mark the location of the shocked PSR wind.

4 CONCLUSIONS

In this work we have extended our previous results on the escape of
high energy particles from BSPWNe, by computing particle trajec-
tories on top of realistic 3D flow structure from Relativistic MHD
simulations. Given the complexity of the problem, and the size of
the parameter space in terms of the pulsar wind properties and ISM
magnetic field configurations, we limited the present analisys to
a selected a configuration, where the relative inclinations among
the pulsar spin axis, the pulsar kick velocity and the ISM magnetic
field, are expected to maximize the degree of asymmetry in the out-
flow.

We show that as the energy increases, there is a transition in
the properties of escaping particles, and that in general are only
those coming from the frontal polar region of the pulsar wind, that
manage to escape e�ciently while the other remain confined in the
tail. At low energy the escape seems to be associated to reconnec-
tion between magnetic field lines of the pulsar wind and ISM, in
the sense that particles gyrating along those magnetic field lines
can move from the PWN to the ISM, as suggested by Barkov et al.
(2019), and indeed there is a small change asymmetry. The outflows
is also strongly asymmetric, reflecting likely a similar properties of

the reconnection at the magnetopause, and limited to particles in-
jected in the frontal polar region of the pulsar wind ✓ = [0, 60]�.
The fact that in this low energy regime, the escaping streams are
small and separated, is consistent with the fact that reconnection at
the magnetopause is known to be patchy and sporadic and to lead
only to marginal flux transfer (???). As the energy increases how-
ever the escape enters a di↵erent regime. Outflows becomes more
change separated, indicating that the confinement role played by
current sheets and current lines enters into the picture as suggested
in ?. Finally one enters a fully di↵usive regime. Interestingly, for
the parameter of ur model, this transition takes place within just
an order of magnitude in the energy of the particles from � = 107

to � = 108. This suggests that the escaping flow should be quasi-
monochromatic.

The asymmetry in the escaping flux, as well as the fact that
they are charge separated can explain the presence of one-sided
jets as in the Guitar and Lighthouse nebulae. We recall here that
the relation between the number of escaping particles and the pres-
ence of bright features is non trivial: in fact Bandiera (2008) has
shown that some form of magnetic field amplification and particle
confinement, more likely driven by turbulence injected by the same
escaping particles, is necessary to explain the observed luminosity.
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