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Abstract. Bow shock pulsar wind nebulae have been observed with diverse morphologies,
both when comparing the same source at different wavelengths or when looking at different
objects. Different conditions of the surrounding medium or properties of the pulsar wind have
been geneally invoked as possible causes of these diversities. Here we have investigated a
large set of physical conditions of such systems by means of 3D relativistic MHD numerical
simulations. A good coverage of the parameters space describing different conditions of the
pulsar wind at injection is ensured with the variation of the most representative parameters:
the level of magnetization, the latitudinal anisotropy of the wind energy flux, the inclination
of the pulsar spin axis with respect to the star direction of motion. We have investigated the
dynamics of the resulting bow shock nebulae and their tails, detailed the onset of turbulence
and the effects on the emitting properties.
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1. Introduction

Results obtained with the present project
(INA17 C2A14, 4 millions of cpu hours) are
published in Olmi & Bucciantini 2019a,b. This
project has a follow-up, in which we have stud-
ied the escape of particles from bow shock neb-
ulae (INA17 C4A31), whose results are dis-
cussed in Olmi & Bucciantini 2019c. The MoU
INAF–CINECA agreement made possible to
get important numerical resources with a ded-
icated and simple submission form, with a
rapid evaluation of the projects and accessibil-

ity of allocated time. Bow shock pulsar wind
nebulae (BSPWNe) are one of the manifesta-
tions of the pulsar wind nebulae (PWNe) fam-
ily. PWNe are produced by the wind ema-
nating from a pulsar as a consequence of its
spin-down process. Bow shocks are in partic-
ular associated with evolved systems, with age
&20000 years. It has been estimated that a rel-
evant fraction of all the pulsars (10 − 50%)
was born with an high kick velocity, of or-
der 100–500 km/s. On the contrary, supernova
ejecta are in decelerated expansion in the sur-
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rounding interstellar medium (ISM). Most of
the pulsars are thus fated to escape their super-
nova remnant shell on timescales shorter than
their typical ages. As soon as the pulsar is es-
caped its progenitor shell, it starts to interact
directly with the ISM. Since the typical sound
speed in the ISM is well lower than the pul-
sar kick velocity (cs ∼ 10 − 100 km/s), the
pulsar motion becomes suddenly supersonic.
This strongly modifies the PWN morphology:
a bow shock forms around the nebula, shap-
ing it in a cometary-like fashion, with the pul-
sar located at the head of an elongated nebula,
with a very extended tail following the pul-
sar. Many bow shock nebulae have been ob-
served as sources of non-thermal radiation in
the radio or X-ray bands (Kargaltsev & Pavlov
2008; Brownsberger & Romani 2014). For a
few objects also polarimetric information are
available, suggesting a large variety of mag-
netic configurations both in the head and in
the tail. Recently multi-frequency observations
have revealed very complex emission patterns,
with variable morphologies of the tail, mis-
aligned jets (extending in the orthogonal di-
rection with respect to the direction of motion
of the star) and the presence of extended TeV
halos surrounding the bow shock. This very
large and complex phenomenology is not com-
pletely understood yet. A better comprehen-
sion of the physics of those systems would also
have important consequences for fundamental
physics, from relativistic plasma physics to the
physics of pulsar magnetospheres. Bow shock
nebulae have been also revealed in Hα, making
them the perfect systems to look at for study-
ing the interaction of relativistic plasmas and
partially ionized media.

2. Simulations and results

Given the complexity of BSPWNe and the
non-symmetric properties they show, a com-
plete modelling requires a full 3D approach.
Our simulations have been performed with the
numerical code PLUTO (Mignone et al. 2007),
using the Adaptive Mesh Refinement (AMR)
facility to increase numerical resolution where
needed (Mignone et al. 2012). The physical
scales of the system are in fact extremely dif-

Fig. 1. Pseudocolor plot of the velocity magni-
tude in the bow shock, for a selected configuration,
with the anisotropic TS shown in emerald color.
Boundary of AMR boxes are shown with the color-
coded scale shown on the left side of the image (fig-
ure taken from Olmi & Bucciantini 2019a).

ferent – approximately 3 orders of magnitude
from the region of injection of the pulsar wind
to the bow shock tail – and a static grid cannot
properly account for the required resolution at
the domain center or, otherwise, will require an
enormous amount of resources.

The numerical setup was optimized during
the test phase of the project: we have defined
the optimal numerical methods, the grid exten-
sion and base level, the number of AMR lev-
els to be used in order to achieve the requested
resolution at the injection region. To reduce as
much as possible the numerical requirements,
AMR levels are activated only in specific sec-
tors of the numerical domain. In order to man-
age the relativistic wind we have modified the
standard conditions of the Riemann solver, by
relaxing the HLLD solver to the HLL one in all
the relativistic regions. This allows for using
an high Lorentz factor (γ = 10), ensuring the
code to remain stable. The cartesian domain
has been defined such as the pulsar is located
at the grid origin, with the direction of motion
along the z axis. For simplicity the grid is cho-
sen to be comoving with the pulsar, so that the
pulsar is at rest at the domain center and sees
the uniform, unmagnetized, ISM moving in its
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direction (with velocity along −z). The domain
extends between [−17d0, +17d0] along the x
and y directions and between [−28d0, +5d0]
along the z one, where the bow shock tail is
expected to form (the grid configuration can be
seen in Fig. 1.) Distances have been defined in
terms of the characteristic bow shock parame-
ter, the so called stand-off distance:

d0 =

√
L/(4πcρISMv2

PSR) , (1)

where L is the pulsar spin-down luminosity,
ρISM the ISM density, vPSR the pulsar velocity
and c the speed of light. The base grid is made
of 1283 monospaced cells and 4 AMR levels
have been used to reach the maximum equiva-
lent resolution of 20483 cells. We have verified
this to be enough to ensure the required resolu-
tion at the wind injection (r < 0.2d0), the cor-
rect evolution of the wind termination shock
(TS) and for resolving properly the highly dy-
namical region of the head.

To investigate the observed variety of mor-
phology of BSPWNe we have studied a large
set of models, varying in particular the physi-
cal parameters which we expect could mostly
affect the final shape of the bow shock. We
have considered thus 4 different levels of the
wind magnetization (from non-magnetized to
highly magnetized, with the magnetization pa-
rameter being σ = [0, 0.01, 0.1, 1]), differ-
ent inclination angles between the pulsar spin-
axis and the direction of motion (0◦, 45◦, 90◦)
and also different models for the pulsar wind,
considered either isotropic (with the energy
flux isotropically distributed in the wind) or
anisotropic (with most of the energy flux con-
centrated along the pulsar equatorial plane).

We found that the large scale structure of
the bow shock is quite similar from case to
case, with major deviations due to the inclina-
tion of the pulsar spin-axis with respect to the
direction of motion. Variations of the magne-
tization lead to evident differences in the de-
velopment of turbulence, as can be seen in
Fig. 2: low magnetized cases are character-
ized by very strong turbulence at small scales,
producing a high mixing of the flow in the
tail and a consequent strong magnetic dissi-
pation. Injection conditions are lost immedi-

Fig. 2. 2D slices of the magnetization in the tail,
with the appropriate definition for a relativistic gas
B2/(4p + ρ) in the region in the bow shock tail de-
fined by z ∈ [−15, −7] d0 , y ∈ [−4, 4] d0 , and
x = 0 and for a 45◦ inclination of the spin-axis.
Left-side column shows images for the isotropic
models, right-side column the anisotropic models.
Magnetization changes from top to bottom. Maps
are normalized to their respective maxima (from the
lowest to the highest σ 0.3, 0.9, 1.8 for the isotropic
cases, and 0.8, 0.3, 1.6 for the anisotropic ones).
From the upper-right panel to the bottom-left one
the models change behavior from highly turbulent
with complete loss of injection information, to lowly
turbulent with a quasi-laminar flow that maintains
the injection information. This behavior follows the
direction indicated by the violet arrow.

ately behind the TS. The tail is character-
ized by small structures and a low magnetic
field, which has been completely randomized.
This effect is particularly evident in anisotropic
models, which show the highest level of tur-
bulence at the same value of magnetization,
with the most turbulent being the one with in-
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Fig. 3. Surface brightness and polarization level
maps for the two extreme cases: anisotropic and low
magnetized (upper panel), isotropic and highly mag-
netized (lower panel). All the maps are normalized
to the maximum Figures are taken from Olmi &
Bucciantini (2019b).

clination 45◦ and σ = 0.01. As magnetization
increases, the injection properties of the wind
are slowly recovered. Finally the high magne-
tized case, with isotropic wind, shows a quasi-
laminar structure of the flow in the entire tail,
with the magnetic field well structured and still
high far away from the pulsar location, mean-
ing that now magnetic dissipation is not very
efficient.

This complex variability of the bow shock
tail depending on the wind model, the level
of magnetization and the consequent develop-
ment of small-scale turbulence, has strong con-
sequences on the observed properties of the
source. Anisotropic models with low magne-
tization – highly turbulent – show a rather
uniform emissivity and no polarization (see
Fig. 3). On the contrary isotropic models with
high magnetization – no turbulence – have an
head-dominated emission and a a strong polar-
ization.

With the present project we have studied in
a full-3D approach the dynamical and emissiv-
ity properties of bow shock pulsar wind neb-
ulae. We have identified the most important
physical parameters, connecting different mor-
phologies of the sources to different sets of

them, and isolating the effects of each one. We
have in particular shown that only in the case
of high magnetization the structure of the flow
in the tail stays quasi- laminar, as expected
from simplified analytical models (Bucciantini
2018), also maintaining the information of its
injection properties (i.e. keeping trace of the
pulsar physics). The most of the models show
the development of a very high degree of turbu-
lence in the entire tail, which tends to destroy
completely the injection structure of the wind
and to dissipate large part of the magnetic field,
having evident consequences on the degree of
polarization and uniformity of emission.
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