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ABSTRACT
Bow shock pulsar wind nebulae are observed with a variety of complex morphologies at
different wavelengths, most likely due to differences in the magnetic �eld strength and pulsar
wind geometry. Here we present a detailed analysis, showing how these differences affect the
observational properties in these systems, focusing on non-thermal synchrotron emission.
By adopting different prescriptions for the local emissivity, on top of the magnetic and
�ow patterns taken from three-dimensional (3D) high-resolution numerical simulations in
relativistic magnetohydrodynamics (MHD), and considering various viewing angles, we try to
characterize the main features of the emission and polarization, to verify if and how these can
be used to get information, or to put constraints, on known objects. We found, for example,
that conditions leading to a strong development of the turbulence in the bow shock tail produce
substantial differences in the emission pattern, especially in polarized light.

Key words: polarization � radiation mechanisms: non-thermal � relativistic processes �
methods: numerical � pulsars: general � ISM: supernova remnants.

1 INTRODUCTION

Bow shock pulsar wind nebulae (BSPWNe) are a peculiar subclass
of the larger set of pulsar wind nebulae (PWNe), de�ned broadly as
non-thermal synchrotron emitting sources powered by the spin-
down luminosity of a pulsar (Gaensler & Slane 2006). Unlike
systems where the pulsar is still con�ned in the parent supernova
remnant (SNR), and where the PWN is observed with a centre-
�lled morphology, BSPWNe involve older objects, where the pulsar
is directly interacting with the interstellar medium (ISM; in a
few cases BSPWNe are seen also for pulsars interacting with
the SNR shell). It is in fact estimated that a consistent fraction,
between 10 and 50 per cent, of all the pulsars is born with a
kick velocity in the range 100�500 km s�1 (Cordes & Chernoff
1998; Arzoumanian, Chernoff & Cordes 2002; Sartore et al. 2010;
Verbunt, Igoshev & Cator 2017), while the progenitor remnant is
in decelerated expansion (Ciof�, McKee & Bertschinger 1988;
Truelove & McKee 1999; Leahy, Green & Tian 2014; S·anchez-
Cruces et al. 2018). They are thus fated to leave their parent SNR on
short time-scales if compared with the typical pulsar ages (�103 yr
versus �106 yr).

� E-mail: barbara@arcetri.astro.it

Given that the typical sound speed in the ISM is of order 10�
100 km s�1, well below the typical pulsar velocities, as soon as
the star leaves the SNR shell and starts to interact directly with the
ISM, its motion becomes strongly supersonic. The balance of the
pulsar wind ram pressure with the ram pressure of the surrounding
ISM through which it moves induces the formation of a bow shock
(Wilkin 1996; Bucciantini & Bandiera 2001; Bucciantini 2002),
characterized by an elongated cometary morphology, with the pulsar
located at the head of a long tail of plasma, extending in the direction
opposite to its motion. As in the case of other PWNe, the relativistic
pulsar wind shocked and decelerated into a strong termination
shock, in�ates within this cometary nebula a bubble of relativistic
particles and magnetic �elds, which is a synchrotron emitter, form
radio to X-rays. Indeed many of such systems have been identi�ed
in recent years as non-thermal sources (Arzoumanian et al. 2004;
Gaensler et al. 2004; Chatterjee et al. 2005; Gaensler 2005; Li,
Lu & Li 2005; Yusef-Zadeh & Gaensler 2005; Kargaltsev et al.
2008, 2017; Misanovic, Pavlov & Garmire 2008; Hales et al. 2009;
Ng et al. 2009, 2010, 2012; De Luca et al. 2011; Marelli et al.
2013; Jakobsen et al. 2014; Klingler et al. 2016b; Posselt et al.
2017). For a few of these objects radio polarimetric data are also
available, pointing to a variety of magnetic con�gurations (Yusef-
Zadeh & Gaensler 2005; Ng et al. 2010, 2012; Klingler et al. 2016a;
Kargaltsev et al. 2017).
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Figure 1. Selected sample of a few famous BSPWNe: (a) the Mouse nebula
in radio (Very Large Array, VLA); (b) Geminga in a combined X-ray
image (Chandra-Advanced CCD Imaging Spectrometer, ACIS, 0.5�8 keV,
540 s); (c) the Guitar nebula and its mysterious misaligned out�ow in a
combined H� X-ray image (Chandra-ACIS, 0.5�8 keV, 195 ks) taken from
the Chandra archives.

In the case of pulsars moving in an ISM with neutral hydrogen
these nebulae can be observed in H� emission (Kulkarni & Hester
1988; Cordes, Romani & Lundgren 1993; Bell et al. 1995; van
Kerkwijk & Kulkarni 2001; Jones, Stappers & Gaensler 2002;
Brownsberger & Romani 2014; Romani, Slane & Green 2017),
due to charge exchange and collisional excitation processed with
the shocked ISM material (Chevalier, Kirshner & Raymond 1980;
Hester, Raymond & Blair 1994; Bucciantini & Bandiera 2001;
Ghavamian et al. 2001), or alternatively in the ultraviolet (UV;
Rangelov et al. 2016) and infrared (IR; Wang et al. 2013). It is debat-
able if many extended and morphologically complex TeV sources
detected by the High Energy Stereoscopic System (H.E.S.S.) in
coincidence with pulsars, can be attributed to the BSPWN class
(Kargaltsev, Pavlov & Durant 2012), especially in those cases where
the pulsar is strongly offsetted from the centre of emission. An
example of this kind of uncertainty is represented by the young and
energetic PSR J05376�6910 from the Large Magellanic Cloud,
which is not uniquely identi�ed as a bow shock nebula due to the
large distance (Kargaltsev et al. 2017).

In Fig. 1, we present a selection of BSPWNe to highlight the
variety of the typical morphologies that are observed.

(i) The Mouse nebula was �rst observed in a radio survey of the
Galactic Centre (Yusef-Zadeh & Bally 1987) and it shows one of
the most extended radio tails ever seen (Gaensler et al. 2004; Hales
et al. 2009). In the head it is quasi-conical with half-aperture angle of
�25� and gets narrower at a distance of �1 arcmin behind the pulsar.
It is also one of the few BSPWNe for which we have polarimetric
information, suggesting a magnetic �eld wrapped around the bow
shock head and then becoming parallel to the pulsar motion in the
tail (Yusef-Zadeh & Gaensler 2005). Interestingly X-rays show a
more compact tail, more than a factor of 10 fainter than the head,
with signs of diffuse emission in a halo ahead of the pulsar itself.
Deep observations in the X-ray band have been presented recently
by Klingler et al. (2018), showing a clearer picture of the PWN.
The tail shows an evident narrowing with the distance from the
pulsar and a smaller lateral expansion with respect to the radio
structure.

(ii) The PWN associated with Geminga, on the other hand, is only
observed in X-rays. It shows an asymmetric three-tail morphology
with a long central tail (Posselt et al. 2017), apparently formed by
isolated blobs, surrounded by two lateral tails (Caraveo et al. 2003;
Pavlov, Sanwal & Zavlin 2006; Pavlov, Bhattacharyya & Zavlin
2010), which show a hard spectrum with no signs of synchrotron
cooling, and are not just due to limb brightening.

(iii) A peculiar case is that of the Guitar nebula, observed in H�
(Cordes et al. 1993; Dolch et al. 2016). Different attempts to �nd
an X-ray counterpart compatible with the revealed H� morphology
have failed, while high-resolution observations made with Chandra
revealed, on the contrary, a misaligned X-ray out�ow, inclined by
�118� with respect to the direction of the pulsar motion (Wong
et al. 2003; Hui & Becker 2007; Johnson & Wang 2010). The H�
shape also presents a peculiar �head-and-shoulder� con�guration,
with an evident broadening with distance from the pulsar, possibly
the evidence of the mass loading of neutrals from the ambient matter
(Morlino, Lyutikov & Vorster 2015; Olmi, Bucciantini & Morlino
2018). Recently a similar X-ray feature has been also seen in the
Lighthouse nebula (Pavan et al. 2014; Marelli et al. 2019).

Recent observations have also revealed extended TeV haloes
surrounding some BSPWNe (Abeysekara et al. 2017), though to
be the signature of the escape of high-energy particles. If so, one
could use them to constrain the contribution of PWNe to leptonic
antimatter in the Galaxy (Blasi & Amato 2011; Amato & Blasi
2018).

The �rsts numerical models of BSPWNe dated from the past
decade (Bucciantini 2002; van der Swaluw et al. 2003; Bucciantini,
Amato & Del Zanna 2005; Vigelius et al. 2007). By using multi-
dimensional codes it was possible to extend the simple analytical
or semi-analytical models (Bandiera 1993; Wilkin 1996) to account
for the presence of magnetic �eld or anisotropy in either the wind
or the ISM. However, only recently results from the �rst three-
dimensional (3D) simulations of BSPWNe in the fully relativistic
magnetohydrodynamics (MHD) regime were presented by Barkov,
Lyutikov & Khangulyan (2019), where the authors investigate the
morphology resulting from a few different assumptions for the
magnetic �eld geometry and properties of the ambient medium.
At the same time in Olmi & Bucciantini (2019, hereafter Paper
I), we presented a large set of 3D relativistic MHD simulations
performed with adaptive mesh re�nement (AMR) to improve the
numerical resolution at the bow shock head, in an attempt to sample
as much as possible the parameter space characteristic of these
systems. Different models for the pulsar wind were taken into
account, implementing both isotropic and anisotropic distribution of
the energy �ux, with diverse values of the initial magnetization, and
de�ning a set of various geometries by varying the inclination of the
pulsar spin-axis with respect to the pulsar kick velocity. In Paper I,
we analysed the effects of the variation of the pulsar wind properties
on the global morphology of the BSPWN, and on its dynamics, with
particular attention to the development of turbulence in the tail.

This paper is the follow-up of our previous work. Here we present
emission and polarization maps computed on top of our previous
simulations, focusing the discussion on the possible observational
signatures. In particular we will try to assess the role of turbulence
in the emission properties, the possible way to distinguish laminar
versus turbulent �ows, and how to use this information to guess the
geometry of the system. Recently a simpli�ed emission model for
purely laminar �ows has been presented by Bucciantini (2018a),
also used to evaluate the possible escape of high-energy particles
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