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FATED TO ESCAPE
 PWN EXPANDS INTO SHOCKED EJECTA 

 “RELIC” RADIO PWN LEFT BEHIND 
 NEW PWN AROUND PULSAR (X-RAY)

SNR G327.1-1.1, Gaensler & Slane 2006 van der Swaluw (2004)

SNR W44  (Frail et al. 1996, Giacani et al. 
1997)
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4.2.3.5 Interaction with the SNR Eq. 4.50 shows that the PWN has a slightly accelerated expansion inside the
ejecta. On the other hand the SNR shell that forms at the outer edge of the SNR due to the interaction with the ISM
has a decelerated expansion described by the Sedov law:
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The free expansion inside the cold ejecta will then termite once the PWN reaches the SNR shell:
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The free expansion inside the cold ejecta will terminate after a few thousands of years. So the starting assumption
of an almost constant PSR spin down luminosity is consistent.

4.2.3.6 Late Time Evolution The interaction of the PWN with the SNR shell can be quite complex in its initial
phases. It is possible however to derive how the PWN will evolve inside the parent SNR at late time, once the
SNR-PWN system is completely relaxed into its asymptotic state. This happens after a few tr. At this point the
PSR spin down luminosity can be quite weak, and to a first approximation one can assume that its contribution
to the PWN energy is negligible. In this case the relativistic PWN will evolve adiabatically with Ppwn / R
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On the other hand the SNR will be fully relaxed to the self similar Sedov solution, with the interior pressure
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2
snr

/ t
�6/5. Assuming pressure equilibrium between the PWN and the interior of the SNR one

has: Rpwn / t
3/10.

PSR are known to have high kick velocity, due most likely to anisotropies in the SN explosion whence they
originate. Typical speeds are Vpsr ⇠ 200 km s�1. One can expect such PSRs to emerge from their parent SNR at
a typical time:
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4.2.4 PWNe Emission

Let us assume for simplicity that the PWN expands at a constant rate Ṙ such that R = Ṙt / t instead of R / t
6/5

as we found in Sec. 4.2.3, and that the pulsar spin-down luminosity Ė is constant. These are minor simplifications
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4.2.4 PWNe Emission

Let us assume for simplicity that the PWN expands at a constant rate Ṙ such that R = Ṙt / t instead of R / t
6/5

as we found in Sec. 4.2.3, and that the pulsar spin-down luminosity Ė is constant. These are minor simplifications
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Geminga (HAWC Abeysekara et al 2017)
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rather deep into the medium, far outside the bow shock
boundary, reaching parsec-scale lengths in some instances.

These so-called “misaligned outflows” are sometimes in-
terpreted as jets. However, they cannot be jets in the sense
of a confined hydrodynamic flow, as any such flow cannot
propagate much beyond the stand-o↵ distance (1). Also, in
two of the known cases, J1509–5850 and B0355+54, both
pulsar jets and counter-jets have been resolved and are con-
fined within the bow shock, thus ruling out this explanation.
To stress this di↵erence, in this paper we will refer to these
misaligned outflows as “kinetic jets”. As we demonstrate in
this study, these features can be produced by the kinetic
streaming of high-energy non-thermal (NT) particles that
escape the shocked pulsar wind near the head of the bow
shock nebula, a scenario proposed by Bandiera (2008) to
explain the linear feature observed in the Guitar Nebula.

Importantly, in nearly all cases, these extended features
show a remarkable asymmetry with respect to the PWN
axis, displaying emission much more extended in one direc-
tion than in the other – sometimes interpreted as a “counter-
jet” (see, e.g., Pavan et al. 2014, 2016). Furthermore, these
“double-jet” features can display significantly di↵ering sur-
face brightnesses, often attributed to the Doppler boosting
of synchrotron emission from these collimated outflows in
opposite directions. However, the spectral properties of these
jet-like features are di�cult to explain in a ballistic jet sce-
nario for some systems (Pavan et al. 2016; Johnson & Wang
2010), for which alternative mechanisms (e.g. particle re-
acceleration along the jets) may be invoked.

Bandiera (2008) proposed a scenario in which the long
jet-like X-ray feature observed in Guitar Nebula arises due
to the leakage of high energy electrons accelerated at the
bow shock region. When the gyroradii of high energy parti-
cles exceeds the bow shock stand-o↵ distance, they can no
longer be contained within the bow shock and escape, cross-
ing the contact discontinuity and gyrating along the ISM
magnetic field. This scenario explains the apparent linear
morphology and seemingly-random o↵set from the pulsar
velocity of these features (which trace the ISM field lines)
as well as their relatively large sizes.

In this paper we further develop this model and con-
firm the properties of extended jet-like features expected in
that scenario through dedicated 3D numerical simulations of
“kinetic jets” emanating from fast-moving pulsars, assum-
ing a range of conditions for the system and surrounding
ISM properties. The setup of these numerical simulations is
outlined in Sect. 3.2, and the obtained results are reported
in Sect. 4, where it is shown that ISM magnetic field lines
reconnect with pulsar wind magnetic field lines, leading to
an asymmetrical configuration for NT particle escape. The
applications of our simulations to some fast-moving PWNe
displaying extended X-ray jet-like features are discussed in
Sect. 5. The final conclusions of this study are summarized
in Sect. 7.

2 KINETIC JETS IN BOW SHOCK PWN

2.1 Overall properties

About 30 runaway pulsars moving through the interstellar
medium at supersonic velocities have been identified so far,

Figure 1. Chandra images showing the extended emission fea-

tures in the Lighthouse PWN powered by PSR J1101–6101 (Pa-

van et al. 2016), on large and small (inset) scales.

based on observational properties obtained either in optical
(e.g., through the detection of H↵ emission lines produced
around their bow-shocks) or via the synchrotron emission
seen in radio and/or X-rays (see, e.g., Kargaltsev et al. 2017
for a review).

In the four previously-reported instances of kinetic jets
mentioned above, the pulsars move at velocities ranging
from about v = 61 km s�1 (µ = 12.3 ± 0.4 mas yr�1 for
B0355+54, Chatterjee et al. 2004) up to vPSR & 1000 km s�1

(the highest known pulsar velocities), inferred from the mea-
surements of (or an upper limits on) rs for PSR J1101–6101
(see Eq. 1), and inferred from proper motion measurements
for B2224+65 (µ = 182 ± 3 mas yr�1, though the distance
is not reliably known; Chatterjee & Cordes 2004). As typ-
ical ISM sound speeds range from cISM ⇠ 1 km s�1 (the
“cold” phase) to a few times 10 km s�1 (the “warm” phase;
see Cox 2005), these SPWNe are highly supersonic, as is
also shown by their morphologies. The pulsar characteristic
ages span from about 105 yr, considered “middle-aged” for
PWNe, to 106 yr for B2224+65, which is the oldest pulsar
known with an X-ray PWN1. Their spin-down powers range
from Ė = 1.3 ⇥ 1036 erg s�1 (PSR J1101–6101), typical of
young to middle-aged energetic pulsars, to Ė = 1.2⇥1033 erg
s�1 (PSR B2224+65), the least-energetic pulsar with an X-
ray nebula. Total X-ray luminosities for these sources lie
between LX ⇠ 1030 erg s�1 to 1033 erg s�1 (see Kargaltsev
& Pavlov 2008 and references therein). Compared to the
larger population of X-ray PWNe, the Guitar is an outlier
both in its low spin-down power, old age, and extremely high
velocity.

Kinetic jets from SPWN can show lengths from a few
to more than 10 pc (e.g., in the Lighthouse Nebula), and
display an orientation with respect to the pulsar proper mo-
tion (misalignement) in the range of ⇠ 33� (e.g., in J1509-
5850; Klingler et al. 2016), to ⇠ 118� (in the Guitar Neb-
ula; Hui et al. 2012). The outflows are remarkably narrow,
with width-to-length ratios of ⇠ 0.15 to 0.20, and can have
counter-jets extending along the same direction symmetri-

1
Note that in the Guitar Nebula, only an H↵ bow shock and

the kinetic jet are present; no synchrotron tail is seen, unlike the

other instances.

c� 0000 RAS, MNRAS 000, 000–000

PSR J1101 (Pavan et al 2016)

Guitar (Wong et al 2003)
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Figure 3. Chandra images of PWNe inside SNRs G327.1–1.1 and MSH 11–62 showing kinetic jets with what we call “snail eyes”

morphology. See Fig. 12 for qualitative explanation.

spin axis by ⇠ 45�, making it a useful reference with which
to compare our simulations of the slow case (see below).

An extended narrow structure is seen protruding from
the bow shock up to 70 ahead of the pulsar (see Fig. 2). Van
Etten et al. (2008) report that the spectrum of the so-called
“arc” structure is best fit with an absorbed power-law (PL)
model with slope � = 1.66 ± 0.25 – a hard spectrum which
is typical of kinetic jets.

2.3 G327.1–1.1 and MSH 11–62: “Snail eyes”
Morphology

Two young PWNe residing in their host SNRs have been
observed to feature prong-like outflows (morphologically re-
sembling “snail eyes”) ahead of their bow shocks, oriented
parallel to the direction of pulsar motion: the “Snail PWN”
in G327.1–1.1 (Temim et al. 2009) and MSH 11–62 (G291.0–
0.1; Slane et al. 2012), see Fig. 3. These structures exhibit
PL spectra typical of kinetic jets, with � ⇡ 1.8 and ⇡ 1.4,
respectively (see Figures 1 and 3 of Kargaltsev et al. 2017,
and Temim et al. 2015). The proper motion of these pul-
sars are not known, although simulations by Temim et al.
(2015) suggest a typical velocity v ⇠ 400 km s�1 for the
pulsar producing the snail PWN3. Compared to the other
instances of kinetic jets, the pairs of jets in these examples
appear approximately symmetric both in structure and sur-
face brightness.

3 FORMATION OF KINETIC JETS

3.1 Reconnection between ISM and PWN
magnetic fields

NT particles are confined by magnetic fields in the direc-
tion perpendicular to the field, but can travel large dis-
tances along these lines (parallel to the field). As a pul-
sar moves through the ISM, the interstellar magnetic field
lines become draped around the PWN. Even if the magnetic

3
No pulsations have been detected from either of these two pul-

sars.

field is at sub-equipartition in the bulk flow, a narrow drap-
ing layer with near-equipartition magnetic field is created
at the contact discontinuity (Spreiter et al. 1966; Lyutikov
2006; Dursi & Pfrommer 2008). As a result, the contact dis-
continuity becomes a rotational discontinuity with magnetic
fields of similar strength on both sides. Rotational disconti-
nuities are prone to reconnection (see, e.g., Komissarov et al.
2007; Barkov & Komissarov 2016, and references therein).
The e�ciency of reconnection at a given point on the con-
tact/rotational discontinuity will depend on the relative ori-
entation of the PWN and ISM magnetic fields.

Reconnection between the pulsar wind and interstellar
magnetic field lines will allow relativistic particles from the
wind to escape into the ISM. The number of NT particles
that would escape in a given direction will depend on the
fluctuations of the strength of the magnetic field along a field
line – regions of stronger magnetic fields will reflect some
particles, forming a magnetic “bottle”. As we demonstrate
in this paper, particle escape can be highly asymmetric with
respect to the incoming and outgoing parts of the magnetic
field lines due to the formation of these magnetic bottles.

3.2 Numerical Simulation Setup

The simulations were performed using a three dimensional
(3D) geometry in Cartesian coordinates using the PLUTO

code4 (Mignone et al. 2007). Spatial parabolic interpolation,
a 3rd order Runge-Kutta approximation in time, and an
HLL Riemann solver were used (Harten 1983). PLUTO is a
modular Godunov-type code entirely written in C and in-
tended mainly for astrophysical applications and high Mach
number flows in multiple spatial dimensions. The simula-
tions were performed on CFCA XC30 cluster of the Na-
tional Astronomical Observatory of Japan (NAOJ). The flow
has been approximated as a relativistic gas of one particle
species, and with the Taub equation of state. The size of the
domain is x 2 [�4, 10], y and z 2 [�5, 5]. To maintain high
resolution in the central region and along the tail zone we use
a non-uniform resolution in the computational domain with

4
Link http://plutocode.ph.unito.it/index.html

c� 0000 RAS, MNRAS 000, 000–000

G327 (Temin et al 2009)
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Figure 1. Selected sample of a few famous BSPWN: (a) the Mouse nebula
in radio (VLA); (b) Geminga in a combined X-ray image (Chandra-ACIS,
0.5-8 keV, 540 s); (c) the Guitar nebula and its mysterious misaligned out-
flow in a combined H↵ X-ray image (Chandra-ACIS, 0.5-8 keV, 195 ks)
taken from the Chandra archives.

& Gaensler 2005; Ng et al. 2010; Klingler et al. 2016a; Kargaltsev
et al. 2017).

In the case of pulsars moving in an ISM with neutral hy-
drogen 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 UV (Rangelov
et al. 2016) and IR (Wang et al. 2013). It is debatable if many
extended and morphologically complex TeV sources detected by
HESS in coincidence with pulsars, can be attributed to the BSPWN
class (Kargaltsev, Pavlov & Durant 2012), especially in those cases
where the PSR is strongly o↵setted from the center 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 identified 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:

• The Mouse nebula, first observed in a radio survey of the
Galactic center (Yusef-Zadeh & Bally 1987). It shows one of the
most extended radio tails ever observed (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 ⇠ 10 behind the pulsar.
It is also one of the few BSPWNe for which we have polarimetric
information, suggesting a magnetic field 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 ten fainter than the head,
with signs of di↵use 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 later expansion with respect to the radio structure.

• The PWN associated to 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.
• A peculiar case is that of the Guitar nebula, observed in H↵

(Cordes, Romani & Lundgren 1993; Dolch et al. 2016). Di↵er-
ent attempts to find an X-ray counterpart compatible with the re-
vealed H↵ morphology have failed, while high resolution obser-
vations made with Chandra revealed on the contrary a misaligned
X-ray outflow, 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” configuration, with an evident broadening with distance
from the pulsar, possibly the evidence of the mass loading of neu-
trals from the ambient matter (Morlino, Lyutikov & Vorster 2015;
Olmi, Bucciantini & Morlino 2018). Recently a similar X-ray fea-
ture has been also seen in the Lighthouse Nebula (Pavan et al. 2014;
Marelli et al. 2019).

Recent observations have also revealed extended TeV halos
surrounding some BSPWNe (Abeysekara 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 2017).

The firsts numerical models of BSPWNe dated from the past
decade (Bucciantini 2002; van der Swaluw et al. 2003; Bucciantini,
Amato & Del Zanna 2005a; 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 field or anisotropy in either the wind
or the ISM. However only recently results from the first 3D sim-
ulations of BSPWNe in the fully relativistic MHD regime were
presented by Barkov, Lyutikov & Khangulyan (2019), where the
authors investigate the morphology resulting from a few di↵erent
assumptions for the magnetic field geometry and properties of the
ambient medium. At the same time in Olmi & Bucciantini (2019),
Paper I hereafter, we presented a large set of 3D relativistic MHD
simulations performed with adaptive mesh refinement (AMR) to
improve the numerical resolution at the bow shock head, in an at-
temp to sample as much as possible the parameter space character-
istic of these systems. Di↵erent models for the pulsar wind were
taken into account, implementing both isotropic and anisotropic
distribution of the energy flux, with diverse values of the initial
magnetization, and defining 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 analyzed the e↵ects 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 obser-
vational signatures. In particular we will try to assess the role of tur-
bulence in the emission properties, the possible way to distinguish
laminar versus turbulent flows, and how to use this information to
guess the geometry of the system. Recently a simplified emission
model for purely laminar flows has been presented by Bucciantini
(2018a), also used to evaluate the possible escape of high energy

c� 0000 RAS, MNRAS 000, 000–000

MOUSE NEBULA

The brightness profile along the symmetry axis is shown
in Figure 4. This demonstrates that to the east of the brightest
emission, the vertically averaged count rate decreases very rap-
idly, dropping by a factor of 100 in just 3B5. Figure 3a shows
that this sharp falloff in brightness forms a clear parabolic
arc around the eastern edge of the source. Along the symmetry
axis of this source, we estimate the separation between the peak
emission and this sharp leading edge by rebinning the data
using 0B12 ; 0B12 pixels and in the resulting image determin-
ing the distance east of the peak by which the X-ray surface
brightness falls by e!2 ¼ 0:14. Using this criterion, we find the
separation between peak and edge to be 1B0 # 0B2.

Farther east of this sharp cutoff in brightness, the X-ray
emission is much fainter but is still significantly above the
background out to an extent 700–800 east of the peak. Figure 3a
shows that this faint emission surrounds the eastern perimeter
of the source; this component can also be seen at lower reso-
lution in Figure 2. Below we refer to this region of low surface
brightness as the ‘‘halo.’’

To the west of the peak, the source is considerably more
elongated. Figure 4 suggests that there are three regimes to the
brightness profile: out to 4B5 west of the peak, a relatively sharp
falloff (although not as fast as to the east) is seen, over which
the mean surface brightness decreases by a factor of 10. Con-
sideration of Figure 3a shows that this corresponds to a discrete
bright core surrounding the peak emission, with approximate
dimensions 500 ; 600. We refer to this region as the ‘‘head.’’

In the interval between 500 and 1000 west of the peak, the
brightness falls off more slowly with position, fading by a fac-
tor of $2 from east to west. Examination of Figure 3a shows

this region to be coincident with an elongated region sitting
west of the head, with a well-defined boundary. Assuming this
region to be an ellipse and that part of this ellipse lies under-
neath the head, the dimensions of this region are approximately
1200 ; 500. We refer to this region below as the ‘‘tongue.’’

The western edge of the tongue is marked by another drop
in brightness by a factor of 2–3. Beyond this, the mean count
rate falls off still more slowly, showing no sharp edge but
rather eventually blending into the background k4500 west of
the peak. Figure 3a shows that this region corresponds to an
even more elongated, even fainter region trailing out behind
the head and the tongue. We refer to this region as the ‘‘tail.’’
The tail has a relatively uniform width in the north-south di-
rection of$1200, as shown by an X-ray brightness profile across
the tail, indicated by the solid line in Figure 5. The tail shows
no significant broadening or narrowing at any position.

3.2. Comparison with Radio ImagginggData

In Figure 3b we show a high-resolution radio image of
G359.23!0.82 made from archival 4.8 GHz observations with
the Very Large Array (VLA). This image has the same coordi-
nates as the X-ray image in Figure 3a (similar data were first
presented by Yusef-Zadeh & Bally 1989; an even higher res-
olution image is presented in Fig. 2 of Camilo et al. 2002). The
radio image shares the clear axisymmetry and cometary mor-
phology of the X-ray data. The head region that we have iden-
tified in X-rays is clearly seen also in the radio image, in both
cases showing a sudden drop-off in emission to the east of the
peak, with a slight elongation toward the west. The radio image
shows a possible counterpart of the X-ray tongue in that it also
shows a distinct, elongated, bright feature immediately to the
west of the head. However, this region is less elongated and
somewhat broader than that seen in X-rays. In the radio, the tail
region appears to have two components, as indicated by the two
contour levels drawn in Figure 3b and by the dashed line in
Figure 5. Close to the symmetry axis, the radio tail has a bright
component that has almost an identical morphology to the X-ray
tail. Far from the axis, the radio tail is fainter and broadens

Fig. 3.—X-ray and radio images of the Mouse. (a) Chandra image of
the Mouse in the energy range 0.5–8.0 keV. The brightness scale is loga-
rithmic, ranging between 0 and 100 counts, as shown by the scale bar to the
right of the image. Various features discussed in the text are indicated. This
image has not been exposure corrected. (b) VLA image of the Mouse at a fre-
quency of 4.8 GHz. The brightness scale is linear, ranging between !0.2 and
6.0 mJy beam!1, as shown by the scale bar to the right of the image. The
contours are at levels of 0.9 and 1.8 mJy beam!1, chosen to highlight the two
different components seen in the radio tail. This image is made from VLA
observations in the BnA and CnB arrays, carried out on 1987 November 7 and
1988 February 25, respectively, with a resulting spatial resolution of 1B6 ; 1B7.

Fig. 4.—The 0.5–8.0 keV brightness profile of G359.23!0.82 in the east-
west direction (negative offsets are to the east). The solid line and data points
represent the X-ray surface brightness of G359.23!0.82 as a function of offset
from the peak, averaged over a column of nine 0B492 ; 0B492 pixels bisected
by the symmetry axis of the source. The dashed line indicates the brightness of
the background, determined by averaging a column of 121 pixels immediately
to the north and south of G359.23!0.82. The dot-dashed line divides the
logarithmic scale in the top panel from the linear scale in the bottom panel.
Various features discussed in the text are indicated.
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Figure 1. Selected sample of a few famous BSPWN: (a) the Mouse nebula
in radio (VLA); (b) Geminga in a combined X-ray image (Chandra-ACIS,
0.5-8 keV, 540 s); (c) the Guitar nebula and its mysterious misaligned out-
flow in a combined H↵ X-ray image (Chandra-ACIS, 0.5-8 keV, 195 ks)
taken from the Chandra archives.

& Gaensler 2005; Ng et al. 2010; Klingler et al. 2016a; Kargaltsev
et al. 2017).

In the case of pulsars moving in an ISM with neutral hy-
drogen 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 UV (Rangelov
et al. 2016) and IR (Wang et al. 2013). It is debatable if many
extended and morphologically complex TeV sources detected by
HESS in coincidence with pulsars, can be attributed to the BSPWN
class (Kargaltsev, Pavlov & Durant 2012), especially in those cases
where the PSR is strongly o↵setted from the center 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 identified 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:

• The Mouse nebula, first observed in a radio survey of the
Galactic center (Yusef-Zadeh & Bally 1987). It shows one of the
most extended radio tails ever observed (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 ⇠ 10 behind the pulsar.
It is also one of the few BSPWNe for which we have polarimetric
information, suggesting a magnetic field 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 ten fainter than the head,
with signs of di↵use 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 later expansion with respect to the radio structure.

• The PWN associated to 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.
• A peculiar case is that of the Guitar nebula, observed in H↵

(Cordes, Romani & Lundgren 1993; Dolch et al. 2016). Di↵er-
ent attempts to find an X-ray counterpart compatible with the re-
vealed H↵ morphology have failed, while high resolution obser-
vations made with Chandra revealed on the contrary a misaligned
X-ray outflow, 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” configuration, with an evident broadening with distance
from the pulsar, possibly the evidence of the mass loading of neu-
trals from the ambient matter (Morlino, Lyutikov & Vorster 2015;
Olmi, Bucciantini & Morlino 2018). Recently a similar X-ray fea-
ture has been also seen in the Lighthouse Nebula (Pavan et al. 2014;
Marelli et al. 2019).

Recent observations have also revealed extended TeV halos
surrounding some BSPWNe (Abeysekara 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 2017).

The firsts numerical models of BSPWNe dated from the past
decade (Bucciantini 2002; van der Swaluw et al. 2003; Bucciantini,
Amato & Del Zanna 2005a; 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 field or anisotropy in either the wind
or the ISM. However only recently results from the first 3D sim-
ulations of BSPWNe in the fully relativistic MHD regime were
presented by Barkov, Lyutikov & Khangulyan (2019), where the
authors investigate the morphology resulting from a few di↵erent
assumptions for the magnetic field geometry and properties of the
ambient medium. At the same time in Olmi & Bucciantini (2019),
Paper I hereafter, we presented a large set of 3D relativistic MHD
simulations performed with adaptive mesh refinement (AMR) to
improve the numerical resolution at the bow shock head, in an at-
temp to sample as much as possible the parameter space character-
istic of these systems. Di↵erent models for the pulsar wind were
taken into account, implementing both isotropic and anisotropic
distribution of the energy flux, with diverse values of the initial
magnetization, and defining 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 analyzed the e↵ects 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 obser-
vational signatures. In particular we will try to assess the role of tur-
bulence in the emission properties, the possible way to distinguish
laminar versus turbulent flows, and how to use this information to
guess the geometry of the system. Recently a simplified emission
model for purely laminar flows has been presented by Bucciantini
(2018a), also used to evaluate the possible escape of high energy

c� 0000 RAS, MNRAS 000, 000–000
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(a) (b)

(c) (d)

Figure 2. Top: radio continuum images of the tip of G315.9−0.0 at: (a) 6 cm and (b) 3 cm, overlaid with the corresponding polarization B-vectors that show the
intrinsic magnetic field orientation. The gray scales are linear, ranging from −0.045 to 0.22 mJy beam−1 at 6 cm and from −0.02 to 0.3 mJy beam−1 at 3 cm. The
vector lengths are proportional to the polarized intensity, with the scale bars at the lower right representing 0.1 mJy beam−1. Bottom: linear polarized emission at:
(a) 6 cm and (b) 3 cm, overlaid with total intensity contours at levels of 0.03, 0.073, 0.15, and 0.22 mJy beam−1 for 6 cm and 0.06, 0.12, and 0.17 mJy beam−1 for
3 cm. The gray scales are linear, ranging from 0 to 0.15 mJy beam−1 at 6 cm and from 0 to 0.2 mJy beam−1 at 3 cm. In all panels, position of PSR J1437−5959 is
marked by the cross and the restoring beams are shown at the lower right. All the polarization maps are clipped where the polarized or total intensity is below 3σ .
(A color version of this figure is available in the online journal.)

could be the result of asymmetric supernova explosion, the pro-
genitor’s proper motion, or a slight gradient in the ISM density
(see Gvaramadze 2006; Ng et al. 2007; Vigelius et al. 2007).

To estimate the kinematics of the system, we extrapolate
the tail inside the shell and take the closest approach to the
center as the supernova site, which is 14.′5 away from the pulsar
location. This implies a distance l = 1.0 × 1020 d8 cm traveled
by the pulsar since birth, at the source distance of 8 d8 kpc.
Here we assume that the pulsar motion lies in the plane of
the sky for simplicity. The pulsar velocity v∗ and age t are
then related by v∗ = l/t . Even if the pulsar travels as fast as
2000 km s−1, the system would still be older than 15 kyr, such
that G315.9−0.0 has long passed the free expansion phase.
On the other hand, the transition from the Sedov phase to the
snowplow phase occurs at ttr ≈ 29E

4/17
51 n

−9/17
0 kyr with a shell

radius Rtr ≈ 19.1E
5/17
51 n

−7/17
0 pc, where E51 is the supernova

explosion energy in units of 1051 erg and n0 is the ISM number
density in cm−3 (Blondin et al. 1998). Our observed shell radius
of 7′ gives a physical size R = 16.3 d8 pc, slightly smaller than
Rtr for the typical values of E51 = 1 and n0 between 0.1 and 1.

Therefore, we adopt the Sedov solution

R = 5.76 × 1011
(

E51t
2

ρ

)1/5

cm, (1)

where t is in yr and ρ is the ISM density in g cm−3.

4.2. Pulsar Velocity and Age

The bow-shock standoff distance rbs ahead of the PWN is
determined by the ram pressure balance between the pulsar
wind and the ISM. For isotropic wind,

ρv2
∗ = Ė

4πcr2
bs

. (2)

Assuming a constant ρ across the field, we can solve
Equations (1) and (2) to obtain

rbs =
(

Ė

4πcE0l2

)1/2(
R

1.15

)5/2

= 0.0024 d
3/2
8 E−1

51 pc. (3)
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Tchekhovskoy, Spitkovsky & Li 2013; Tchekhovskoy, Philippov &
Spitkovsky 2016) show that the wind has likely a higher equatorial
energy flux. This has consequences on the shape of the TS, which
partly reflects the energy flux of the wind (Del Zanna, Amato &
Bucciantini 2004), and on the post shock flow, creating flow chan-
nels that can trigger the developement of turbulence and a↵ect the
overall variability of the system (Camus et al. 2009).

4 MAGNETIC FIELD INJECTION

The use of a laminar steady-state flow field ensures that each point
of the BSPWN system can be associated one to one to an injec-
tion location. For the ISM the injection can be placed anywhere
in region D. For the pulsar material injection can be placed at any
radius in region A, where one can use standard predictions for the
structure and geometry of the magnetic field in pulsar winds. In par-
ticular we set our injection boundary for the pulsar magnetic field
on a sphere with radius Ro = 0.5do. We are interested in model-
ing the non-thermal emission from region B so we assume the ISM
material to be unmagnetized. In general the pulsar spin axis will
be inclined by and angle ✓i with respect to the z�axis, as shown
in Fig. 3. The magnetic field in the pulsar wind is assumed to be
purely toroidal, and symmetric with respect to the spin axis. In prin-
ciple the magnetic field strength will depend on the latitude  with
respect to the spin axis. Many existing numerical models for exam-
ple assume a sin-like dependence (Komissarov & Lyubarsky 2004;
Volpi et al. 2008a; Porth, Komissarov & Keppens 2014; Olmi et al.
2015, 2016), and possibly the presence of en equatorial unmagne-
tized region, to account for dissipation of a striped wind.

In a cartesian reference frame centered on the pulsar with the
x� axis chosen such that the pulsar spin axis lays on the x� z plane
(Fig. 3), the magnetic field Bo at a point Po = [xo, yo, zo] in the
wind will be given, in terms of cartesian components, by:

Bo /
F( )
roR

8>>>>><
>>>>>:

yo cos ✓iex

(zo sin ✓i � xo cos ✓i)ey

�yo sin ✓iez

(11)

where ro =
p

x2
o
+ y2

o
+ z2

o
, R2 = y

2
o
+ x

2
o

cos2 ✓i + z
2
o

sin2 ✓i �
xozo sin 2✓i.  represents the angular distance of a point from
the pulsar spin axis, cos = [xo cos ✓i + zo sin ✓i]/ro, and F( )
parametrizes the latitudinal dependence of the magnetic field
strength.

5 RESULTS

We present here the results of a serie of models done using various
inclinations of the pulsar spin axis ✓i and various orientation � of
the observer. We are mostly interested in modeling the magnetic
field structure and simulating the non-thermal radio emission, in-
cluding polarization, in oder to obtain an understanding of the basic
features one might expect to see in these systems. In the following,
in line with the standard assumptions on the magnetic field distri-
bution in pulsar winds, we assume F( ) = sin , unless otherwise
stated. Moreover we assume that the velocity field is independent
on the magnetic field strength. This is formally correct only as long
as the magnetic field energy is sub-equipartition.

Figure 3. Geometry of the magnetic field in the pulsar wind. The z�axis is
aligned to the pulsar speed vpsr with respect to the ISM (or equivalently the
ISM speed in the reference frame of the pulsar). ⌦ is the pulsar spin axis,
around which the pulsar wind magnetic field B is wound-up, which lays in
the x � z plane and is inclined ✓i with respect to the z� axis. � indicates
the inclination angle of the direction pointing toward the observer, which
is assumed to be perpendicular to the z�axis (the pulsar velocity is in the
plane of the sky).

5.1 Magnetic surfaces

In a steady state laminar flow, magnetic loops, coming from the
wind, will retain their coherence and trace, during their evolution,
the location of the magnetic surface to which they belong. A set
of nested magnetic surfaces will then arise as a consequence of the
flow. In Fig. 4 we show the shape of magnetic field surfaces, for
various inclinations of the pulsar spin axis. In the co-aligned case,
✓i = 0, the magnetic surfaces are axisymmetric, while for other in-
clinations, a magnetic chimney forms on the front side, with mag-
netic loops strongly stretched, and piled-up. It is evident that the
flow structure tends to concentrate the magnetic surfaces toward
the contact discontinuity. This e↵ect was already observed in ear-
lier axisymmetric simulations (Bucciantini, Amato & Del Zanna
2005). This will lead to the formation of a magnetopause, where
the magnetic field strength can rise above equipartition. Magne-
topauses are a common feature in magnetically confined flows, and
are sites of possible violent reconnection and dissipation (Mozer
et al. 1978; Galeev 1983; Alexeev & Kalegaev 1995). In the ax-
isymmetric case, the structure of the magnetic surfaces ensures that
there will be no polarity inversion close to the CD, suppressing
in principle reconnection events. On the contrary, in the magnetic
chimney that form for other values of ✓i, field lines of di↵erent po-
larity are brought close together, in principle creating the condi-
tions for fast reconnection and dissipation. It is then possible that
the magnetic chimney behaves as a highly dissipative structure. On
the other hand, the magnetic surfaces are quite open on the back
side, downstream of the Mach Disk, suggesting that low values of
the magnetic field might be characteristic of the inner flow channel.
Indeed the backward magnetic chimney shows no sign of stretching
or compression.

c� 0000 RAS, MNRAS 000, 000–000
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FS

CD

EQ CS

P+ CSP- CS

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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Tchekhovskoy, Spitkovsky & Li 2013; Tchekhovskoy, Philippov &
Spitkovsky 2016) show that the wind has likely a higher equatorial
energy flux. This has consequences on the shape of the TS, which
partly reflects the energy flux of the wind (Del Zanna, Amato &
Bucciantini 2004), and on the post shock flow, creating flow chan-
nels that can trigger the developement of turbulence and a↵ect the
overall variability of the system (Camus et al. 2009).

4 MAGNETIC FIELD INJECTION

The use of a laminar steady-state flow field ensures that each point
of the BSPWN system can be associated one to one to an injec-
tion location. For the ISM the injection can be placed anywhere
in region D. For the pulsar material injection can be placed at any
radius in region A, where one can use standard predictions for the
structure and geometry of the magnetic field in pulsar winds. In par-
ticular we set our injection boundary for the pulsar magnetic field
on a sphere with radius Ro = 0.5do. We are interested in model-
ing the non-thermal emission from region B so we assume the ISM
material to be unmagnetized. In general the pulsar spin axis will
be inclined by and angle ✓i with respect to the z�axis, as shown
in Fig. 3. The magnetic field in the pulsar wind is assumed to be
purely toroidal, and symmetric with respect to the spin axis. In prin-
ciple the magnetic field strength will depend on the latitude  with
respect to the spin axis. Many existing numerical models for exam-
ple assume a sin-like dependence (Komissarov & Lyubarsky 2004;
Volpi et al. 2008a; Porth, Komissarov & Keppens 2014; Olmi et al.
2015, 2016), and possibly the presence of en equatorial unmagne-
tized region, to account for dissipation of a striped wind.

In a cartesian reference frame centered on the pulsar with the
x� axis chosen such that the pulsar spin axis lays on the x� z plane
(Fig. 3), the magnetic field Bo at a point Po = [xo, yo, zo] in the
wind will be given, in terms of cartesian components, by:

Bo /
F( )
roR
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>>>>>:
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xozo sin 2✓i.  represents the angular distance of a point from
the pulsar spin axis, cos = [xo cos ✓i + zo sin ✓i]/ro, and F( )
parametrizes the latitudinal dependence of the magnetic field
strength.

5 RESULTS

We present here the results of a serie of models done using various
inclinations of the pulsar spin axis ✓i and various orientation � of
the observer. We are mostly interested in modeling the magnetic
field structure and simulating the non-thermal radio emission, in-
cluding polarization, in oder to obtain an understanding of the basic
features one might expect to see in these systems. In the following,
in line with the standard assumptions on the magnetic field distri-
bution in pulsar winds, we assume F( ) = sin , unless otherwise
stated. Moreover we assume that the velocity field is independent
on the magnetic field strength. This is formally correct only as long
as the magnetic field energy is sub-equipartition.

Figure 3. Geometry of the magnetic field in the pulsar wind. The z�axis is
aligned to the pulsar speed vpsr with respect to the ISM (or equivalently the
ISM speed in the reference frame of the pulsar). ⌦ is the pulsar spin axis,
around which the pulsar wind magnetic field B is wound-up, which lays in
the x � z plane and is inclined ✓i with respect to the z� axis. � indicates
the inclination angle of the direction pointing toward the observer, which
is assumed to be perpendicular to the z�axis (the pulsar velocity is in the
plane of the sky).

5.1 Magnetic surfaces

In a steady state laminar flow, magnetic loops, coming from the
wind, will retain their coherence and trace, during their evolution,
the location of the magnetic surface to which they belong. A set
of nested magnetic surfaces will then arise as a consequence of the
flow. In Fig. 4 we show the shape of magnetic field surfaces, for
various inclinations of the pulsar spin axis. In the co-aligned case,
✓i = 0, the magnetic surfaces are axisymmetric, while for other in-
clinations, a magnetic chimney forms on the front side, with mag-
netic loops strongly stretched, and piled-up. It is evident that the
flow structure tends to concentrate the magnetic surfaces toward
the contact discontinuity. This e↵ect was already observed in ear-
lier axisymmetric simulations (Bucciantini, Amato & Del Zanna
2005). This will lead to the formation of a magnetopause, where
the magnetic field strength can rise above equipartition. Magne-
topauses are a common feature in magnetically confined flows, and
are sites of possible violent reconnection and dissipation (Mozer
et al. 1978; Galeev 1983; Alexeev & Kalegaev 1995). In the ax-
isymmetric case, the structure of the magnetic surfaces ensures that
there will be no polarity inversion close to the CD, suppressing
in principle reconnection events. On the contrary, in the magnetic
chimney that form for other values of ✓i, field lines of di↵erent po-
larity are brought close together, in principle creating the condi-
tions for fast reconnection and dissipation. It is then possible that
the magnetic chimney behaves as a highly dissipative structure. On
the other hand, the magnetic surfaces are quite open on the back
side, downstream of the Mach Disk, suggesting that low values of
the magnetic field might be characteristic of the inner flow channel.
Indeed the backward magnetic chimney shows no sign of stretching
or compression.
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EQ CS
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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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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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Tchekhovskoy, Spitkovsky & Li 2013; Tchekhovskoy, Philippov &
Spitkovsky 2016) show that the wind has likely a higher equatorial
energy flux. This has consequences on the shape of the TS, which
partly reflects the energy flux of the wind (Del Zanna, Amato &
Bucciantini 2004), and on the post shock flow, creating flow chan-
nels that can trigger the developement of turbulence and a↵ect the
overall variability of the system (Camus et al. 2009).

4 MAGNETIC FIELD INJECTION

The use of a laminar steady-state flow field ensures that each point
of the BSPWN system can be associated one to one to an injec-
tion location. For the ISM the injection can be placed anywhere
in region D. For the pulsar material injection can be placed at any
radius in region A, where one can use standard predictions for the
structure and geometry of the magnetic field in pulsar winds. In par-
ticular we set our injection boundary for the pulsar magnetic field
on a sphere with radius Ro = 0.5do. We are interested in model-
ing the non-thermal emission from region B so we assume the ISM
material to be unmagnetized. In general the pulsar spin axis will
be inclined by and angle ✓i with respect to the z�axis, as shown
in Fig. 3. The magnetic field in the pulsar wind is assumed to be
purely toroidal, and symmetric with respect to the spin axis. In prin-
ciple the magnetic field strength will depend on the latitude  with
respect to the spin axis. Many existing numerical models for exam-
ple assume a sin-like dependence (Komissarov & Lyubarsky 2004;
Volpi et al. 2008a; Porth, Komissarov & Keppens 2014; Olmi et al.
2015, 2016), and possibly the presence of en equatorial unmagne-
tized region, to account for dissipation of a striped wind.

In a cartesian reference frame centered on the pulsar with the
x� axis chosen such that the pulsar spin axis lays on the x� z plane
(Fig. 3), the magnetic field Bo at a point Po = [xo, yo, zo] in the
wind will be given, in terms of cartesian components, by:

Bo /
F( )
roR
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xozo sin 2✓i.  represents the angular distance of a point from
the pulsar spin axis, cos = [xo cos ✓i + zo sin ✓i]/ro, and F( )
parametrizes the latitudinal dependence of the magnetic field
strength.

5 RESULTS

We present here the results of a serie of models done using various
inclinations of the pulsar spin axis ✓i and various orientation � of
the observer. We are mostly interested in modeling the magnetic
field structure and simulating the non-thermal radio emission, in-
cluding polarization, in oder to obtain an understanding of the basic
features one might expect to see in these systems. In the following,
in line with the standard assumptions on the magnetic field distri-
bution in pulsar winds, we assume F( ) = sin , unless otherwise
stated. Moreover we assume that the velocity field is independent
on the magnetic field strength. This is formally correct only as long
as the magnetic field energy is sub-equipartition.

Figure 3. Geometry of the magnetic field in the pulsar wind. The z�axis is
aligned to the pulsar speed vpsr with respect to the ISM (or equivalently the
ISM speed in the reference frame of the pulsar). ⌦ is the pulsar spin axis,
around which the pulsar wind magnetic field B is wound-up, which lays in
the x � z plane and is inclined ✓i with respect to the z� axis. � indicates
the inclination angle of the direction pointing toward the observer, which
is assumed to be perpendicular to the z�axis (the pulsar velocity is in the
plane of the sky).

5.1 Magnetic surfaces

In a steady state laminar flow, magnetic loops, coming from the
wind, will retain their coherence and trace, during their evolution,
the location of the magnetic surface to which they belong. A set
of nested magnetic surfaces will then arise as a consequence of the
flow. In Fig. 4 we show the shape of magnetic field surfaces, for
various inclinations of the pulsar spin axis. In the co-aligned case,
✓i = 0, the magnetic surfaces are axisymmetric, while for other in-
clinations, a magnetic chimney forms on the front side, with mag-
netic loops strongly stretched, and piled-up. It is evident that the
flow structure tends to concentrate the magnetic surfaces toward
the contact discontinuity. This e↵ect was already observed in ear-
lier axisymmetric simulations (Bucciantini, Amato & Del Zanna
2005). This will lead to the formation of a magnetopause, where
the magnetic field strength can rise above equipartition. Magne-
topauses are a common feature in magnetically confined flows, and
are sites of possible violent reconnection and dissipation (Mozer
et al. 1978; Galeev 1983; Alexeev & Kalegaev 1995). In the ax-
isymmetric case, the structure of the magnetic surfaces ensures that
there will be no polarity inversion close to the CD, suppressing
in principle reconnection events. On the contrary, in the magnetic
chimney that form for other values of ✓i, field lines of di↵erent po-
larity are brought close together, in principle creating the condi-
tions for fast reconnection and dissipation. It is then possible that
the magnetic chimney behaves as a highly dissipative structure. On
the other hand, the magnetic surfaces are quite open on the back
side, downstream of the Mach Disk, suggesting that low values of
the magnetic field might be characteristic of the inner flow channel.
Indeed the backward magnetic chimney shows no sign of stretching
or compression.
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Figure 4. Projection on the x � y plane of the 3D-position of particles (e±) injected in the wind with various Lorenz factors. From top to bottom � =
[0.5, 1, 3, 10] ⇥ 107. Left and right panels refers to particles with di↵erent signs color coded according to the range of the polar angle ✓ of injection (as in
previous Fig.2). The background image show 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.
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Figure 3. 3D maps of selected particles superimposed on the 3D structure of the magnetic field in the BSPWN. On the left we show a 2D cut in the y � z

plane, at x = 0 of the BSPWN colorcoded according to the strength of the magnetic field in code units. Blue-cyan regions locate the position of the pulsar and
equatorial currents. Over-imposed is the projection on the same plane of the position of particles injected in the polar regions ✓ = [0, 10]� and ✓ = [170, 180]�,
corresponding to the two PSR spin axis pointing respectively toward and away from the PSR kick velocity (along positive z). On the right we show a 3d
axonometric-projection of the BSPWN sliced along the y � z half-plane and x � z, again colorcoded according to the strength of the magnetic field in code
units, togheter with the 3D positions of particels injected in the equatorial region ✓ = [85, 95]�.

Even a factor two in the level of asymmetry could be important.
Moreover in the presence of a net current, the magnetic field can be
amplified much more e�ciently that for a neutral flow (??). This
means that i self confine is more e�cient. Our results also show
what could be a possible explanation for the X-ray morphology of
G327.1-1.1 (Temim et al. 2015). The SNR shell is known to be sub-
ject to strong turbulence and instability that can mix the magnetic
field and produce field line aligned in the radial direction ???, The
prongs could be the equivalent of the streams we see in our simula-
tions but now oriented along some of these radial field lines, while
the di↵use emission could be due to high energy particles. The fact
that in this system it is still possible to identity a bow-shock could
be due to lower energy particles that manage to remain confined in
the tail.

We plan in the future to extend this study considering a larger
set of configuration, includine cases where the magnetic field is
not orthogonal to the pulsar propert motion, that could potentially
lead to an even stronger level of asymmetry, or more turbulent con-
figuration, where the escape of particle might be di↵usive even at
high energies. More important, in the present study we assumed the
background MHD model to be time independent. This is marginally
reasonable for models where the flow tend to stay laminar, even if
the typical timescale for particle to escape are comparable or only
slinglty longer that the flow time in the shocked PPSR wind. One
would need to compute particle trajectories on a time dependent
model, which at this moment is not feasible with the code we have
been using (PLUTO (?)), and requires the development of new nu-
merical tools.

Finally we recall as discussed in ? that there are several other
possible sources of asymmetry in the escape of particles from BSP-
WNe, from wind anisotropy, to di↵erential acceleration at the ter-
mination shock. However our results show that even if isotropy is
assumed in the injection, asymmetric escape is a common outcome.
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Figure 3. 3D maps of selected particles superimposed on the 3D structure of the magnetic field in the BSPWN. On the left we show a 2D cut in the y � z

plane, at x = 0 of the BSPWN colorcoded according to the strength of the magnetic field in code units. Blue-cyan regions locate the position of the pulsar and
equatorial currents. Over-imposed is the projection on the same plane of the position of particles injected in the polar regions ✓ = [0, 10]� and ✓ = [170, 180]�,
corresponding to the two PSR spin axis pointing respectively toward and away from the PSR kick velocity (along positive z). On the right we show a 3d
axonometric-projection of the BSPWN sliced along the y � z half-plane and x � z, again colorcoded according to the strength of the magnetic field in code
units, togheter with the 3D positions of particels injected in the equatorial region ✓ = [85, 95]�.

Even a factor two in the level of asymmetry could be important.
Moreover in the presence of a net current, the magnetic field can be
amplified much more e�ciently that for a neutral flow (??). This
means that i self confine is more e�cient. Our results also show
what could be a possible explanation for the X-ray morphology of
G327.1-1.1 (Temim et al. 2015). The SNR shell is known to be sub-
ject to strong turbulence and instability that can mix the magnetic
field and produce field line aligned in the radial direction ???, The
prongs could be the equivalent of the streams we see in our simula-
tions but now oriented along some of these radial field lines, while
the di↵use emission could be due to high energy particles. The fact
that in this system it is still possible to identity a bow-shock could
be due to lower energy particles that manage to remain confined in
the tail.

We plan in the future to extend this study considering a larger
set of configuration, includine cases where the magnetic field is
not orthogonal to the pulsar propert motion, that could potentially
lead to an even stronger level of asymmetry, or more turbulent con-
figuration, where the escape of particle might be di↵usive even at
high energies. More important, in the present study we assumed the
background MHD model to be time independent. This is marginally
reasonable for models where the flow tend to stay laminar, even if
the typical timescale for particle to escape are comparable or only
slinglty longer that the flow time in the shocked PPSR wind. One
would need to compute particle trajectories on a time dependent
model, which at this moment is not feasible with the code we have
been using (PLUTO (?)), and requires the development of new nu-
merical tools.

Finally we recall as discussed in ? that there are several other
possible sources of asymmetry in the escape of particles from BSP-
WNe, from wind anisotropy, to di↵erential acceleration at the ter-
mination shock. However our results show that even if isotropy is
assumed in the injection, asymmetric escape is a common outcome.
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Figure 1. Selected sample of a few famous BSPWN: (a) the Mouse nebula
in radio (VLA); (b) Geminga in a combined X-ray image (Chandra-ACIS,
0.5-8 keV, 540 s); (c) the Guitar nebula and its mysterious misaligned out-
flow in a combined H↵ X-ray image (Chandra-ACIS, 0.5-8 keV, 195 ks)
taken from the Chandra archives.

& Gaensler 2005; Ng et al. 2010; Klingler et al. 2016a; Kargaltsev
et al. 2017).

In the case of pulsars moving in an ISM with neutral hy-
drogen 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 UV (Rangelov
et al. 2016) and IR (Wang et al. 2013). It is debatable if many
extended and morphologically complex TeV sources detected by
HESS in coincidence with pulsars, can be attributed to the BSPWN
class (Kargaltsev, Pavlov & Durant 2012), especially in those cases
where the PSR is strongly o↵setted from the center 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 identified 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:

• The Mouse nebula, first observed in a radio survey of the
Galactic center (Yusef-Zadeh & Bally 1987). It shows one of the
most extended radio tails ever observed (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 ⇠ 10 behind the pulsar.
It is also one of the few BSPWNe for which we have polarimetric
information, suggesting a magnetic field 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 ten fainter than the head,
with signs of di↵use 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 later expansion with respect to the radio structure.

• The PWN associated to 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.
• A peculiar case is that of the Guitar nebula, observed in H↵

(Cordes, Romani & Lundgren 1993; Dolch et al. 2016). Di↵er-
ent attempts to find an X-ray counterpart compatible with the re-
vealed H↵ morphology have failed, while high resolution obser-
vations made with Chandra revealed on the contrary a misaligned
X-ray outflow, 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” configuration, with an evident broadening with distance
from the pulsar, possibly the evidence of the mass loading of neu-
trals from the ambient matter (Morlino, Lyutikov & Vorster 2015;
Olmi, Bucciantini & Morlino 2018). Recently a similar X-ray fea-
ture has been also seen in the Lighthouse Nebula (Pavan et al. 2014;
Marelli et al. 2019).

Recent observations have also revealed extended TeV halos
surrounding some BSPWNe (Abeysekara 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 2017).

The firsts numerical models of BSPWNe dated from the past
decade (Bucciantini 2002; van der Swaluw et al. 2003; Bucciantini,
Amato & Del Zanna 2005a; 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 field or anisotropy in either the wind
or the ISM. However only recently results from the first 3D sim-
ulations of BSPWNe in the fully relativistic MHD regime were
presented by Barkov, Lyutikov & Khangulyan (2019), where the
authors investigate the morphology resulting from a few di↵erent
assumptions for the magnetic field geometry and properties of the
ambient medium. At the same time in Olmi & Bucciantini (2019),
Paper I hereafter, we presented a large set of 3D relativistic MHD
simulations performed with adaptive mesh refinement (AMR) to
improve the numerical resolution at the bow shock head, in an at-
temp to sample as much as possible the parameter space character-
istic of these systems. Di↵erent models for the pulsar wind were
taken into account, implementing both isotropic and anisotropic
distribution of the energy flux, with diverse values of the initial
magnetization, and defining 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 analyzed the e↵ects 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 obser-
vational signatures. In particular we will try to assess the role of tur-
bulence in the emission properties, the possible way to distinguish
laminar versus turbulent flows, and how to use this information to
guess the geometry of the system. Recently a simplified emission
model for purely laminar flows has been presented by Bucciantini
(2018a), also used to evaluate the possible escape of high energy
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their injection angle ✓ as in Fig. 4
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Figure 3. 3D maps of selected particles superimposed on the 3D structure of the magnetic field in the BSPWN. On the left we show a 2D cut in the y � z

plane, at x = 0 of the BSPWN colorcoded according to the strength of the magnetic field in code units. Blue-cyan regions locate the position of the pulsar and
equatorial currents. Over-imposed is the projection on the same plane of the position of particles injected in the polar regions ✓ = [0, 10]� and ✓ = [170, 180]�,
corresponding to the two PSR spin axis pointing respectively toward and away from the PSR kick velocity (along positive z). On the right we show a 3d
axonometric-projection of the BSPWN sliced along the y � z half-plane and x � z, again colorcoded according to the strength of the magnetic field in code
units, togheter with the 3D positions of particels injected in the equatorial region ✓ = [85, 95]�.

Even a factor two in the level of asymmetry could be important.
Moreover in the presence of a net current, the magnetic field can be
amplified much more e�ciently that for a neutral flow (??). This
means that i self confine is more e�cient. Our results also show
what could be a possible explanation for the X-ray morphology of
G327.1-1.1 (Temim et al. 2015). The SNR shell is known to be sub-
ject to strong turbulence and instability that can mix the magnetic
field and produce field line aligned in the radial direction ???, The
prongs could be the equivalent of the streams we see in our simula-
tions but now oriented along some of these radial field lines, while
the di↵use emission could be due to high energy particles. The fact
that in this system it is still possible to identity a bow-shock could
be due to lower energy particles that manage to remain confined in
the tail.

We plan in the future to extend this study considering a larger
set of configuration, includine cases where the magnetic field is
not orthogonal to the pulsar propert motion, that could potentially
lead to an even stronger level of asymmetry, or more turbulent con-
figuration, where the escape of particle might be di↵usive even at
high energies. More important, in the present study we assumed the
background MHD model to be time independent. This is marginally
reasonable for models where the flow tend to stay laminar, even if
the typical timescale for particle to escape are comparable or only
slinglty longer that the flow time in the shocked PPSR wind. One
would need to compute particle trajectories on a time dependent
model, which at this moment is not feasible with the code we have
been using (PLUTO (?)), and requires the development of new nu-
merical tools.

Finally we recall as discussed in ? that there are several other
possible sources of asymmetry in the escape of particles from BSP-
WNe, from wind anisotropy, to di↵erential acceleration at the ter-
mination shock. However our results show that even if isotropy is
assumed in the injection, asymmetric escape is a common outcome.
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Figure 1. Selected sample of a few famous BSPWN: (a) the Mouse nebula
in radio (VLA); (b) Geminga in a combined X-ray image (Chandra-ACIS,
0.5-8 keV, 540 s); (c) the Guitar nebula and its mysterious misaligned out-
flow in a combined H↵ X-ray image (Chandra-ACIS, 0.5-8 keV, 195 ks)
taken from the Chandra archives.

& Gaensler 2005; Ng et al. 2010; Klingler et al. 2016a; Kargaltsev
et al. 2017).

In the case of pulsars moving in an ISM with neutral hy-
drogen 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 UV (Rangelov
et al. 2016) and IR (Wang et al. 2013). It is debatable if many
extended and morphologically complex TeV sources detected by
HESS in coincidence with pulsars, can be attributed to the BSPWN
class (Kargaltsev, Pavlov & Durant 2012), especially in those cases
where the PSR is strongly o↵setted from the center 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 identified 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:

• The Mouse nebula, first observed in a radio survey of the
Galactic center (Yusef-Zadeh & Bally 1987). It shows one of the
most extended radio tails ever observed (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 ⇠ 10 behind the pulsar.
It is also one of the few BSPWNe for which we have polarimetric
information, suggesting a magnetic field 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 ten fainter than the head,
with signs of di↵use 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 later expansion with respect to the radio structure.

• The PWN associated to 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.
• A peculiar case is that of the Guitar nebula, observed in H↵

(Cordes, Romani & Lundgren 1993; Dolch et al. 2016). Di↵er-
ent attempts to find an X-ray counterpart compatible with the re-
vealed H↵ morphology have failed, while high resolution obser-
vations made with Chandra revealed on the contrary a misaligned
X-ray outflow, 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” configuration, with an evident broadening with distance
from the pulsar, possibly the evidence of the mass loading of neu-
trals from the ambient matter (Morlino, Lyutikov & Vorster 2015;
Olmi, Bucciantini & Morlino 2018). Recently a similar X-ray fea-
ture has been also seen in the Lighthouse Nebula (Pavan et al. 2014;
Marelli et al. 2019).

Recent observations have also revealed extended TeV halos
surrounding some BSPWNe (Abeysekara 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 2017).

The firsts numerical models of BSPWNe dated from the past
decade (Bucciantini 2002; van der Swaluw et al. 2003; Bucciantini,
Amato & Del Zanna 2005a; 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 field or anisotropy in either the wind
or the ISM. However only recently results from the first 3D sim-
ulations of BSPWNe in the fully relativistic MHD regime were
presented by Barkov, Lyutikov & Khangulyan (2019), where the
authors investigate the morphology resulting from a few di↵erent
assumptions for the magnetic field geometry and properties of the
ambient medium. At the same time in Olmi & Bucciantini (2019),
Paper I hereafter, we presented a large set of 3D relativistic MHD
simulations performed with adaptive mesh refinement (AMR) to
improve the numerical resolution at the bow shock head, in an at-
temp to sample as much as possible the parameter space character-
istic of these systems. Di↵erent models for the pulsar wind were
taken into account, implementing both isotropic and anisotropic
distribution of the energy flux, with diverse values of the initial
magnetization, and defining 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 analyzed the e↵ects 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 obser-
vational signatures. In particular we will try to assess the role of tur-
bulence in the emission properties, the possible way to distinguish
laminar versus turbulent flows, and how to use this information to
guess the geometry of the system. Recently a simplified emission
model for purely laminar flows has been presented by Bucciantini
(2018a), also used to evaluate the possible escape of high energy
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Figure 3. 3D maps of selected particles superimposed on the 3D structure of the magnetic field in the BSPWN. On the left we show a 2D cut in the y � z

plane, at x = 0 of the BSPWN colorcoded according to the strength of the magnetic field in code units. Blue-cyan regions locate the position of the pulsar and
equatorial currents. Over-imposed is the projection on the same plane of the position of particles injected in the polar regions ✓ = [0, 10]� and ✓ = [170, 180]�,
corresponding to the two PSR spin axis pointing respectively toward and away from the PSR kick velocity (along positive z). On the right we show a 3d
axonometric-projection of the BSPWN sliced along the y � z half-plane and x � z, again colorcoded according to the strength of the magnetic field in code
units, togheter with the 3D positions of particels injected in the equatorial region ✓ = [85, 95]�.

Even a factor two in the level of asymmetry could be important.
Moreover in the presence of a net current, the magnetic field can be
amplified much more e�ciently that for a neutral flow (??). This
means that i self confine is more e�cient. Our results also show
what could be a possible explanation for the X-ray morphology of
G327.1-1.1 (Temim et al. 2015). The SNR shell is known to be sub-
ject to strong turbulence and instability that can mix the magnetic
field and produce field line aligned in the radial direction ???, The
prongs could be the equivalent of the streams we see in our simula-
tions but now oriented along some of these radial field lines, while
the di↵use emission could be due to high energy particles. The fact
that in this system it is still possible to identity a bow-shock could
be due to lower energy particles that manage to remain confined in
the tail.

We plan in the future to extend this study considering a larger
set of configuration, includine cases where the magnetic field is
not orthogonal to the pulsar propert motion, that could potentially
lead to an even stronger level of asymmetry, or more turbulent con-
figuration, where the escape of particle might be di↵usive even at
high energies. More important, in the present study we assumed the
background MHD model to be time independent. This is marginally
reasonable for models where the flow tend to stay laminar, even if
the typical timescale for particle to escape are comparable or only
slinglty longer that the flow time in the shocked PPSR wind. One
would need to compute particle trajectories on a time dependent
model, which at this moment is not feasible with the code we have
been using (PLUTO (?)), and requires the development of new nu-
merical tools.

Finally we recall as discussed in ? that there are several other
possible sources of asymmetry in the escape of particles from BSP-
WNe, from wind anisotropy, to di↵erential acceleration at the ter-
mination shock. However our results show that even if isotropy is
assumed in the injection, asymmetric escape is a common outcome.
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Figure 1. Selected sample of a few famous BSPWN: (a) the Mouse nebula
in radio (VLA); (b) Geminga in a combined X-ray image (Chandra-ACIS,
0.5-8 keV, 540 s); (c) the Guitar nebula and its mysterious misaligned out-
flow in a combined H↵ X-ray image (Chandra-ACIS, 0.5-8 keV, 195 ks)
taken from the Chandra archives.

& Gaensler 2005; Ng et al. 2010; Klingler et al. 2016a; Kargaltsev
et al. 2017).

In the case of pulsars moving in an ISM with neutral hy-
drogen 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 UV (Rangelov
et al. 2016) and IR (Wang et al. 2013). It is debatable if many
extended and morphologically complex TeV sources detected by
HESS in coincidence with pulsars, can be attributed to the BSPWN
class (Kargaltsev, Pavlov & Durant 2012), especially in those cases
where the PSR is strongly o↵setted from the center 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 identified 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:

• The Mouse nebula, first observed in a radio survey of the
Galactic center (Yusef-Zadeh & Bally 1987). It shows one of the
most extended radio tails ever observed (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 ⇠ 10 behind the pulsar.
It is also one of the few BSPWNe for which we have polarimetric
information, suggesting a magnetic field 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 ten fainter than the head,
with signs of di↵use 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 later expansion with respect to the radio structure.

• The PWN associated to 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.
• A peculiar case is that of the Guitar nebula, observed in H↵

(Cordes, Romani & Lundgren 1993; Dolch et al. 2016). Di↵er-
ent attempts to find an X-ray counterpart compatible with the re-
vealed H↵ morphology have failed, while high resolution obser-
vations made with Chandra revealed on the contrary a misaligned
X-ray outflow, 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” configuration, with an evident broadening with distance
from the pulsar, possibly the evidence of the mass loading of neu-
trals from the ambient matter (Morlino, Lyutikov & Vorster 2015;
Olmi, Bucciantini & Morlino 2018). Recently a similar X-ray fea-
ture has been also seen in the Lighthouse Nebula (Pavan et al. 2014;
Marelli et al. 2019).

Recent observations have also revealed extended TeV halos
surrounding some BSPWNe (Abeysekara 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 2017).

The firsts numerical models of BSPWNe dated from the past
decade (Bucciantini 2002; van der Swaluw et al. 2003; Bucciantini,
Amato & Del Zanna 2005a; 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 field or anisotropy in either the wind
or the ISM. However only recently results from the first 3D sim-
ulations of BSPWNe in the fully relativistic MHD regime were
presented by Barkov, Lyutikov & Khangulyan (2019), where the
authors investigate the morphology resulting from a few di↵erent
assumptions for the magnetic field geometry and properties of the
ambient medium. At the same time in Olmi & Bucciantini (2019),
Paper I hereafter, we presented a large set of 3D relativistic MHD
simulations performed with adaptive mesh refinement (AMR) to
improve the numerical resolution at the bow shock head, in an at-
temp to sample as much as possible the parameter space character-
istic of these systems. Di↵erent models for the pulsar wind were
taken into account, implementing both isotropic and anisotropic
distribution of the energy flux, with diverse values of the initial
magnetization, and defining 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 analyzed the e↵ects 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 obser-
vational signatures. In particular we will try to assess the role of tur-
bulence in the emission properties, the possible way to distinguish
laminar versus turbulent flows, and how to use this information to
guess the geometry of the system. Recently a simplified emission
model for purely laminar flows has been presented by Bucciantini
(2018a), also used to evaluate the possible escape of high energy
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The brightness profile along the symmetry axis is shown
in Figure 4. This demonstrates that to the east of the brightest
emission, the vertically averaged count rate decreases very rap-
idly, dropping by a factor of 100 in just 3B5. Figure 3a shows
that this sharp falloff in brightness forms a clear parabolic
arc around the eastern edge of the source. Along the symmetry
axis of this source, we estimate the separation between the peak
emission and this sharp leading edge by rebinning the data
using 0B12 ; 0B12 pixels and in the resulting image determin-
ing the distance east of the peak by which the X-ray surface
brightness falls by e!2 ¼ 0:14. Using this criterion, we find the
separation between peak and edge to be 1B0 # 0B2.

Farther east of this sharp cutoff in brightness, the X-ray
emission is much fainter but is still significantly above the
background out to an extent 700–800 east of the peak. Figure 3a
shows that this faint emission surrounds the eastern perimeter
of the source; this component can also be seen at lower reso-
lution in Figure 2. Below we refer to this region of low surface
brightness as the ‘‘halo.’’

To the west of the peak, the source is considerably more
elongated. Figure 4 suggests that there are three regimes to the
brightness profile: out to 4B5 west of the peak, a relatively sharp
falloff (although not as fast as to the east) is seen, over which
the mean surface brightness decreases by a factor of 10. Con-
sideration of Figure 3a shows that this corresponds to a discrete
bright core surrounding the peak emission, with approximate
dimensions 500 ; 600. We refer to this region as the ‘‘head.’’

In the interval between 500 and 1000 west of the peak, the
brightness falls off more slowly with position, fading by a fac-
tor of $2 from east to west. Examination of Figure 3a shows

this region to be coincident with an elongated region sitting
west of the head, with a well-defined boundary. Assuming this
region to be an ellipse and that part of this ellipse lies under-
neath the head, the dimensions of this region are approximately
1200 ; 500. We refer to this region below as the ‘‘tongue.’’

The western edge of the tongue is marked by another drop
in brightness by a factor of 2–3. Beyond this, the mean count
rate falls off still more slowly, showing no sharp edge but
rather eventually blending into the background k4500 west of
the peak. Figure 3a shows that this region corresponds to an
even more elongated, even fainter region trailing out behind
the head and the tongue. We refer to this region as the ‘‘tail.’’
The tail has a relatively uniform width in the north-south di-
rection of$1200, as shown by an X-ray brightness profile across
the tail, indicated by the solid line in Figure 5. The tail shows
no significant broadening or narrowing at any position.

3.2. Comparison with Radio ImagginggData

In Figure 3b we show a high-resolution radio image of
G359.23!0.82 made from archival 4.8 GHz observations with
the Very Large Array (VLA). This image has the same coordi-
nates as the X-ray image in Figure 3a (similar data were first
presented by Yusef-Zadeh & Bally 1989; an even higher res-
olution image is presented in Fig. 2 of Camilo et al. 2002). The
radio image shares the clear axisymmetry and cometary mor-
phology of the X-ray data. The head region that we have iden-
tified in X-rays is clearly seen also in the radio image, in both
cases showing a sudden drop-off in emission to the east of the
peak, with a slight elongation toward the west. The radio image
shows a possible counterpart of the X-ray tongue in that it also
shows a distinct, elongated, bright feature immediately to the
west of the head. However, this region is less elongated and
somewhat broader than that seen in X-rays. In the radio, the tail
region appears to have two components, as indicated by the two
contour levels drawn in Figure 3b and by the dashed line in
Figure 5. Close to the symmetry axis, the radio tail has a bright
component that has almost an identical morphology to the X-ray
tail. Far from the axis, the radio tail is fainter and broadens

Fig. 3.—X-ray and radio images of the Mouse. (a) Chandra image of
the Mouse in the energy range 0.5–8.0 keV. The brightness scale is loga-
rithmic, ranging between 0 and 100 counts, as shown by the scale bar to the
right of the image. Various features discussed in the text are indicated. This
image has not been exposure corrected. (b) VLA image of the Mouse at a fre-
quency of 4.8 GHz. The brightness scale is linear, ranging between !0.2 and
6.0 mJy beam!1, as shown by the scale bar to the right of the image. The
contours are at levels of 0.9 and 1.8 mJy beam!1, chosen to highlight the two
different components seen in the radio tail. This image is made from VLA
observations in the BnA and CnB arrays, carried out on 1987 November 7 and
1988 February 25, respectively, with a resulting spatial resolution of 1B6 ; 1B7.

Fig. 4.—The 0.5–8.0 keV brightness profile of G359.23!0.82 in the east-
west direction (negative offsets are to the east). The solid line and data points
represent the X-ray surface brightness of G359.23!0.82 as a function of offset
from the peak, averaged over a column of nine 0B492 ; 0B492 pixels bisected
by the symmetry axis of the source. The dashed line indicates the brightness of
the background, determined by averaging a column of 121 pixels immediately
to the north and south of G359.23!0.82. The dot-dashed line divides the
logarithmic scale in the top panel from the linear scale in the bottom panel.
Various features discussed in the text are indicated.
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rather deep into the medium, far outside the bow shock
boundary, reaching parsec-scale lengths in some instances.

These so-called “misaligned outflows” are sometimes in-
terpreted as jets. However, they cannot be jets in the sense
of a confined hydrodynamic flow, as any such flow cannot
propagate much beyond the stand-o↵ distance (1). Also, in
two of the known cases, J1509–5850 and B0355+54, both
pulsar jets and counter-jets have been resolved and are con-
fined within the bow shock, thus ruling out this explanation.
To stress this di↵erence, in this paper we will refer to these
misaligned outflows as “kinetic jets”. As we demonstrate in
this study, these features can be produced by the kinetic
streaming of high-energy non-thermal (NT) particles that
escape the shocked pulsar wind near the head of the bow
shock nebula, a scenario proposed by Bandiera (2008) to
explain the linear feature observed in the Guitar Nebula.

Importantly, in nearly all cases, these extended features
show a remarkable asymmetry with respect to the PWN
axis, displaying emission much more extended in one direc-
tion than in the other – sometimes interpreted as a “counter-
jet” (see, e.g., Pavan et al. 2014, 2016). Furthermore, these
“double-jet” features can display significantly di↵ering sur-
face brightnesses, often attributed to the Doppler boosting
of synchrotron emission from these collimated outflows in
opposite directions. However, the spectral properties of these
jet-like features are di�cult to explain in a ballistic jet sce-
nario for some systems (Pavan et al. 2016; Johnson & Wang
2010), for which alternative mechanisms (e.g. particle re-
acceleration along the jets) may be invoked.

Bandiera (2008) proposed a scenario in which the long
jet-like X-ray feature observed in Guitar Nebula arises due
to the leakage of high energy electrons accelerated at the
bow shock region. When the gyroradii of high energy parti-
cles exceeds the bow shock stand-o↵ distance, they can no
longer be contained within the bow shock and escape, cross-
ing the contact discontinuity and gyrating along the ISM
magnetic field. This scenario explains the apparent linear
morphology and seemingly-random o↵set from the pulsar
velocity of these features (which trace the ISM field lines)
as well as their relatively large sizes.

In this paper we further develop this model and con-
firm the properties of extended jet-like features expected in
that scenario through dedicated 3D numerical simulations of
“kinetic jets” emanating from fast-moving pulsars, assum-
ing a range of conditions for the system and surrounding
ISM properties. The setup of these numerical simulations is
outlined in Sect. 3.2, and the obtained results are reported
in Sect. 4, where it is shown that ISM magnetic field lines
reconnect with pulsar wind magnetic field lines, leading to
an asymmetrical configuration for NT particle escape. The
applications of our simulations to some fast-moving PWNe
displaying extended X-ray jet-like features are discussed in
Sect. 5. The final conclusions of this study are summarized
in Sect. 7.

2 KINETIC JETS IN BOW SHOCK PWN

2.1 Overall properties

About 30 runaway pulsars moving through the interstellar
medium at supersonic velocities have been identified so far,

Figure 1. Chandra images showing the extended emission fea-

tures in the Lighthouse PWN powered by PSR J1101–6101 (Pa-

van et al. 2016), on large and small (inset) scales.

based on observational properties obtained either in optical
(e.g., through the detection of H↵ emission lines produced
around their bow-shocks) or via the synchrotron emission
seen in radio and/or X-rays (see, e.g., Kargaltsev et al. 2017
for a review).

In the four previously-reported instances of kinetic jets
mentioned above, the pulsars move at velocities ranging
from about v = 61 km s�1 (µ = 12.3 ± 0.4 mas yr�1 for
B0355+54, Chatterjee et al. 2004) up to vPSR & 1000 km s�1

(the highest known pulsar velocities), inferred from the mea-
surements of (or an upper limits on) rs for PSR J1101–6101
(see Eq. 1), and inferred from proper motion measurements
for B2224+65 (µ = 182 ± 3 mas yr�1, though the distance
is not reliably known; Chatterjee & Cordes 2004). As typ-
ical ISM sound speeds range from cISM ⇠ 1 km s�1 (the
“cold” phase) to a few times 10 km s�1 (the “warm” phase;
see Cox 2005), these SPWNe are highly supersonic, as is
also shown by their morphologies. The pulsar characteristic
ages span from about 105 yr, considered “middle-aged” for
PWNe, to 106 yr for B2224+65, which is the oldest pulsar
known with an X-ray PWN1. Their spin-down powers range
from Ė = 1.3 ⇥ 1036 erg s�1 (PSR J1101–6101), typical of
young to middle-aged energetic pulsars, to Ė = 1.2⇥1033 erg
s�1 (PSR B2224+65), the least-energetic pulsar with an X-
ray nebula. Total X-ray luminosities for these sources lie
between LX ⇠ 1030 erg s�1 to 1033 erg s�1 (see Kargaltsev
& Pavlov 2008 and references therein). Compared to the
larger population of X-ray PWNe, the Guitar is an outlier
both in its low spin-down power, old age, and extremely high
velocity.

Kinetic jets from SPWN can show lengths from a few
to more than 10 pc (e.g., in the Lighthouse Nebula), and
display an orientation with respect to the pulsar proper mo-
tion (misalignement) in the range of ⇠ 33� (e.g., in J1509-
5850; Klingler et al. 2016), to ⇠ 118� (in the Guitar Neb-
ula; Hui et al. 2012). The outflows are remarkably narrow,
with width-to-length ratios of ⇠ 0.15 to 0.20, and can have
counter-jets extending along the same direction symmetri-

1
Note that in the Guitar Nebula, only an H↵ bow shock and

the kinetic jet are present; no synchrotron tail is seen, unlike the

other instances.
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