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GALACTIC ACCELERATORS. THE ONLY PLACE WHERE WE 
CAN STUDY THE PROPERTIES OF RELATIVISTIC SHOCKS (AS 

IN GRBS AND AGNS)

ORIGINATED BY THE INTERACTION OF THE ULTRA-
RELATIVISTIC MAGNETISED PULSAR WIND WITH THE 

EXPANDING SNR  (OR WITH THE ISM)

PWNE ARE HOT BUBBLES  OF RELATIVISTIC PARTICLES 
AND MAGNETIC FIELD EMITTING NON-THERMAL 

RADIATION.   
PWN

SNR PULSAR
NATURAL LEPTONIC PEVATRONS, MOST EFFICIENT 

ANTIMATTER FACTORIES IN THE UNIVERSE

PWNE
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DEATH OF A MASSIVE STAR - THE BIRTH OF PULSAR

STARS MORE MASSIVE THAN 8 MSUN END THEIR 
LIFE IN SUPERNOVA EXPLOSION

STARS LESS MASSIVE THAN 25-30 MSUN LEAVE 
BEHIND A COMPACT STELLAR REMNANT IN THE 

FORM OF A NEUTRON STAR

THE COMBINATION OF STRONG MAGNETIC FIELD (1012G) AND RAPID 
ROTATION (P=0.001-1S) CREATES STRONG ELECTRIC FIELD AT THE 

SURFACE EXTRACTING PAIRS AND PRODUCING PAIR CASCADES.

OBSERVED AS PULSARS
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CRAB SYNCHROTRON SPECTRUM

78 INTERACTION WITH THE ENVIRONMENT

broadband non-thermal spectrum, extending from radio to X-ray and TeV energies, and a high degree of linear
polarization. The Radio spectrum is well fitted by a power-law, and the same holds for the X-ray part, which
however has a much steeped spectrum. ANRV352-AA46-05 ARI 15 July 2008 10:36
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Figure 2
The integrated
spectrum of the Crab
synchrotron nebula,
from Atoyan &
Aharonian (1996),
assembled from
sources cited in that
paper. The electron
energies shown
correspond to peak
synchrotron emission
assuming a magnetic
field of 300 µG. Most
of the emission from
the Crab is emitted
between the optical
and X-ray bands. The
highest energy �-rays
are due to inverse
Compton radiation.

pulsar (∼1.8×1049ergs) still resident within the synchrotron nebula. Averaged over the volume of
the synchrotron nebula, this energy density corresponds to a pressure of ∼7.2 × 10−9 dyne cm−2,
very close to the canonical value assuming equipartition and B ∼ 300 µG (Trimble 1968).

The overall spectrum of the Crab Nebula peaks in the range between 1014–1018 Hz in the
optical through the X-ray part of the spectrum (see Figure 2, from Atoyan & Aharonian 1996).
Assuming a magnetic field of 300µG, this radiation is associated with emission from electrons with
energies between a few hundred GeV and a few tens of TeV. The very highest energy emission
from the Crab above frequencies of ∼1023 Hz is thought to be due to inverse Compton radiation
(Atoyan & Aharonian 1996). The bump around 1013 Hz in the far infrared part of the spectrum is
the result of thermal emission from dust in the nebula. This dust, which condensed from material
ejected in the explosion, is heated to a temperature of about 80 K (Marsden et al. 1984).

Figure 3 shows a color composite image of the Crab synchrotron nebula. An X-ray image
of the Crab obtained with Chandra is shown in blue. An optical continuum image is shown in
green. Red shows a radio image of the Crab obtained with the VLA. The first thing that is
immediately apparent in these images is the difference in spatial extent of the Crab synchrotron
nebula when viewed at different wavelengths. The nebula is smallest in size when viewed at
high energies, and grows progressively larger when viewed at lower energies. This basic trend is
relatively easy to understand. High-energy particles injected into the nebula at the wind shock
experience both synchrotron burn off and energy loss owing to adiabatic expansion as they move
outward through the nebula. Even so, faint X rays are still seen close to the boundary of the nebula
(Hester et al. 1995; Seward, Tucker & Fesen 2006), indicating that the real situation is more
complex.

The synchrotron nebula shows a wealth of fine-scale structure that can be extraordinarily
dynamic, varying appreciably on timescales of days. The standard nomenclature for these features
comes from Scargle (1969), who identified a number of arcuate features or wisps located along and
generally perpendicular to a line going from the SE to the NW through the pulsar. (By convention,
features in the Crab synchrotron nebula are referred to as wisps, while the term filament is reserved
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Figure 5.1: Left panel: images of the Crab Nebula in different bands. In optical the green filaments are a thermal
lime emission, while the light blue is non-thermal synchrotron. Right panel: spectrum of the Crab Nebula from
Radio to MeV.

These characteristics are common to the class of PWNe: a flat spectral index in the radio band, ⇠ 0 � 0.3 which
steepens in the X-ray to 2.3� 3.3; a highly linearly polarized flux; an increasing brightness towards the center.

Interestingly the typical X-ray luminosity of the Crab Nebula is about 10% of the spin-down luminosity of the
pulsar, suggesting that it is indeed the pulsar itself to power the continuous emission from these objects.

Several PWNe are known today in different stages of evolution. They have also been found around older pulsars
whose supernova remnants have disappeared, including millisecond radio pulsars. There are also systems where
the pulsar, due to teh kick velocity received at birth, has emerged from the SNR and is interacting direcly with the
ISM, giving rise to cometary shaped nebulae.

5.1.2 PWNe Models

As we saw in Chapter 3 and Sec. 3.8 the pulsar wind is highly relativistic, while the typical expansion speeds of
SNRs, are of the order of a few thousands km s�1. Even if a PSR was to trasfer all of its rotational energy to the

 Low energy break
 High energy break

 MeV cutoff

 Injection break   Synchr. cooling  Acceler. cutoff

The most efficient non-thermal accelerator.

Hester 2008
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Universe 2021, 7, 448 5 of 24

achievable by galactic accelerators, based on measurements of the cosmic ray spectrum
at the Earth (see e.g., [53] for a recent review). Before discussing the most impressive
surprises that came from gamma-rays and how they have impacted our understanding
of the Crab nebula, we briefly review the physical picture of the nebular dynamics and
emission properties that has been built through time, thanks to constant improvements in
the quality of observations, theories, and numerical modeling.

Figure 1. Focus on the gamma-ray spectrum of the Crab nebula. Data from different instruments are
shown with diverse symbols/colors—namely, green rectangles for HEGRA data [54], blue squares for
HESS data [55], pink circles for Fermi-LAT ones [56], red diamonds for MAGIC data [57,58], orange
stars for HAWC [59], brown triangles for Tibet AS-g [60], and violet ones for LHAASO data [61].
Figure courtesy of Michele Fiori.

3.1. Modeling the Nebular Plasma

The Crab nebula is the PWN for which most models were developed and over which
most of our understanding of the entire class is based. As we mentioned in Section 1
most of the rotational energy lost by the pulsar goes into accelerating a relativistic outflow,
mostly made of pairs (though the presence of ions is not excluded, as we will discuss later)
and a toroidal magnetic field. The outflow starts out cold (low emissivity, as highlighted by
the presence of an underluminous region surrounding the pulsar [1]) and highly relativistic,
until it reaches the termination shock (TS). Since the outflow is electromagnetically driven,
it must start out as highly magnetized at RLC: the ratio between Poynting flux and particle
kinetic energy, s, is thought to be s(RLC) ⇡ 104 [62,63]. In contrast, the magnetization
must be much lower at the TS, in order for the flow to be effectively slowed down. Initial es-
timates of s at the TS, based on steady-state 1D magnetohydrodynamics (MHD) modeling,
would give s(RTS) ⇡ 10�3, equal to the ratio between the nebular expansion velocity and
the speed of light. This estimate has later been revised towards larger values of s in light
of 3D MHD numerical modeling, as we discuss below, but the general consensus is still
that s(RTS) cannot be much larger than unity. How the conversion of the flow energy from
magnetic to kinetic occurs, between RLC and RTS, is still a matter of debate—the so-called
s-problem—and some of the suggested mechanisms could show radiative signatures in
the gamma-ray band (e.g., [26]), while keeping dark in other wavebands. In fact, at least
at low latitudes around the pulsar rotational equator, a plausible mechanism for energy
conversion in the wind is offered by the existence of a magnetically striped region [64].
In an angular sector, whose extent depends on the inclination between the pulsar spin
and magnetic axes, qi, a current sheet develops between toroidal field lines of alternating
polarity [37]: this is an ideal place for magnetic reconnection to occur and transfer energy

IC GAMMA SPECTRUM

CRAB ONLY SYSTEM SSC DOMINATED

OTHER PWNE ARE NIR/FIR DOMINATED

TREND SET BY RADIO-OPT 
PARTICLES


X-RAY PARTICLES IN KN
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achievable by galactic accelerators, based on measurements of the cosmic ray spectrum
at the Earth (see e.g., [53] for a recent review). Before discussing the most impressive
surprises that came from gamma-rays and how they have impacted our understanding
of the Crab nebula, we briefly review the physical picture of the nebular dynamics and
emission properties that has been built through time, thanks to constant improvements in
the quality of observations, theories, and numerical modeling.

Figure 1. Focus on the gamma-ray spectrum of the Crab nebula. Data from different instruments are
shown with diverse symbols/colors—namely, green rectangles for HEGRA data [54], blue squares for
HESS data [55], pink circles for Fermi-LAT ones [56], red diamonds for MAGIC data [57,58], orange
stars for HAWC [59], brown triangles for Tibet AS-g [60], and violet ones for LHAASO data [61].
Figure courtesy of Michele Fiori.

3.1. Modeling the Nebular Plasma

The Crab nebula is the PWN for which most models were developed and over which
most of our understanding of the entire class is based. As we mentioned in Section 1
most of the rotational energy lost by the pulsar goes into accelerating a relativistic outflow,
mostly made of pairs (though the presence of ions is not excluded, as we will discuss later)
and a toroidal magnetic field. The outflow starts out cold (low emissivity, as highlighted by
the presence of an underluminous region surrounding the pulsar [1]) and highly relativistic,
until it reaches the termination shock (TS). Since the outflow is electromagnetically driven,
it must start out as highly magnetized at RLC: the ratio between Poynting flux and particle
kinetic energy, s, is thought to be s(RLC) ⇡ 104 [62,63]. In contrast, the magnetization
must be much lower at the TS, in order for the flow to be effectively slowed down. Initial es-
timates of s at the TS, based on steady-state 1D magnetohydrodynamics (MHD) modeling,
would give s(RTS) ⇡ 10�3, equal to the ratio between the nebular expansion velocity and
the speed of light. This estimate has later been revised towards larger values of s in light
of 3D MHD numerical modeling, as we discuss below, but the general consensus is still
that s(RTS) cannot be much larger than unity. How the conversion of the flow energy from
magnetic to kinetic occurs, between RLC and RTS, is still a matter of debate—the so-called
s-problem—and some of the suggested mechanisms could show radiative signatures in
the gamma-ray band (e.g., [26]), while keeping dark in other wavebands. In fact, at least
at low latitudes around the pulsar rotational equator, a plausible mechanism for energy
conversion in the wind is offered by the existence of a magnetically striped region [64].
In an angular sector, whose extent depends on the inclination between the pulsar spin
and magnetic axes, qi, a current sheet develops between toroidal field lines of alternating
polarity [37]: this is an ideal place for magnetic reconnection to occur and transfer energy
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RELATIVISTIC MHD MODELS
THE WIND ANISOTROPY SHAPES THE TS STRUCTURE. 

DOWNSTREAM FLOW  - EQUATORIAL COLLIMATION DUE TO 
THE TS SHAPE:


A: ULTRARELATIVISTIC PULSAR WIND

B: SUBSONIC EQUATORIAL OUTFLOW

C: SUPERSONIC EQUATORIAL FUNNEL

D: SUPER-FASTMAGNETOSONIC FLOW


A: TERMINATION SHOCK FRONT

B: RIM SHOCK


C: FASTMAGNETOSONIC SURFACE
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MAIN TORUS

INNER RING (WISPS STRUCTURE)


KNOT

BACK SIDE OF THE INNER RING

EACH FEATURE TRACES AN EMITTING REGION

Knot

Ring

TorusHester et al. 1995

Komissarov & Lyubarky 2004

REPRODUCING OBSERVATIONS
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REPRODUCING OBSERVATIONS
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REPRODUCING OBSERVATIONS
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L50 O. Porth, S. S. Komissarov and R. Keppens

Figure 2. Left-hand panel: 3D rendering of the magnetic field structure in the model with σ 0 = 3 at t ! 70 yr after the start of the simulation. Magnetic field
lines are integrated from sample points starting at r = 3 × 1017cm. Colours indicate the dominating field component, blue for toroidal and red for poloidal.
Right-hand panel: azimuthally averaged ᾱ ≡ 〈B2

p/B2〉φ for the same model.

inside towards the wind origin, reflecting the artificial nature of our
initial configuration. Soon after, it re-bounces and begins to expand
at a much slower rate, gradually approaching its asymptotic self-
similar position (Rees & Gunn 1974). For an unmagnetized wind,
σ 0 = 0, its equatorial radius at this stage evolves as

r0 !
√

2rn

( vn

c

)1/2
(

1 −
(

1 + vnt

ri

)−2
)−1/2

, (8)

where vn is the expansion rate of the PWN and t is the time since the
start of the simulations. One can see that the time-scale of transition
to the self-similar expansion is ∼ri/vi, which is !210yr for the
parameters of our simulations. We do not yet fully reach the self-
similar phase in 3D simulations and hence use this solution as a
reference.

The simulations are performed with MPI-AMRVAC (Keppens et al.
2012), solving the set of special relativistic MHD conservation laws
in Cartesian geometry. We employ a cubic domain with edge length
of 2 × 1019cm, large enough to contain today’s Crab nebula. Out-
flow boundary conditions allow plasma to leave the simulation box.
The adaptive mesh refinement starts at a base level of 643 cells and
is used to resolve the expanding nebula bubble with a cell size of
$x = 1.95 × 1016cm (on the fifth level). Special action is taken to
properly resolve the termination shock and the flow near the origin.
To this end, additional grid levels centred on the termination shock
are automatically activated, depending on the shock size. For the
simulations shown here, the shock is thus resolved by 3–4 extra
grid levels (resulting in 8–9 levels in total) on which we employ
a more robust minmod reconstruction in combination with Lax–
Friedrich flux splitting. 2D comparison simulations are performed
with equivalent numerical setup and differ only in the use of cylin-
drical coordinates in the r, z plane.

3 R ESULTS

In basic agreement with the simulations by Mizuno et al. (2011),
the highly organized coaxial configuration of magnetic field, char-
acteristic of previous 2D simulations of PWN, is largely destroyed

in our 3D models. However, the azimuthal component is still dom-
inant in the vicinity of the termination shock, in the region roughly
corresponding to Crab’s torus (see Fig. 2), which is filled mainly
with ‘fresh’ plasma which is just on its way from the termination
shock to the main body of the nebula. As we have pointed out in
Section 1, the emission of this plasma could be behind the strong
polarization observed in the central region of the Crab nebula. This
figure also shows predominantly poloidal magnetic field in the out-
skirts of PWN, close to the equator. However, the magnetic field is
rather weak in this region.

Also in agreement with Mizuno et al. (2011), the total pressure
distribution of our 3D solutions is much more uniform compared
to 2D solutions of the same problem. As a result, the expansion of
PWN in 3D is more or less isotropic, whereas in 2D the artificially
enhanced axial compression due to the magnetic hoop stress pro-
motes notably faster expansion in the polar direction. As one can
see in Fig. 3, by the end of the simulations, the 2D solution with
σ 0 = 3 begins to exhibit a jet breakout, similar to those observed
in the earlier 2D simulations of highly magnetized young PWN
of magnetars (Bucciantini et al. 2007, 2008), with application to
gamma-ray bursts.

Fig. 4 shows the evolution of the equatorial radius of the ter-
mination shock with time in all our simulations together with the
analytical prediction from equation (8). We anticipated that in 3D
the shock radius turns out to be similar to that given by the analytical
model for unmagnetized wind, as this was suggested in Begelman
(1998). This is indeed the case, but Fig. 4 also shows that the size of
the termination shock exhibits only a weak dependence on the initial
magnetization σ 0, once σ 0 ≥ 1. However, we also expected to find
a much smaller shock radius in 2D simulations, as their symme-
try prevents the development of the key process in the Begelman’s
theory, the kink instability. What we have actually found is that,
although in our 2D simulations the shock radius is indeed smaller,
the difference is not dramatic.

An explanation for this result is suggested by Fig. 5, which shows
the ratio of magnetic to thermal energy of simulated PWN in our
numerical models. One can see that, not only do our 3D solutions
exhibit significant magnetic dissipation, which agrees with Mizuno
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Figure 2. Left-hand panel: 3D rendering of the magnetic field structure in the model with σ 0 = 3 at t ! 70 yr after the start of the simulation. Magnetic field
lines are integrated from sample points starting at r = 3 × 1017cm. Colours indicate the dominating field component, blue for toroidal and red for poloidal.
Right-hand panel: azimuthally averaged ᾱ ≡ 〈B2

p/B2〉φ for the same model.

inside towards the wind origin, reflecting the artificial nature of our
initial configuration. Soon after, it re-bounces and begins to expand
at a much slower rate, gradually approaching its asymptotic self-
similar position (Rees & Gunn 1974). For an unmagnetized wind,
σ 0 = 0, its equatorial radius at this stage evolves as

r0 !
√

2rn

( vn

c

)1/2
(

1 −
(

1 + vnt

ri

)−2
)−1/2

, (8)

where vn is the expansion rate of the PWN and t is the time since the
start of the simulations. One can see that the time-scale of transition
to the self-similar expansion is ∼ri/vi, which is !210yr for the
parameters of our simulations. We do not yet fully reach the self-
similar phase in 3D simulations and hence use this solution as a
reference.

The simulations are performed with MPI-AMRVAC (Keppens et al.
2012), solving the set of special relativistic MHD conservation laws
in Cartesian geometry. We employ a cubic domain with edge length
of 2 × 1019cm, large enough to contain today’s Crab nebula. Out-
flow boundary conditions allow plasma to leave the simulation box.
The adaptive mesh refinement starts at a base level of 643 cells and
is used to resolve the expanding nebula bubble with a cell size of
$x = 1.95 × 1016cm (on the fifth level). Special action is taken to
properly resolve the termination shock and the flow near the origin.
To this end, additional grid levels centred on the termination shock
are automatically activated, depending on the shock size. For the
simulations shown here, the shock is thus resolved by 3–4 extra
grid levels (resulting in 8–9 levels in total) on which we employ
a more robust minmod reconstruction in combination with Lax–
Friedrich flux splitting. 2D comparison simulations are performed
with equivalent numerical setup and differ only in the use of cylin-
drical coordinates in the r, z plane.

3 R ESULTS

In basic agreement with the simulations by Mizuno et al. (2011),
the highly organized coaxial configuration of magnetic field, char-
acteristic of previous 2D simulations of PWN, is largely destroyed

in our 3D models. However, the azimuthal component is still dom-
inant in the vicinity of the termination shock, in the region roughly
corresponding to Crab’s torus (see Fig. 2), which is filled mainly
with ‘fresh’ plasma which is just on its way from the termination
shock to the main body of the nebula. As we have pointed out in
Section 1, the emission of this plasma could be behind the strong
polarization observed in the central region of the Crab nebula. This
figure also shows predominantly poloidal magnetic field in the out-
skirts of PWN, close to the equator. However, the magnetic field is
rather weak in this region.

Also in agreement with Mizuno et al. (2011), the total pressure
distribution of our 3D solutions is much more uniform compared
to 2D solutions of the same problem. As a result, the expansion of
PWN in 3D is more or less isotropic, whereas in 2D the artificially
enhanced axial compression due to the magnetic hoop stress pro-
motes notably faster expansion in the polar direction. As one can
see in Fig. 3, by the end of the simulations, the 2D solution with
σ 0 = 3 begins to exhibit a jet breakout, similar to those observed
in the earlier 2D simulations of highly magnetized young PWN
of magnetars (Bucciantini et al. 2007, 2008), with application to
gamma-ray bursts.

Fig. 4 shows the evolution of the equatorial radius of the ter-
mination shock with time in all our simulations together with the
analytical prediction from equation (8). We anticipated that in 3D
the shock radius turns out to be similar to that given by the analytical
model for unmagnetized wind, as this was suggested in Begelman
(1998). This is indeed the case, but Fig. 4 also shows that the size of
the termination shock exhibits only a weak dependence on the initial
magnetization σ 0, once σ 0 ≥ 1. However, we also expected to find
a much smaller shock radius in 2D simulations, as their symme-
try prevents the development of the key process in the Begelman’s
theory, the kink instability. What we have actually found is that,
although in our 2D simulations the shock radius is indeed smaller,
the difference is not dramatic.

An explanation for this result is suggested by Fig. 5, which shows
the ratio of magnetic to thermal energy of simulated PWN in our
numerical models. One can see that, not only do our 3D solutions
exhibit significant magnetic dissipation, which agrees with Mizuno
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FERMI VS RECONNECTION

N. Bucciantini: PICS Meeting
Montpellier, France, 2013

Pair Plasma

5

1548 SIRONI & SPITKOVSKY Vol. 698

Figure 21. Comparison of downstream particle spectra at time ωpt = 9000 among different geometries of the upstream background magnetic field: (a) for fixed
magnetic obliquity θ = 15◦, magnetic field lying either in the simulation plane (black) or in a plane perpendicular to the simulation plane (red); (b) for fixed magnetic
obliquity θ = 30◦, 2D simulations with either in-plane (black) or out-of-plane (red) magnetic field and a 3D run (green).
(A color version of this figure is available in the online journal.)

Figure 22. Time evolution of downstream particle spectra for different obliquities, across the boundary θcrit ≈ 34◦ between subluminal and superluminal shocks:
θ = 28◦ (violet), 30◦ (red), 31◦ (black), 32◦ (blue), 35◦ (green), and 45◦ (yellow). The subpanels (a)–(c) in the last panel show at time ωpt = 9000 the power-law
slope of the suprathermal tail and the fraction of particles and energy stored in the tail, as a function of the obliquity angle θ . The thin blue line in the bottom right
panel shows the particle spectrum for θ = 32◦ at ωpt = 13,500.
(A color version of this figure is available in the online journal.)

ωpt = 13500 (the thin blue line in the bottom right panel of
Figure 22) corresponds to the onset of efficient SDA. In re-
sponse to the increased acceleration efficiency, the peak of the
low-energy Maxwellian shifts to lower temperatures.

Since the positive feedback required for the onset of efficient
SDA relies on upstream waves triggered by the returning par-
ticles, we expect that in superluminal shocks, where particles
are not able to return upstream along the magnetic field, accel-
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Figure 21. Comparison of downstream particle spectra at time ωpt = 9000 among different geometries of the upstream background magnetic field: (a) for fixed
magnetic obliquity θ = 15◦, magnetic field lying either in the simulation plane (black) or in a plane perpendicular to the simulation plane (red); (b) for fixed magnetic
obliquity θ = 30◦, 2D simulations with either in-plane (black) or out-of-plane (red) magnetic field and a 3D run (green).
(A color version of this figure is available in the online journal.)

Figure 22. Time evolution of downstream particle spectra for different obliquities, across the boundary θcrit ≈ 34◦ between subluminal and superluminal shocks:
θ = 28◦ (violet), 30◦ (red), 31◦ (black), 32◦ (blue), 35◦ (green), and 45◦ (yellow). The subpanels (a)–(c) in the last panel show at time ωpt = 9000 the power-law
slope of the suprathermal tail and the fraction of particles and energy stored in the tail, as a function of the obliquity angle θ . The thin blue line in the bottom right
panel shows the particle spectrum for θ = 32◦ at ωpt = 13,500.
(A color version of this figure is available in the online journal.)

ωpt = 13500 (the thin blue line in the bottom right panel of
Figure 22) corresponds to the onset of efficient SDA. In re-
sponse to the increased acceleration efficiency, the peak of the
low-energy Maxwellian shifts to lower temperatures.

Since the positive feedback required for the onset of efficient
SDA relies on upstream waves triggered by the returning par-
ticles, we expect that in superluminal shocks, where particles
are not able to return upstream along the magnetic field, accel-
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FERMI DSA HIGHLY INEFFICIENT IN PSR WIND SHOCK - 
VERY LOW MAGNETISATION
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Fig. 3.— Internal structure of the flow at !pt = 3750, for � = 640 c/!p, � = 10, and ↵ = 0.1, zooming in on a region around the shock,
as delimited by the vertical dashed red lines in Fig. 2(a). The hydrodynamic shock is located at x ' 1000 c/!p, and the fast MHD shock
at x ' 2600 c/!p. The following quantities are plotted: (a) 2D plot in the simulation plane of the particle number density, in units of the
upstream value, with contours showing the magnetic field lines; (b) 2D plot of the magnetic energy fraction ✏B ⌘ B2/8⇡�0mnc0c2; (c)
2D plot of the di↵erence ✏B � ✏E , where the electric energy fraction is ✏E ⌘ E2/8⇡�0mnc0c2; (d) 2D plot of the mean kinetic energy per
particle, in units of the bulk energy at injection; (e)-(f) particle energy spectra, at di↵erent locations across the flow, respectively outside
(panel (e)) or inside (panel (f)) of current sheets. The color of each spectrum matches the color of the corresponding arrow at the bottom
of panel (d), showing where the spectrum is computed. The dotted line in panel (e) is a Maxwellian with the same average energy as the
downstream particles; the dashed lines in panels (e) and (f) indicate a power-law distribution with slope p = 1.4.

We point out that the picture described above rep-
resents accurately the long-term behavior of the shock.
In particular, the distance between the fast and the hy-
drodynamic shock (' 1600 c/!p in Figs. 2 and 3) stays
approximately constant in time (see Appendix B). The
hydrodynamic shock moves with �sh ' 1/3, and the fast
MHD shock remains far enough ahead of the main shock
such that to guarantee that reconnection islands will fill
the space between neighboring current sheets, by the
time the flow enters the hydrodynamic shock. For a fixed
reconnection rate, this implies that the distance between

the fast and the hydrodynamic shock will scale linearly
with the stripe wavelength (as will the size of reconnec-
tion islands just ahead of the main shock), a prediction
that we have directly verified in our simulations.
Finally, we refer to Appendix A for a detailed discus-

sion of the di↵erences between our 2D results and the
1D simulations presented by Pétri & Lyubarsky (2007).
As apparent in Fig. 3, the process of island coales-
cence, which is essential for the formation of the hy-
drodynamic shock, can be captured correctly only with
multi-dimensional simulations. Indeed, for the parame-
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Figure 4. Crab Nebula Fourier power density spectrum (PDS), calculated from
the light curve of the first 35 months of Fermi observations shown in Figure 3.
The PDS of the full time interval is shown by the solid green line (scaled down
by 1/100 for better visibility). The PDS of the low activity period between
MJD 54884 and 55457 is shown by the solid blue line. The PDS of the 2011 April
flare is indicated by the solid red line and was calculated from the light curve
shown in Figure 5. A smoothing with a running average of four bins was applied
to all spectra. The PDSs obtained before smoothing are shown in colored dotted
lines. Black lines show the best-fit function of a power-law function (dashed)
plus a constant white noise component (solid) for the unsmoothed spectra. The
best-fit spectral indices are given in the text. Dotted black lines indicate the
±1σ , +2σ , and +3σ confidence intervals derived from white noise simulations
for the 2011 April flare PDS.
(A color version of this figure is available in the online journal.)

sinusoidal component is ≈10 hr, in agreement with the expec-
tation from the measured doubling times of the flares.

The pulsar flux remained unchanged during the flare, with
an average flux above 100 MeV of FP = (21.7 ± 1.1) ×
10−7 cm−2 s−1 during the main part of the flare (MJD
55663.70–55671.02). The flux increase is phase-independent.
This is illustrated in Figure 1, where the phasogram during the
main flare period is shown. The peaks in the on-pulse interval
remain at the same position. We also searched for periodicities
other than the Crab pulsar with the time-differencing technique
(Atwood et al. 2006), applying the event-weighting technique
described in Bickel et al. (2008). We scanned the frequency
range 0.1–256 Hz, allowing for a possible spin-down up to twice
the value of the Crab pulsar. No significant signal was found be-
sides the pulsar, which was detected with a significance >5.5σ .
Finally, we searched for photon clumping on timescales shorter
than the ≈10 min time binning by applying a Bayesian Block
analysis on the single photon arrival times, with no significant
detection.

4.1. Spectral Evolution During the Flare

In order to measure the energy spectrum during the flare,
and its evolution with time, the data must be averaged in time
intervals long enough to ensure adequate photon statistics, but
short enough to provide adequate temporal resolution. The
11 bins of approximately constant flux, derived from the BB
analysis, provide a reasonable compromise between these two
constraints.

The SEDs for each of the time bins are shown in Figure 6, after
subtracting the steady emission from the pulsar and the inverse-
Compton component of the nebula. It can be clearly seen that a
new spectral component emerges from the synchrotron nebula
during the flare, moving into the Fermi energy range as the flare
evolves. Its flux reaches a maximum between MJD 55666.997
and 55667.366 (frame 7); during this period the peak in the SED
is clearly detected at Epeak = (375 ± 26) MeV.
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Figure 5. Integral flux above 100 MeV as a function of time during the 2011 April Crab flare. The light curve is binned into equal exposure bins during times with no
Earth occultation, with a mean bin duration of nine minutes. The dotted line indicates the sum of the 33 month average fluxes from the inverse-Compton nebula and
the pulsar. The dashed line shows the flux of the average synchrotron nebula summed to the latter. The solid black lines show the best fit of a model consisting of a
constant plus an exponential function at the rise of both sub-flares (see the text). The blue vertical lines indicate the intervals of each Bayesian Block during which the
flux remains constant within statistical uncertainties. The time windows are enumerated at the top of the panel. The corresponding flux is shown by the blue marker
below each number. The SED for each of the time windows is shown in Figure 6.
(A color version of this figure is available in the online journal.)
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Figure 4. Crab Nebula Fourier power density spectrum (PDS), calculated from
the light curve of the first 35 months of Fermi observations shown in Figure 3.
The PDS of the full time interval is shown by the solid green line (scaled down
by 1/100 for better visibility). The PDS of the low activity period between
MJD 54884 and 55457 is shown by the solid blue line. The PDS of the 2011 April
flare is indicated by the solid red line and was calculated from the light curve
shown in Figure 5. A smoothing with a running average of four bins was applied
to all spectra. The PDSs obtained before smoothing are shown in colored dotted
lines. Black lines show the best-fit function of a power-law function (dashed)
plus a constant white noise component (solid) for the unsmoothed spectra. The
best-fit spectral indices are given in the text. Dotted black lines indicate the
±1σ , +2σ , and +3σ confidence intervals derived from white noise simulations
for the 2011 April flare PDS.
(A color version of this figure is available in the online journal.)

sinusoidal component is ≈10 hr, in agreement with the expec-
tation from the measured doubling times of the flares.

The pulsar flux remained unchanged during the flare, with
an average flux above 100 MeV of FP = (21.7 ± 1.1) ×
10−7 cm−2 s−1 during the main part of the flare (MJD
55663.70–55671.02). The flux increase is phase-independent.
This is illustrated in Figure 1, where the phasogram during the
main flare period is shown. The peaks in the on-pulse interval
remain at the same position. We also searched for periodicities
other than the Crab pulsar with the time-differencing technique
(Atwood et al. 2006), applying the event-weighting technique
described in Bickel et al. (2008). We scanned the frequency
range 0.1–256 Hz, allowing for a possible spin-down up to twice
the value of the Crab pulsar. No significant signal was found be-
sides the pulsar, which was detected with a significance >5.5σ .
Finally, we searched for photon clumping on timescales shorter
than the ≈10 min time binning by applying a Bayesian Block
analysis on the single photon arrival times, with no significant
detection.

4.1. Spectral Evolution During the Flare

In order to measure the energy spectrum during the flare,
and its evolution with time, the data must be averaged in time
intervals long enough to ensure adequate photon statistics, but
short enough to provide adequate temporal resolution. The
11 bins of approximately constant flux, derived from the BB
analysis, provide a reasonable compromise between these two
constraints.

The SEDs for each of the time bins are shown in Figure 6, after
subtracting the steady emission from the pulsar and the inverse-
Compton component of the nebula. It can be clearly seen that a
new spectral component emerges from the synchrotron nebula
during the flare, moving into the Fermi energy range as the flare
evolves. Its flux reaches a maximum between MJD 55666.997
and 55667.366 (frame 7); during this period the peak in the SED
is clearly detected at Epeak = (375 ± 26) MeV.
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Figure 5. Integral flux above 100 MeV as a function of time during the 2011 April Crab flare. The light curve is binned into equal exposure bins during times with no
Earth occultation, with a mean bin duration of nine minutes. The dotted line indicates the sum of the 33 month average fluxes from the inverse-Compton nebula and
the pulsar. The dashed line shows the flux of the average synchrotron nebula summed to the latter. The solid black lines show the best fit of a model consisting of a
constant plus an exponential function at the rise of both sub-flares (see the text). The blue vertical lines indicate the intervals of each Bayesian Block during which the
flux remains constant within statistical uncertainties. The time windows are enumerated at the top of the panel. The corresponding flux is shown by the blue marker
below each number. The SED for each of the time windows is shown in Figure 6.
(A color version of this figure is available in the online journal.)
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Figure 6. Spectral energy distribution evolution during the 2011 April Crab flare. Arrows indicate 95% confidence flux upper limits. The time windows are indicated
in the bottom left corner of each panel and correspond to the ones indicated in Figure 5. The dotted line shows the SED of the flaring component, the dot-dashed line
the constant background from the synchrotron nebula, and the dashed line is the sum of both components (see the text). The average Crab nebular spectrum in the first
33 months of Fermi observations is also shown in gray for comparison.

It is difficult to parameterize the spectral shape of the flaring
component due to the likely contamination by background
flux from the synchrotron nebula not related to the flare. The
determination of the latter is degenerate with the measurement
of the flare component, as only the summed flux is measured.
To break this degeneracy we proceeded under the following
assumptions.

1. The spectrum of the synchrotron nebula during the flare can
be described by a power-law function and does not vary in
time.

2. The spectrum of the flaring component can be described by
a power law with an exponential cutoff (Equation (3) with
κ = 1). While the cutoff energy and normalization of the
spectrum vary, the spectral index remains constant during
the flare.

We derived the spectral index of the flaring component and
the spectrum of the background synchrotron component in a
composite likelihood fit to all the time windows displayed in
Figure 5, simultaneously measuring the energy cutoff and flux
normalization evolution of the flaring component in each of the
time windows. For this we used the composite likelihood
2 part of the Fermi Science Tools.

The best-fit values for the background synchrotron nebula
during the flare period are FS = (5.4 ± 5.2) 10−7 cm−2 s−1

and γS = 3.9 ± 1.3, consistent with the average value measured
during the first 33 months of observation. The spectral index of
the flaring component is measured to be γF = 1.27 ± 0.12. The
best-fit values for EF,c and the energy flux above 100 MeV, fF,
are shown in Figure 7.
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Figure 7. Total energy flux above 100 MeV, f F , as a function of cutoff energy Ec
for the flaring component of the 2011 April flare. The values correspond to the
parameterizations shown in frames 1–10 of Figure 6 (the values obtained from
frame Nr 11 are not included, as no significant spectral curvature was detected
in his time interval, allowing no robust determination of Ec). The number next
to each marker denotes the corresponding frame. The axis on the right-hand
side indicates the apparent luminosity in units of the pulsar spin-down power of
5 × 1038 erg s−1 (Hester 2008). The numbered solid lines indicate the slope of
the corresponding power-law dependency fF ∼ EF,c

α . The dotted line marks
the best-fit function in this parameterization with α = 3.42 ± 0.86.
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Figure 4. Crab Nebula Fourier power density spectrum (PDS), calculated from
the light curve of the first 35 months of Fermi observations shown in Figure 3.
The PDS of the full time interval is shown by the solid green line (scaled down
by 1/100 for better visibility). The PDS of the low activity period between
MJD 54884 and 55457 is shown by the solid blue line. The PDS of the 2011 April
flare is indicated by the solid red line and was calculated from the light curve
shown in Figure 5. A smoothing with a running average of four bins was applied
to all spectra. The PDSs obtained before smoothing are shown in colored dotted
lines. Black lines show the best-fit function of a power-law function (dashed)
plus a constant white noise component (solid) for the unsmoothed spectra. The
best-fit spectral indices are given in the text. Dotted black lines indicate the
±1σ , +2σ , and +3σ confidence intervals derived from white noise simulations
for the 2011 April flare PDS.
(A color version of this figure is available in the online journal.)

sinusoidal component is ≈10 hr, in agreement with the expec-
tation from the measured doubling times of the flares.

The pulsar flux remained unchanged during the flare, with
an average flux above 100 MeV of FP = (21.7 ± 1.1) ×
10−7 cm−2 s−1 during the main part of the flare (MJD
55663.70–55671.02). The flux increase is phase-independent.
This is illustrated in Figure 1, where the phasogram during the
main flare period is shown. The peaks in the on-pulse interval
remain at the same position. We also searched for periodicities
other than the Crab pulsar with the time-differencing technique
(Atwood et al. 2006), applying the event-weighting technique
described in Bickel et al. (2008). We scanned the frequency
range 0.1–256 Hz, allowing for a possible spin-down up to twice
the value of the Crab pulsar. No significant signal was found be-
sides the pulsar, which was detected with a significance >5.5σ .
Finally, we searched for photon clumping on timescales shorter
than the ≈10 min time binning by applying a Bayesian Block
analysis on the single photon arrival times, with no significant
detection.

4.1. Spectral Evolution During the Flare

In order to measure the energy spectrum during the flare,
and its evolution with time, the data must be averaged in time
intervals long enough to ensure adequate photon statistics, but
short enough to provide adequate temporal resolution. The
11 bins of approximately constant flux, derived from the BB
analysis, provide a reasonable compromise between these two
constraints.

The SEDs for each of the time bins are shown in Figure 6, after
subtracting the steady emission from the pulsar and the inverse-
Compton component of the nebula. It can be clearly seen that a
new spectral component emerges from the synchrotron nebula
during the flare, moving into the Fermi energy range as the flare
evolves. Its flux reaches a maximum between MJD 55666.997
and 55667.366 (frame 7); during this period the peak in the SED
is clearly detected at Epeak = (375 ± 26) MeV.
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Figure 5. Integral flux above 100 MeV as a function of time during the 2011 April Crab flare. The light curve is binned into equal exposure bins during times with no
Earth occultation, with a mean bin duration of nine minutes. The dotted line indicates the sum of the 33 month average fluxes from the inverse-Compton nebula and
the pulsar. The dashed line shows the flux of the average synchrotron nebula summed to the latter. The solid black lines show the best fit of a model consisting of a
constant plus an exponential function at the rise of both sub-flares (see the text). The blue vertical lines indicate the intervals of each Bayesian Block during which the
flux remains constant within statistical uncertainties. The time windows are enumerated at the top of the panel. The corresponding flux is shown by the blue marker
below each number. The SED for each of the time windows is shown in Figure 6.
(A color version of this figure is available in the online journal.)
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Figure 6. Spectral energy distribution evolution during the 2011 April Crab flare. Arrows indicate 95% confidence flux upper limits. The time windows are indicated
in the bottom left corner of each panel and correspond to the ones indicated in Figure 5. The dotted line shows the SED of the flaring component, the dot-dashed line
the constant background from the synchrotron nebula, and the dashed line is the sum of both components (see the text). The average Crab nebular spectrum in the first
33 months of Fermi observations is also shown in gray for comparison.

It is difficult to parameterize the spectral shape of the flaring
component due to the likely contamination by background
flux from the synchrotron nebula not related to the flare. The
determination of the latter is degenerate with the measurement
of the flare component, as only the summed flux is measured.
To break this degeneracy we proceeded under the following
assumptions.

1. The spectrum of the synchrotron nebula during the flare can
be described by a power-law function and does not vary in
time.

2. The spectrum of the flaring component can be described by
a power law with an exponential cutoff (Equation (3) with
κ = 1). While the cutoff energy and normalization of the
spectrum vary, the spectral index remains constant during
the flare.

We derived the spectral index of the flaring component and
the spectrum of the background synchrotron component in a
composite likelihood fit to all the time windows displayed in
Figure 5, simultaneously measuring the energy cutoff and flux
normalization evolution of the flaring component in each of the
time windows. For this we used the composite likelihood
2 part of the Fermi Science Tools.

The best-fit values for the background synchrotron nebula
during the flare period are FS = (5.4 ± 5.2) 10−7 cm−2 s−1

and γS = 3.9 ± 1.3, consistent with the average value measured
during the first 33 months of observation. The spectral index of
the flaring component is measured to be γF = 1.27 ± 0.12. The
best-fit values for EF,c and the energy flux above 100 MeV, fF,
are shown in Figure 7.
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Figure 7. Total energy flux above 100 MeV, f F , as a function of cutoff energy Ec
for the flaring component of the 2011 April flare. The values correspond to the
parameterizations shown in frames 1–10 of Figure 6 (the values obtained from
frame Nr 11 are not included, as no significant spectral curvature was detected
in his time interval, allowing no robust determination of Ec). The number next
to each marker denotes the corresponding frame. The axis on the right-hand
side indicates the apparent luminosity in units of the pulsar spin-down power of
5 × 1038 erg s−1 (Hester 2008). The numbered solid lines indicate the slope of
the corresponding power-law dependency fF ∼ EF,c

α . The dotted line marks
the best-fit function in this parameterization with α = 3.42 ± 0.86.
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2011 Flare

           Pulsar

2005 Quiescence

           Pulsar

Figure 7. Keck K ′ observations of the Crab, after subtraction of a field-star image from the pulsar position (marked with x). Left: (MJD-50814) = 4853.250 without
adaptive optics (AO). Right: (MJD-50814) = 2870, with laser guide star AO. Residuals from imperfect subtraction of the point-spread function are visible at the pulsar
position; the “inner knot” is the extended structure to the southeast.

of the pulsar at position angle 118◦ east from north (Hester
2008). This structure, an oval shape extending ≈0.′′75, is well
measured in HST and ground-based near-IR images. Given its
relatively red spectrum (energy spectral index αν = −1.3 ± 0.1
versus αν = 0.27 ± 0.03 for the pulsar; Sandberg & Sollerman
2009), it is one of the near-IR brightest structures in the Nebula.
Sandberg & Sollerman (2009) note that the knot varies by a
factor of two; we confirm typical variability of 20%–30% in
archival HST images. Komissarov & Lyutikov (2011) have pro-
posed that this structure represents radiation from an oblique
termination shock in the pulsar wind nebula. In this picture,
the Earth line-of-sight is tangent to the flow at the inner knot
position, and thus the intensity experiences substantial Doppler
boosting for synchrotron emission in the mildly relativistic post-
shock flow. Indeed, in relativistic MHD simulations they find
that this bright spot is highly variable and can dominate the
γ -ray synchrotron emission. Alternatively, the knot could be a
time varying standing shock in the polar jet flow itself, a flow
known to be highly variable from HST imaging (Hester et al.
1995, 2002; Hester 2008).

It is thus of interest to check the status of the knot during the
2011 April γ -ray flare. Unlike the sequence of multiwavelength
observations performed after the 2010 September flare, it was
impossible to trigger an allocated HST Target of Opportunity
observation owing to solar constraints in April. We were able
to obtain a Keck Near Infrared Camera (NIRC2) K ′ exposure
(Figure 7, left image) on MJD 55667.250, almost precisely at the
peak of the γ -ray flux and 2.5 hr before the ACIS image ObsID
13152 (Figure 1). Unfortunately, the observations occurred
during twilight and only one 20 × 4 s integration without
dithering was obtained. Under these conditions the adaptive
optics (AO) loop did not close, leaving an undithered image with
native 0.′′46 FWHM seeing. This frame was dark subtracted and
an approximate background was removed using an immediately
subsequent image. Despite the modest image quality, the inner
knot was well detected. After subtracting the pulsar with a scaled
image of the comparably bright companion star 4′′ northeast,
we measured the knot flux and position. We find a magnitude
K ′ = 15.60 ± 0.03 and an offset 0.′′64 ± 0.′′04 from the pulsar.
For comparison, we measured a high-quality NIRC2 K ′ image
(Figure 7, right image) obtained 2005 November 10. Here the

Figure 8. Spectral energy distribution (SED) of archival data (purple, orange,
cyan, light green, turquoise, light blue) compiled by Meyer et al. (2010). Power
is scaled from flux assuming isotropic emission at 2 kpc. The Fermi-LAT data
for the 2011 April flare component appear in dark blue (Buehler et al. 2012).
The solid black and red curves are fits to the flare spectrum with a power-law
extrapolation to lower energies of photon index Γ = 1.27 ± 0.12 (spectrum
7 in Buehler et al. 2012). The three downward blue arrows at log10 ν = 17.4
mark 99%-confidence upper limits to a variable X-ray component, in increasing
ELE = νLν for Γx = (2/3), 1, and 2, respectively. (NB: values for ELE

from Table 2 are multiplied by 2
√

2 to scale from a standard deviation to a
peak-to-valley, for comparison with the plotted SED of the γ -ray flare.) The
red downward arrow at log10 ν = 14.1 indicates an upper limit to infrared
variability of the inner knot, determined from the difference between the two
Keck images. Finally, the black downward arrow at log10 ν = 9.7 gives an upper
limit to 5 GHz radio variability, based upon the April 15 VLA measurement.

knot is K ′ = 15.94 ± 0.02 at offset 0.′′58 ± 0.′′02. We also note
that Sandberg & Sollerman (2009) measured Ks = 15.80 ± 0.03
on 2003 October 18. We conclude that the knot was in a relatively
bright state during the flare (≈35% brighter than in 2005), but
well within the normal range of flux (and position) variation.
Thus, there is no dramatic change in the inner knot in the near-
IR band. We use the amplitude of the measured variation as an
upper limit to any variation in the inner knot associated with the
γ -ray flare (Figure 8).
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Figure 2. Snapshots of the plasma density at tω0 = 0 (top left), 132 (top right), 265 (bottom left), and 353 (bottom right) of the 2D simulation 2DXY0 in the xy-plane
(with no guide field, α = 0). Magnetic field lines are represented by solid white lines. In this simulation, the development of the tearing instability forms multiple
plasmoids separated by X-points which facilitates fast magnetic reconnection. Reconnection dissipates about 70% of the magnetic energy in the form of energetic
particles and radiation (see Figures 6 and 7).
(A color version of this figure is available in the online journal.)

γTIω
−1
0 ≈ 0.045 for α = 0 to γTIω

−1
0 ≈ 0.025 for α = 1. For

α ! 0.5, the tearing instability dominates over the kink.

3.3. Particle and Photon Spectra

The critical quantities of interest here are the particle energy
distributions, γ 2dN/dγ , and the instantaneous optically thin
synchrotron radiation spectral energy distribution (SED) emitted
by the particles, νFν ≡ E2dNph/dtdE, where E is the photon
energy. Figure 6 shows the time evolution of the total particle
spectra at different times with no guide field in the xy-plane
(top panel) and in the yz-plane (bottom panel). In the early stage
(tω0 " 132), both simulations are subject to pure synchrotron
cooling (i.e., with no acceleration or heating) of the plasma
that results in a decrease of the typical Lorentz factor of the
particles from γ /γrad ≈ 0.3 at tω0 = 0 to γ /γrad ≈ 0.08 at
tω0 = 132. The decrease of the mean particle energy within the
layer explains the shrinking of the layer thickness described in
Section 3.1.

At tω0 ! 132, the instabilities trigger magnetic dissipation
and particles are energized, but the particle spectra differ

significantly in both cases. In run 2DXY0, where the tearing
instability drives reconnection, the particle spectrum extends
to higher and higher energy with time until the end of the
simulation, where the maximum energy reaches γmax/γrad ≈
2.5, i.e., well above the nominal radiation reaction limit. The
spectrum above γ /γrad = 0.1 cannot be simply modeled with
a single power law, but it is well contained between two steep
power laws of index −2 and −3. We know from our previous
study that the high-energy particles are accelerated via the
reconnection electric field at X-points and follow relativistic
Speiser orbits (Cerutti et al. 2013). The maximum energy is
then given by the electric potential drop along the z-direction
(neglecting radiative losses), i.e.,

γmax ∼ eEzLx

mec2
= eβrecB0Lx

mec2
≈ 3γrad, (6)

for a dimensionless reconnection rate βrec ≈ 0.2. Particles above
the radiation reaction limit (γ > γrad) account for about 5% of
the total energy of the plasma at tω0 = 318 (Figure 7, top panel),
and are responsible for the emission of synchrotron radiation
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Figure 2. Snapshots of the plasma density at tω0 = 0 (top left), 132 (top right), 265 (bottom left), and 353 (bottom right) of the 2D simulation 2DXY0 in the xy-plane
(with no guide field, α = 0). Magnetic field lines are represented by solid white lines. In this simulation, the development of the tearing instability forms multiple
plasmoids separated by X-points which facilitates fast magnetic reconnection. Reconnection dissipates about 70% of the magnetic energy in the form of energetic
particles and radiation (see Figures 6 and 7).
(A color version of this figure is available in the online journal.)
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distributions, γ 2dN/dγ , and the instantaneous optically thin
synchrotron radiation spectral energy distribution (SED) emitted
by the particles, νFν ≡ E2dNph/dtdE, where E is the photon
energy. Figure 6 shows the time evolution of the total particle
spectra at different times with no guide field in the xy-plane
(top panel) and in the yz-plane (bottom panel). In the early stage
(tω0 " 132), both simulations are subject to pure synchrotron
cooling (i.e., with no acceleration or heating) of the plasma
that results in a decrease of the typical Lorentz factor of the
particles from γ /γrad ≈ 0.3 at tω0 = 0 to γ /γrad ≈ 0.08 at
tω0 = 132. The decrease of the mean particle energy within the
layer explains the shrinking of the layer thickness described in
Section 3.1.

At tω0 ! 132, the instabilities trigger magnetic dissipation
and particles are energized, but the particle spectra differ

significantly in both cases. In run 2DXY0, where the tearing
instability drives reconnection, the particle spectrum extends
to higher and higher energy with time until the end of the
simulation, where the maximum energy reaches γmax/γrad ≈
2.5, i.e., well above the nominal radiation reaction limit. The
spectrum above γ /γrad = 0.1 cannot be simply modeled with
a single power law, but it is well contained between two steep
power laws of index −2 and −3. We know from our previous
study that the high-energy particles are accelerated via the
reconnection electric field at X-points and follow relativistic
Speiser orbits (Cerutti et al. 2013). The maximum energy is
then given by the electric potential drop along the z-direction
(neglecting radiative losses), i.e.,

γmax ∼ eEzLx
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= eβrecB0Lx
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≈ 3γrad, (6)

for a dimensionless reconnection rate βrec ≈ 0.2. Particles above
the radiation reaction limit (γ > γrad) account for about 5% of
the total energy of the plasma at tω0 = 318 (Figure 7, top panel),
and are responsible for the emission of synchrotron radiation
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Figure 7. Particle energy distribution normalized to the total number of particles
(γ 2(1/N)dN/dγ , top) and synchrotron radiation spectral energy distribution
normalized by the total (frequency-integrated) photon flux ((1/F )νFν , bottom)
of the 2D simulations in the xy-plane at tω0 = 318, averaged over all directions.
The spectra are obtained for α = 0, 0.25, 0.5, 0.75 and 1. The particle Lorentz
factor in the top panel is normalized to the nominal radiation reaction limit
γrad ≈ 1.3 × 109. In the bottom panel, the blue dashed line is a power-law fit of
index ≈ −0.42 of the α = 0 SED between E = 20 MeV and E = 350 MeV.
(A color version of this figure is available in the online journal.)

4.1. Plasma Time Evolution

Figure 9 (left panels) shows the time evolution of the plasma
density8 in the zero-guide field simulation at tω0 = 0, 173, 211
and 269. The initial stage where the layer remains apparently
static lasts for about tω0 = 144, i.e., half of the whole simulation
time. At tω0 ! 144, overdensities appear in the layers in the
form of 7–8 tubes (flux ropes) elongated along the z-direction.
These structures are generated by the tearing instability and
are the 3D generalization of the magnetic islands observed in
2D reconnection. As the simulation proceeds into the nonlinear
regime, the flux ropes merge with each other creating bigger
ones, as magnetic islands do in 2D reconnection. However, in
3D this process does not happen at the same time everywhere

8 Movies are available at this Web site:
http://benoit.cerutti.free.fr/movies/Reconnection_Crab3D/.

Figure 8. Same as in Figure 7, but for the 2D simulations in the yz-plane.
(A color version of this figure is available in the online journal.)

along the z-direction, which results in the formation of a
network of interconnected flux ropes at intermediate times
(173 " tω0 " 211).

In parallel to this process, the kink instability deforms the two
layers along the z-direction in the form of sine-like translation
of the layers’ mid-planes in the ±y-directions. During the most
active period of reconnection (tω0 ! 173), the kink instability
takes over and eventually destroys the flux ropes formed by
the tearing modes (see left bottom panel in Figure 9). Only
a few coherent structures survive at the end of the simulation
(tω0 = 269). In particular the reconnection electric field, which
is strongest along the X-lines between two flux ropes, loses its
initial coherence. This results in efficient particle heating but
poor particle acceleration (see below, Section 4.3). At the end
of this run about 52% of the total magnetic energy is dissipated,
although the simulation does not reach the fully saturated state.

The right panels in Figure 9 shows the time evolution of the
plasma density for α = 0.5 guide field. One sees immediately
that the guide field effectively suppresses the kink deformations
of the layers in the ±y-directions, as expected from the 2D
simulations in the yz-plane (See Section 3) and from Zenitani
& Hoshino (2008). In contrast, the tearing instability seems

8
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γrad ≈ 1.3 × 109. In the bottom panel, the blue dashed line is a power-law fit of
index ≈ −0.42 of the α = 0 SED between E = 20 MeV and E = 350 MeV.
(A color version of this figure is available in the online journal.)
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density8 in the zero-guide field simulation at tω0 = 0, 173, 211
and 269. The initial stage where the layer remains apparently
static lasts for about tω0 = 144, i.e., half of the whole simulation
time. At tω0 ! 144, overdensities appear in the layers in the
form of 7–8 tubes (flux ropes) elongated along the z-direction.
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regime, the flux ropes merge with each other creating bigger
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along the z-direction, which results in the formation of a
network of interconnected flux ropes at intermediate times
(173 " tω0 " 211).

In parallel to this process, the kink instability deforms the two
layers along the z-direction in the form of sine-like translation
of the layers’ mid-planes in the ±y-directions. During the most
active period of reconnection (tω0 ! 173), the kink instability
takes over and eventually destroys the flux ropes formed by
the tearing modes (see left bottom panel in Figure 9). Only
a few coherent structures survive at the end of the simulation
(tω0 = 269). In particular the reconnection electric field, which
is strongest along the X-lines between two flux ropes, loses its
initial coherence. This results in efficient particle heating but
poor particle acceleration (see below, Section 4.3). At the end
of this run about 52% of the total magnetic energy is dissipated,
although the simulation does not reach the fully saturated state.

The right panels in Figure 9 shows the time evolution of the
plasma density for α = 0.5 guide field. One sees immediately
that the guide field effectively suppresses the kink deformations
of the layers in the ±y-directions, as expected from the 2D
simulations in the yz-plane (See Section 3) and from Zenitani
& Hoshino (2008). In contrast, the tearing instability seems
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IXPE - X-RAY POLARIMETRY - VELA
Extended Data Table 3 | The Polarization degree and angle within the bins of Fig. 1

Polarization degree and polarization angle measured using ixpeobssim. Uncertainties on the polarization degree and angle are calculated for a 68.3% confidence level, assuming that they are 
independent. 
a The row number where 0 presents the centre bin containing the pulsar. 
b The column number where 0 presents the centre bin containing the pulsar. 
c The polarization degree (%) with 68.3% confidence level error. 
d The polarization angel (°) with 68.3% confidence level error.

Fei et al 2023

Very high PF suggest no turbulence in 
the PWNe

Unlikely reconnection to play a major 
role in accelerating particles Old sytems should be more turbulent.
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achievable by galactic accelerators, based on measurements of the cosmic ray spectrum
at the Earth (see e.g., [53] for a recent review). Before discussing the most impressive
surprises that came from gamma-rays and how they have impacted our understanding
of the Crab nebula, we briefly review the physical picture of the nebular dynamics and
emission properties that has been built through time, thanks to constant improvements in
the quality of observations, theories, and numerical modeling.

Figure 1. Focus on the gamma-ray spectrum of the Crab nebula. Data from different instruments are
shown with diverse symbols/colors—namely, green rectangles for HEGRA data [54], blue squares for
HESS data [55], pink circles for Fermi-LAT ones [56], red diamonds for MAGIC data [57,58], orange
stars for HAWC [59], brown triangles for Tibet AS-g [60], and violet ones for LHAASO data [61].
Figure courtesy of Michele Fiori.

3.1. Modeling the Nebular Plasma

The Crab nebula is the PWN for which most models were developed and over which
most of our understanding of the entire class is based. As we mentioned in Section 1
most of the rotational energy lost by the pulsar goes into accelerating a relativistic outflow,
mostly made of pairs (though the presence of ions is not excluded, as we will discuss later)
and a toroidal magnetic field. The outflow starts out cold (low emissivity, as highlighted by
the presence of an underluminous region surrounding the pulsar [1]) and highly relativistic,
until it reaches the termination shock (TS). Since the outflow is electromagnetically driven,
it must start out as highly magnetized at RLC: the ratio between Poynting flux and particle
kinetic energy, s, is thought to be s(RLC) ⇡ 104 [62,63]. In contrast, the magnetization
must be much lower at the TS, in order for the flow to be effectively slowed down. Initial es-
timates of s at the TS, based on steady-state 1D magnetohydrodynamics (MHD) modeling,
would give s(RTS) ⇡ 10�3, equal to the ratio between the nebular expansion velocity and
the speed of light. This estimate has later been revised towards larger values of s in light
of 3D MHD numerical modeling, as we discuss below, but the general consensus is still
that s(RTS) cannot be much larger than unity. How the conversion of the flow energy from
magnetic to kinetic occurs, between RLC and RTS, is still a matter of debate—the so-called
s-problem—and some of the suggested mechanisms could show radiative signatures in
the gamma-ray band (e.g., [26]), while keeping dark in other wavebands. In fact, at least
at low latitudes around the pulsar rotational equator, a plausible mechanism for energy
conversion in the wind is offered by the existence of a magnetically striped region [64].
In an angular sector, whose extent depends on the inclination between the pulsar spin
and magnetic axes, qi, a current sheet develops between toroidal field lines of alternating
polarity [37]: this is an ideal place for magnetic reconnection to occur and transfer energy

IN CRAB THE LIMITS ALL 
COINCIDE

OTHERS ALL POTENTIAL LIMITED
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35 OUT 43 >100 TEV SOURCES HAVE A PSR/PWN ASSOCIATED
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Fig. 6.— Intrinsic magnetic field vectors of the Snail, overlaid on the 6 cm intensity map.

Typical uncertainty in PA is about 3◦. The vector length is proportional to the polarised

intensity, and the scale bar at lower left represents 1 mJy beam−1. The cross marks the

position of the X-ray point source. The grey scale shows the radio intensity at 6 cm, with

the scale bar in units of Jy beam−1. FWHM of the beam is shown by the ellipse at lower

left.
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Fig. 8.— Simulated intensity maps of spherical PWNe, with the inferred magnetic field

orientation shown as overlaid vectors. Each of the PWNe are composed of patches of certain

size, with the magnetic field orientation randomly chosen for each of the patches. A filling

factor for the pulsar wind is introduced to the model to account for volume with mixed-in

supernova ejecta. PWNe with different patch sizes are separated into different columns, and

different filling factors into different rows. The radio intensity map of the Snail at 6 cm is

shown at the upper right corner under the same colour scheme.
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Fig. 8.— Simulated intensity maps of spherical PWNe, with the inferred magnetic field

orientation shown as overlaid vectors. Each of the PWNe are composed of patches of certain

size, with the magnetic field orientation randomly chosen for each of the patches. A filling

factor for the pulsar wind is introduced to the model to account for volume with mixed-in

supernova ejecta. PWNe with different patch sizes are separated into different columns, and

different filling factors into different rows. The radio intensity map of the Snail at 6 cm is

shown at the upper right corner under the same colour scheme.
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J1825-137 (HESS; Aharonian et al. 2005) Vela (HESS; Aharonian et al. 2005)
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[Fiori, Olmi + 2022]

PWNE WILL BE THE MOST NUMEROUS GALACTIC GAMMA-RAY SOURCES
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Hα X-rays
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PSR B1957+20 (Stappers et al. 2003) PSR B2224+65 (Chatterjee & Cordes 2002)
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Geminga (HAWC Abeysekara et al 2017)

2 Barkov et al.

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 4. 1994-2021 Guitar/Filament Evolution. Left panels show four 2200 ⇥ 2100 cutouts from the HST H↵ images (1994,
2001, 2006, 2020). The top panel has the pulsar positions at the four HST and four CXO epochs marked on lines representing
50y (9.700) of proper motion. The lower panels have the outline of the 2020 HST H↵ limb marked, for comparison. The right
panels show the filament evolution over the four CXO epochs (40 ⇥ 10 cutouts). The filament leading edge from the 2021 epoch
is marked by the blue line, while the red arrow in the top and bottom panels shows the 50y proper motion, and a stationary
background source is marked for reference.

walker length of 4500 steps should be su�cient.1.A vi-
sual comparison of the data and the Wilkin thin shock
model for each epoch is shown in Figure 5. The pos-
terior distributions for r0 are plotted in Figure 6, with
values listed in Table 2. For the 2020 epoch, the posi-
tion uncertainty from the posterior (the 14th and 86th
percentiles of the distribution) is ⇡ 0.15 pixel (⇠ 8mas)
in both the x and y directions.
The Ocker et al. (2021) estimates generally lie within

the r0 uncertainty ranges, but have nominal errors much
smaller than we find for a direct fit, especially for the

1 In the emcee documentation on autocorrelation analysis (https:
//emcee.readthedocs.io/en/stable/tutorials/autocorr/), it is sug-
gested that each walker should have a length of > 50⌧f steps,
so that enough independent samples can be obtained to yield
accurate results.

1994 and 2001 data. Alas our more realistic errors mean
that direct evidence for r0 variation is poor. The bulk
of our uncertainty range suggests that r0 was larger in
2001, but even this result is weak. Additional images of
the quality of our new ACS/WFC exposure are needed
to probe stand-o↵ variation at the required⇠ 5mas level.
Nevertheless the head limb shape does suggest that

the stando↵ was small when pulsar was at the position
of the head’s closed base, ⇠ 15.500 behind the present
apex (i.e. in ⇠ 1940). The transition into the head
bubble may be similar to the ‘break-through’ inferred
for the PSR J2030+4415 H↵ nebula and filament (de
Vries & Romani 2022). The ‘pinch’ ⇠ 700 back (i.e. in
1985), and the increased limb brightness ⇠ 3.200 behind
the apex (in ⇠ 2004) suggest weaker compression events.

3.2. X-ray Evolution

De Vries et al 2022 22 YEARS OF GUITAR

10 de Vries et al.

Figure 10. Spread of the emission behind the leading edge
in the filament middle section across four epochs. The data
are well described by a steady shift of the peak behind the
leading edge, a steady increase in the width, and a constant
integrated flux. The y-axis indicates the 1–5 keV photon
surface brightness. Labels indicate the best-fit parameter
value (with 1� errors ): x2000 and �2000 are the peak position
and standard deviation of the Gaussian component in 2000
respectively; �̇ indicates the increase in � over time; and µ
indicates the shift of the peak away from the leading edge
over time.

example if r0 decreases, then more pulsar/PWN shock
particles have gyroradii exceeding r0, so escape to the fil-
ament might increase and the filament surface brightness
may temporarily increase. Averaged over the full width
the fluxes per unit length seem quite constant (Figure
9); although the inner counter-filament appears more
prominently in the 2021 image, its flux per unit length
remains consistent with that of the filament, within er-
rors.
Although the statistics are limited in the early images,

there appear to be changes behind the leading edge. In
Figure 4 the most notable changes are in the ‘Middle’
section of the filament where the emission spreads be-
hind the leading edge as a shifting ridge. We quantify
this trend in Figure 10, where fits to Gaussian distri-
butions transverse to the filament show a progressive
shift and broadening of the maximum. Note that the
integral flux is consistent with constant across the four
epochs. A fit to such regions in the ‘Inner’ zone gives
similar evolution with nearly identical parameters, but
lower statistical significance. We attempt to interpret
these results in the conclusions.

3.3. Spectral fits

We have extracted spectra for the several regions of
Figure 7 using the standard CIAO tools. To each of the
spectra, we have fit a power law multiplied by Galac-

Table 3. Spectral fit results (with 1� errors) for the filament
in the 2021 Chandra epoch (see Figure 7 for the regions). The
‘Leading’ and ‘Trailing’ regions are composed of the front and
back halves, respectively of the combined inner and middle
regions. Beq was computed assuming cylindrical volumes for
each region.

Region Counts � f�15
b �2/DoF Beq

[µG]

Inner 214± 17 1.31± 0.16 9.9 29.3/27 13

Middle 209± 17 1.37± 0.17 10.2 24.3/24 14

Outer 489± 32 1.58± 0.15 24.1 53.2/48 8

CF 86± 11 1.71± 0.30 3.5 23.8/24 17

Leading 273± 19 1.39± 0.14 13.6 22.7/33 19

Trailing 154± 16 1.60± 0.20 7.1 30.5/30 17

Remnant 174± 19 1.40± 0.27 7.2 38.0/33 9
a NH fixed at 2.7⇥ 1021cm�2.
b 0.5� 7 keV unabsorbed fluxes in units of 10�15erg cm�2s�1.

tic absorption, which we have set at 2.7 ⇥ 1021 cm�2.
The results of the spectral analysis are shown in Table
3. There are no significant di↵erences in spectral index
between the regions. The weak evidence for spectral
softening with distance from the pulsar would require
much deeper observation for a serious test.
Additionally, we have estimated the magnetic field

strength under the assumption of equipartition. For an
optically thin region filled with relativistic electrons and
magnetic field emitting synchrotron radiation

B = 46


J�20(E1, E2)�

�

C1.5��(Em, EM )

C2��(E1, E2)

�2/7
µG (1)

where

Cq(x1, x2) =
xq
2 � xq

1

q
. (2)

J�20(E1, E2) = 4⇡f�20(E1, E2)d2/V is the observed
emissivity (in 10�20 erg s�1 cm�3, between E1 keV and
E2 keV), � = wB/we is the magnetization parameter,
� the filling factor, and Em and EM the minimum and
maximum energies, in keV, of the synchrotron spectrum
with photon �. We assume that the structures are cylin-
drical, with diameter set to the observed region width.
We list the derived equipartition fields in Table 3 for
� = � = 1, Em = 0.01 keV and EM = 10 keV.

4. DISCUSSION AND CONCLUSIONS

The shape of the filament is complex and the epoch-
to-epoch changes are subtle. We seek to explain these
through a combination of variable particle injection at
the moving pulsar, particle flow along field lines, parti-
cle di↵usion across field lines and possible cooling. In
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Figure 4. 1994-2021 Guitar/Filament Evolution. Left panels show four 2200 ⇥ 2100 cutouts from the HST H↵ images (1994,
2001, 2006, 2020). The top panel has the pulsar positions at the four HST and four CXO epochs marked on lines representing
50y (9.700) of proper motion. The lower panels have the outline of the 2020 HST H↵ limb marked, for comparison. The right
panels show the filament evolution over the four CXO epochs (40 ⇥ 10 cutouts). The filament leading edge from the 2021 epoch
is marked by the blue line, while the red arrow in the top and bottom panels shows the 50y proper motion, and a stationary
background source is marked for reference.

walker length of 4500 steps should be su�cient.1.A vi-
sual comparison of the data and the Wilkin thin shock
model for each epoch is shown in Figure 5. The pos-
terior distributions for r0 are plotted in Figure 6, with
values listed in Table 2. For the 2020 epoch, the posi-
tion uncertainty from the posterior (the 14th and 86th
percentiles of the distribution) is ⇡ 0.15 pixel (⇠ 8mas)
in both the x and y directions.
The Ocker et al. (2021) estimates generally lie within

the r0 uncertainty ranges, but have nominal errors much
smaller than we find for a direct fit, especially for the

1 In the emcee documentation on autocorrelation analysis (https:
//emcee.readthedocs.io/en/stable/tutorials/autocorr/), it is sug-
gested that each walker should have a length of > 50⌧f steps,
so that enough independent samples can be obtained to yield
accurate results.

1994 and 2001 data. Alas our more realistic errors mean
that direct evidence for r0 variation is poor. The bulk
of our uncertainty range suggests that r0 was larger in
2001, but even this result is weak. Additional images of
the quality of our new ACS/WFC exposure are needed
to probe stand-o↵ variation at the required⇠ 5mas level.
Nevertheless the head limb shape does suggest that

the stando↵ was small when pulsar was at the position
of the head’s closed base, ⇠ 15.500 behind the present
apex (i.e. in ⇠ 1940). The transition into the head
bubble may be similar to the ‘break-through’ inferred
for the PSR J2030+4415 H↵ nebula and filament (de
Vries & Romani 2022). The ‘pinch’ ⇠ 700 back (i.e. in
1985), and the increased limb brightness ⇠ 3.200 behind
the apex (in ⇠ 2004) suggest weaker compression events.

3.2. X-ray Evolution
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Figure 10. Spread of the emission behind the leading edge
in the filament middle section across four epochs. The data
are well described by a steady shift of the peak behind the
leading edge, a steady increase in the width, and a constant
integrated flux. The y-axis indicates the 1–5 keV photon
surface brightness. Labels indicate the best-fit parameter
value (with 1� errors ): x2000 and �2000 are the peak position
and standard deviation of the Gaussian component in 2000
respectively; �̇ indicates the increase in � over time; and µ
indicates the shift of the peak away from the leading edge
over time.

example if r0 decreases, then more pulsar/PWN shock
particles have gyroradii exceeding r0, so escape to the fil-
ament might increase and the filament surface brightness
may temporarily increase. Averaged over the full width
the fluxes per unit length seem quite constant (Figure
9); although the inner counter-filament appears more
prominently in the 2021 image, its flux per unit length
remains consistent with that of the filament, within er-
rors.
Although the statistics are limited in the early images,

there appear to be changes behind the leading edge. In
Figure 4 the most notable changes are in the ‘Middle’
section of the filament where the emission spreads be-
hind the leading edge as a shifting ridge. We quantify
this trend in Figure 10, where fits to Gaussian distri-
butions transverse to the filament show a progressive
shift and broadening of the maximum. Note that the
integral flux is consistent with constant across the four
epochs. A fit to such regions in the ‘Inner’ zone gives
similar evolution with nearly identical parameters, but
lower statistical significance. We attempt to interpret
these results in the conclusions.

3.3. Spectral fits

We have extracted spectra for the several regions of
Figure 7 using the standard CIAO tools. To each of the
spectra, we have fit a power law multiplied by Galac-

Table 3. Spectral fit results (with 1� errors) for the filament
in the 2021 Chandra epoch (see Figure 7 for the regions). The
‘Leading’ and ‘Trailing’ regions are composed of the front and
back halves, respectively of the combined inner and middle
regions. Beq was computed assuming cylindrical volumes for
each region.

Region Counts � f�15
b �2/DoF Beq

[µG]

Inner 214± 17 1.31± 0.16 9.9 29.3/27 13

Middle 209± 17 1.37± 0.17 10.2 24.3/24 14

Outer 489± 32 1.58± 0.15 24.1 53.2/48 8

CF 86± 11 1.71± 0.30 3.5 23.8/24 17

Leading 273± 19 1.39± 0.14 13.6 22.7/33 19

Trailing 154± 16 1.60± 0.20 7.1 30.5/30 17

Remnant 174± 19 1.40± 0.27 7.2 38.0/33 9
a NH fixed at 2.7⇥ 1021cm�2.
b 0.5� 7 keV unabsorbed fluxes in units of 10�15erg cm�2s�1.

tic absorption, which we have set at 2.7 ⇥ 1021 cm�2.
The results of the spectral analysis are shown in Table
3. There are no significant di↵erences in spectral index
between the regions. The weak evidence for spectral
softening with distance from the pulsar would require
much deeper observation for a serious test.
Additionally, we have estimated the magnetic field

strength under the assumption of equipartition. For an
optically thin region filled with relativistic electrons and
magnetic field emitting synchrotron radiation

B = 46


J�20(E1, E2)�

�

C1.5��(Em, EM )

C2��(E1, E2)

�2/7
µG (1)

where

Cq(x1, x2) =
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J�20(E1, E2) = 4⇡f�20(E1, E2)d2/V is the observed
emissivity (in 10�20 erg s�1 cm�3, between E1 keV and
E2 keV), � = wB/we is the magnetization parameter,
� the filling factor, and Em and EM the minimum and
maximum energies, in keV, of the synchrotron spectrum
with photon �. We assume that the structures are cylin-
drical, with diameter set to the observed region width.
We list the derived equipartition fields in Table 3 for
� = � = 1, Em = 0.01 keV and EM = 10 keV.

4. DISCUSSION AND CONCLUSIONS

The shape of the filament is complex and the epoch-
to-epoch changes are subtle. We seek to explain these
through a combination of variable particle injection at
the moving pulsar, particle flow along field lines, parti-
cle di↵usion across field lines and possible cooling. In

NO EVIDENCE OF COOLING IN THE 
INNER REGION 
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Figure 4. 1994-2021 Guitar/Filament Evolution. Left panels show four 2200 ⇥ 2100 cutouts from the HST H↵ images (1994,
2001, 2006, 2020). The top panel has the pulsar positions at the four HST and four CXO epochs marked on lines representing
50y (9.700) of proper motion. The lower panels have the outline of the 2020 HST H↵ limb marked, for comparison. The right
panels show the filament evolution over the four CXO epochs (40 ⇥ 10 cutouts). The filament leading edge from the 2021 epoch
is marked by the blue line, while the red arrow in the top and bottom panels shows the 50y proper motion, and a stationary
background source is marked for reference.

walker length of 4500 steps should be su�cient.1.A vi-
sual comparison of the data and the Wilkin thin shock
model for each epoch is shown in Figure 5. The pos-
terior distributions for r0 are plotted in Figure 6, with
values listed in Table 2. For the 2020 epoch, the posi-
tion uncertainty from the posterior (the 14th and 86th
percentiles of the distribution) is ⇡ 0.15 pixel (⇠ 8mas)
in both the x and y directions.
The Ocker et al. (2021) estimates generally lie within

the r0 uncertainty ranges, but have nominal errors much
smaller than we find for a direct fit, especially for the

1 In the emcee documentation on autocorrelation analysis (https:
//emcee.readthedocs.io/en/stable/tutorials/autocorr/), it is sug-
gested that each walker should have a length of > 50⌧f steps,
so that enough independent samples can be obtained to yield
accurate results.

1994 and 2001 data. Alas our more realistic errors mean
that direct evidence for r0 variation is poor. The bulk
of our uncertainty range suggests that r0 was larger in
2001, but even this result is weak. Additional images of
the quality of our new ACS/WFC exposure are needed
to probe stand-o↵ variation at the required⇠ 5mas level.
Nevertheless the head limb shape does suggest that

the stando↵ was small when pulsar was at the position
of the head’s closed base, ⇠ 15.500 behind the present
apex (i.e. in ⇠ 1940). The transition into the head
bubble may be similar to the ‘break-through’ inferred
for the PSR J2030+4415 H↵ nebula and filament (de
Vries & Romani 2022). The ‘pinch’ ⇠ 700 back (i.e. in
1985), and the increased limb brightness ⇠ 3.200 behind
the apex (in ⇠ 2004) suggest weaker compression events.

3.2. X-ray Evolution
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Figure 10. Spread of the emission behind the leading edge
in the filament middle section across four epochs. The data
are well described by a steady shift of the peak behind the
leading edge, a steady increase in the width, and a constant
integrated flux. The y-axis indicates the 1–5 keV photon
surface brightness. Labels indicate the best-fit parameter
value (with 1� errors ): x2000 and �2000 are the peak position
and standard deviation of the Gaussian component in 2000
respectively; �̇ indicates the increase in � over time; and µ
indicates the shift of the peak away from the leading edge
over time.

example if r0 decreases, then more pulsar/PWN shock
particles have gyroradii exceeding r0, so escape to the fil-
ament might increase and the filament surface brightness
may temporarily increase. Averaged over the full width
the fluxes per unit length seem quite constant (Figure
9); although the inner counter-filament appears more
prominently in the 2021 image, its flux per unit length
remains consistent with that of the filament, within er-
rors.
Although the statistics are limited in the early images,

there appear to be changes behind the leading edge. In
Figure 4 the most notable changes are in the ‘Middle’
section of the filament where the emission spreads be-
hind the leading edge as a shifting ridge. We quantify
this trend in Figure 10, where fits to Gaussian distri-
butions transverse to the filament show a progressive
shift and broadening of the maximum. Note that the
integral flux is consistent with constant across the four
epochs. A fit to such regions in the ‘Inner’ zone gives
similar evolution with nearly identical parameters, but
lower statistical significance. We attempt to interpret
these results in the conclusions.

3.3. Spectral fits

We have extracted spectra for the several regions of
Figure 7 using the standard CIAO tools. To each of the
spectra, we have fit a power law multiplied by Galac-

Table 3. Spectral fit results (with 1� errors) for the filament
in the 2021 Chandra epoch (see Figure 7 for the regions). The
‘Leading’ and ‘Trailing’ regions are composed of the front and
back halves, respectively of the combined inner and middle
regions. Beq was computed assuming cylindrical volumes for
each region.

Region Counts � f�15
b �2/DoF Beq

[µG]

Inner 214± 17 1.31± 0.16 9.9 29.3/27 13

Middle 209± 17 1.37± 0.17 10.2 24.3/24 14

Outer 489± 32 1.58± 0.15 24.1 53.2/48 8

CF 86± 11 1.71± 0.30 3.5 23.8/24 17

Leading 273± 19 1.39± 0.14 13.6 22.7/33 19

Trailing 154± 16 1.60± 0.20 7.1 30.5/30 17

Remnant 174± 19 1.40± 0.27 7.2 38.0/33 9
a NH fixed at 2.7⇥ 1021cm�2.
b 0.5� 7 keV unabsorbed fluxes in units of 10�15erg cm�2s�1.

tic absorption, which we have set at 2.7 ⇥ 1021 cm�2.
The results of the spectral analysis are shown in Table
3. There are no significant di↵erences in spectral index
between the regions. The weak evidence for spectral
softening with distance from the pulsar would require
much deeper observation for a serious test.
Additionally, we have estimated the magnetic field

strength under the assumption of equipartition. For an
optically thin region filled with relativistic electrons and
magnetic field emitting synchrotron radiation

B = 46
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J�20(E1, E2) = 4⇡f�20(E1, E2)d2/V is the observed
emissivity (in 10�20 erg s�1 cm�3, between E1 keV and
E2 keV), � = wB/we is the magnetization parameter,
� the filling factor, and Em and EM the minimum and
maximum energies, in keV, of the synchrotron spectrum
with photon �. We assume that the structures are cylin-
drical, with diameter set to the observed region width.
We list the derived equipartition fields in Table 3 for
� = � = 1, Em = 0.01 keV and EM = 10 keV.

4. DISCUSSION AND CONCLUSIONS

The shape of the filament is complex and the epoch-
to-epoch changes are subtle. We seek to explain these
through a combination of variable particle injection at
the moving pulsar, particle flow along field lines, parti-
cle di↵usion across field lines and possible cooling. In

NO EVIDENCE OF COOLING IN THE 
INNER REGION 

SOME COOLING IN THE OUTER 
REGION ?
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Figure 4. 1994-2021 Guitar/Filament Evolution. Left panels show four 2200 ⇥ 2100 cutouts from the HST H↵ images (1994,
2001, 2006, 2020). The top panel has the pulsar positions at the four HST and four CXO epochs marked on lines representing
50y (9.700) of proper motion. The lower panels have the outline of the 2020 HST H↵ limb marked, for comparison. The right
panels show the filament evolution over the four CXO epochs (40 ⇥ 10 cutouts). The filament leading edge from the 2021 epoch
is marked by the blue line, while the red arrow in the top and bottom panels shows the 50y proper motion, and a stationary
background source is marked for reference.

walker length of 4500 steps should be su�cient.1.A vi-
sual comparison of the data and the Wilkin thin shock
model for each epoch is shown in Figure 5. The pos-
terior distributions for r0 are plotted in Figure 6, with
values listed in Table 2. For the 2020 epoch, the posi-
tion uncertainty from the posterior (the 14th and 86th
percentiles of the distribution) is ⇡ 0.15 pixel (⇠ 8mas)
in both the x and y directions.
The Ocker et al. (2021) estimates generally lie within

the r0 uncertainty ranges, but have nominal errors much
smaller than we find for a direct fit, especially for the

1 In the emcee documentation on autocorrelation analysis (https:
//emcee.readthedocs.io/en/stable/tutorials/autocorr/), it is sug-
gested that each walker should have a length of > 50⌧f steps,
so that enough independent samples can be obtained to yield
accurate results.

1994 and 2001 data. Alas our more realistic errors mean
that direct evidence for r0 variation is poor. The bulk
of our uncertainty range suggests that r0 was larger in
2001, but even this result is weak. Additional images of
the quality of our new ACS/WFC exposure are needed
to probe stand-o↵ variation at the required⇠ 5mas level.
Nevertheless the head limb shape does suggest that

the stando↵ was small when pulsar was at the position
of the head’s closed base, ⇠ 15.500 behind the present
apex (i.e. in ⇠ 1940). The transition into the head
bubble may be similar to the ‘break-through’ inferred
for the PSR J2030+4415 H↵ nebula and filament (de
Vries & Romani 2022). The ‘pinch’ ⇠ 700 back (i.e. in
1985), and the increased limb brightness ⇠ 3.200 behind
the apex (in ⇠ 2004) suggest weaker compression events.

3.2. X-ray Evolution
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Figure 10. Spread of the emission behind the leading edge
in the filament middle section across four epochs. The data
are well described by a steady shift of the peak behind the
leading edge, a steady increase in the width, and a constant
integrated flux. The y-axis indicates the 1–5 keV photon
surface brightness. Labels indicate the best-fit parameter
value (with 1� errors ): x2000 and �2000 are the peak position
and standard deviation of the Gaussian component in 2000
respectively; �̇ indicates the increase in � over time; and µ
indicates the shift of the peak away from the leading edge
over time.

example if r0 decreases, then more pulsar/PWN shock
particles have gyroradii exceeding r0, so escape to the fil-
ament might increase and the filament surface brightness
may temporarily increase. Averaged over the full width
the fluxes per unit length seem quite constant (Figure
9); although the inner counter-filament appears more
prominently in the 2021 image, its flux per unit length
remains consistent with that of the filament, within er-
rors.
Although the statistics are limited in the early images,

there appear to be changes behind the leading edge. In
Figure 4 the most notable changes are in the ‘Middle’
section of the filament where the emission spreads be-
hind the leading edge as a shifting ridge. We quantify
this trend in Figure 10, where fits to Gaussian distri-
butions transverse to the filament show a progressive
shift and broadening of the maximum. Note that the
integral flux is consistent with constant across the four
epochs. A fit to such regions in the ‘Inner’ zone gives
similar evolution with nearly identical parameters, but
lower statistical significance. We attempt to interpret
these results in the conclusions.

3.3. Spectral fits

We have extracted spectra for the several regions of
Figure 7 using the standard CIAO tools. To each of the
spectra, we have fit a power law multiplied by Galac-

Table 3. Spectral fit results (with 1� errors) for the filament
in the 2021 Chandra epoch (see Figure 7 for the regions). The
‘Leading’ and ‘Trailing’ regions are composed of the front and
back halves, respectively of the combined inner and middle
regions. Beq was computed assuming cylindrical volumes for
each region.

Region Counts � f�15
b �2/DoF Beq

[µG]

Inner 214± 17 1.31± 0.16 9.9 29.3/27 13

Middle 209± 17 1.37± 0.17 10.2 24.3/24 14

Outer 489± 32 1.58± 0.15 24.1 53.2/48 8

CF 86± 11 1.71± 0.30 3.5 23.8/24 17

Leading 273± 19 1.39± 0.14 13.6 22.7/33 19

Trailing 154± 16 1.60± 0.20 7.1 30.5/30 17

Remnant 174± 19 1.40± 0.27 7.2 38.0/33 9
a NH fixed at 2.7⇥ 1021cm�2.
b 0.5� 7 keV unabsorbed fluxes in units of 10�15erg cm�2s�1.

tic absorption, which we have set at 2.7 ⇥ 1021 cm�2.
The results of the spectral analysis are shown in Table
3. There are no significant di↵erences in spectral index
between the regions. The weak evidence for spectral
softening with distance from the pulsar would require
much deeper observation for a serious test.
Additionally, we have estimated the magnetic field

strength under the assumption of equipartition. For an
optically thin region filled with relativistic electrons and
magnetic field emitting synchrotron radiation

B = 46


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q
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J�20(E1, E2) = 4⇡f�20(E1, E2)d2/V is the observed
emissivity (in 10�20 erg s�1 cm�3, between E1 keV and
E2 keV), � = wB/we is the magnetization parameter,
� the filling factor, and Em and EM the minimum and
maximum energies, in keV, of the synchrotron spectrum
with photon �. We assume that the structures are cylin-
drical, with diameter set to the observed region width.
We list the derived equipartition fields in Table 3 for
� = � = 1, Em = 0.01 keV and EM = 10 keV.

4. DISCUSSION AND CONCLUSIONS

The shape of the filament is complex and the epoch-
to-epoch changes are subtle. We seek to explain these
through a combination of variable particle injection at
the moving pulsar, particle flow along field lines, parti-
cle di↵usion across field lines and possible cooling. In
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Figure 4. 1994-2021 Guitar/Filament Evolution. Left panels show four 2200 ⇥ 2100 cutouts from the HST H↵ images (1994,
2001, 2006, 2020). The top panel has the pulsar positions at the four HST and four CXO epochs marked on lines representing
50y (9.700) of proper motion. The lower panels have the outline of the 2020 HST H↵ limb marked, for comparison. The right
panels show the filament evolution over the four CXO epochs (40 ⇥ 10 cutouts). The filament leading edge from the 2021 epoch
is marked by the blue line, while the red arrow in the top and bottom panels shows the 50y proper motion, and a stationary
background source is marked for reference.

walker length of 4500 steps should be su�cient.1.A vi-
sual comparison of the data and the Wilkin thin shock
model for each epoch is shown in Figure 5. The pos-
terior distributions for r0 are plotted in Figure 6, with
values listed in Table 2. For the 2020 epoch, the posi-
tion uncertainty from the posterior (the 14th and 86th
percentiles of the distribution) is ⇡ 0.15 pixel (⇠ 8mas)
in both the x and y directions.
The Ocker et al. (2021) estimates generally lie within

the r0 uncertainty ranges, but have nominal errors much
smaller than we find for a direct fit, especially for the

1 In the emcee documentation on autocorrelation analysis (https:
//emcee.readthedocs.io/en/stable/tutorials/autocorr/), it is sug-
gested that each walker should have a length of > 50⌧f steps,
so that enough independent samples can be obtained to yield
accurate results.

1994 and 2001 data. Alas our more realistic errors mean
that direct evidence for r0 variation is poor. The bulk
of our uncertainty range suggests that r0 was larger in
2001, but even this result is weak. Additional images of
the quality of our new ACS/WFC exposure are needed
to probe stand-o↵ variation at the required⇠ 5mas level.
Nevertheless the head limb shape does suggest that

the stando↵ was small when pulsar was at the position
of the head’s closed base, ⇠ 15.500 behind the present
apex (i.e. in ⇠ 1940). The transition into the head
bubble may be similar to the ‘break-through’ inferred
for the PSR J2030+4415 H↵ nebula and filament (de
Vries & Romani 2022). The ‘pinch’ ⇠ 700 back (i.e. in
1985), and the increased limb brightness ⇠ 3.200 behind
the apex (in ⇠ 2004) suggest weaker compression events.
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Figure 10. Spread of the emission behind the leading edge
in the filament middle section across four epochs. The data
are well described by a steady shift of the peak behind the
leading edge, a steady increase in the width, and a constant
integrated flux. The y-axis indicates the 1–5 keV photon
surface brightness. Labels indicate the best-fit parameter
value (with 1� errors ): x2000 and �2000 are the peak position
and standard deviation of the Gaussian component in 2000
respectively; �̇ indicates the increase in � over time; and µ
indicates the shift of the peak away from the leading edge
over time.

example if r0 decreases, then more pulsar/PWN shock
particles have gyroradii exceeding r0, so escape to the fil-
ament might increase and the filament surface brightness
may temporarily increase. Averaged over the full width
the fluxes per unit length seem quite constant (Figure
9); although the inner counter-filament appears more
prominently in the 2021 image, its flux per unit length
remains consistent with that of the filament, within er-
rors.
Although the statistics are limited in the early images,

there appear to be changes behind the leading edge. In
Figure 4 the most notable changes are in the ‘Middle’
section of the filament where the emission spreads be-
hind the leading edge as a shifting ridge. We quantify
this trend in Figure 10, where fits to Gaussian distri-
butions transverse to the filament show a progressive
shift and broadening of the maximum. Note that the
integral flux is consistent with constant across the four
epochs. A fit to such regions in the ‘Inner’ zone gives
similar evolution with nearly identical parameters, but
lower statistical significance. We attempt to interpret
these results in the conclusions.

3.3. Spectral fits

We have extracted spectra for the several regions of
Figure 7 using the standard CIAO tools. To each of the
spectra, we have fit a power law multiplied by Galac-

Table 3. Spectral fit results (with 1� errors) for the filament
in the 2021 Chandra epoch (see Figure 7 for the regions). The
‘Leading’ and ‘Trailing’ regions are composed of the front and
back halves, respectively of the combined inner and middle
regions. Beq was computed assuming cylindrical volumes for
each region.

Region Counts � f�15
b �2/DoF Beq

[µG]

Inner 214± 17 1.31± 0.16 9.9 29.3/27 13

Middle 209± 17 1.37± 0.17 10.2 24.3/24 14

Outer 489± 32 1.58± 0.15 24.1 53.2/48 8

CF 86± 11 1.71± 0.30 3.5 23.8/24 17

Leading 273± 19 1.39± 0.14 13.6 22.7/33 19

Trailing 154± 16 1.60± 0.20 7.1 30.5/30 17

Remnant 174± 19 1.40± 0.27 7.2 38.0/33 9
a NH fixed at 2.7⇥ 1021cm�2.
b 0.5� 7 keV unabsorbed fluxes in units of 10�15erg cm�2s�1.

tic absorption, which we have set at 2.7 ⇥ 1021 cm�2.
The results of the spectral analysis are shown in Table
3. There are no significant di↵erences in spectral index
between the regions. The weak evidence for spectral
softening with distance from the pulsar would require
much deeper observation for a serious test.
Additionally, we have estimated the magnetic field

strength under the assumption of equipartition. For an
optically thin region filled with relativistic electrons and
magnetic field emitting synchrotron radiation
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J�20(E1, E2) = 4⇡f�20(E1, E2)d2/V is the observed
emissivity (in 10�20 erg s�1 cm�3, between E1 keV and
E2 keV), � = wB/we is the magnetization parameter,
� the filling factor, and Em and EM the minimum and
maximum energies, in keV, of the synchrotron spectrum
with photon �. We assume that the structures are cylin-
drical, with diameter set to the observed region width.
We list the derived equipartition fields in Table 3 for
� = � = 1, Em = 0.01 keV and EM = 10 keV.

4. DISCUSSION AND CONCLUSIONS

The shape of the filament is complex and the epoch-
to-epoch changes are subtle. We seek to explain these
through a combination of variable particle injection at
the moving pulsar, particle flow along field lines, parti-
cle di↵usion across field lines and possible cooling. In
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Figure 4. 1994-2021 Guitar/Filament Evolution. Left panels show four 2200 ⇥ 2100 cutouts from the HST H↵ images (1994,
2001, 2006, 2020). The top panel has the pulsar positions at the four HST and four CXO epochs marked on lines representing
50y (9.700) of proper motion. The lower panels have the outline of the 2020 HST H↵ limb marked, for comparison. The right
panels show the filament evolution over the four CXO epochs (40 ⇥ 10 cutouts). The filament leading edge from the 2021 epoch
is marked by the blue line, while the red arrow in the top and bottom panels shows the 50y proper motion, and a stationary
background source is marked for reference.

walker length of 4500 steps should be su�cient.1.A vi-
sual comparison of the data and the Wilkin thin shock
model for each epoch is shown in Figure 5. The pos-
terior distributions for r0 are plotted in Figure 6, with
values listed in Table 2. For the 2020 epoch, the posi-
tion uncertainty from the posterior (the 14th and 86th
percentiles of the distribution) is ⇡ 0.15 pixel (⇠ 8mas)
in both the x and y directions.
The Ocker et al. (2021) estimates generally lie within

the r0 uncertainty ranges, but have nominal errors much
smaller than we find for a direct fit, especially for the

1 In the emcee documentation on autocorrelation analysis (https:
//emcee.readthedocs.io/en/stable/tutorials/autocorr/), it is sug-
gested that each walker should have a length of > 50⌧f steps,
so that enough independent samples can be obtained to yield
accurate results.

1994 and 2001 data. Alas our more realistic errors mean
that direct evidence for r0 variation is poor. The bulk
of our uncertainty range suggests that r0 was larger in
2001, but even this result is weak. Additional images of
the quality of our new ACS/WFC exposure are needed
to probe stand-o↵ variation at the required⇠ 5mas level.
Nevertheless the head limb shape does suggest that

the stando↵ was small when pulsar was at the position
of the head’s closed base, ⇠ 15.500 behind the present
apex (i.e. in ⇠ 1940). The transition into the head
bubble may be similar to the ‘break-through’ inferred
for the PSR J2030+4415 H↵ nebula and filament (de
Vries & Romani 2022). The ‘pinch’ ⇠ 700 back (i.e. in
1985), and the increased limb brightness ⇠ 3.200 behind
the apex (in ⇠ 2004) suggest weaker compression events.
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Figure 10. Spread of the emission behind the leading edge
in the filament middle section across four epochs. The data
are well described by a steady shift of the peak behind the
leading edge, a steady increase in the width, and a constant
integrated flux. The y-axis indicates the 1–5 keV photon
surface brightness. Labels indicate the best-fit parameter
value (with 1� errors ): x2000 and �2000 are the peak position
and standard deviation of the Gaussian component in 2000
respectively; �̇ indicates the increase in � over time; and µ
indicates the shift of the peak away from the leading edge
over time.

example if r0 decreases, then more pulsar/PWN shock
particles have gyroradii exceeding r0, so escape to the fil-
ament might increase and the filament surface brightness
may temporarily increase. Averaged over the full width
the fluxes per unit length seem quite constant (Figure
9); although the inner counter-filament appears more
prominently in the 2021 image, its flux per unit length
remains consistent with that of the filament, within er-
rors.
Although the statistics are limited in the early images,

there appear to be changes behind the leading edge. In
Figure 4 the most notable changes are in the ‘Middle’
section of the filament where the emission spreads be-
hind the leading edge as a shifting ridge. We quantify
this trend in Figure 10, where fits to Gaussian distri-
butions transverse to the filament show a progressive
shift and broadening of the maximum. Note that the
integral flux is consistent with constant across the four
epochs. A fit to such regions in the ‘Inner’ zone gives
similar evolution with nearly identical parameters, but
lower statistical significance. We attempt to interpret
these results in the conclusions.

3.3. Spectral fits

We have extracted spectra for the several regions of
Figure 7 using the standard CIAO tools. To each of the
spectra, we have fit a power law multiplied by Galac-

Table 3. Spectral fit results (with 1� errors) for the filament
in the 2021 Chandra epoch (see Figure 7 for the regions). The
‘Leading’ and ‘Trailing’ regions are composed of the front and
back halves, respectively of the combined inner and middle
regions. Beq was computed assuming cylindrical volumes for
each region.

Region Counts � f�15
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Outer 489± 32 1.58± 0.15 24.1 53.2/48 8

CF 86± 11 1.71± 0.30 3.5 23.8/24 17

Leading 273± 19 1.39± 0.14 13.6 22.7/33 19

Trailing 154± 16 1.60± 0.20 7.1 30.5/30 17

Remnant 174± 19 1.40± 0.27 7.2 38.0/33 9
a NH fixed at 2.7⇥ 1021cm�2.
b 0.5� 7 keV unabsorbed fluxes in units of 10�15erg cm�2s�1.

tic absorption, which we have set at 2.7 ⇥ 1021 cm�2.
The results of the spectral analysis are shown in Table
3. There are no significant di↵erences in spectral index
between the regions. The weak evidence for spectral
softening with distance from the pulsar would require
much deeper observation for a serious test.
Additionally, we have estimated the magnetic field

strength under the assumption of equipartition. For an
optically thin region filled with relativistic electrons and
magnetic field emitting synchrotron radiation
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� the filling factor, and Em and EM the minimum and
maximum energies, in keV, of the synchrotron spectrum
with photon �. We assume that the structures are cylin-
drical, with diameter set to the observed region width.
We list the derived equipartition fields in Table 3 for
� = � = 1, Em = 0.01 keV and EM = 10 keV.
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BOW SHOCK PWNE: INTERNAL TURBULENCE

5764 B. Olmi and N. Bucciantini

Figure 11. Map of the magnetic field module (in code units), normalized to the maximal nominal value. Upper panel: comparison for runs I{0, i} (on the
left) and A{0, i} (on the right); maps are composed of two halves of different value of magnetization, σ = 0.01 on the left-side and σ = 1.0 on the right-side,
respectively. Bottom panel: maps of the magnetic field module for magnetization σ = 1.0 and for the all the remaining inclinations φM. From left to right,
maps refers to run: I{π/4,0}, A{π/4,0}, I{π/2,0}, and A{π/2,0}. Please note that the colour map is the same for all plots.

is that the magnetic field has an intrinsic turbulent nature, clearly
visible from the fact that the average value of Bz is compatibile with
0, with very high oscillations. In the case of the anisotropic wind
(bottom row) for σ ≤ 0.1, the increase of the injected magnetization
does not reflect in a growth of the magnetic field: maximum values
and amplitude of the variability do not change, with the maximum
approaching 0.002 in code units, i.e. 1 (ρ24v

2
7)1/2 µG. This means

that in this regimen, the magnetic field evolution and dynamics is
actually dominated by turbulence rather than injection.

On the contrary, as σ exceeds 0.1, the magnetic field is seen to
rise with increasing initial magnetization, even if not linearly (juts
a factor 2 for a rise of magnetization by a factor 10), meaning that
the system now retains memory of the injection.

In the isotropic wind model (upper row), each step in magnetiza-
tion corresponds to an increment of a factor of 2 in the maximum
value of Bz, which goes approximately from 0.002 to 0.1 in code
units, i.e. from 1(ρ24v

2
7)1/2 µG up to 50(ρ24v

2
7)1/2 µG. In this case,

injection is evidently dominant and the development of small-scale
turbulence is less efficient.

Planar components of the magnetic field can be seen in Fig. 13,
where Bx and Bz are plotted as 2D (x, y) slices (at z = −20.8d0)
for runs I{π/4,0} and A{π/4,0}. The nature of turbulence appears very
different between the isotropic and anisotropic wind models, with
the anisotropic case dominated by small-scale structures. Again,
these differences causes clear diversities in the field morphology:
in the isotropic case, the field shows coherent structures on large
scales, and the injection geometry is still recognizable in the tail
far away from the head, as can be seen by the different polarities
of the field still well separated (yellow colour versus violet). On
the contrary, in the anisotropic model, the high-level of mixing
causes this global structure to be very poorly recognizable in the
tail. The Bz component maintains a very faint left–right separation
of polarities, while the mixing in the Bx component (and By) is
almost complete, and no coherent structure is visible any more. This
behaviour is common for almost all the considered configurations.
The exception, as already pointed out in the previous discussion,
is represented by the low-magnetized cases (σ = 0.01), where the
level of turbulence is high enough to dominate in the injection
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left) and A{0, i} (on the right); maps are composed of two halves of different value of magnetization, σ = 0.01 on the left-side and σ = 1.0 on the right-side,
respectively. Bottom panel: maps of the magnetic field module for magnetization σ = 1.0 and for the all the remaining inclinations φM. From left to right,
maps refers to run: I{π/4,0}, A{π/4,0}, I{π/2,0}, and A{π/2,0}. Please note that the colour map is the same for all plots.
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visible from the fact that the average value of Bz is compatibile with
0, with very high oscillations. In the case of the anisotropic wind
(bottom row) for σ ≤ 0.1, the increase of the injected magnetization
does not reflect in a growth of the magnetic field: maximum values
and amplitude of the variability do not change, with the maximum
approaching 0.002 in code units, i.e. 1 (ρ24v
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that in this regimen, the magnetic field evolution and dynamics is
actually dominated by turbulence rather than injection.

On the contrary, as σ exceeds 0.1, the magnetic field is seen to
rise with increasing initial magnetization, even if not linearly (juts
a factor 2 for a rise of magnetization by a factor 10), meaning that
the system now retains memory of the injection.

In the isotropic wind model (upper row), each step in magnetiza-
tion corresponds to an increment of a factor of 2 in the maximum
value of Bz, which goes approximately from 0.002 to 0.1 in code
units, i.e. from 1(ρ24v
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injection is evidently dominant and the development of small-scale
turbulence is less efficient.

Planar components of the magnetic field can be seen in Fig. 13,
where Bx and Bz are plotted as 2D (x, y) slices (at z = −20.8d0)
for runs I{π/4,0} and A{π/4,0}. The nature of turbulence appears very
different between the isotropic and anisotropic wind models, with
the anisotropic case dominated by small-scale structures. Again,
these differences causes clear diversities in the field morphology:
in the isotropic case, the field shows coherent structures on large
scales, and the injection geometry is still recognizable in the tail
far away from the head, as can be seen by the different polarities
of the field still well separated (yellow colour versus violet). On
the contrary, in the anisotropic model, the high-level of mixing
causes this global structure to be very poorly recognizable in the
tail. The Bz component maintains a very faint left–right separation
of polarities, while the mixing in the Bx component (and By) is
almost complete, and no coherent structure is visible any more. This
behaviour is common for almost all the considered configurations.
The exception, as already pointed out in the previous discussion,
is represented by the low-magnetized cases (σ = 0.01), where the
level of turbulence is high enough to dominate in the injection
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Figure 11. Map of the magnetic field module (in code units), normalized to the maximal nominal value. Upper panel: comparison for runs I{0, i} (on the
left) and A{0, i} (on the right); maps are composed of two halves of different value of magnetization, σ = 0.01 on the left-side and σ = 1.0 on the right-side,
respectively. Bottom panel: maps of the magnetic field module for magnetization σ = 1.0 and for the all the remaining inclinations φM. From left to right,
maps refers to run: I{π/4,0}, A{π/4,0}, I{π/2,0}, and A{π/2,0}. Please note that the colour map is the same for all plots.

is that the magnetic field has an intrinsic turbulent nature, clearly
visible from the fact that the average value of Bz is compatibile with
0, with very high oscillations. In the case of the anisotropic wind
(bottom row) for σ ≤ 0.1, the increase of the injected magnetization
does not reflect in a growth of the magnetic field: maximum values
and amplitude of the variability do not change, with the maximum
approaching 0.002 in code units, i.e. 1 (ρ24v

2
7)1/2 µG. This means

that in this regimen, the magnetic field evolution and dynamics is
actually dominated by turbulence rather than injection.

On the contrary, as σ exceeds 0.1, the magnetic field is seen to
rise with increasing initial magnetization, even if not linearly (juts
a factor 2 for a rise of magnetization by a factor 10), meaning that
the system now retains memory of the injection.

In the isotropic wind model (upper row), each step in magnetiza-
tion corresponds to an increment of a factor of 2 in the maximum
value of Bz, which goes approximately from 0.002 to 0.1 in code
units, i.e. from 1(ρ24v

2
7)1/2 µG up to 50(ρ24v

2
7)1/2 µG. In this case,

injection is evidently dominant and the development of small-scale
turbulence is less efficient.

Planar components of the magnetic field can be seen in Fig. 13,
where Bx and Bz are plotted as 2D (x, y) slices (at z = −20.8d0)
for runs I{π/4,0} and A{π/4,0}. The nature of turbulence appears very
different between the isotropic and anisotropic wind models, with
the anisotropic case dominated by small-scale structures. Again,
these differences causes clear diversities in the field morphology:
in the isotropic case, the field shows coherent structures on large
scales, and the injection geometry is still recognizable in the tail
far away from the head, as can be seen by the different polarities
of the field still well separated (yellow colour versus violet). On
the contrary, in the anisotropic model, the high-level of mixing
causes this global structure to be very poorly recognizable in the
tail. The Bz component maintains a very faint left–right separation
of polarities, while the mixing in the Bx component (and By) is
almost complete, and no coherent structure is visible any more. This
behaviour is common for almost all the considered configurations.
The exception, as already pointed out in the previous discussion,
is represented by the low-magnetized cases (σ = 0.01), where the
level of turbulence is high enough to dominate in the injection
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Figure 5. 3D maps of selected particles superimposed on the 3D structure
of the BSPWN, for (+) particles with � = 108, colorcoded according to
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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GEMINGA HARD 
TAILS

VERY HIGH ENERGY PARTICLES 
CAN ALSO DIFFUSE AHEAD

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. 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 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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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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IXPE - X-RAY POLARIMETRY - G 0.13-0.11
Churazov et al.: Synchrotron nature of PWN X-Ray emission
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Fig. 1. A combination of radio (MeerKAT; 1.3 GHz, red) and X-ray (Chandra; 2.3-8 keV, Log scale, smoothed with f = 0.500 Gaussian, green)
images of the G0.13-0.11 region in Galactic coordinates. The cyan lines show the constraints on the Polarization Angle (PA) of the G0.13-0.11
emission derived from the IXPE data (best-fitting value ±1f error, i.e. 21 ± 9 degrees). The prominent red vertical threads on the left side of the
image belong to the NTFs of the Radio Arc. G0.13-0.11 is the green feature to the east of a sequence of fainter NTFs near the center of the image.
G0.13-0.11 consists of (i) a compact core (the bright green dot at the center of the figure), presumably the pulsar itself and its PWN, (ii) a pair of
bright "wings", and (iii) a more diffuse (possibly structured) X-ray glow to the left of the "wings" (at higher Galactic longitude). The polarization
direction is approximately perpendicular to the X-ray "wings" and the nearest NTFs. Coupled with the large polarization degree, this proves that
X-rays are produced by synchrotron emission of ⇠ TeV electrons.
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Fig. 2. 3-6 keV IXPE (left panel) and Chandra (right panel) X-ray images. Two elliptical regions were used for spectra extraction. The white ellipse
covers the G0.13-0.11 area. Given the uncertainties with the IXPE astrometry, a relatively large region was selected guided by the IXPE image. The
bigger cyan region was used as a background region for spectral analysis. The Chandra image is in logarithmic scale to show more clearly bright
point sources and faint diffuse emission. For the IXPE image, a linear scale is used.

He-like iron. The former line is due to the reflection of X-rays
by the neutral/molecular medium (e.g. Vainshtein & Sunyaev
1980; Koyama et al. 1996), while the latter is a combination of
numerous accreting stellar mass objects that produce "thermal"
spectra (e.g. Revnivtsev et al. 2009). This means that there is
no well-defined and "optimal" choice of the background region.

Since in this study, we are interested in the non-thermal compo-
nent, the background region was selected to have a comparable
mix of the reflection and thermal spectra. No fine-tuning was
done when selecting the background region although we have
verified that other reasonable choices do not significantly affect
our final results. To mitigate the uncertainties associated with the
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Fig. 3. Regions used for spectral extraction from the Chandra data. The
black ellipse called "IXPE" is the same as the source region in Fig. 2.
The other three regions ("SRC", "Wings-n" and "Wings-e") cover the
compact source and the brighter parts of the X-ray bow. The "SRC"
and "Wings-n" regions do not overlap. Larger regions ("Wings-e" and
"IXPE") include all the Chandra counts inside them, i.e., the "IXPE"
region includes the counts from "SRC", "Wings-n", and almost the entire
"Wings-e" counts. The purple circle labelled as "IP" shows the extraction
region for the Intermediate Polar CXOUGC J174622.7–285218.

contributions of the reflection component above 6 keV and strong
lines below 3 keV coupled with strong low-energy photoelectric
absorption, we restrict the analysis of IXPE data to the 3-6 keV
band. The higher energy resolution of Chandra permits the spec-
tral analysis in a broader band, illustrating strong suppression of
X-ray flux below 2-3 keV due to photo-electric absorption with
a typical column density #H ⇠ 8 1022 cm�2 (see Table 1).

Simple absorbed power-law model fits to the spectra are
shown with solid lines. Clearly, strong emission lines (e.g., of
strongly ionized Si or S) are present in the Chandra spectrum of
the "IXPE" region even after subtracting the spectrum extracted
from the background region. Somewhat weaker lines are still
seen in the "Wings-e" spectrum, while the "Wings-n" and "SRC"
spectra seem to be reasonably well described by the power law
model.

The parameters of the model are given in Table 1. The central
bright source, presumably the pulsar itself and possibly a com-
pact part of its PWN, has the hardest spectrum � ⇠ 1.35, while
the Wings-n and Wings-e regions have significantly softer spectra
� ⇠ 2.2 � 2.4. Broadly, these spectral parameters are consistent
with those obtained by Yusef-Zadeh et al. (2002) and Wang et al.
(2002), given the difference in the choice of extraction regions
and possible variability of the diffuse (reflected) emission. The
"IXPE" region is clearly contaminated by thermal emission be-
low 3-4 keV. However, already at ⇠ 5 keV, the fluxes from the
"Wings-e" and "IXPE" regions are comparable. The "Wings-
e" spectrum itself contains a non-negligible fraction of thermal
emission. To set a lower limit on the degree of polarization, we
conservatively assume that the total intensity (i.e. Stokes � (⇢)) of
the non-thermal component is described by the "Wings-e" spec-

Fig. 4. Background subtracted Chandra spectra in the vicinity of G0.13-
0.11. The colors correspond to the regions shown in Fig. 3 and are
identified in this figure. The solid lines show the best-fitting absorbed
power-law model fits to these spectra. While a pure power law can
reasonably well describe the compact source spectrum (blue), other
regions clearly contain a non-negligible contribution of thermal emission
that gives rise to emission lines at low energies. The spectrum of the
intermediate polar CXOUGC J174622.7–285218 is shown in purple.

trum (the red lines in Fig. 4). We, therefore, model the IXPE’s
&(⇢) and* (⇢) spectra, assuming that � (⇢) is known. With this
approach, there are only two free parameters: the degree of po-
larization % and the polarization direction q. When fitting &(⇢)
and* (⇢) spectra, these parameters enter as pre-factors % cos 2q
and % sin 2q in front of the Chandra � (⇢) model convolved with
the IXPE response to polarized emission. Fig. 5 shows the �,&,
and * spectra obtained by IXPE, along with Chandra’s "Wings-
e" model convolved with the IXPE response. The IXPE response
was averaged over three IXPE modules.

The above assumptions yield the following best-fitting values:
PD =57 ± 18% and angle PA =21 ± 9 degrees. Setting PD = 0
increases the value of j2 by 10.37, which for 2 degrees of freedom
implies a probability ⇠ 5.3 ⇥ 10�3 of a random fluctuation. The
corresponding confidence contours are shown in Fig. 6. The high
value of the PD is a strong argument in favor of the synchrotron
origin of the X-ray emission. The constraints on the polarization
angle are shown in Fig.1. Within uncertainties, the polarization
plane is perpendicular to the bright X-ray structure and, also, to
the direction of radio filaments co-spatial with the extended X-
ray source. This suggests that both the radio and X-ray emissions
are due to the synchrotron radiation of relativistic electrons in the
same magnetic structures.

We note here, that when calculating the degree of polar-
ization, we conservatively assumed that essentially all non-
thermal flux coming from the "IXPE" region is polarized (i.e.
model "Wings-e"). If instead, only the emission coming from the
"Wings-n" region or from the PWN itself is polarized, then the
degree of polarization will only be higher. For instance, substi-
tuting the Chandra-based "Wings-e" model with the "Wings-n"
model for � (⇢), yields PD=160 ± 60%. A high degree of polar-
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Fig. 6. Confidence regions for the polarization degree (PD) and polar-
ization angle (PA, equatorial coordinate system) derived from the IXPE
data, assuming that the polarized emission corresponds to the "Wings-
e" spectral model. The blue line shows the contours of the j2 statistic
after subtraction of the minimum value j2

min reached at PD⇡0.57 and
PA⇡ 21� (marked with a blue cross). The contours show�j2 =2.3, 4.61,
6.17, and 9.21 levels, corresponding to 68.3%(1f), 90%, 95.4% (2f),
and 99% confidence levels, respectively. The red dashed line illustrates
the expected PA in the case, when the electric field vector is parallel to
the Galactic plane, and two circles mark the maximum polarization for
synchrotron emission for � = 1.4 and 2.4 (as labeled next to them). The
outmost contour extends to PD values larger than 1. This is a plausible
outcome of our procedure when the &(⇢) and* (⇢) data are taken from
IXPE, while � (⇢) is based on the Chandra data extracted from a smaller
region which is supposed to be polarised and might not coincide with
true polarized � (⇢) seen by IXPE.

where � = (?+1)/2 is the photon index of the observed spectrum
(for � between 1.4 and 2.2, the maximum degree of polarization
is between 68 and 78%). By using the formulation for depolar-
ization of synchrotron emission in a turbulent magnetic field by
Bandiera & Petruk (2016) we estimated a ratio of turbulent ver-
sus ordered magnetic field energy to be likely smaller than ⇠ 1.5.
However, the observed PD= 57 ± 18% is consistent (within un-
certainties) even with a perfectly ordered field (see Fig. 6). Notice
that a high level of polarization can be achieved even in a fully
turbulent regime if the turbulence is anisotropic (typically at a
level 2-to-4), given that polarization is sensitive to the alignment
of the magnetic field with a certain direction and is insensitive
to field reversals (Bandiera & Petruk 2016). This preferred di-
rection should be maintained across the IXPE spectral extraction
region. Indeed current models of X-ray emission in bright jet-
like features associated with PSRs advocate amplification of the
magnetic field via some form of streaming instability, to justify
magnetic field values that are typically inferred to be an order
of magnitude higher than the surrounding ISM (Bandiera 2008).
This might not be needed in the GC environment, where the
ambient magnetic field can be high.

The X-ray emission of G0.13-0.11 is co-spatial with a Fermi
source 4FGL J1746.4-2852 (Abdollahi et al. 2020) at GeV ener-
gies and a TeV-source HESS J1746–285 (H. E. S. S. Collaboration
et al. 2018). The standard leptonic model for broadband radio-
TeV objects usually relies on two processes: the synchrotron and
Inverse Compton (IC) emissions. We defer an in-depth discus-
sion for a forthcoming publication but note that the following set
of fiducial parameters might explain some of the main charac-
teristics of the G0.13-0.11 broad-band spectrum: ⌫ ⇠ 100 `G
relevant for the radio–X-ray regime (synchrotron emission) and a
combination of the CMB plus local ⇠eV radiation field with the
energy density of the order of 100 eV cm�3 (e.g. Popescu et al.

2017; Niederwanger et al. 2019) for the photons in the GeV-TeV
range produced via Inverse Compton scatterings. Such a value
of the magnetic field strength agrees with the equipartition argu-
ments (e.g. Beck & Krause 2005) based on the measured X-ray
flux and the broad-band photon index � = 2, although allowing
the index to vary between 1.6 and 2.4 changes ⌫ between ⇠ 20
and ⇠ 800 `G, respectively (see, e.g. Morris 2006, for discussion
of various arguments in favor of weaker and stronger fields). The
adopted value of ⌫ ⇠ 100 `G implies that the field energy density
is of the same order as the energy density of the radiation and,
therefore, the lifetime of leptons emitting at a given frequency
is close to the maximum. In this case, X-rays are produced by
the leptons with W ⇠ 3 ⇥ 107 which have a lifetime consistent
with the size of G0.13-0.11, provided that they can propagate
with a sizable fraction (⇠ 0.2) of the speed of light. For photons
with TeV energies, produced by IC scattering of⇠eV photons, the
cross-section is already subject to the Klein-Nishina suppression,
while for the CMB photons, the scattering is still in the Thomson
regime where the cross-section is maximal.

In connection with the fast propagation of relativistic elec-
trons along a filament with a rather strong magnetic field, we
note an interesting possible similarity with galaxy clusters, where
extended structures in the radio bands are observed both in the
cores and outskirts (e.g. Brienza et al. 2021; Rudnick et al. 2022).
These structures often have very similar spectral properties (e.g.
Rajpurohit et al. 2020). This suggests that relativistic electrons
can propagate along the filament with velocities significantly
larger than the sound or Alfven speeds in the bulk of the ther-
mal intracluster medium (Churazov et al. 2023). The filaments
in both classes of objects might be threads of a strong magnetic
field embedded in the medium with a weaker magnetic field. This
does not exclude possible amplification of the magnetic field by
streaming particles from the PSR.

Apart from the polarized synchrotron X-ray emission of
G0.13-0.11, there are many more radio and (fainter) X-ray threads
in the same region that are visible in Chandra data. Presumably,
they are polarized too and, therefore, can contribute to the over-
all polarization signal from the Galactic Center region. It is also
possible that even fainter threads are present that are too weak
to be detected individually. Since the direction of polarization
might be set by the ambient magnetic field, this background po-
larization signal will also be polarized along the Galactic Plane
(at least in the areas where "vertical" NTFs are present).

Yet another source of polarized emission is the Compton-
scattered emission of the Sgr A* flare(s) that happened some
hundreds of years ago. This scenario, motivated by the observed
hard X-ray continuum and fluorescent lines of neutral iron from
dense molecular clouds, was put forward in the 90s (Sunyaev
et al. 1993; Markevitch et al. 1993; Koyama et al. 1996). If the
continuum emission is scattered light from Sgr A*, it has to be
polarized (Churazov et al. 2002) perpendicular to the direction
towards Sgr A*. A weak polarized emission from the area within
a few arcminutes from G0.13-0.11 was indeed detected in the
first IXPE observations of the GC region (Marin et al. 2023). The
emission from G0.13-0.11 itself was excluded in that analysis to
avoid potential contamination. Now we see that there was a good
reason to do so. Somewhat ironically, the polarization angles
from X-ray threads and reflection are approximately orthogonal
to each other and, therefore, can attenuate the net polarization
signal if combined. The presence of many faint polarized threads
is, therefore, a complication (an interesting one!) for the analysis
of IXPE data from the GC. The limited astrometric accuracy of
IXPE does not allow for a clean spatial separation of these two
components, but a combination of IXPE data with the high spatial
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Fig. 1. A combination of radio (MeerKAT; 1.3 GHz, red) and X-ray (Chandra; 2.3-8 keV, Log scale, smoothed with f = 0.500 Gaussian, green)
images of the G0.13-0.11 region in Galactic coordinates. The cyan lines show the constraints on the Polarization Angle (PA) of the G0.13-0.11
emission derived from the IXPE data (best-fitting value ±1f error, i.e. 21 ± 9 degrees). The prominent red vertical threads on the left side of the
image belong to the NTFs of the Radio Arc. G0.13-0.11 is the green feature to the east of a sequence of fainter NTFs near the center of the image.
G0.13-0.11 consists of (i) a compact core (the bright green dot at the center of the figure), presumably the pulsar itself and its PWN, (ii) a pair of
bright "wings", and (iii) a more diffuse (possibly structured) X-ray glow to the left of the "wings" (at higher Galactic longitude). The polarization
direction is approximately perpendicular to the X-ray "wings" and the nearest NTFs. Coupled with the large polarization degree, this proves that
X-rays are produced by synchrotron emission of ⇠ TeV electrons.
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Fig. 2. 3-6 keV IXPE (left panel) and Chandra (right panel) X-ray images. Two elliptical regions were used for spectra extraction. The white ellipse
covers the G0.13-0.11 area. Given the uncertainties with the IXPE astrometry, a relatively large region was selected guided by the IXPE image. The
bigger cyan region was used as a background region for spectral analysis. The Chandra image is in logarithmic scale to show more clearly bright
point sources and faint diffuse emission. For the IXPE image, a linear scale is used.

He-like iron. The former line is due to the reflection of X-rays
by the neutral/molecular medium (e.g. Vainshtein & Sunyaev
1980; Koyama et al. 1996), while the latter is a combination of
numerous accreting stellar mass objects that produce "thermal"
spectra (e.g. Revnivtsev et al. 2009). This means that there is
no well-defined and "optimal" choice of the background region.

Since in this study, we are interested in the non-thermal compo-
nent, the background region was selected to have a comparable
mix of the reflection and thermal spectra. No fine-tuning was
done when selecting the background region although we have
verified that other reasonable choices do not significantly affect
our final results. To mitigate the uncertainties associated with the
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Fig. 3. Regions used for spectral extraction from the Chandra data. The
black ellipse called "IXPE" is the same as the source region in Fig. 2.
The other three regions ("SRC", "Wings-n" and "Wings-e") cover the
compact source and the brighter parts of the X-ray bow. The "SRC"
and "Wings-n" regions do not overlap. Larger regions ("Wings-e" and
"IXPE") include all the Chandra counts inside them, i.e., the "IXPE"
region includes the counts from "SRC", "Wings-n", and almost the entire
"Wings-e" counts. The purple circle labelled as "IP" shows the extraction
region for the Intermediate Polar CXOUGC J174622.7–285218.

contributions of the reflection component above 6 keV and strong
lines below 3 keV coupled with strong low-energy photoelectric
absorption, we restrict the analysis of IXPE data to the 3-6 keV
band. The higher energy resolution of Chandra permits the spec-
tral analysis in a broader band, illustrating strong suppression of
X-ray flux below 2-3 keV due to photo-electric absorption with
a typical column density #H ⇠ 8 1022 cm�2 (see Table 1).

Simple absorbed power-law model fits to the spectra are
shown with solid lines. Clearly, strong emission lines (e.g., of
strongly ionized Si or S) are present in the Chandra spectrum of
the "IXPE" region even after subtracting the spectrum extracted
from the background region. Somewhat weaker lines are still
seen in the "Wings-e" spectrum, while the "Wings-n" and "SRC"
spectra seem to be reasonably well described by the power law
model.

The parameters of the model are given in Table 1. The central
bright source, presumably the pulsar itself and possibly a com-
pact part of its PWN, has the hardest spectrum � ⇠ 1.35, while
the Wings-n and Wings-e regions have significantly softer spectra
� ⇠ 2.2 � 2.4. Broadly, these spectral parameters are consistent
with those obtained by Yusef-Zadeh et al. (2002) and Wang et al.
(2002), given the difference in the choice of extraction regions
and possible variability of the diffuse (reflected) emission. The
"IXPE" region is clearly contaminated by thermal emission be-
low 3-4 keV. However, already at ⇠ 5 keV, the fluxes from the
"Wings-e" and "IXPE" regions are comparable. The "Wings-
e" spectrum itself contains a non-negligible fraction of thermal
emission. To set a lower limit on the degree of polarization, we
conservatively assume that the total intensity (i.e. Stokes � (⇢)) of
the non-thermal component is described by the "Wings-e" spec-

Fig. 4. Background subtracted Chandra spectra in the vicinity of G0.13-
0.11. The colors correspond to the regions shown in Fig. 3 and are
identified in this figure. The solid lines show the best-fitting absorbed
power-law model fits to these spectra. While a pure power law can
reasonably well describe the compact source spectrum (blue), other
regions clearly contain a non-negligible contribution of thermal emission
that gives rise to emission lines at low energies. The spectrum of the
intermediate polar CXOUGC J174622.7–285218 is shown in purple.

trum (the red lines in Fig. 4). We, therefore, model the IXPE’s
&(⇢) and* (⇢) spectra, assuming that � (⇢) is known. With this
approach, there are only two free parameters: the degree of po-
larization % and the polarization direction q. When fitting &(⇢)
and* (⇢) spectra, these parameters enter as pre-factors % cos 2q
and % sin 2q in front of the Chandra � (⇢) model convolved with
the IXPE response to polarized emission. Fig. 5 shows the �,&,
and * spectra obtained by IXPE, along with Chandra’s "Wings-
e" model convolved with the IXPE response. The IXPE response
was averaged over three IXPE modules.

The above assumptions yield the following best-fitting values:
PD =57 ± 18% and angle PA =21 ± 9 degrees. Setting PD = 0
increases the value of j2 by 10.37, which for 2 degrees of freedom
implies a probability ⇠ 5.3 ⇥ 10�3 of a random fluctuation. The
corresponding confidence contours are shown in Fig. 6. The high
value of the PD is a strong argument in favor of the synchrotron
origin of the X-ray emission. The constraints on the polarization
angle are shown in Fig.1. Within uncertainties, the polarization
plane is perpendicular to the bright X-ray structure and, also, to
the direction of radio filaments co-spatial with the extended X-
ray source. This suggests that both the radio and X-ray emissions
are due to the synchrotron radiation of relativistic electrons in the
same magnetic structures.

We note here, that when calculating the degree of polar-
ization, we conservatively assumed that essentially all non-
thermal flux coming from the "IXPE" region is polarized (i.e.
model "Wings-e"). If instead, only the emission coming from the
"Wings-n" region or from the PWN itself is polarized, then the
degree of polarization will only be higher. For instance, substi-
tuting the Chandra-based "Wings-e" model with the "Wings-n"
model for � (⇢), yields PD=160 ± 60%. A high degree of polar-
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Fig. 6. Confidence regions for the polarization degree (PD) and polar-
ization angle (PA, equatorial coordinate system) derived from the IXPE
data, assuming that the polarized emission corresponds to the "Wings-
e" spectral model. The blue line shows the contours of the j2 statistic
after subtraction of the minimum value j2

min reached at PD⇡0.57 and
PA⇡ 21� (marked with a blue cross). The contours show�j2 =2.3, 4.61,
6.17, and 9.21 levels, corresponding to 68.3%(1f), 90%, 95.4% (2f),
and 99% confidence levels, respectively. The red dashed line illustrates
the expected PA in the case, when the electric field vector is parallel to
the Galactic plane, and two circles mark the maximum polarization for
synchrotron emission for � = 1.4 and 2.4 (as labeled next to them). The
outmost contour extends to PD values larger than 1. This is a plausible
outcome of our procedure when the &(⇢) and* (⇢) data are taken from
IXPE, while � (⇢) is based on the Chandra data extracted from a smaller
region which is supposed to be polarised and might not coincide with
true polarized � (⇢) seen by IXPE.

where � = (?+1)/2 is the photon index of the observed spectrum
(for � between 1.4 and 2.2, the maximum degree of polarization
is between 68 and 78%). By using the formulation for depolar-
ization of synchrotron emission in a turbulent magnetic field by
Bandiera & Petruk (2016) we estimated a ratio of turbulent ver-
sus ordered magnetic field energy to be likely smaller than ⇠ 1.5.
However, the observed PD= 57 ± 18% is consistent (within un-
certainties) even with a perfectly ordered field (see Fig. 6). Notice
that a high level of polarization can be achieved even in a fully
turbulent regime if the turbulence is anisotropic (typically at a
level 2-to-4), given that polarization is sensitive to the alignment
of the magnetic field with a certain direction and is insensitive
to field reversals (Bandiera & Petruk 2016). This preferred di-
rection should be maintained across the IXPE spectral extraction
region. Indeed current models of X-ray emission in bright jet-
like features associated with PSRs advocate amplification of the
magnetic field via some form of streaming instability, to justify
magnetic field values that are typically inferred to be an order
of magnitude higher than the surrounding ISM (Bandiera 2008).
This might not be needed in the GC environment, where the
ambient magnetic field can be high.

The X-ray emission of G0.13-0.11 is co-spatial with a Fermi
source 4FGL J1746.4-2852 (Abdollahi et al. 2020) at GeV ener-
gies and a TeV-source HESS J1746–285 (H. E. S. S. Collaboration
et al. 2018). The standard leptonic model for broadband radio-
TeV objects usually relies on two processes: the synchrotron and
Inverse Compton (IC) emissions. We defer an in-depth discus-
sion for a forthcoming publication but note that the following set
of fiducial parameters might explain some of the main charac-
teristics of the G0.13-0.11 broad-band spectrum: ⌫ ⇠ 100 `G
relevant for the radio–X-ray regime (synchrotron emission) and a
combination of the CMB plus local ⇠eV radiation field with the
energy density of the order of 100 eV cm�3 (e.g. Popescu et al.

2017; Niederwanger et al. 2019) for the photons in the GeV-TeV
range produced via Inverse Compton scatterings. Such a value
of the magnetic field strength agrees with the equipartition argu-
ments (e.g. Beck & Krause 2005) based on the measured X-ray
flux and the broad-band photon index � = 2, although allowing
the index to vary between 1.6 and 2.4 changes ⌫ between ⇠ 20
and ⇠ 800 `G, respectively (see, e.g. Morris 2006, for discussion
of various arguments in favor of weaker and stronger fields). The
adopted value of ⌫ ⇠ 100 `G implies that the field energy density
is of the same order as the energy density of the radiation and,
therefore, the lifetime of leptons emitting at a given frequency
is close to the maximum. In this case, X-rays are produced by
the leptons with W ⇠ 3 ⇥ 107 which have a lifetime consistent
with the size of G0.13-0.11, provided that they can propagate
with a sizable fraction (⇠ 0.2) of the speed of light. For photons
with TeV energies, produced by IC scattering of⇠eV photons, the
cross-section is already subject to the Klein-Nishina suppression,
while for the CMB photons, the scattering is still in the Thomson
regime where the cross-section is maximal.

In connection with the fast propagation of relativistic elec-
trons along a filament with a rather strong magnetic field, we
note an interesting possible similarity with galaxy clusters, where
extended structures in the radio bands are observed both in the
cores and outskirts (e.g. Brienza et al. 2021; Rudnick et al. 2022).
These structures often have very similar spectral properties (e.g.
Rajpurohit et al. 2020). This suggests that relativistic electrons
can propagate along the filament with velocities significantly
larger than the sound or Alfven speeds in the bulk of the ther-
mal intracluster medium (Churazov et al. 2023). The filaments
in both classes of objects might be threads of a strong magnetic
field embedded in the medium with a weaker magnetic field. This
does not exclude possible amplification of the magnetic field by
streaming particles from the PSR.

Apart from the polarized synchrotron X-ray emission of
G0.13-0.11, there are many more radio and (fainter) X-ray threads
in the same region that are visible in Chandra data. Presumably,
they are polarized too and, therefore, can contribute to the over-
all polarization signal from the Galactic Center region. It is also
possible that even fainter threads are present that are too weak
to be detected individually. Since the direction of polarization
might be set by the ambient magnetic field, this background po-
larization signal will also be polarized along the Galactic Plane
(at least in the areas where "vertical" NTFs are present).

Yet another source of polarized emission is the Compton-
scattered emission of the Sgr A* flare(s) that happened some
hundreds of years ago. This scenario, motivated by the observed
hard X-ray continuum and fluorescent lines of neutral iron from
dense molecular clouds, was put forward in the 90s (Sunyaev
et al. 1993; Markevitch et al. 1993; Koyama et al. 1996). If the
continuum emission is scattered light from Sgr A*, it has to be
polarized (Churazov et al. 2002) perpendicular to the direction
towards Sgr A*. A weak polarized emission from the area within
a few arcminutes from G0.13-0.11 was indeed detected in the
first IXPE observations of the GC region (Marin et al. 2023). The
emission from G0.13-0.11 itself was excluded in that analysis to
avoid potential contamination. Now we see that there was a good
reason to do so. Somewhat ironically, the polarization angles
from X-ray threads and reflection are approximately orthogonal
to each other and, therefore, can attenuate the net polarization
signal if combined. The presence of many faint polarized threads
is, therefore, a complication (an interesting one!) for the analysis
of IXPE data from the GC. The limited astrometric accuracy of
IXPE does not allow for a clean spatial separation of these two
components, but a combination of IXPE data with the high spatial
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Fig. 1. A combination of radio (MeerKAT; 1.3 GHz, red) and X-ray (Chandra; 2.3-8 keV, Log scale, smoothed with f = 0.500 Gaussian, green)
images of the G0.13-0.11 region in Galactic coordinates. The cyan lines show the constraints on the Polarization Angle (PA) of the G0.13-0.11
emission derived from the IXPE data (best-fitting value ±1f error, i.e. 21 ± 9 degrees). The prominent red vertical threads on the left side of the
image belong to the NTFs of the Radio Arc. G0.13-0.11 is the green feature to the east of a sequence of fainter NTFs near the center of the image.
G0.13-0.11 consists of (i) a compact core (the bright green dot at the center of the figure), presumably the pulsar itself and its PWN, (ii) a pair of
bright "wings", and (iii) a more diffuse (possibly structured) X-ray glow to the left of the "wings" (at higher Galactic longitude). The polarization
direction is approximately perpendicular to the X-ray "wings" and the nearest NTFs. Coupled with the large polarization degree, this proves that
X-rays are produced by synchrotron emission of ⇠ TeV electrons.
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Fig. 2. 3-6 keV IXPE (left panel) and Chandra (right panel) X-ray images. Two elliptical regions were used for spectra extraction. The white ellipse
covers the G0.13-0.11 area. Given the uncertainties with the IXPE astrometry, a relatively large region was selected guided by the IXPE image. The
bigger cyan region was used as a background region for spectral analysis. The Chandra image is in logarithmic scale to show more clearly bright
point sources and faint diffuse emission. For the IXPE image, a linear scale is used.

He-like iron. The former line is due to the reflection of X-rays
by the neutral/molecular medium (e.g. Vainshtein & Sunyaev
1980; Koyama et al. 1996), while the latter is a combination of
numerous accreting stellar mass objects that produce "thermal"
spectra (e.g. Revnivtsev et al. 2009). This means that there is
no well-defined and "optimal" choice of the background region.

Since in this study, we are interested in the non-thermal compo-
nent, the background region was selected to have a comparable
mix of the reflection and thermal spectra. No fine-tuning was
done when selecting the background region although we have
verified that other reasonable choices do not significantly affect
our final results. To mitigate the uncertainties associated with the
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Fig. 3. Regions used for spectral extraction from the Chandra data. The
black ellipse called "IXPE" is the same as the source region in Fig. 2.
The other three regions ("SRC", "Wings-n" and "Wings-e") cover the
compact source and the brighter parts of the X-ray bow. The "SRC"
and "Wings-n" regions do not overlap. Larger regions ("Wings-e" and
"IXPE") include all the Chandra counts inside them, i.e., the "IXPE"
region includes the counts from "SRC", "Wings-n", and almost the entire
"Wings-e" counts. The purple circle labelled as "IP" shows the extraction
region for the Intermediate Polar CXOUGC J174622.7–285218.

contributions of the reflection component above 6 keV and strong
lines below 3 keV coupled with strong low-energy photoelectric
absorption, we restrict the analysis of IXPE data to the 3-6 keV
band. The higher energy resolution of Chandra permits the spec-
tral analysis in a broader band, illustrating strong suppression of
X-ray flux below 2-3 keV due to photo-electric absorption with
a typical column density #H ⇠ 8 1022 cm�2 (see Table 1).

Simple absorbed power-law model fits to the spectra are
shown with solid lines. Clearly, strong emission lines (e.g., of
strongly ionized Si or S) are present in the Chandra spectrum of
the "IXPE" region even after subtracting the spectrum extracted
from the background region. Somewhat weaker lines are still
seen in the "Wings-e" spectrum, while the "Wings-n" and "SRC"
spectra seem to be reasonably well described by the power law
model.

The parameters of the model are given in Table 1. The central
bright source, presumably the pulsar itself and possibly a com-
pact part of its PWN, has the hardest spectrum � ⇠ 1.35, while
the Wings-n and Wings-e regions have significantly softer spectra
� ⇠ 2.2 � 2.4. Broadly, these spectral parameters are consistent
with those obtained by Yusef-Zadeh et al. (2002) and Wang et al.
(2002), given the difference in the choice of extraction regions
and possible variability of the diffuse (reflected) emission. The
"IXPE" region is clearly contaminated by thermal emission be-
low 3-4 keV. However, already at ⇠ 5 keV, the fluxes from the
"Wings-e" and "IXPE" regions are comparable. The "Wings-
e" spectrum itself contains a non-negligible fraction of thermal
emission. To set a lower limit on the degree of polarization, we
conservatively assume that the total intensity (i.e. Stokes � (⇢)) of
the non-thermal component is described by the "Wings-e" spec-

Fig. 4. Background subtracted Chandra spectra in the vicinity of G0.13-
0.11. The colors correspond to the regions shown in Fig. 3 and are
identified in this figure. The solid lines show the best-fitting absorbed
power-law model fits to these spectra. While a pure power law can
reasonably well describe the compact source spectrum (blue), other
regions clearly contain a non-negligible contribution of thermal emission
that gives rise to emission lines at low energies. The spectrum of the
intermediate polar CXOUGC J174622.7–285218 is shown in purple.

trum (the red lines in Fig. 4). We, therefore, model the IXPE’s
&(⇢) and* (⇢) spectra, assuming that � (⇢) is known. With this
approach, there are only two free parameters: the degree of po-
larization % and the polarization direction q. When fitting &(⇢)
and* (⇢) spectra, these parameters enter as pre-factors % cos 2q
and % sin 2q in front of the Chandra � (⇢) model convolved with
the IXPE response to polarized emission. Fig. 5 shows the �,&,
and * spectra obtained by IXPE, along with Chandra’s "Wings-
e" model convolved with the IXPE response. The IXPE response
was averaged over three IXPE modules.

The above assumptions yield the following best-fitting values:
PD =57 ± 18% and angle PA =21 ± 9 degrees. Setting PD = 0
increases the value of j2 by 10.37, which for 2 degrees of freedom
implies a probability ⇠ 5.3 ⇥ 10�3 of a random fluctuation. The
corresponding confidence contours are shown in Fig. 6. The high
value of the PD is a strong argument in favor of the synchrotron
origin of the X-ray emission. The constraints on the polarization
angle are shown in Fig.1. Within uncertainties, the polarization
plane is perpendicular to the bright X-ray structure and, also, to
the direction of radio filaments co-spatial with the extended X-
ray source. This suggests that both the radio and X-ray emissions
are due to the synchrotron radiation of relativistic electrons in the
same magnetic structures.

We note here, that when calculating the degree of polar-
ization, we conservatively assumed that essentially all non-
thermal flux coming from the "IXPE" region is polarized (i.e.
model "Wings-e"). If instead, only the emission coming from the
"Wings-n" region or from the PWN itself is polarized, then the
degree of polarization will only be higher. For instance, substi-
tuting the Chandra-based "Wings-e" model with the "Wings-n"
model for � (⇢), yields PD=160 ± 60%. A high degree of polar-
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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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