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Pulsar Wind nebulae are visible as bright and extended sources at a wide range of energies,
with varying properties and morphology along their different evolutionary stages. For their
identification and understanding, it is extremely important to correctly describe the different stages
of their evolution, where their dynamics is shaped by the interaction with different actors. Here we
will make a brief excursus through the various evolutionary phases, discussing the characteristic
properties of a source in a specific phase, and what models have been used for its description.

We will conclude by discussing in particular the last evolutionary stage, that of the bow shock
nebula, which is known to be connected with massive particle transfer from the source to the

surrounding environment, forming either TeV halos or intriguing misaligned X-ray filaments.
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1. Introduction

In the supernova explosion of a massive star (with mass > 8My), the nucleus of the progenitor
generates a compact object, in many cases a rotating neutron star (the pulsar, PSR). Through its
decelerated rotation the pulsar produces an outflow, mainly composed by electrons and positrons
extracted at the stellar surface or generated in electromagnetic cascades in the magnetosphere,
that fills the surrounding medium. This outflow, named pulsar wind, is highly relativistic (with
bulk Lorentz factor > 1), magnetized and cold. The interaction of the pulsar wind with the cold,
slowly (300 — 5000 km/s [1]) expanding material of the supernova explosion (the unshocked ejecta)
produces an inverse strong magneto-hydrodynamic (MHD) shock, named termination shock (TS).
At the TS crossing, randomization heats up the wind plasma, strong magnetic dissipation occurs
and particles are accelerated.

Due to the rather large average kick velocity (the velocity inferred at birth) of the pulsar
population (~ 300 km/s [2]), many pulsars are expected to leave their parent supernova remnant
bubble at a certain moment of their evolution. For this reason one expects that most of the evolved
nebulae directly interact with the interstellar medium (ISM) rather than the ejecta. Nevertheless
the picture described above remains almost valid: now the confining material is the ISM, but
the PWN still arise from the plasma shocked at the TS, induced by the interaction of the pulsar
wind with the ambient material. What changes dramatically is instead the shape of the nebula.
While young systems generally appear as fill-centered bubbles, evolved PWNe most likely appear
as cometary-like nebulae, with the pulsar located at the bright head of an elongated tail, extending
in the direction opposite to the pulsar motion. This is due to the supersonic motion of the pulsar in
the ambient medium, that produces a bow shock enclosing and re-shaping the nebula.

Due to its physical properties, the pulsar wind is not directly observable, since it does not
produces sizeable luminosity, and it might be identified with the sub-luminous region surrounding
the pulsar. The observable PWN then arises from the shocked pulsar wind, where the physical
conditions of the plasma are now such as to produce emission via non-thermal radiation mechanisms.
The main emission process is synchrotron radiation produced by relativistic particles interacting
with the nebular magnetic field, generally with intensity of tens to hundreds of uG. The secondary
emission is the radiation produced as consequence of the inverse Compton scattering (ICS) of the
available photons with the same relativistic leptons of the nebular plasma. Generally the major
contribution comes from photons of the cosmic microwave background (CMB), but also thermal
photons and synchrotron photons can be relevant. PWNe are characterized by an extremely broad
band spectrum, with emission from radio energies up to hundreds of TeVs (or even PeVs in some
cases, as recently discovered by the LHAASO collaboration [3, 4]), where from radio to X-rays the
emission is produced through synchrotron radiation, while higher energies come from ICS.

The picture starts to differ from this general one for evolved systems: the lower energy injection
from the pulsar, the synchrotron cooling of the leptons and the variation of the value of the nebular
magnetic field can lead to the complete vanishing of X-ray emission, while the ICS component
might become the dominant one.

From the observational point of view most of the sources identified so far as PWNe were
first detected in the X-ray band. This is due to the combination of the impressive sensitivity of
the Chandra X-ray telescope for imaging, and to the fact that in the Galaxy the number of other
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extended and bright sources in this band is very limited, making then easier the identification of a
PWN. Unfortunately the X-ray component is the first to fade away as the age of the source passes
by. For many aged systems we have no, or very limited (both spatially and in brightness) X-ray
emission. On the other hand imaging at radio energies suffers the lack of sensitivity of most radio
interferometers, especially in case of evolved systems that require large angular scales. Moreover
the extended radio emission might be contaminated by diffuse emission from the surroundings.

PWNe live longer as gamma-ray emitters, where we expect to detect most of the old systems.
In fact at this energies the emission is produced by the same population of long-living leptons
responsible for the synchrotron radio emission. Regretfully the resolution of the instruments in
this band is much worst than that of those looking at lower energies, making almost impossible
to perform morphological studies. This problem will be partially mitigated with the advent of the
next generation of Imaging Atmospheric Telescopes (IACTs), as the Cherenkov Telescope Array
(CTA [5]) and the ASTRI Mini-Array [6], that will have much better spatial and energy resolutions
than present instruments, allowing for numerous new discoveries. And in fact the expected number
of new detections in the Galaxy is large (~ 250 [7, 8]), and it poses the problem of the firm
identification of a large number of new PWNe, mostly based only on gamma-ray data. Without the
possibility of an easy match of most of these sources with their lower energy counterparts (due to
their age), this will not be an easy task, and represent a real challenge of the next future very high
energy astronomy.

For what has been discussed so far, it should appear clear that PWNe have different properties
— and morphology — in the various phases of their life. It is then extremely important to approach
each one phase correctly, especially in the view of the spectro-morphological description of a source
through the electromagnetic spectrum and its evolution.

2. The phases of PWNe evolution

We can roughly identify three different phases (for an extended discussion see [9]) in the
evolution of a PWN, represented in the sketch shown in Fig. 1:
(A) Free-expansion phase;
(B) Reverberation phase;
(C) Late phase, in Fig. 1 shown with the bow-shock phase.
The duration of each of these phases, that we are going to describe in the following, strongly depends
on the dynamics of the SNR and the time variation of the pulsar spin-down luminosity, given by:

" —(n+1)/(n-1)
) , (H

L(t) = Ly (1 +—
70

where L is the initial luminosity, 7g the initial spin-down time and n the braking index. This is
generally set to the value representative of the pure dipole, n = 3, but large variations have been
seen through the pulsar population [10]. From Eq. 1 one can immediately see that the pulsar input
can be considered as almost constant only for the limited time ¢ < 7.

(A) The free-expansion phase:
In the first phase the PWN expands with mild acceleration in the cold and freely expanding ejecta of
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Figure 1: Sketch showing the three main evolutionary stages of PWNe. In the free expansion phase (A) the
PWN expands with mild acceleration in the freely expanding supernova remnant (SNR), separated by the
ISM through the forward shock (FS). The reverse shock (RS) of the supernova explosion is still travelling
through the ejecta, towards the center of explosion. When the RS hits the PWN contact discontinuity the
second phase starts: the so called reverberation phase (B). Now the SNR and the PWN are in direct contact.
How the system escape this phase strongly depends on the energetics of the combined system SNR+PWN.
In the very last evolutionary phase many PWNe will be escaped from their SNR to form bow shock nebulae
(C). A relic bubble of radio particles may be left behind the runaway pulsar. The figure has been adapted
from [9].

the SNR. Being the PWN expansion speed (~ few x 10° km/s) much larger than the typical velocity
of the PSR (~ 100 — 500 km/s [2]), at this stage the PSR can be safely considered as at rest in the
remnant. At this stage the PWN and the surrounding SNR are not in direct interaction, despite for
the fact that the ejecta confine the nebula [11].

The free-expansion phase has been described with a plethora of different approaches, from
the simplified one-zone models [12—-14], to multi-dimensional MHD simulations [15-20]. For a
detailed description of all methods we refer the reader to Olmi & Bucciantini 2023 [9]. The original
formulation of one-zone models is based on the same simplified assumption, known as thin-shell
approximation [11, 13, 21-23]. As the PWN expands in the ejecta of the parent star, it accumulates
material at its contact discontinuity, in the form of a swept-up shell. In the aforementioned
approximation, this shell is assumed to be infinitely thin, and then used to trace the PWN radius.
The evolution of the PWN is then given by the evolution of this thin shell, and it can be easily
computed solving the momentum conservation for the shell. Despite their over-simplification of the
problem, one-zone models are still the wider used nowadays. The reason is twofold: from the one
side they permit to reproduce the approximate evolution of a system in a very short computational
time if compared with MHD models; on the other, they make possible to consistently evolve the
spectral properties of the PWN particles together with its (approximated) dynamics. This is a
missing tool in MHD models, where generally the spectral properties are computed in the post-
processing using some kind of recipe to account for the history of the radiative losses. Moreover
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one-zone models have been shown to be able to account correctly for the global properties of young
systems. Of course, if one is interested in the morphology and small scale structures of the PWN,
the use of 3-dimensional (3D) MHD models is mandatory.

From the observational point of view, systems in this phase are visible at multi-wavelengths,
and their identification is generally made through X-ray imaging.

(B) The reverberation phase:

This phase begins when the reverse shock of the supernova explosion finally hits the border of
the PWN (its contact discontinuity). The duration of the previous free-expansion phase depends
on how much energetic the pulsar is. An upper limit is set by the reverse shock implosion
time fjmplo. that depends on the properties of the ejecta, i.e. their density profile, [24]. The
most considered case is that of a flat core plus a steep envelope, for which one gets: fimplo =
2.4t Here t., is the SNR characteristic time [25], defined in terms of the mass of the ejecta
M., the supernova energy Eg, and the density of the ISM pism as: fo = Mesj/ 6 Es_nl/ 2 pl_Si\ZIS ~
3241 yr (Mej/10Mo)>/®(Eg /107 erg) /2 (p1sm/ 1particle cm =) ~1/2,

When reverberation begins, the PWN and the SNR start to be in direct contact, and the following
evolution depends on the properties of both. The pressure exerted by the shocked ejecta on the
PWN induces a deceleration of the massive shell of material accumulated at the PWN boundary
[26] which, in many cases, turns into a compression of the PWN. The intensity of this compression
depends on the energetic of the composite PWN+SNR system. During compression the magnetic
field and the internal energy of the PWN both increase. Depending on the importance of magnetic
dissipation and radiative losses in this phase, the internal pressure can rise enough to equal the outer
one, reverting the compression into a new expansion.

This phase has been investigated mainly through one-zone radiative models [9, 13, 14, 24, 27],
essentially because it requires to reproduce a long evolution of the PWN and its SNR, very hard to
get with multi-dimensional models. Moreover it also requires the radiative properties of the nebular
particles to be evolved consistently with the dynamics and, as we mentioned before, this is still not
possible with MHD simulations. One-zone models predict a number of subsequent compressions
and expansions during this phase (hence the name reverberation); actually this extended oscillatory
behaviour is an artifact of the one dimensional approximation [27], while in the multi-dimensional
case the onset of Rayleigh-Taylor like instabilities at the PWN border produces an effective mixing
of the nebular material with the outer one [28, 29], that acts as a sort of viscous term halting the
oscillations after the first compression.

While the thin-shell approximation at the base of one-zone models maps very well the evolution
during the free-expansion phase, this is no more true when entering reverberation, because the
shell cannot — in general — be approximated as thin anymore [30]. This, especially for moderate
compressive systems, might produce substantial artifacts in the spectral evolution of the source, with
a clear bias in our interpretation of the faith of a system on a long term timeline. Bandiera et al. [31]
recently presented an hybrid Lagrangian/one-zone model to overcome these limitations. They used
a Lagrangian technique to map the shell evolution, together with the usual time-dependent radiative
model for the spectral properties of the PWN. While results for the the free-expansion phase remain
unchanged, substantial differences arises at later times if comparing with the standard one-zone
evolution, especially for the low compressive systems, while it is less critical for highly-compressible



Understanding the evolution of PWNe Barbara Olmi

cases.

The outcome of the reverberation phase can be roughly divided into two extreme cases: (i)
the PWN is energetic enough that the effect of the compression is almost not appreciable, and
the nebula continues its expansion; (ii) the PWN is faint and it is overwhelmed by the external
pressure, contracting down to very small radii. This violent compression might produce important
modifications of the PWN spectral properties at multi-wavelengths. In case of extreme compressions
(where the PWN radius is reduced by a factor > 1000 with respect to its value at the begging of
reverberation), the PWN can enter a fast cooling regime, where a large fraction of the particles are
lost through radiation and their energy distribution is strongly modified [32, 33]. This has been
shown to be a rather uncommon case, possibly affecting only a limited number of systems in the
PWN population [30].

Observationally is not an easy task to firmly identify systems facing this interactive state.
Nowadays we have only identified a handful of objects in reverberation: the Boomerang nebula
[34], the Snail [35, 36] and Vela X [28]. The non-spherical interaction of the PWN with the reverse
shock, the presence of the Rayleigh-Taylor instability at the PWN boundary and the pulsar proper
motion are likely to form very asymmetric systems. The original nebula might be fragmented with
radio (and gamma-ray) emitting bubbles detached from the PWN and surrounding the real nebula.
These relic bubbles do not evolve anymore, they are only subject to adiabatic expansion.

(C) Late phases and evolved PWNe:

Thus after reverberation PWNe are likely to show important asymmetries. For this reason this phase
cannot be modeled with simplified — by assumption spherical — one-zone models, and it requires a
full 3D modeling. This is of course very difficult with present models/facilities, since to reach this
phase one has to simulate all the previous evolutionary stages, while at present models are only able
to reproduce a very limited part of the evolution. Moreover the number of possible targets to tune
models is very limited, since it is not easy to detect and recognize PWNe in this phase; the number
of identified sources with a detailed characterization is very limited [36—40].

As we mentioned in the introduction, due to the large average kick velocity of the pulsar
population [2], many systems are fated to escape their parent SNR before their spin-down luminosity
gets so low that acceleration of particles and radiative processes become negligible. Once escaped,
those pulsars interact directly with the ambient medium, the ISM in general, where their motion
suddenly becomes supersonic, given that the speed of sound in the medium is much lower than the
pulsar speed. This gives rise to the formation of a bow shock PWN (BSPWN hereafter), a nebula
shaped by the bow shock that forms at the boundary with the outer medium, and that re-shapes
the PWN in a cometary like fashion: the pulsar is now located at the bright head of an elongated
tail, extending in the direction opposite to the pulsar motion. This peculiar shape is determined by
the balance of the ram pressure of the pulsar wind with that of the ambient medium (seen as an
incoming flow in the pulsar reference frame). This balance also determines the thickness of the
bow shock immediately in front to the pulsar motion, which is known as the stand-off distance:
do = [L(2)/(4rc pism Vpsr) ] 12 Here ¢ is the speed of light and vpggr the velocity of the pulsar.

To date we know about 25 systems in this phase, mainly discovered at X-rays (hence associated
to still quite luminous pulsars), in some cases then also detected in the radio band, with even more
extended wind tails. If the ambient medium is partially ionized, the bow shock can be detected in
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H, emission. No TeV emission has been detected in direct association with such sources for the
moment.

Anisotropies in the ambient medium density easily reflects in modifications of the large scale
bow shock morphology [41]. On the other hand, even large modifications in the properties of the
pulsar wind at injection, have mild effect on the global structure of the bow shock: they mostly
affect the morphology in the head region, typically poorly resolved even in the deepest Chandra’s
observations [42, 43]. Most important for the dynamical properties of the BSPWN and its emitting
and polarization properties [43] is the level of turbulence that develops in the shocked pulsar wind.
This depends on the distribution of the energy flux and the initial magnetization level of the wind
[44]: the lower is magnetization, the higher is the level of turbulence developed in the system,
at odds with the wind anisotropy. At fixed magnetization, the turbulence is higher the higher is
anisotropy.

3. Formation of structures around bow shock nebulae

In recent years BSPWNe have regained attention due to the increasing number of sources
showing puzzling misaligned and extremely thin X-ray features produced close to the head and
extending in the ambient medium for long distances (~ 1 — 15 pc), somehow resembling a jet or
a filament. This kind of feature was first detected in the Guitar Nebula in the first decade of the
millennium [45], and soon after interpreted as produced by particles of very high energy (close
to the maximum theoretical limit of the pulsar potential drop) escaping the bow shock nebula and
emitting synchrotron radiation in the ambient magnetic field [46]. In all cases the magnetic field in
correspondence of the feature needs to be much larger than the standard value of the unperturbed
ISM (~ 5 uG), with values of 20-50 uG required to explain the observed emission around the keV.

A decade after, the mechanism through which high energy particles escape the BSPWN and
stream away along the ambient magnetic field lines was finally proved. Bucciantini [47] showed
that particles can remain confined into current sheets and current layers from their injection region.
Then, depending on the geometry of the system, the current sheet may transport those particles at
the contact discontinuity. This mechanism is also naturally able to produce important anisotropies
of the charge distribution in the escaping flow. As we will see later, this is a fundamental aspect for
the interpretation of the nature of the X-ray filaments.

Soon later, 3D relativistic numerical simulations of BSPWNe showed that reconnecting regions
between the nebular magnetic field and the ordered ambient one are common to develop and persist
[48]. From the vicinity of those reconnection regions at the magnetopause, particles can then jump
in the outer magnetic field, depending on the specific geometry of the system [44]. The escape
process is energy dependent: the lower is the particle energy, the smaller is its Larmor radius, and
then the particle can only escape if it intercepts directly a reconnection point. On the contrary,
higher energy particles have larger Larmor radii, and for them it is sufficient to be close enough to
a reconnection point to be able to jump outside. Roughly speaking, one can expect that the escape
process is much more efficient for particles having a Larmor radius ~ dy , meaning particles with
an energy which is a consistent fraction of the maximum available one (that associated with the
pulsar potential drop) [49].
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Once escaped, particles interact with the ambient magnetic field, illuminating its structure
through synchrotron radiation. As mentioned above, the observed emission is compatible with
synchrotron radiation emitted by very high energy leptons interacting with a magnetic field sub-
stantially larger (of a factor of ~ 10) than the typical ISM one. This is a possible indication of an
instability generated by the escaping particles that amplifies the ambient magnetic field [49].

In [50] the authors show that the length, transverse dimension and X-ray luminosity of a
selection of X-ray filaments can be accounted for if a non-resonant hybrid instability [51] is excited.
This requires specific conditions to be fulfilled, namely: (i) high energy electrons and positrons are
spatially charge separated while leaving the bow shock [44]; (ii) they escape in a number sufficient
to excite the non resonant hybrid instability. The current density can be increased if the escaping
particles are focused in a narrow angle at their escaping point: this in fact confines the particles in
a region with a small cross section. Since the instability is non resonant, the particles that power
the current can stream away from the bow shock without being scattered for a distance Ly ~ ctcr,
where 7cr is the time the instability needs to reach saturation. During this time the magnetic field
keeps growing on scales much smaller than the Larmor radius of the current dominating particles.
When saturation is reached, power is driven on larger scales because of the nonlinear evolution
of the instability [51], eventually up to scales comparable with the Larmor radius of the current
driving particles. Now particles start to scatter and rapidly reach isotropization. The observed X-ray
emission then is produced by these isotropized particles interacting with the amplified magnetic
field along L.

This mechanism can lead in general to confinement of particles around sources, even in
extended regions, with important implications on the contribution of pulsars to cosmic ray leptons
[52]. Moreover evolved pulsars are associated also with the formation of extended TeV halos
[53], that have been interpreted as produced by particles escaped from the source and diffusing in
the surrounding, with some suppression of the standard galactic diffusion coefficient. One may
speculate that a similar process is acting in those regions, powering a turbulence responsible for the
suppression of the diffusion.

4. Concluding remarks

Pulsar Wind Nebulae are bright and intriguing systems, visible across the electromagnetic
spectrum, from radio to gamma-rays, with variations depending on their evolutionary stage. Their
multi-faced properties require complex physics to be described and to date a unified model able to
account for all the aspects through the complete evolution of a PWN still lack. Here we have discuss
which is the most used approach for the different phases, and which results one can safely extract.

PWN are known to be efficient antimatter factories and particle accelerators, possibly the main
sources of the positron excess measured in the cosmic ray spectrum at Earth. The Crab Nebula, a
young PWN considered the class prototype, is to date the unique firmly identified leptonic PeVatron
in the Galaxy. Nevertheless LHAASO recently detected a number of PeV emitting sources [3],
whose nature, in most cases, seems to be associated with a pulsar [54].

Great attention have been regained recently by evolved PWNe confined by the interstellar
medium (bow shock nebulae), since peculiar extended X-ray filaments have been seen around a
number of these sources, thanks to dedicated deep observations with Chandra. The most famous
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and well resolved cases are those of the Guitar nebula [45] and the Lighthouse nebula [55]. These
X-ray filaments can be interpreted as produced by the non-resonant hybrid streaming instability
self-generated by the escaping particles, that produce an important amplification of the ambient
magnetic field. Once the instability reaches saturation, the particles start to scatter and rapidly
isotropize, being then able to produce the observed emission. The same mechanism might be more
in general at the base of the confinement of particles around sources in the Galaxy and related to
the formation of extended TeV halos recently discovered around a few evolved pulsars.
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