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Produced by the interaction between the “pulsar wind” powered by the rotational
energy of a neutron star and its surroundings, the study of pulsar wind nebulae
(PWNe) provides vital insight into the physics of neutron star magnetospheres
and ultra-relativistic outflows. Spatially-resolved studies of the continuum and
polarized radio emission of these sources are vital for understanding the production
of 𝑒± in the magnetospheres of neutron stars, the acceleration of these particles
(and potentially baryons) to ≳ 1015 eV energies, and their propagation within the
PWN and in the surrounding interstellar medium. The significant improvements
in sensitivity, dynamic range, timing capabilities offered by the Square Kilometer
Array have the potential to greatly improve our understanding of the origin of
some of the highest energy particles produced in the Milky Way.
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1 Introduction

The notion that neutron stars (NSs) lose the bulk of their rotational energy through a highly
relativistic particle outflow generated by their magnetospheres was made even before (e.g., Pacini
1968) the discovery of these objects (e.g., Hewish et al. 1968). The interaction between this “pulsar
wind” and the surrounding environment results in a pulsar wind nebula (PWN), a rare class of
astronomical objects detected across the entire electromagnetic spectrum. Radio emission from the
Crab Nebula (the first entry in Messier’s 1774 catalog) was discovered at a frequency 𝜈 ∼ 100 MHz
(Bolton and Stanley, 1948), and has since been detected at photon energies as high as 𝐸𝛾 ∼ 1 PeV
(Lhaaso Collaboration et al., 2021) – a frequency range spanning 22 orders of magnitude. Soon
after it was realized that emission from these objects is primarily non-thermal in nature (e.g.,
Shklovsky 1958), where lower energy photons (≲0.1 GeV or so) are synchrotron radiation from
electrons and positrons 𝑒± interacting with the nebular magnetic field, while higher photon energies
result from these 𝑒± inverse Compton scattering lower energy photons which potentially originate
from a variety of sources (e.g., the Cosmic Microwave Background, warm dust, and nearby stars,
see Gelfand 2017 and references therein for a recent review). In this Chapter, we describe how
the improved radio observations of these sources enabled by the SKA will be essential for better
understanding the origin of the highest energy photons and particles in the Milky Way and similar
star-forming galaxies.

2 Current Understanding

Since the discovery of the Crab Nebula around 250 years ago (e.g., Messier 1781), much has been
learned about the nature of PWNe through the meticulous study of the properties of these objects
across the electromagnetic spectrum. In §2.1, we describe our current understanding regarding the
evolution of these objects. In §2.2, we describe how this evolution affects the population of PWNe
detected in each waveband.

2.1 Evolutionary Sequence

The evolution of these systems depends not only on the spin-down evolution of the NSs – which is the
source of energy within the PWN – but also the particle and magnetic content of its “pulsar wind,”
the location and morphology of the particle acceleration site, and the nature of its environment
(e.g., Gelfand 2017 and references therein). The environment of the PWN is expected to change
significantly over its lifetime, as shown in Fig. 1). Initially, the PWN is embedded within the
unshocked ejecta created by the explosion of the neutron star’s stellar progenitor. Later, the PWN
will be surrounded by the hot (primarily ejecta) material generated by passage of the reverse shock
(RS) within the supernova remnant (SNR) resulting from the interaction of the ejecta with the
surrounding interstellar medium (ISM). Lastly, the space velocity imparted onto the NS during the
supernova explosion causes it to leave the SNR, at which point the pulsar wind directly interacts
with the surrounding ISM. If the neutron star is in a binary system, the evolution of the PWN is
further influenced by the interaction between the pulsar wind and its companion, whose nature can
vary widely between systems.
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As described in a recent review by Mitchell and Gelfand 2022, and numerous references therein,
these changes in the surrounding environment result in significant changes in the broadband proper-
ties of the PWN. Initially, when the PWN is surrounded by unshocked ejecta (i.e., a “Stage 1” PWN
; e.g., Mitchell and Gelfand 2022), the PWN is well described as a bubble of ∼ 100% pulsar wind
material centered on the associated NS, surrounded by a shell of swept-up ejecta (e.g., Chevalier
2005; Temim et al. 2017, 2024). At the earliest times, the intense emission generated by the pulsar
wind nebula can significantly impact the surrounding supernova ejecta – especially in cases where
the initial rotation energy of the neutron star is comparable to the initial kinetic energy of the ejecta
as might be the case for kilonovae (e.g., Ren et al. 2019).

During this stage, the extent of the PWN is typically comparable at all wavelengths though, in
cases where the PWN’s magnetic field is sufficiently strong, the shorter synchrotron lifetime of the
higher energy X-ray emitting particles may already result in a smaller size in this waveband than
at radio and 𝛾-ray energies. X-ray observations reveal jet-torus morphologies that represent highly
complex plasma distributions in the inner part of young PWNe (e.g., Reynolds et al. 2017; Olmi
and Bucciantini 2023). They are manifestations of anisotropic pulsar winds with a non-uniform
distribution of the wind energy flux (e.g., Komissarov and Lyubarsky 2004).

The properties of the PWNe change significantly once it begins interacting with the SNR reverse
shock (RS). Due to the space velocity of the NS, and asymmetric propagation of the RS into the
SNR resulting from inhomogeneities in the ISM, regions of the PWN come into contact with RS-
heated material at different times. Since the pressure of the RS-heated material is much higher than
the pressure inside the PWN, the expansion of the PWN slows considerably in directions where
it has encountered the RS – resulting in an offset between the NS and the center of the PWN, as
reflected in the relative position of the radio and X-ray emisson from sources where this collision
is believed to have occurred (e.g., Gelfand et al. 2007). Once the entire PWN reaches the RS, it
begins to contract due to the pressure of the surrounding hot gas – with the competing adiabatic
heating and increased synchrotron losses (resulting from the stronger nebular magnetic field due to
this compression) leading to significant changes in broadband spectral energy distribution (SED)
of the PWN (e.g., Gelfand et al. 2009; Bandiera et al. 2023).

As the PWN is compressed, the growth of instabilities along the outer boundary of the PWN results
in a considerable change of its composition – mixing the surrounding material with the pulsar
wind injected by the central NS, but also enhancing the rate at which particles leave the PWN and
propagate through the surrounding medium – leading to the eventual disruption of the initial PWN
produced by the NS (e.g., Blondin et al. 2001; Bucciantini et al. 2004; Gelfand et al. 2009). During
this stage of their evolution (“Stage 2”; e.g., Mitchell and Gelfand 2022), the X-ray emission is
detected beyond the confines of the radio PWN (e.g., Temim et al. 2013, 2015) – observational
evidence of particle escape and interacting with the surrounding (instead of nebular) magnetic field.
The onset of this phase is also believed to trigger the formation of the TeV halos – extremely large
regions of diffuse 𝛾-rays – increasingly detected in the “middle aged” (characteristic age∼ 104−105

year) pulsars (e.g., Abeysekara et al. 2017; Albert et al. 2023 , see Mitchell and Gelfand 2022 for a
recent review).

Eventually, the NS will leave the SNR, and its pulsar wind will directly interact with the surrounding
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ISM. In this case, the high energy particles generated by the NS are not always fully confined
within a PWN (as when the NS is located within the SNR), but pass through the complex shock
structure generated by the NS’s motion through its environment (e.g., Bucciantini 2018). At radio
wavelengths, such sources typically have the cometary morphology (e.g., Gaensler et al. 2004;
Camilo et al. 2009; Lazarević et al. 2024) resulting from the supersonic motion of the NS. Particles
injected in the direction of the pulsar’s velocity are predominantly confined within the forward bow
shock, although a substantial fraction can penetrate through and emit X-rays far in front of the bow
shock. Those particles injected antiparallel to the pulsar’s velocity may escape even more easily into
the surrounding medium. Evidence for a complicated interaction with the surrounding environment
comes from the wide variety of X-ray morphologies observed from fast-moving pulsars, including
simple bow shock structures, multiple tails, large-scale extended emission, and long “filaments”
that are not aligned with the proper motion of the NS (e.g., Bandiera 2008; Kargaltsev et al. 2017;
Klingler et al. 2018; de Vries et al. 2022). These morphologies are thought to be due to differences
in the pulsar wind itself (wind energy distribution, magnetization), the surrounding medium (its
density, magnetic field strength and direction), and geometry of the pulsar’s magnetic field, rotation
axis, motion vector, and viewing direction which affect the escape of particles into the surrounding
medium (e.g., Reynolds et al. 2017; Bucciantini 2018; Barkov et al. 2019). In addition to X-ray and
radio emission, bow shocks have also been detected in H𝛼 (see Brownsberger and Romani 2014 and
references therein) and more recently at ultraviolet wavelengths (see, e.g., Kargaltsev et al. 2017).

For NSs in binary systems, the companion provides an alternative environment to the ISM for pulsar
wind interactions, as well as a different evolution for the neutron star (Fig.2). If the companion
is a massive star (see e.g., Chernyakova, M. et al. 2019 and references therein), right after the SN
explosion, and if the binary is not disrupted, the neutron star will be in a highly eccentric orbit
in an environment dominated by the companion’s outflows. This can be in the form of a strong
wind or, in the case of Oe and Be stars, an equatorial excretion disk. The young pulsar will have
a strong wind, but may or may not be visible as a radio pulsar due to excess scattering material in
the system. At first, the pulsar’s wind, strong magnetic field, and fast spin will prevent material
from accreting onto the neutron star, but eventually the pulsar will slow, the wind decrease, and
accretion will occur, extinguishing the wind and radio pulsations but generating X-ray pulsations,
becoming a classic X-ray Binary (XRB) Pulsar. At first, material from the companion slows down
the neutron star rotation even more, but as it overcomes magnetic inhibition it will spin up the pulsar
until the companion undergoes its own SN explosion, the end result possibly being a NS-NS binary
containing a partially recycled pulsar (𝑃𝑠 ∼ 10 − 50 ms).

If the companion is an intermediate or low mass star, the evolution is similar, but the accretion
episode lasts for much longer, resulting in the neutron star being spun up to millisecond periods and
ending with a NS in a highly circular orbit around a white dwarf where the neutron star spin axis
is aligned with the orbital axis (see e.g., Lorimer 2008 and references therein). This accretion is
not steady, however, and the system can detach intermittently before the companion has reached the
white dwarf stage. During these detached times, radio pulses and the pulsar wind can turn back on.
After the companion becomes a white dwarf, the neutron star is now a recycled pulsar, generally
with a spin period of a few milliseconds (a millisecond pulsar, MSP) and emitting radio through
𝛾-ray pulsations. If the companion is close enough, the pulsar will begin to ablate the companion,
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potentially eventually completely evaporating and leaving behind an isolated MSP.

In a binary system, the pulsar wind can interact with both the ISM and its companion to produce
observable broadband emission. In general, radio pulsations are eclipsed for part of the orbit,
and emission from an intrabinary shock is strongly orbitally modulated. This is the case for both
young pulsars around massive companions and recycled (millisecond) pulsars around low-mass
companions (see Roberts et al. 2018 and references therein). The young systems are an important
subclass of High Mass Gamma-ray Binaries (HMGB) which, in principle, may have either neutron
stars or black holes orbiting a massive companion. In the HMGB that contain a pulsar, the pulsar
wind interacts with a strong companion wind. The companion also provides a bright source of
photons that can be inverse Compton scattered to 𝛾−ray energies by the pulsar wind. However,
there are only a few cases where radio pulses have been seen and so the nature of the compact
object is definitively known. In some cases, VLBI imaging have revealed that there is compact
PWN emission in addition to emission from an intrabinary shock. The recycled systems with
intrabinary shock emission are the subclass of binary millisecond pulsars known as spiders, which
are systems where the pulsar wind is ablating the companion, generating excess material both within
and outside the binary orbit. In principle, there are multiple advantages to studying pulsar winds in
binary systems. First off, the interaction can be observed from multiple angles within one system
and is repeated every orbit. Perhaps more importantly, shocks are forced to occur at distances which
probe the pulsar wind much closer to the light cylinder than is the case in PWN around isolated
pulsars, and by studying the population, you can probe different radii in terms of the fundamental
parameter of the light cylinder radius. In the case of the HMGB, you can even probe a range of
distances within one system since the pulsar orbit tends to be highly eccentric.

Of particular interest and value are double neutron star systems that are seen nearly edge on.
The passage of radio pulses from the partially recycled pulsar through the magnetosphere of its
companion provides crucial information on the spatial distribution of charged particles in this region
and the shape of the radio beam (e.g., Lyutikov and Thompson 2005; Rafikov and Goldreich 2005;
Yi and Cheng 2017; Lower et al. 2024).

2.2 PWN demographics

As mentioned in §2.1, the SED of a PWNe changes considerably over the course of its evolution.
Therefore, the properties of PWNe currently detected differ between wavebands as described below.

The radio and X-ray emission from PWNe is believed to be dominated by synchrotron radiation
from 𝑒± interacting with nebular magnetic field. The characteristic frequency 𝜈𝑐 of such emission
from a particular particle depends on both its energy 𝐸 and the magnetic field strength 𝐵 at its
location, with:

𝜈c ≈ 10.7
(

𝐵

1 𝜇G

) (
𝐸

1 GeV

)2
MHz, (1)

and these particles will lose most of their energy as synchrotron radiation in time:

𝑡synch ≈ 8
(

𝐵

1 𝜇G

)−2 (
𝐸

1 GeV

)−1
× 109 years, (2)
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commonly referred to as the synchrotron lifetime of these particles. Combined, Equations 1 & 2
imply that the radio synchrotron emission from a PWN will originate from 𝑒± with a lower energy
𝐸 and longer lifetime 𝑡synch than the 𝑒± responsible for the X-ray synchrotron emission of such
sources.

The maximum synchrotron photon energy can be expressed as

𝐸max ≲ 130𝜁 ¤𝐸35𝐵−5𝜎/(𝜎 + 1) keV (3)

(e.g., Reynolds et al. 2017), where 𝜁 ∼ 1 is a numerical factor, ¤𝐸35 is the spin down power of
the pulsar in units of 1035 erg/s, 𝐵−5 is the magnetic field in 10−5 G, and 𝜎 is the poorly known
magnetization parameter, the ratio of the Poynting flux to the particle enthalpy flux. Characteristic
PWN magnetic field values are thought to be roughly in the range of 1 − 100 𝜇G and are typically
higher in shocked PW regions. From the dependency on the spin-down energy in equation 3, one
expects bright synchrotron X-ray PWNe only around the youngest pulsars, with radio and IC 𝛾-ray
emission lasting for much longer. Around even older (and very close) pulsars one may still detect
UV emission and H𝛼 PWNe.

The PWN’s magnetic field can be strong, O(100 𝜇 G), as inferred for some PWNe associated with
young (≲ 103 years) pulsars as well as for the PWNe in some binary systems. For such PWNe, their
X-ray synchrotron emission (ℎ𝜈 ∼ 1 − 10 keV, 𝜈 ∼ (3 − 30) × 1017) is emitted by 𝑒± with energy
𝐸 ∼ 10 − 100 TeV. For PWNe with weaker magnetic field, e.g. O(𝜇G), their X-ray synchrotron
emission is produced by particles with energy 𝐸 ∼ 0.1 − 1 PeV. The ∼ 104 − 105 yr synchrotron
lifetime of these particles is comparable to, or longer than, the ∼ 103 − 105 yr characteristic age of
the neutron stars often associated with PWNe, suggesting that X-ray emission could be produced
throughout the PWN. However, the relatively small number of 𝑒± with the required extreme energies
can result in a surface brightness lower than the sensitivity of existing observations and facilities.

The situation is very different for the PWN’s synchrotron emission at the frequencies covered by
SKA-Low (𝜈 ∼ 50 − 350 MHz) and SKA-Mid (𝜈 ∼ 0.35 − 15.4 GHz). For strong-field PWNe,
this frequency range is produced by 𝑒± with energy 𝐸 ∼ 0.2 − 1 GeV, which have a synchrotron
cooling time of 𝑡synch ∼ 106 yr – significantly longer than the typical characteristic ages of the
isolated neutron stars associated with such objects. For weaker nebular magnetic field strengths,
the radio emission originates from 𝐸 ∼ 2 − 20 GeV 𝑒± with even longer synchrotron cooling times
(𝑡synch ∼ 108 − 109 yr). As a result, the PWN’s radio emission includes contributions from particles
generated throughout its lifetime – unlike its X-ray emission, which is dominated by more energetic,
recently injected particles. In addition to the radiation losses, evolutionary effects of the pulsar may
contribute to the observed sharp steepening of the PWN synchrotron spectrum between radio and
X-rays.

However, PWNe do not only emit synchrotron radiation. The 𝛾-ray emission from PWNe is believed
to the result of high energy 𝑒± inverse Compton (IC) scattering off background photons originating
from the Cosmic Microwave Background (CMB) as well as emission from nearby dust (far- and
mid-infrared) and stars (predominantly near-infrared and optical). If the CMB is the dominant
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source of target photons, then a 𝛾-ray of energy 𝐸𝛾 is produced by scattering off an 𝑒± with energy:

𝐸 ≈ 63
√︂

𝐸𝛾

10 TeV
TeV (4)

which, if it only lost energy due to IC emission, has a radiative lifetime of:

𝑡ic ≈ 30
(

𝐸

40 TeV

)−1
× 103 years. (5)

This suggests that the ∼ 0.1 − 10 TeV emission detected from a large and, thanks to new 𝛾-ray
facilities such as HAWC and LHAASO and future ones like the Cerenkov Telescope Array (CTA),
growing number of Galactic PWNe originates from 𝐸 ∼ 20 − 60 TeV particles with an IC lifetime
of 𝑡ic ∼ 104.5 − 106 years.

The particle energies and lifetimes estimated above are useful in understanding how the multi-
wavelength properties of PWNe change as they progress through the evolutionary sequence de-
scribed in §2.1. Soon after the core-collapse supernova that creates the neutron star, the strong
magnetic field of its PWNe will result in X-ray emitting particles having a radiative lifetime com-
parable to, or shorter than, the age of the system. Due to the transport of particles away from
the termination shock where they are injected into the PWN, X-ray emission detected further from
this structure is radiated by particles injected earlier. This fact, and the rapid cooling of these
∼ 10 − 100 TeV e±, results in a relative deficit of high energy e± at larger distances from the termi-
nation shock – and explains in large part the observed correlation between the X-ray luminosity of
a PWN (𝐿𝑋) and the spin-down luminosity ¤𝐸 of its associated neutron star (Kargaltsev and Pavlov,
2008). Such cooling explains the decrease in X-ray surface brightness Σ𝑋 and “softening” of the
X-ray spectrum (increase in photon index Γ) observed in such systems. As described below, these
measurements can be used to test and constrain models for the transport of particles within the
PWN (e.g., Kundu et al. 2024). For these strong magnetic fields, the particles energetic enough to
produce X-ray synchrotron emission (Equation 1) are also sufficiently energetic to produce 𝛾-ray
inverse Compton emission (Equation 4, which suggests that similar spatial variations in the surface
brightness and spectrum should be observed at X-ray and 𝛾-ray energies, though they are hard to
measure observationally due to the large point spread function of current facilities. However, the
long lifetime of the radio-emitting particles suggests emission in this waveband should originate
from the entire PWN, and therefore can have an angular extent larger than detected at higher photon
energies. However, empirically the TeV emission is often observed to have the largest extent (see
below).

For PWNe with weaker magnetic fields, both the X-ray and 𝛾-ray emission originate from≳ 100 TeV
particles. Since IC scattering is the dominant emission mechanism of such particles, such PWN are
likely to have a higher surface brightness at 𝛾-ray energy Σ𝛾 than at X-ray energies, though emission
at both wavebands will be hampered by the rarity of 𝑒± with the required high energies. Since
the angular size of such PWNe are often larger than the field of view of current X-ray telescopes
but smaller than that of 𝛾-ray facilities, their 𝛾-ray properties are often better measured than their
X-ray properties. Radio emission should also be generated throughout such PWNe. However, it
can be difficult to detect due to the low surface brightness of this emission being hard to distinguish
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against the bright Galactic plane background. Also, the angular size of PWNe may be larger than
the largest angular scale of the radio interferometers used in such studies.

For NSs directly interacting with the ISM, their anisotropic pulsar wind emission, typically faster-
than-sound motion, as well as inhomogeneities in the ambient medium and ISM entrainment are
known to produce striking examples of detected X-ray head-tail structures as well as multiple tails
and PWN shapes around pulsars that have left their parent supernova remnant (e.g., Kargaltsev
et al. 2017). Kargaltsev et al. (2008b) found that the X-ray efficiencies of the ram pressure-confined
PWNe are systematically higher than those of PWNe around slowly moving pulsars with similar
spin-down parameters. Nevertheless, pulsars with low spin-down power are not expected to harbor
strong X-ray PWNe. When such PWN are seen in radio, the radio emission is generally better
defined by the bow-shock than the X-ray emission.

3 Open Questions

While the notion that PWNe are primarily powered by the rotation energy of neutron stars was
established nearly ∼ 6 decades ago (e.g., Pacini 1968; Goldreich and Julian 1969), as described
below their remains several unanswered fundamental questions regarding the nature of these sources,
especially concerning their ability to generate the highest energy photons – and therefore, among
the highest energy particles – observed from the Milky Way.

3.1 Generation of the pulsar wind

Currently, it is believed that both the “pulsar wind” and pulsed emission are generated by particles
produced in the neutron star magnetosphere. A neutron star’s combination of a rapidly rotating
surface and a strong magnetic field generates a voltage strong enough to remove charged particles
from the surface (e.g., Goldreich and Julian 1969, see also a review by Lorimer and Kramer 2012).
These particles produce photons as they travel along curved magnetic fields above the neutron star
surface (often referred to as “curvature radiation;” e.g., Ruderman and Sutherland 1975). These
photons not only contribute to the pulsed radio emission generated by a neutron star (e.g., Gil et al.
2004), their interaction with the strong magnetic fields results in their conversion to an 𝑒± pair.
These pairs also generate curvature radiation which, if produced in a region with sufficiently strong
magnetic field, also pair produce. As a result, near the surface the neutron star magnetosphere is
filled with a dense, primarily 𝑒±, plasma (e.g., Goldreich and Julian 1969) whose motion is dictated
by the structure of the neutron star’s magnetic field. It is those particles moving away from the
neutron star surface along “open” field lines which comprise the pulsar wind whose interaction with
the surrounding medium generates the PWN. Therefore, the particle content of a PWN directly
probes the pair production mechanism inside the neutron star magnetosphere.

The number of particles inside a PWN provides information on the “multiplicity” – i.e., the efficiency
of the pair production process described above. Current theoretical models suggest the number
of particles generated in the magnetosphere depends on a number of physical parameters (e.g.,
Timokhin and Harding 2015, 2019), including the magnetic field strength – which can be estimated
from the timing properties of the neutron star (see Lorimer and Kramer 2012), or measured from
cyclotron lines in X-rays (e.g., Staubert et al. 2019), the curvature of the magnetic field lines near
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the surface, and the temperature of the neutron star surface – which can be measured from X-ray
observations (see a recent review by Rigoselli 2025).

Measuring the number of 𝑒± inside a PWN requires analyzing its SED. However, the amount of
synchrotron emission generated by a PWN is degenerate with particle number and nebular magnetic
field strength, while its inverse Compton luminosity is degenerate with particle number and the total
energy density of the target photon fields – which in some cases can greatly exceed that of the CMB
(e.g., Straal et al. 2023). As a result of these degeneracies, multiplicities estimated using emission in
only one waveband depend on a large number of assumptions (e.g., Spencer and Mitchell 2025), and
robust estimates of the multiplicity require studying the broadband SED. The radio emission from
PWNe is particularly important for such work, since the long radiative lifetime of these particles
results in the total radio emission being sensitive to the number of particles generated over its entire
history, and the lower energy of radio-emitting electrons suggests they dominate the total number
of particles in the PWN (e.g., Gelfand et al. 2015).

Studies of PWNe can also determine the ionic composition of the pulsar wind. While the particle
production mechanism described above produces 𝑒±, the electric potential generated in the magne-
tosphere is sufficient to also extract ions from neutron star surface. Therefore, they might also be
an ionic component to the pulsar wind (e.g., Ostriker and Gunn 1969; Arons 1998) – though obser-
vations suggest the ions must be energetically subdominant to the 𝑒± in these sources (e.g., Spencer
and Mitchell 2025). Direct evidence for ions inside PWNe would be the detection of high-energy
neutrinos from these sources – potentially possible with the next generation of such facilities (e.g.,
Amato et al. 2003). However, the structure of, and spectrum of particles, within PWNe might also
offer indirect evidence for ions in the pulsar wind (e.g., Arons 1998). The motion of ions within the
PWN has been hypothesized to result in the variable “wisps” observed in these objects primarily at
optical (e.g., Melatos et al. 2005) and X-ray wavelengths (e.g., Gallant and Arons 1994; Spitkovsky
and Arons 2004). In addition, since ions in the pulsar wind will also impact the acceleration of
particles in the nebula (e.g., Amato and Arons 2006), possibly creating signatures in the energy
spectrum of 𝑒± in such sources (e.g., Guépin et al. 2020).

3.2 Acceleration of particles inside the PWN

The increasing number of associations between Galactic PeVatrons – sources which emit > 100 TeV
photons – with PWNe (e.g., (Ohira et al., 2018; De Sarkar et al., 2022; Park et al., 2023; Woo et al.,
2023)) requires that particles are accelerated to ≳PeV energies (e.g., Cao et al. 2021; de Oña
Wilhelmi et al. 2024) in these objects. Currently, it is believed that the primary site of particle
acceleration inside a PWN is the “termination shock” formed where the ram pressure of the
unshocked pulsar wind is equal to that of the surrounding PWN (e.g., Rees and Gunn 1974; Kennel
and Coroniti 1984 and citations thereafter) – with the resultant particle spectrum believed to be
sensitive to the properties of the unshocked pulsar wind at this location (e.g., Sironi and Spitkovsky
2009, 2011).

When the pulsar wind leaves the neutron star magnetosphere, it is expected to be magnetically
dominated and launched at high rotational latitudes. The magnetic field outside the light cylinder
is forced to become toroidal and concentrated along the spin equator which channels the wind
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into an equatorial outflow. Since the existence of pulsations requires that the magnetic axis is
tilted with respect to the spin axis, the pulsar wind is “magnetically striped” (i.e., the direction
of its magnetic field regularly changes direction by 180◦; ) Inside the PWN, past the termination
shock, the observed X-ray spectra and emission energetics suggest that the particles are energetically
dominant (e.g., Kennel and Coroniti 1984; Bucciantini et al. 2011; Torres et al. 2014; Abdelmaguid
et al. 2023). This transition from a magnetically to kinetically dominant outflow is thought to be
intimately related to the acceleration of particles in these sources. Most models postulate that the
dissipation of the striped magnetic wind happens upstream (i.e., between the magnetosphere and
termination shock, e.g., Coroniti 1990; Kirk and Skjæraasen 2003; Cerutti, B. and Philippov, A. A.
2017; Cerutti et al. 2020), but others suggest that it may occur at the termination shock itself (e.g.,
Pétri and Lyubarsky 2007) or within the pulsar wind nebula itself (e.g., Porth et al. 2013; Zrake and
Arons 2017). In these latter cases, the wind may remain magnetically striped up to the termination
shock. If correct, this suggests that particles may be (re-)accelerated throughout the nebula (e.g.,
Lyutikov et al. 2019).

Observations suggest the acceleration mechanism within a PWN produces particles with a “broken
power law” energy spectrum 𝑑𝑁

𝑑𝐸
∝ 𝐸−𝑝 where 𝑝 has different values above and below some

characteristic break energy 𝐸b (e.g., Bucciantini et al. 2011; Torres et al. 2014; Gelfand et al. 2015)
– with the particle index 𝑝1 at energies below the break energy 𝐸b typically (e.g., Bucciantini et al.
2011; Torres et al. 2014; Gelfand et al. 2015), but not always (e.g., Hattori et al. 2020), lower than
the paricle index 𝑝2 at high energies – i.e., 𝑝1 < 𝑝2. Such a particle spectrum is currently thought to
arise from a combination of “standard” Fermi acceleration mechanism and magnetic reconnection
(e.g., Sironi and Spitkovsky 2011; Cerutti and Giacinti 2020) within the PWN – with magnetic
reconnection responsible for the “hard” particle spectrum at low energies inferred from the radio
observations of these sources (e.g., Lyutikov et al. 2019).

While theoretical work suggests that magnetic reconnection is capable of producing the “hard”
particle spectra observed in PWNe (e.g., Bessho and Bhattacharjee 2012; Werner and Uzdensky
2021; French et al. 2023; Zhang et al. 2023), the acceleration efficiency and particle spectrum
generated by this mechanism depends strongly on the properties on the particle flow (e.g., Cerutti
et al. 2014; Sironi and Spitkovsky 2014; Lu et al. 2021). In particular, turbulence – especially in
the kinetic limit – is found to inhibit magnetic reconnection (Loureiro and Boldyrev, 2018), which
would have a significant impact on the spectrum of particles inside a PWN.

Understanding the acceleration mechanism requires measuring the particle spectra in a sample of
PWNe with a large range in pulsar wind properties. In binary systems, the pulsar wind environment is
determined primarily by the companion’s wind, magnetic field, and photon emission (the companion
is an important source of photons for inverse Compton emission). In the direction of the companion,
a shock front is forced to occur within the binary, at a distance (as measured in light cylinder radii
𝑅𝑙𝑐) much closer to the pulsar than is the case for PWN around isolated neutron stars (∼ 103−105 𝑅𝑙𝑐

as opposed to 108 − 109 𝑅𝑙𝑐 for PWN, see e.g. (Roberts et al., 2014; Cortés and Sironi, 2022)). For
young pulsars around massive companions, the orbital plane of the pulsar is generally not aligned
with the equators of either the pulsar or the companion, and the orbit may be highly eccentric.
Therefore, the shock occurs over a range of distances and pulsar wind latitudes within one system.
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For recycled systems, it is probable that the spin axes and the orbital axis are aligned, and the
orbit is highly circular. Numerical models of the magnetic dissipation radius of the striped wind
suggest that it is similar to the intrabinary shock distance in binary systems (Cerutti et al., 2020).
The pulsar wind in binary systems is therefore much more strongly magnetized when it reaches the
termination shock than for PWN around isolated pulsars. This difference, and the resultant impact
on the underlying acceleration mechanism, has been invoked to explain the extremely hard particle
spectra implied by the X-ray spectra (photon index Γ ∼ 1.0 − 1.4) of such sources (Roberts et al.,
2018).

3.3 Transport of particles within and beyond the PWN

As mentioned in §3.2, the particles generated in the neutron star magnetosphere enter the PWN
at the termination shock. The propagation of these particles through, and eventually beyond, the
PWN has implications for the possible re-acceleration of particles inside the nebula as mentioned
above, as well as the PWN contribution to the Galactic population of cosmic ray 𝑒±.

Initially, it was assumed that (e.g., Kennel and Coroniti 1984) PWN consisted of a MHD flow of
particles away from the termination, but these models were found to be inconsistent with observed
spatial variations in the X-ray surface brightness Σ𝑋 and photon index Γ in these sources (e.g.,
Reynolds 2009; Tang and Chevalier 2012). As a result, more recent models tested whether a
combination of diffusion (e.g., Porth et al. 2016; Zhu et al. 2023) and advection (e.g., Collins et al.
2024) dominate the motion of particles through the PWN. While such models often can reproduce
either the observed Σ𝑋 or Γ profile within a PWN (e.g., Kim and An 2020), they also often are
unable to reproduce both observed quantities with the same set of model parameters (e.g., Kundu
et al. 2024). This has led to further studies which found that turbulence could play an important
role in both distributing and accelerating particles throughout the PWN – especially at the lower
particles energies responsible for the PWN’s radio emission (e.g., Luo et al. 2020; Lu et al. 2023,
2024).

Since ≈ 100% of the material inside a PWN is electrically charged, the movement of particles
will be strongly coupled to the structure of the nebular magnetic field. The detection of polarized
emission (see Volpi et al. 2009 for a review) from PWN at radio (e.g., Kothes et al. 2020; Ma et al.
2016), optical (e.g., Moran et al. 2014), and increasingly at X-ray energies (e.g., Xie et al. 2022;
Liu et al. 2023a; Xie et al. 2024; Bucciantini et al. 2025) suggests a significantly ordered magnetic
field.

Radio polarization measurements provide a powerful probe of the nebular magnetic field structure.
Previous observations found a large diversity in the 𝐵-field geometry. Many young sources exhibit
toroidal 𝐵-field near the inner PWN, including the Crab (Velusamy, 1985; Aumont et al., 2010),
G54.1+0.3 (Lang et al., 2010), 3C 58 (Bucciantini et al., 2025), and MSH 15-52 (Zhang et al.,
2025). In the first two cases, the 𝐵-field orientation switches to radial in the outer PWN near the
edge (Bietenholz and Kronberg, 1991), while it becomes highly elongated for 3C 58. In contrast, a
purely radial field is found in radio observation of the young PWN G21.5−0.9 (Lai et al., 2022). On
the small scale, strongly polarized synchrotron filaments and loops are often observed in PWNe,
and their 𝐵-field geometry well follows the emission structure (e.g., Lang et al., 2010; Bucciantini
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et al., 2025). These magnetic filaments and loops could result from instabilities which mix the
pulsar wind and the surrounding medium (Jun and Norman, 1996a,b), or could be torn by kink
instabilities from the wind termination shock (Slane et al., 2004).

For older PWN systems, a toroidal field is often observed, e.g., Vela (Dodson et al., 2003), the
Boomerang (Kothes et al., 2006), the Dragonfly (Jin et al., 2023), and the PWN powered by PSR
B1706−44 (Liu et al., 2023b). Intriguingly, the Snail, which is a middle-aged PWN crushed by the
supernova reverse shock, shows a highly ordered 𝐵-field structure with loops and filaments (Ma
et al., 2016). Finally, various 𝐵-field configuration is also observed in bow-shock PWNe, although
they are governed by relatively simple boundary conditions. Some are found to have 𝐵-field well
aligned with the nebular elongation, e.g., the Mouse (Yusef-Zadeh and Gaensler, 2005), the Frying
Pan (Ng et al., 2012), and possible the Potoroo (Lazarević et al., 2024). On the other hand, both
G319.9−0.7 and G283.1−0.59 show helical fields trailing the pulsar (Ng et al., 2010, 2017).

The origin of such diverse 𝐵-field geometry in PWNe is unclear. It could depend on many physical
parameters, including the evolutionary state, flow structure, pulsar orientation. It is critical to
expand the sample for further study. The magnetic field structure could have important implications
on particle transport and hence the efficiency of cosmic ray production.

Recent 𝛾-ray observations discovered large scale halos around pulsars, and in many cases, the TeV
emission peak shows significant offset from the associated pulsar (Albert et al., 2020; Cao et al.,
2024). This challenges the standard PWN model and requires some mechanisms to transport the
freshly accelerated particles to the gamma-ray emitting region, or some re-acceleration process at
the TeV site. Magnetic fields could play an important role in resolving this issue. For bow shocks,
the formation of a large-scale, ordered magnetic field aligned with the pulsar tails is expected, as
simulations show that the ISM 𝐵-field can be swept up to create magnetotails, especially for highly
magnetized pulsar wind (Olmi and Bucciantini, 2019). In such cases, post-shock particles can gyrate
along the magnetic field without much diffusion and advection, therefore moving predominantly
along the field lines. This creates a magnetic flux tube structure that enables fast transport of
particles and it can shape the overall PWN morphology. As the particles are moving along the field
lines, their pitch angle distribution is anisotropic. The synchrotron emissivity will be highly beamed
and dependent on the viewing geometry (Bao et al., 2024a,b; Krumholz et al., 2024). Polarimetric
measurements with the SKA will provide a powerful probe of the nebular magnetic field structure
to confirm this model.

The structure of the PWN’s magnetic field also plays an important role in the escape of particles
from the nebula. The interaction between the PWN’s magnetic field and that of its environment
is thought to govern the escape of particles from the PWN (e.g., Bucciantini 2018; Barkov et al.
2019; Toropina et al. 2019) – with reconnection between the two fields providing a channel which
enhances particle escape (e.g., Olmi et al. 2024). This mechanism is believed responsible for
the growing number of X-ray filaments observed around neutron stars (see Dinsmore and Romani
2024 for a recent catalog), which are often misaligned with the neutron stars’ proper motion and
magnetic axis (e.g., Bandiera 2008) but possibly aligned with the interstellar magnetic field (e.g.,
Dinsmore et al. 2025). The recent association between a candidate radio pulsar / X-ray PWN and
a non-thermal radio filament (Yusef-Zadeh et al., 2024) suggests a similar origin for many of the
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numerous radio filaments found near the Galactic Center (e.g., Heywood et al. 2022).

The structure of the interstellar magnetic field is also believed to play an important role in the
formation and evolution of “TeV halos” – extremely large regions of TeV 𝛾-ray emission (e.g.,
Abeysekara et al. 2017) – which are expected to be present around a large fraction of neutron stars
(e.g., Sudoh et al. 2019; Albert et al. 2025), and believed to be represent the very late stages of
PWN evolution (e.g., Giacinti et al. 2020). While the high energy 𝑒± responsible for the observed
extended 𝛾-rays are believed to have escaped from the PWN and are now diffusing through the
ISM, the diffusion coefficient inferred from the angular distribution of their high-energy emission
is consistently found to be significantly lower than the Galactic average (i.e., “slow diffusion;” e.g.,
Di Mauro et al. 2020; Bao et al. 2022; Schroer et al. 2023; Albert et al. 2024). Since these particles
are charged, their motion is again greatly impacted by the structure of the local magnetic field.
The presence of MHD turbulence – possibly generated by SNR formed in the progenitor explosion
(e.g., Fang et al. 2019) – around neutron stars will significantly impact the propagation of cosmic
rays (e.g., Farmer and Goldreich 2004; López-Coto and Giacinti 2018; Maiti et al. 2022; Xu and
Yan 2013), likely significantly lowering the local diffusion coefficient (e.g., Liu et al. (2019); Gao
and Zhang (2025)). Currently, the best way of detecting – and measuring the power spectrum – of
magnetic turbulence in these regions requires studying the polarized synchrotron emission of these
particles (e.g., Lazarian and Pogosyan 2016, 2012; Pavaskar et al. 2024)

4 Opportunities with the SKA telescopes

Measuring the radio properties of PWNe is critical for answering the open science questions detailed
in §3. The number dominance of radio-emitting particles makes the total radio emission from a
PWN most sensitive to the multiplicity of particles in magnetosphere (§3.1) – complimentary to
the magnetospheric studies described by Oswald et al. (2026). Furthermore, it is the spectrum of
the radio emitting particles which are thought to be most affected by magnetic reconnection and
turbulent re-acceleration inside the PWN (§3.2). Lastly, the long radiative lifetime of the radio
emitting particles makes emission in this band extremely useful for understanding how particles
accelerated in PWNe propagate within the ISM – which depends strongly on the structure of the
Galaxy’s magnetic field (Sun et al., 2026), especially on small scales (Ma et al., 2026) around the
PWN.

Current theoretical models are able to predict the PWN’s radio emission (e.g., Gelfand et al. 2009)
when the pulsar is still within the SNR formed by its progenitor supernova (§2.1). While the
evolution of a particular PWN is strongly dependent on the properties of the system (e.g., Table
1), as shown in Figure 3 during this period the radius, specific luminosity, surface brightness, and
radio spectral index 𝛼 (flux density 𝑆𝜈 ∝ 𝜈𝛼) changes significantly over time. However, throughout
the evolution of the PWN it is expected that the spectral index 𝛼 (flux density 𝑆𝜈 ∝ 𝜈𝛼) of its radio
emission changes between the SKA Low and SKA-Mid bands, with a decrease in 𝛼 as frequency 𝜈

increases. Furthermore, the compression of the PWN by the reverse shock inside the SNR results
in an increase in luminosity, surface brightness, and spectral index 𝛼 – with the change in spectral
index most prominent, and occuring earlier, at lower frequencies. Therefore, significant spectral
curvature observed in the range of frequencies observable by the SKA may indicate this interaction
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Parameter Value
Initial kinetic energy of supernova ejecta 𝐸sn 1051 ergs

Mass of supernova ejecta 𝑀ej 8 M⊙
ISM Density 𝑛ism 0.1 cm−3

Initial Spin-down Luminosity ¤𝐸0 1040 ergs s−1

Spin-down Timescale 𝜏sd 500 years
Wind Magnetization 𝜂B 10−3

Minimum Injected Particle Energy 𝐸min 1 GeV
Break Injected Particle Energy 𝐸break 1 TeV

Maximum Injected Particle Energy 𝐸max 1 PeV
Low Energy Particle Spectrum 𝑝1 1.5
High Energy Particle Spectrum 𝑝2 2.5

Table 1: Input parameters to the Gelfand et al. (2009) model for the evolution of a PWN inside a SNR used
to predict the properties of the PWN’s radio emission shown in Figure 3.

has begun. Furthermore, the higher surface brightness inferred for the youngest and compressed
PWN also suggests the planned surveys discussed above will preferentially detect sources in these
two evolutionary phases.

The scientific investigations mentioned above requires measuring the spectrum and morphology of
the radio emission from PWNe associated with a wide variety of NSs. Since most NSs are located
in the Galactic Plane, PWNe are often in fields with numerous, much brighter, objects where source
confusion is a real and pressing concern. Therefore, identifying PWNe requires images with the
high dynamic range only achievable with the excellent u-v coverage promised by distribution of
elements with the SKA. The broadband coverage of the SKA will make it possible to produce such
images at a wide range of frequencies, enabling the accurate measurements of the PWN’s flux
density across the radio band, as needed for the spectral studies above.

As shown in Figure 3, the radius of a PWN is expected to change by more than an order of magnitude
over its lifetime. Even at a distance of 10 kpc, only sub-arcminiute angular resolution is needed to
resolve the bulk radio emission from a PWN. However, the longest baselines of the SKA will provide
the sub-arcsecond angular resolution needed to measure small-scale pulsar proper motion vectors,
and to study small-scale structures within PWNe. This capability will be especially important for
comparing the morphology of PWNe in different wavebands. Offsets between the peaks of X-ray
and radio emission have been observed in several bow-shock pulsar wind nebulae, including J1509–
5850 (Kargaltsev et al., 2008a), G319.9–0.7 (Ng et al., 2010), the Lighthouse Nebula (Pavan et al.,
2014), Potorro (Lazarević et al., 2024), and PSR J2030+4415 (Paredes et al., 2025). As discussed
in previous sections, X-ray emission is generally believed to originate near the particle acceleration
site. Therefore, the observed offsets between the X-ray and radio peaks suggest a gradual decrease
in the radio surface brightness of the PWN tail toward the pulsar. This decline in radio brightness
near the pulsar cannot be attributed to synchrotron cooling, as the cooling time for radio-emitting
electrons is relatively long. As proposed by Kargaltsev et al. (2008a), explaining the absence of
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radio emission close to the pulsar may require assuming an increase in particle number density with
distance from the pulsar.

Meanwhile, the short baselines allow detecting radio emission on the large angular scales. This
will be especially important for detecting radio emission from the large scales of the TeV halos
discussed above – whose number at the PeV energies can potentially be increased using SKA-Low
(Nelles et al., 2026). The interaction between the high-energy particles responsible for the observed
𝛾-rays and the interstellar magnetic field will result in synchrotron radiation whose detection is vital
for determining the spectrum of these 𝑒± as well as strength and structure of the local magnetic
field. Previous searches for this synchrotron emission at infrared (e.g., Hooper et al. 2024) and
X-ray energies (e.g., (Khokhriakova et al., 2024)) have been unsuccessful due to the complicated
background and low surface brightness of this emission. Due to the increased number of the
radio-emitting particles, the surface brightness of the synchrotron emission from such sources is
likely to be brightest at these wavebands. With interferometric observations, it is possible to filter
the diffuse Galactic background from these images. Unfortunately, current interferometers are not
sufficiently sensitive to emission originating from the ≳ 1 − 2◦ angular size of the 𝛾-ray emission
detected from these sources – an issue which will be rectified with the SKA.

The detection of polarized emission from PWNe is also of vital importance. Not only do such
observations directly probe the structure of the nebular magnetic field, recent studies by Lazarian
and Pogosyan (2016, 2012) showed that the anisotropy and the fluctuation spectrum of turbulence
can be determined by measuring the fluctuations in polarization of synchrotron radiation from a
source. Such studies would complement investigations of magnetic turbulence inside a PWN made
using the spatial two-point correlation function of radio intensities (Roy et al., 2009; Shimoda
et al., 2018; Vishwakarma and Kumar, 2020). For example, the SKA would be able to repeat,
with improved sensitivity and angular resolution, the large scale radio polarization study of TeV
halo presented by (Malik et al., 2024) – critical for determining if magnetic turbulence is i.ndeed
responsible for the low diffusion coefficient inferred for such sources. The capability of SKA
telescope to measure the radio polarization of PWNe with high angular resolution and sensitivity
is critical for understanding the nature of turbulence within these objects.

Lastly, a significant fraction of radio PWNe are currently unassociated with a pulsar. While some of
these could be attributed to beaming, the increased sensitivity of the SKA allows for the discovery
of fainter pulsars associated with these objects (Keane et al., 2026). Both, the current spin-down
luminosity and characteristic age inferred from such detections are extremely helpful for studying
the energetics of such objects. Furthermore, the discovery of a radio pulsar within a PWN opens the
possibility of conducting pulse-binning observations with long-baseline interferometers, allowing
the pulsar’s position to be determined with sub-arcsecond precision. The polarization properties
of the radio pulses can also be used to constrain the magnetic and rotational axes of these objects.
In parallel, deep, high-resolution radio observations can reveal the detailed structure of the radio
tail and enable direct comparisons with X-ray morphology and pulsar geometry. Together, these
observations are essential for advancing our understanding of collimated, magnetized outflows from
pulsars.

While pointed observation will likely be needed to comprehensively study a large sample of PWNe,
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the surveys planned with the initial AA★ configuration of the SKA and – eventually – the complete
SKA offer considerable opportunities for serendipitous discoveries. As demonstrated by SKA
pathfinders MeerKAT (e.g., Heywood et al. 2022; Motta et al. 2023) and ASKAP (e.g., Umana
et al. 2021), surveys of the Galactic plane with the improved 𝑢 − 𝑣 coverage and sensitivity offered
by these new facilities are capable of significantly improving measurements of the radio properties
of known PWNe and discovering new radio PWN candidates around known pulsars. In addition, the
success of these and other surveys in discovering supernova remnants (e.g., Anderson et al. 2017;
Mantovanini et al. 2024; Smeaton et al. 2024) suggests the SKA has the potential of discovering
SNRs (Ingallinera et al., 2026) around the considerable fraction of PWNe powered by young
(≲ 104 year) neutron stars currently without such associations. Such detections would be very
useful in determining the nature of the stellar progenitors of these objects, in addition to several of
the investigations discussed in §3. These imaging surveys, coupled with the pulsar searches planned
for these regions of the sky (Keane et al., 2026), have the potential of significantly increasing the
number of radio PWNe associated with secure neutron star detections – critical for answering
the science questions discussed above. The improvements in sensitivity, timing and polarization
capabilities, and frequency coverage offered by the full SKA promise to further the advances made
by AA★. Furthermore, by virtue of the broadband emission of PWN, these SKA studies will have
considerable synergies with new observing facilities at other wavebands on similar timescale, such
as the Cerenkov Telescope Array (CTA) at 𝛾-ray energies and forthcoming X-ray satellites.

5 Conclusions

PWNe are laboratories for studying the behavior of material at magnetic field strengths and particle
energies rarely achieved in other astronomical sources. Radio studies of PWNe are critical for
understanding the production of particles in neutron star magnetospheres, the acceleration of 𝑒±

to PeV energies, and the physics of ultra-relativistic outflows. The improvements in image fidelity
and sensitivity to pulsed, continuum, and polarized radio emission on both large and small angular
scales offered by the SKA in both its initial phase and final configuration will allow detailed studies
of the radio emission of a large and varied sample of these sources – as needed to understand the
fundamental physical processes operating in these high-energy sources.
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Figure 1: Schematic diagrams (left) and images (right) of the PWN generated by an isolated pulsar in
the different evolutionary stages. (Top): Stage 1, showing the wind termination shock (TS), PWN forward
shock, SNR reverse (RS) and forward (FS) shocks. An example of a PWN in this system is the one
associated with SNR G21.5−0.9 (Credit: X-ray: NASA/CXC/SAO; Infrared: NASA/JPL/CalTech/Spitzer;
Radio: NSF/NRAO/VLA; Image Processing: NASA/CXC/SAO/L. Frattare.). (Middle): Stage 2, after the
SNR reverse shock has reached the PWN, when the SNR has reached the Sedov phase. An example of a
PWN in this stage is the one associated with SNR G327.1-1.1 (Credit: X-ray: NASA/CXC/SAO/T.Temim
et al. and ESA/XMM-Newton Radio: SIFA/MOST and CSIRO/ATNF/ATCA; Infrared: UMass/IPAC-
Caltech/NASA/NSF/2MASS). (bottom) Bow shock stage. An example is the PWN produced by Geminga.
(Credit Geminga Images: X-ray: NASA/CXC/PSU/B.Posselt et al.; Infrared: NASA/JPL-Caltech)
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IBS

IBS

Young pulsar in HMGRB

MSP in Redback System

Figure 2: Intrabinary pulsar wind shock (IBS) examples: (top) a High Mass Gamma-Ray Binary where a
young pulsar interacts with the excretion disk of a massive companion; the orbit will likely be highly eccentric;
(bottom), a redback system where a recycled MSP is in a close, circular orbit around a non-degenerate low
mass companion.
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Figure 3: Evolution of the size (upper left), specific luminosity (upper right), surface brightness at a distance
of 5 kpc (lower left), and spectral index of a PWN (lower right) inside a SNR predicted by the Gelfand et al.
(2009) for the input parameters given in Table 1.
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