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Introduction

The Earth is constantly bombarded from outer space by energetic particles (e.g., electrons e− ,
positrons e+ , protons, nuclei; (1)). Where and how these “cosmic rays” are produced is poorly
understood, with various particle types and energies likely originating from different sources.
Particularly mysterious is the source of high-energy e± produced in our Galaxy, especially those
responsible for both the high fraction of e+ in the GeV cosmic ray lepton spectrum (e.g., (2)) and
the e± and observed excess of microwaves (e.g., (3)) and γ-rays (e.g., (4)) detected towards the
Galactic center and bulge. While these particles could be evidence for exotic forms of dark matter
(e.g., (5)), they might also be produced by “normal” astrophysical sources such as pulsars (e.g.,
(6; 7)) – the strongly magnetized, rapidly rotating neutron stars whose rotational energy powers
an ultra-relativistic outflow (commonly referred to as a “pulsar wind”) whose interaction with the
surrounding medium creates a pulsar wind nebula (PWN; see (8) for a recent review). While the
detection of TeV emission from numerous PWNe (e.g., (9; 10)) strongly suggest they contain e±
with PeV or higher energies, how and to what energies these particles are produced is unknown,
let alone their dependence on the properties of the pulsar, pulsar wind, and surrounding medium.
A major reason for this uncertainty is the lack of information concerning their MeV properties,
since the synchrotron emission from the highest energy e± peaks in this waveband. Only by
combining the MeV spectrum of PWNe measured by proposed missions (e.g., AMEGO (11),
LOX) with that obtained at lower (primarily radio and X-ray) and higher (TeV) photon energies
by current and hopefully future (e.g., SKA, ngVLA, ATHENA, AXIS, LYNX, CTA) facilities is it
possible to measure the full spectrum of e± in these sources. The resultant insights into the
underlying acceleration mechanism would significantly impact many areas of astrophysics – from
indirect searches for dark matter (as described above) to the origin of cosmic rays to the physics
of relativistic outflows observed from active galactic nuclei (AGN), γ-ray bursts (GRBs), and
some gravitational wave (GW) events (e.g., (12)).
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Particle Acceleration in Pulsar Wind Nebulae

The notion that neutron stars not only create highly relativistic particles (e.g., (13)), but inject
them into the surrounding medium (e.g., (14)), has been around for nearly 50 years. How they do
so remains poorly understood, As shown in Figure 1, the resultant PWNe contains several
possible acceleration sites – near the neutron star surface, at the edge of pulsar magnetosphere,
and both “upstream” and “downstream” of the termination shock formed by the confinement of
the pulsar wind by its surroundings. The physical mechanisms which accelerates particles is
expected to vary between these sites:
• near the neutron star surface and light cylinder, particles are primarily accelerated by the
electric potentials generated by the neutron star’s rotation magnetic field,
• “upstream” of the the termination shock both magnetic reconnection and Fermi acceleration
are believed to be important (see (15) for a recent review),
• while convection or turbulence “downstream” of the termination shock can result in
additional magnetic reconnection within the PWN that re-accelerates previously injected
particles (e.g., (16; 17; 18)).
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Figure 1: Schematic diagram of a PWN, with possible acceleration sites indicated by blue rectangles. The lightcylinder is located at the largest distance where particles can co-rotate with the neutron star, rLC = cP
2π where c is the
speed of light, and P is the pulsar’s rotation period. Particles traveling along the field lines which extend past r > rLC
form the equatorial “pulsar wind.” The confinement of this wind by the external medium creates a “termination shock,”
beyond which lies the shocked particles responsible for the PWN’s emission.

The cumulative particle spectrum likely depends on numerous parameters, e.g., the spin-down
luminosity Ė of the pulsar, the content and structure of the unshocked pulsar wind, the location
and geometry of the termination shock, and the density of the surrounding medium. Furthermore,
the evolution of the pulsar and changes in its surroundings will likely cause the relative
importance of different acceleration sites, and the resultant spectrum, to vary with time.
Only by measuring the properties of a PWN, for example the broadband spectral energy
distribution (SED) and polarization of its radiation, is it possible to determine its particle
spectrum. This information is critical for not only identifying the dominant acceleration
mechanism, but understanding its dependence on the physical properties of the system and
evolution in time. Particularly fruitful is the study of PWNe powered by young pulsars (§2.1) –
whose large Ė allows one to study particle acceleration under the extremest conditions, and
pulsars in binary systems (§2.2) – where the time-variable orientation and environment allows
detailed study of particle acceleration at the termination shock.

2.1

Pulsar Wind Nebulae inside Supernova Remnants

When a pulsar is young, it and its PWN are embedded within the supernova remnant (SNR)
produced by the progenitor explosion. Due to the high Ė of the central pulsar and near complete
confinement of the pulsar wind by the surrounding ejecta, such PWNe can be extremely
luminous. In fact, PWNe are one of few astronomical objects detected across the entire
electromagnetic spectrum (e.g., (19)), with the emission at “lower” frequencies (ν . 1023 Hz)
dominated by synchrotron radiation from e± downstream of the termination shock, while the
emission at higher frequencies ν & 1023 Hz is inverse Compton (IC) radiation resulting from
these same e± scattering off external photon fields (e.g., the cosmic microwave background
(CMB), the Galactic infrared background, and starlight) and, in rare cases, its own synchrotron
emission (e.g., (20)). The emission from the highest energy particles inside the PWN does not
appear at the highest photon energies because the IC emission from PeV (and higher) particles is
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significantly attenuated by the Klein-Nishina effect (21). Studying these particles requires
detecting their synchrotron emission, expected to dominate at MeV energies. Currently, there are
no facilities sensitive enough to detect MeV emission from young PWNe – and haven’t been
since COMPTEL, which detected unpulsed MeV emission from two PWNe (22). As described
below, proposed MeV missions like AMEGO (e.g. (11)) are capable of measuring the variable
and steady MeV emission from such PWNe – critical for determining both the maximum e±
energy accelerated in these sources and testing models for their production.
MeV Flares from PWNe Long thought to be a “standard” candle (19) at the highest photon
energies, the detection of γ-ray flares from the Crab Nebula (23; 24) suggested an unexpected
variability to the production of the highest energy particles in this source. The relatively short
time scale, high photon energies, and hard spectrum of these flares is suggestive of magnetic
reconnection, most likely just downstream of the termination shock (e.g., (18)). If so, the energy
of these flare photons is a powerful probe of the local magnetic field in the reconnection region.
The survey capability of proposed missions like AMEGO (e.g., (11)) allow such instruments to
detect similar such events at MeV and GeV energies from the Crab and potentially other PWNe
(e.g., Vela). Constraining the diversity in the properties (e.g., frequency, fluence, spectrum) of
flares from a single PWN and across the observed population will provide vital information on
how magnetic reconnection downstream of the termination shock depends on the properties of
both the pulsar and pulsar wind.
Steady MeV Spectrum of PWNe
Since the pulsar wind of a young
PWN is confined by the surrounding SNR
(Figure 3), its broadband SED reflects the
time-integrated injection and evolution of
the accelerated particles (see (25; 8; 26)
for recent reviews). Acceleration
at the different sites discussed in §2
are expected result in different temporal
evolution of the maximum particle energy
Emax . For example, acceleration inside
the magnetosphere likely has Emax ∝ Φ,
Figure 2: Expected 2 − 10 keV (red), 0.3 − 10 MeV (light
the electric potential at the neutron
p star’s blue), and 10 MeV − 3 GeV luminosity of a PWN with constant
p
polar cap, resulting in Emax ∝ Ė (e.g.,
Emax = 1 PeV (solid line) and Emax ≡ eΦ ∝ Ė (dot-dashed
(27)). Acceleration at the termination
line).
shock is very sensitive to the properties of
the pulsar wind (e.g., (28)), with the maximum energy Emax determined either by saturation of
the acceleration mechanism (Emax ∝ t0 ; (29))p
or confinement of particle within the termination
shock (which possibly also results in Emax ∝ Ė; (30)). As shown in Figure 2, differing
evolution of Emax primarily impacts the expected MeV evolution of a PWN, since the short
synchrotron lifetime of these particles causes this emission to be dominated by recently injected
particles, while synchrotron emission at lower energies is primarily produced by particles injected
at earlier times.
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Figure 3: Observed (points) and predicted (black line) SEDs of PWNe in G11.2−0.3 (left) and G21.5-0.9 (right).
The infrared red (green) points in the SED of G21.5−0.9 are significantly contaminated by hot gas surrounding this
PWN, and were not used in the model fit described in the text.

Different Emax between PWNe will result in a range of expected MeV spectra and luminosities.
Figure 3 shows the observed SED of two PWNe, G11.2−0.3 and G21.5−-0.9, overlaid with the
theoretical SED resulting from fitting current data with a model for the PWN’s evolution
(assuming a constant Emax ; e.g., (31)). In the case of G11.2−0.3, the predicted SED has a broad
“bump” between Eγ ∼ 1 MeV − 1 GeV, a consequence of the synchrotron lifetime of
E = Emax ≈ 10 PeV eventually surpassing the age of this PWN. For G21.5−0.9, such modeling
reproduces the observed softening in the X-ray band (e.g., (32)) by requiring a fairly low
Emax ≈ 0.3 PeV. As a result, this PWN is predicted to produce little MeV emission. Only by
measuring the MeV of these and other PWNe is it possible to test the values of Emax derived from
such studies (e.g., (27; 33; 34; 35; 36)), critical for understanding the production of the highest
energy particles in these systems.

2.2

Pulsar Wind Nebulae in Binary Systems

When a pulsar is in a binary system, its pulsar wind is confined by the wind of its stellar
companion. The interaction between the pulsar and stellar winds creates an extremely
heterogeneous environment, causing the conditions around the pulsar to change significantly
during its orbit. Consequently, the size and geometry of the termination shock also varies during
its orbit – resulting in time-dependent particle acceleration/cooling that can be studied by
phase-resolved studies of the orbital modulation of its high energy emission. The pulsar’s orbit
also results in changing lines of sight towards the termination shock, causing the observed
radiation at different orbital phases to originate from particles accelerated at different locations at
the termination shock, and correspondingly beamed at different Doppler factors. As a result,
phase- and energy-resolved studies then can study the acceleration particle index spatially along
the shock (37), offering a powerful tool for studying how the particle index produced by both
reconnection and diffusive shock acceleration varies with shock obliquity (38).
Additionally, the polarized keV – MeV emission pulsar binaries probes the structure of the
magnetic field near the termination shock. Low energy electrons radiating at lower energies,
owing to their longer cooling time, sample larger field structures near the termination shock,
while higher energy particles radiating in the MeV band probe the inertial range and turbulence
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structures closer to the shock front. Unlike static PWNe, these field structures (particularly in
circularized systems) may be probed in a phase-dependent fashion as the system’s rotation allows
for a 3D reconstruction of the magnetic field near pulsar wind shocks, providing valuable
information on the particle acceleration mechanisms.
Massive Star Pulsar Binaries The massive star binaries, or “γ-ray binaries” (39; 40) contain a
massive O/OB-type star and a compact object with no jet or accretion, although only in B1259-63
is the pulsar nature of the compact object confirmed. About ∼ 6 γ-ray binaries are known at
GeV-TeV energies with two apparent in archival CGRO-COMPTEL data. Unlike the GeV/TeV
bands, the hard X-ray to MeV does not suffer γγ opacity, nor does it suffer from photoelectric
absorption in the wind of the massive star. Therefore the hard X-ray to MeV band provides a
particularly “clean” look at the synchrotron component of the termination shock. Moreover, γ-ray
binaries are bright with a νFν flux & 10−10 erg cm−2 s−1 enabling future polarization studies;
detecting a high degree of polarization would both strongly confirmation of the synchrotron
nature of the hard X-ray component and suggest the compact object is a pulsar. Additionally,
characterizing the cutoff regime of the synchrotron peak and transition into IC also provides
valuable insight into the acceleration mechanism, a key goal of the proposed AMEGO (11) and
AdEPT (41) instruments.
Low Mass Millisecond Pulsar Binaries: The “Black Widow” and “Redback” Spiders
Recent multiwavelength searches of unidentified Fermi sources have led to a notable increase in
the number of known milli-second pulsars (MSPs), 80% of which are in binaries. This number is
expected to increase prodigiously in the SKA era; MSPs in the galaxy number(42) ∼ 104 and it is
anticipated a large fraction will be detected/timed in the radio (43) enabling precise ephemerides
for searches at higher energies. Moreover, as a group MSP binaries are more homogeneous than
γ-ray binaries, permitting population studies. Two subsets are particularly interesting, the “black
widows” (44) and “redbacks” (45) where the intrabinary shock either curves around the pulsar or
the companion (46; 37; 47), generating shock expected to accelerate electrons to TeV energies
(48). The number of redbacks already outnumbers the γ-ray binaries, with several
detected(49; 50; 51; 52) by NuSTAR at a flux ∼ 10−11 erg cm−2 s−1 . The synchrotron component
is hard PL with photon index Γ ∼ 1, and exhibits no break at 30 − 80 keV. Signals of shock
emission in the Fermi-LAT band(53; 54; 55; 56) also suggest a peak and turnover in the MeV, in
accordance with synchrotron burn-off. Besides the utility of phase-resolved spectropolarimetric
studies already noted above, detection of the break in the MeV would characterize the geometry
and efficiency of shock acceleration, which ultimately controlled by the Ė energy budget of the
MSP. Such constraints would also enable more accurate estimates of irradiation feedback on the
companion (47). Finally, a keV-MeV census of shock acceleration in spiders would enable more
accurate estimates of their contribution to the local energetic positron excess (57).
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