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Abstract

:

Slightly more than 30 years ago, Whipple detection of the Crab Nebula was the start of Very High Energy gamma-ray astronomy. Since then, gamma-ray observations of this source have continued to provide new surprises and challenges to theories, with the detection of fast variability, pulsed emission up to unexpectedly high energy, and the very recent detection of photons with energy exceeding 1 PeV. In this article, we review the impact of gamma-ray observations on our understanding of this extraordinary accelerator.
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1. Introduction


The remains of the Supernova explosion in AD 1054 is likely the best studied astrophysical system after the Sun [1]. The remnant consists of two different, bright, nonthermal sources—the pulsar and the nebula. Both objects have played a key role in the development of high-energy astrophysics. Thanks to their bright emission at all wavelengths, they have been observed by virtually all new astronomical instruments and have been at the origin of a wealth of important scientific discoveries.



The Crab pulsar was one of the first detected pulsars and actually the one that provided smoking gun evidence for the identification of these radio sources as neutron stars. The Crab nebula had long been known to be the result of a SN explosion [2]; in 1934, Baade and Zwicky [3] suggested that supernova explosions might be signaling the transformation of an ordinary star into a neutron star, but the prospects for revealing these objects (small and presumably very dim) had been considered poor; in 1967, Pacini [4] suggested that a fast-spinning, highly magnetized neutron star could be the energy source powering the activity of the Crab Nebula; in 1968, the first pulsar was discovered and suggested to be a white dwarf or a neutron star [5]. The discovery of pulsations from one of the two stars at the center of the Crab nebula [6] served as the last piece of the pulsar puzzle.



The contribution of the Crab pulsar and nebula to the progress of science did not end there, however. It is from this system that we have learned the basic physics behind the energy release by a young neutron star—the star spins down due to the electromagnetic torque and most of its rotational energy goes into the production of a relativistic magnetized wind; if this wind is effectively confined, as is the case for the Crab pulsar, the neutron star energy becomes detectable in the form of nonthermal emission by a surrounding nebula—the Pulsar Wind Nebula (PWN hereafter). This class of sources, of which the Crab nebula is the prototype, has typically a very broad nonthermal spectrum, often extending from low radio frequencies (tens of MHz) to Very High Energy Gamma-Rays (   E  100    GeV photons; VHE hereafter). In fact, they account for the majority of galactic sources emitting TeV Gamma-Rays; further, a number of unidentified gamma-ray sources are likely to be associated with unobserved pulsars [7]. Finally, very recent measurements by the LHAASO telescope [8] might indicate that PWNe are also the most numerous class of Extremely High Energy (   E  100    TeV photons; EHE hereafter) Gamma-Rays emitters.



How exactly the star rotational energy is converted into the wind energy, and what the composition of the wind is, are questions with only partial answers. At the same time, the importance of these questions goes beyond pulsar physics, and, as we will discuss in this article, has implications for our understanding of particle acceleration in extreme conditions and up to the highest achievable energies, and on the origin of cosmic rays. Gamma-ray emission offers a privileged window to investigate these questions.



On the other hand, gamma-ray observations of the Crab pulsar and nebula have continued to surprise us with unpredicted discoveries, such as pulsations extending to unexpectedly high energies, extremely fast variability at GeV energies, and detection of photons at PeV energies. In the following, we discuss these discoveries and their implications for our understanding of pulsars, the physics of relativistic plasmas, and particle acceleration up to the highest energies. The article is structured as follows: In Section 2, we review our present understanding of the properties of pulsar magnetospheres, with particular reference to the implications for pair production that come from the detection of VHE pulsed emission. In Section 3, we review how modeling of the nebular plasma has evolved, pushed by the improvement of observational capabilities at increasingly high energy. In particular, we illustrate how 3D MHD modeling guided by high-resolution X-ray data has affected our understanding of the wind properties and estimates of its parameters, and the kind of information that Gamma-Rays can provide. In Section 3.2, we discuss the problems in explaining particle acceleration in the Crab nebula and the insight that can be gathered from modeling the time variability of the source. The two major surprises that observations of the Crab nebula have offered us in recent years are presented in Section 3.3 and Section 3.4: the gamma-ray flares and the detection of PeV emission. In Section 4, we discuss in what respects the Crab nebula is different from most other objects in this source class, and how these differences might reflect in Gamma-Rays. Finally, we provide our summary and outlook in Section 5.




2. The Crab Pulsar in Gamma-Rays: Origin of the Emission and Pair Multiplicity


As mentioned above, the Crab pulsar is a source whose existence had been predicted even before discovery [4], based on the need for an energy source to power the Crab nebula. Indeed, most of the pulsar spin-down energy,     E ˙  ≈ 5 ×  10 38     erg s     − 1    , ends up in a magnetized wind expanding with relativistic bulk speed. At some distance from the star, the wind is slowed down to match the conditions of nonrelativistic expansion of the conducting cage of supernova ejecta that confines it. This transition is thought to occur at a termination shock (TS hereafter), where the bulk energy of the outflow is dissipated and particles are accelerated, giving rise, thereafter, to the bright nonthermal nebula. We will worry about the bulk of the energy and address the nebular emission later in this article, while this section is devoted to the ∼   1 %    of    E ˙    that goes into direct electromagnetic radiation, with a non-negligible fraction emitted in Gamma-Rays [9].



The Crab pulsar is the source in this class with the broadest detected emission spectrum, extending from a few    × 100    MHz to TeV photon energies [10]. While the advent of Fermi-LAT has revealed that High Energy (100–300 MeV photons; HE hereafter) gamma-ray pulsations are not uncommon among pulsars [11], despite recent efforts [12], no other pulsar has been firmly detected at VHE. The detection of the Crab pulsar in Gamma-Rays of progressively higher energy has had a tremendous impact on our ideas about pulsar magnetospheres and the mechanisms behind their emission in the different wavebands.



In spite of the fact that pulsars were first recognized as pulsating radio sources (to which they actually owe their name), and only later identified at shorter wavelengths, pulses of radio emission have always been the most challenging to account for in terms of theory, due to the coherent nature of their emission (see [13] for a review and [14,15] for recent work on the subject). On the other hand, higher energy emission, from infrared frequencies upwards, is not coherent and has always appeared easier to understand as the result of classical emission processes—such as synchrotron, curvature, and/or inverse Compton (IC) radiation—depending on the frequency and on the model. While near-infrared through optical-UV—and often also nonthermal X-ray—emission is commonly accepted to be of synchrotron origin (see e.g., [16]), the process behind gamma-ray emission has long been debated [17]. Different emission mechanisms and different regions of origin are assumed by the different models, and in fact, gamma-ray emission has long been thought to hold the key to understanding the hidden workings of the star magnetosphere [18]. Indeed, fundamental constraints have come from gamma-ray observations, especially in the VHE range.



The general picture of the pulsar immediate vicinities is thought to be as follows. A pulsar is an excellent, highly magnetized, and fast-spinning conductor. While inside it, charges organize themselves so as to screen the electric field; the unscreened field at the surface is strong enough to extract electrons and possibly even ions from the star, generating a corotating magnetosphere around the star [19]. The corotating magnetosphere can only extend up to a distance from the pulsar such that corotation does not imply superluminal motion: this defines the light cylinderradius     R  L C   = c P   , with c the speed of light and P the star rotation period. Magnetic field lines originating close enough to the pulsar magnetic axis (the so-called polar cap region) will not close within    R  L C     and will form the open magnetosphere. Particles flowing along these lines meet regions of unscreened electric potential where they are accelerated and emit high-energy radiation that subsequently leads to pair production. It is through this process that each electron extracted from the star gives rise to   κ   electrons, with    κ ≫ 1    the so-called pulsar multiplicity. The open field lines are finally loaded with orders of magnitude more particles than originally extracted from the star surface: these particles flow away from the pulsar, carrying with them most of the star rotational energy in the form of a magnetized relativistic wind, as we discuss further below. The exact multiplicity, i.e., the exact amount of pair production that should be expected from the magnetosphere of a given pulsar, is still a controversial subject (e.g., [20]). A way to estimate   κ   from observations is by observing and modeling the PWNe, when possible. However, even in the case of the Crab nebula, the results obtained from this kind of observations are controversial, as we will discuss in more detail later in this article. Alternative constraints on the magnetospheric models and on the number of pairs they produce can be derived from gamma-ray observations.



The big expectation in terms of the information that pulsed VHE emission might hold relates exactly to the topic of pair production. Particles extracted from the star quickly accelerate during the extraction process and emit high-energy photons. In the intense magnetic field close to the star, photons with sufficiently large energies are absorbed and initiate a pair production cascade. The threshold energy for photons to escape rather than be absorbed, and give rise to a new generation of pairs, depends on the magnetic field strength; therefore, it will be different at different locations in the magnetosphere. This is why the detection of high-energy Gamma-Rays was long awaited as a probe of the location of cascade development and the pair emission process. For the former, three main possible locations have been suggested since the early times of pulsar studies—the polar caps [21,22], the slot gaps [23,24], and the outer gaps [25]. In the first model, gamma-ray emission would come from the pulsar vicinity and should show a superexponential cut-off at ∼ GeV energies, while in the latter two, it would come from larger distances from the pulsar and be the result of curvature or Inverse Compton radiation, rather than synchrotron.



In addition to gap models, another scenario that satisfies this constraint is one in which particle acceleration and subsequent gamma-ray emission occurs in the equatorial current sheet of the pulsar wind, as a consequence of magnetic reconnection in the striped wind, taking place at distances from the pulsar comparable to    R  L C     or larger, e.g., [26]. If this process occurs close to    R  L C    , for young and energetic pulsars, such as Crab, it can come with associated pair creation: accelerated particles emit synchrotron gamma-ray photons that may create pairs through   γ  –  γ   interaction [27].



The detection by Fermi of a large number of gamma-ray pulsars immediately seemed to disfavor polar caps as the main site of gamma-ray emission [28]: the simplest argument in this sense is the large number of detected pulsars, easier to reconcile with the wider beam of radiation predicted by models locating the emission further from the pulsar. More stringent constraints came from the detection of VHE pulsations from the Crab pulsar by MAGIC [29,30] and VERITAS [31]: starting from 2008, the two telescopes detected pulsed emission from Crab at progressively higher energy, with the current record being 1.5 TeV [32].



These data enforce the view that gamma-ray emission comes from distances of order    R  L C     or larger, with VHE Gamma-Rays most likely resulting from IC scattering of lower-energy photons. At lower gamma-ray energies, the physical mechanism behind the emission is still debated between curvature [33], synchrotron [34], and synchro-curvature [35]. The spatial location of the emission, however, seems better established. Indeed, in the last 15 years, there has been enormous progress in terms of modeling the pulsar magnetosphere and in the detailed comparison between models and data. Numerical studies of the pulsar magnetosphere have been evolving from the force-free and full MHD regime towards global PIC simulations including pair creation (see [36] for a review, and references therein for further details). These latter studies are clearly the frontier in a complex multiscale problem such as that of the pulsar magnetosphere. The general consensus is that whenever the pair supply is sufficient to screen the electric field, the magnetosphere is globally well-described by the force-free solution ([37] and references therein), with the formation of a Y point near the light cylinder, where the equatorial current sheet connects with the two curved current sheets that form along the separatrix between open and closed field lines. In this case, different prescriptions about the location of pair creation lead to similar results [38,39,40]. This is expected to be the case for young, fast-spinning pulsars [41], such as the Crab and most gamma-ray-emitting pulsars. For these objects, current numerical simulations predict, in fact, that most of the high-energy radiation results from synchrotron emission in the vicinity of the light cylinder [26,27,34]. In the case of the Crab pulsar, this idea also gains support from the fact that detailed modeling of the light curve and optical polarization [34] leads to determine values of the inclination between the pulsar magnetic and rotation axis and of the viewing angle that are in agreement with estimates based on completely different considerations related to the morphology of the nebula in X-rays [42].



The VHE emission from the Crab pulsar has never been computed within the refined global approach to magnetospheric dynamics and emission modeling discussed above. However, phenomenological modeling of phase-resolved spectra above 60 MeV [43] strongly suggest that emission above 60 GeV comes from regions near or even beyond the light cylinder. In addition, even before the detection of pulsed TeV radiation, Mochol and Petri [44] predicted multi-TeV Gamma-Rays as a distinctive signature of gamma-ray production via synchrotron-self-Compton at tens of    R L   .




3. The Crab Nebula: What We Learn from Gamma-Rays


The Crab nebula has been known as a source of VHE Gamma-Rays since the late 1980s [45], and was detected, for the first time, at MeV photon energies in the early 1990s [46]. The observed emission was readily interpreted as the result of IC scattering between the relativistic leptons populating the nebula and ambient photons, mainly contributed by the cosmic microwave background (CMB), thermal dust emission, and nebular synchrotron emission [47,48].



In the last 15 years, the advent of the current generation of HE (Fermi-LAT and AGILE) and VHE (MAGIC, VERITAS, H.E.S.S., HAWC, Tibet As-  γ  , LHAASO) gamma-ray telescopes has allowed us to gain much deeper insight in the properties of the Crab nebula at these highest energies, and has also brought two big surprises: variability in the MeV range [49,50,51] and detection up to unexpectedly high energies [52]. In Figure 1, we show the most recent measurements of the Crab nebula gamma-ray spectrum, including LHAASO data points, showing emission beyond 1 PeV—about the highest energy we think achievable by galactic accelerators, based on measurements of the cosmic ray spectrum at the Earth (see e.g., [53] for a recent review). Before discussing the most impressive surprises that came from Gamma-Rays and how they have impacted our understanding of the Crab nebula, we briefly review the physical picture of the nebular dynamics and emission properties that has been built through time, thanks to constant improvements in the quality of observations, theories, and numerical modeling.



3.1. Modeling the Nebular Plasma


The Crab nebula is the PWN for which most models were developed and over which most of our understanding of the entire class is based. As we mentioned in Section 1 most of the rotational energy lost by the pulsar goes into accelerating a relativistic outflow, mostly made of pairs (though the presence of ions is not excluded, as we will discuss later) and a toroidal magnetic field. The outflow starts out cold (low emissivity, as highlighted by the presence of an underluminous region surrounding the pulsar [1]) and highly relativistic, until it reaches the termination shock (TS). Since the outflow is electromagnetically driven, it must start out as highly magnetized at    R  L C    : the ratio between Poynting flux and particle kinetic energy,   σ  , is thought to be    σ  (  R  L C   )  ≈  10 4     [62,63]. In contrast, the magnetization must be much lower at the TS, in order for the flow to be effectively slowed down. Initial estimates of   σ   at the TS, based on steady-state 1D magnetohydrodynamics (MHD) modeling, would give    σ  (  R  T S   )  ≈  10  − 3     , equal to the ratio between the nebular expansion velocity and the speed of light. This estimate has later been revised towards larger values of   σ   in light of 3D MHD numerical modeling, as we discuss below, but the general consensus is still that    σ (  R  T S   )    cannot be much larger than unity. How the conversion of the flow energy from magnetic to kinetic occurs, between    R  L C     and    R  T S    , is still a matter of debate—the so-called   σ  -problem—and some of the suggested mechanisms could show radiative signatures in the gamma-ray band (e.g., [26]), while keeping dark in other wavebands. In fact, at least at low latitudes around the pulsar rotational equator, a plausible mechanism for energy conversion in the wind is offered by the existence of a magnetically striped region [64]. In an angular sector, whose extent depends on the inclination between the pulsar spin and magnetic axes,    θ i   , a current sheet develops between toroidal field lines of alternating polarity [37]: this is an ideal place for magnetic reconnection to occur and transfer energy from the field to the plasma [64]. Where along the flow and whether efficiently enough this energy conversion occurs is an open question, the answer to which depends on the pair-loading of the flow [65]—namely, on the pulsar multiplicity   κ  —again, a parameter to be preferentially investigated in Gamma-Rays. This latter statement is true in two respects: constraints on pair production in the magnetosphere can be gained from pulsed gamma-ray emission, as discussed in Section 2, but a more direct estimate of the number of pairs injected in the nebula can be obtained from detailed modeling of the nebular emission spectrum and morphology. This is discussed in the following.



The morphology of the synchrotron nebula is known in great detail, at photon energies from radio to X-rays (see Figure 2), and hence, represents both a driver and a very challenging test for theoretical and numerical models. The size of the nebula is observed to vary noticeably with the energy of the emitting electrons, and consequently, with the observation waveband. The higher the energy of the electrons is, the shorter the distance they travel before losing most of their energy due to synchrotron radiation.



The most advanced available modeling of the Crab nebula so far is based on the assumption that beyond the TS, MHD provides a good description of the flow dynamics. 1D MHD models, both stationary and self-similar, were proposed since the 1970s [66,67,68], as well as stationary 2D solutions [69]. These models could generally account for the size shrinkage of the nebula with increasing frequency as a result of advection and synchrotron losses, for an average magnetic field in the nebula close to the equipartition value and for the synchrotron luminosity of the nebula, assuming a wind magnetization    σ ≈ 3 ×  10  − 3     , a wind Lorentz factor     Γ w  ≈ 3 ×  10 6    , and an injection rate of particles in the nebula     N ˙  ≈  10 38     s   − 1     . Particles responsible for radio emission could not be accounted for with these values of the parameters.



The discovery by Chandra of a jet-torus morphology of the inner nebula [70] prompted efforts to model the system with 2D axisymmetric MHD simulations, assuming a latitude dependence of the pulsar outflow [71,72]. The latter was taken in agreement with the split-monopole solution proposed by [73], and later proved to provide a very good description of the force-free pulsar magnetosphere [37]: the pulsar wind flows along streamlines that become asymptotically radial beyond    R  L C     and has an embedded magnetic field that is predominantly toroidal, with alternating polarity in a region    2  θ i     around the equator. In this angular sector, magnetic dissipation is usually assumed to occur before the TS.



The energy flux in the wind has a latitude-dependent distribution, with most of the energy concentrated in the pulsar equatorial plane. As a consequence, the pulsar wind TS does not have a spherical surface, but rather, a highly oblate shape, being much closer to the pulsar along the rotational axis than at the equator. The obliquity of the shock front plays a key role to explain the X-ray observations of polar jets. These appear to originate so close to the pulsar position that, if the shock were spherical, they would have to be collimated directly in the highly relativistic plasma upstream of the shock, where known mechanisms are inefficient [74]. 2D MHD simulations proved that collimation happens, in fact, in the downstream plasma, as soon as magnetic hoop stresses are sufficiently strong, namely, as soon as the magnetic field in the nebula can reach equipartition. This reflects in a lower limit on the wind magnetization for the jets’ formation:    σ ≳  10  − 2      [71,72,75], about one order of magnitude larger than the value provided by 1D models.



A schematic representation of the flow geometry can be seen in the left panel of Figure 3. In the right panel of the same figure, we show a simulated X-ray image of the Crab nebula.



2D axisymmetric models have proven very successful at accounting for the morphological properties of the Crab nebula emission. They very well reproduce most of the observed brightness features in the inner nebula in very fine detail, including the X-ray rings and the knot [70,76]. On a larger scale, they account reasonably well for the shape of the nebula (elongated along the pulsar rotation axis [77]) and for size shrinkage with increasing frequency, from radio to X-rays [75].



As far as Gamma-Rays are concerned, no detailed morphological information is available, due to the very limited angular resolution of gamma-ray telescopes. For a long time, the only available information simply constrained the gamma-ray nebula to lie within the radio synchrotron one [55,78,79]. The first direct measurement of the Crab nebula extension in Gamma-Rays became available last year, thanks to the H. E. S. S. telescope [80]. With the analysis of 22 h of observations collected during 6 years of operation, the PWN radial extension was finally determined: it turns out to be ∼   52  ″     in the 700 GeV-5 TeV energy range, and hence, smaller than in the UV (where the extension is ∼    2.5 ′    ) and very similar to the X-ray size (∼   50  ″    ), which is perfectly consistent with a picture in which TeV Gamma-Rays are produced by synchrotron X-ray emitting particles. This is also in very good agreement with the results of the only available effort at computing simulated gamma-ray emission maps of the Crab nebula [81]. In this work, the IC emission was computed on top of a 2D MHD numerical model and maps were produced for different photon energies, showing a shrinkage with increasing energy similar to that observed between radio and X-rays. This can be seen in Figure 4, which also clearly shows how the jet-torus structure should become visible again at TeV energies. Probing the nebular morphology at this level of detail in VHE Gamma-Rays is however beyond the reach of current and planned instruments [82].



One thing that Gamma-Rays can readily probe, however, is the goodness of 2D MHD models at correctly describing the energy content of the nebula: in fact, the main limitations inherent to the assumption of axisymmetry become apparent as soon as one compares the IC spectrum computed from simulations with the available data. As shown in Figure 5, the 2D MHD simulations largely overpredict the IC flux. Indeed, the limits of axisymmetric models are evident when trying to describe the large-scale properties of the PWN, primarily the global magnetic field structure. The imposed symmetry reflects in an artificial pileup of magnetic loops along the polar axis and an enhanced compression of the magnetic field in the inner nebula. In order to reproduce the nebular morphology, one is then forced to adopt an artificially low magnetization of the flow (   σ ≤ 0.1  ), and as a result, the overall magnetic energy in the nebula is underestimated. In order to reproduce the synchrotron spectrum, one is then forced to inject in the nebula a number of particles larger than in reality, which is readily revealed by the IC flux. The particle energy losses are also underestimated, and this forces one to assume an injection spectrum for high-energy particles that is steeper than what is deduced from X-ray spectral index maps of the inner nebula [75].



The solution to many of these problems appeared with results from the first 3D MHD simulations [84]. With the third spatial dimension available, kink-type plasma instabilities produce considerable mixing of the magnetic field in the entire nebula, with an ensuing high level of magnetic dissipation. This definitely allows for the increase of the initial magnetization in the pulsar wind to values of order of unity [84,85,86,87]. The main limitation of 3D models is that they require a huge amount of numerical resources and time to be performed. For this reason, in [84], only a very initial phase of evolution of the Crab nebula was investigated, for a total of ∼70 years, so that the self-similar expansion phase was not yet reached. A longer simulation, fully reaching the self-similar expansion phase, was presented in [85]. Synchrotron emission maps computed on top of these simulations show that, for parameters appropriate to reproduce the X-ray morphology, the surface brightness distribution at radio and optical frequencies becomes much more uniform in 3D, reflecting the structure of the magnetic field, which appears to be rather different from what was originally found based on 2D models [88], with differences increasing with distance from the shock and from the equatorial plane.



In Figure 6, we show color maps of the magnetic field strengths in 2D (left) and 3D (right) corresponding to    σ = 0.025   and    σ = 1   , respectively. The first thing to notice is that in 3D, the pile-up of field lines around the polar axis is much reduced and their filling factor in the nebula much more uniform. This is due to the fact that, even injecting a toroidal magnetic field at the shock surface, the mixing is so efficient that a poloidal component immediately develops, becoming comparable in magnitude to the toroidal one within a distance from the pulsar of order 2–3 times the TS radius. On the other hand, the magnetic field remains almost toroidal in the inner nebula, making predictions from 2D axisymmetric models limited to this region still valid.



The second noticeable thing is that, in spite of the much higher magnetization adopted for the 3D simulation (a factor 40 larger   σ  ), the average magnetic field in the nebula is only about a factor 2 higher than in 2D. This is a result of efficient magnetic dissipation: [85] found that magnetic dissipation is so high that even an initial magnetization of order unity is not enough to lead to an average magnetic field of the expected strength order ∼150–200   μ  G, so that the actual wind magnetization might have to be even larger than unity, revising by more than 3 orders of magnitude the initial estimate based on 1D steady state modeling and strongly mitigating the   σ  -problem.



Before concluding this section, we think it is important to remark that in current 3D simulations, magnetic dissipation has a purely numerical origin, while the actual physical process at work in the Crab nebula plasma remains unconstrained. In reality, how much of the injected toroidal field is left at any point in the nebula can be constrained by comparison of polarization maps with observations (see e.g., [84,89]). Important new insights in this respect will soon be provided by the availability of X-ray polarimetric observations [90].




3.2. Time-Variability and Particle Acceleration


The era of multi-D MHD simulations also opened up the possibility of using spatially resolved time-variability as an additional, powerful diagnostic for the physical properties of the plasma in the nebula and, most notably, for the processes responsible for particle acceleration within it. Brightness variations of the nebular structures has been known to occur, at optical frequencies, for a long time: the so-called wisps were first identified by [91]. These features, strongly resembling outward propagating plasma waves, appear at distances from the pulsar comparable with the TS radius in the equatorial plane, and then progressively fade while moving outward, with time-scales from weeks to months [92]. Similar features were later observed both in the X-rays [70] and in the radio band [93,94]. In spite of these morphology variations, however, the integrated emission was found to vary only by a few percent per year [95].



The wisp’s appearance and time evolution, however, is not the same at all wavelengths [96], and varies in a way that, within the MHD framework, can only be interpreted as due to differences in the particle spectrum at different locations along the shock front, or, in other words, to particles in different energy ranges being accelerated in different places [88]. On the other hand, the plasma conditions along the TS front are expected to be highly nonuniform, especially in terms of magnetization of the flow (see Figure 3), and this is an important parameter to determine the kind of acceleration process that can be locally at work, as we discuss below.



In fact, how particle acceleration occurs in the Crab nebula in different energy ranges is not understood (see e.g., [97,98] for a review). The nebular synchrotron spectrum is consistent with a broken power-law, with a particle spectral index     γ R  = 1.6   for radio-emitting particles and     γ X  = 2.2   for X-ray-emitting ones (see e.g., [99]). At the highest energies, particles must be accelerated at the TS; otherwise, the decrease in size of the nebula with increasing frequencies could not be explained. On the other hand, radio-emitting particles could be, in principle, accelerated anywhere in the nebula. The evidence of the coexistence of two different particle populations has been suggested by Bandiera et al. [100] after a comparison of radio, millimetric, and X-ray maps of the Crab nebula. The observation of wisps at radio frequencies seemed to exclude this possibility [93], but at a closer look, this phenomenon can well be accounted for within the MHD framework as simply due to the structure of the magnetic field and of the MHD flow: [77] showed that radio emission maps and time-variability can be reproduced even assuming that radio emitting particles are uniformly distributed in the nebula, as would be the case for diffuse acceleration in the body of the nebula, associated with stochastic magnetic reconnection or Fermi-II process due to MHD turbulence. The frequency-dependent behavior of the wisps can only be accounted for, within MHD transport, if X-ray-emitting particles are accelerated in the equatorial sector of the TS, while lower-energy particles are predominantly accelerated elsewhere, either in the body of the nebula or at high latitudes at the TS [88]. In Figure 7, we show, on the left, the radio emission map obtained by [77], assuming a uniform distribution of radio-emitting particles in the nebula. The right panel of the same figure shows, instead, the time-evolution of the surface brightness peak at radio (orange) and X-ray (blue) frequencies when particles are injected in the sectors of the TS shown in Figure 3, highlighted with the corresponding colors.



With an estimated Lorentz factor of the wind in the range    10 4   –   10 7   , the shock in the Crab nebula is among the most relativistic in nature. The mechanism usually invoked for particle acceleration in astrophysical sources, diffusive shock acceleration, or first-order Fermi process (Fermi-I), can only work at such a shock if the magnetization of the wind is low enough,    σ ≲  10  − 3      [101] (see [102] for a review). This condition can only be realized in a small equatorial sector of the wind, assuming efficient magnetic reconnection in the striped wind upstream of the shock, or in the vicinity of the polar axis, when the magnetic field naturally decreases and O-point-type reconnection is also possible. The results found by [88] concerning the preferred location of X-ray emitting particle acceleration are consistent with acceleration occurring mainly in the equatorial region and    γ X    is consistent with the outcome of Fermi-I acceleration. A question that remains open, and waits to be addressed in the framework of 3D MHD simulations, is whether a sufficiently large fraction of the flow satisfies the condition of low   σ   required by the Fermi-I process.



Other possible acceleration mechanisms that have been suggested are associated with driven magnetic reconnection occurring at the TS [103] or resonant absorption of ion cyclotron waves [104,105]. The former requires very large wind magnetization (   σ ≳ 30    at the TS) and pair multiplicity (   κ ≳  10 8    ), while the latter requires the presence of ions in the pulsar wind. Both questions are again to be addressed by gamma-ray observations (see e.g., [98]).



As far as requirements on   κ   are concerned, from the point of view of pulsar theory, a value as large as    κ ≈  10 8     seems very difficult to account for, in spite of the recent and ongoing evolution of pulsar magnetospheric models (Section 2). In addition, with    κ ≈  10 8    , the wind would reconnect before the TS [65] (with possible signatures in Gamma-Rays [26]) and the magnetization could not be as high as required. Finally, even ignoring all the theoretical difficulties, and simply counting the number of particles that have accumulated in the nebula during its history, through combined modeling of the synchrotron and IC spectrum, that value of   κ   is too large by ≈ 2–3 orders of magnitude [106]. Of course, the lack of evidence and/or motivation for large   κ   does not exclude the possibility for magnetic reconnection to be responsible for acceleration in a limited energy range, as we further discuss in Section 3.3.



Concerning acceleration via ion-cyclotron absorption, this mechanism requires a sizable fraction of the wind energy to be carried by ions [105], and hence, that the pulsar multiplicity be not too large    κ ≲  10 4     [98]. The implied population of ions would be made of particles with a Lorentz factor equal to that of the wind,     10 4    Γ w    10 7    , and the only direct probe of their presence can come from gamma-ray or neutrino emission [107]. Recent LHAASO observation of the Crab nebula might hold important clues in this respect [61]. This aspect will be further discussed in Section 3.4.



Of course, the possibility of analyzing spatially resolved time-variations in the Gamma-Rays would provide essential clues to the acceleration mechanism, but this type of analysis is currently out of reach due to the poor spatial resolution of the observations. According to the picture discussed above, variations in the TeV domain are not expected to be dramatic in the case of Crab: being the emission mostly due to the interaction between radio emitting particles and internal synchrotron radiation [81], a radio-wisp-like behavior is expected, accompanied by very small variations of the integrated flux. However, the situation is completely different in the GeV range, where one is looking at the cut-off of the synchrotron spectrum and, hence, in the case of Crab, at particles that have acceleration times comparable with radiation loss times. The dramatic consequences that this fact has on the Crab-integrated emission in the GeV energy range will be the subject of the next section.




3.3. The Crab Flares and Their Implications for Particle Acceleration


A much unexpected discovery that came from gamma-ray observations of the Crab Nebula was that of episodes of extremely fast gamma-ray variability, the so-called gamma-ray flares. Global variations of the emissivity were predicted in the Fermi band as a consequence of rapid synchrotron burn-off of particles at the high-energy cut-off of the distribution [108]. Assuming radiation reaction limited acceleration, the maximum energy up to which electrons can be accelerated is


    E  max , rad   =  m e   c 2      6 π e η    σ T   B     1 / 2    ≈ 6  PeV   η  1 / 2    B  − 4   − 1 / 2   ,   



(1)




where c is the speed of light; e and    m e    are the electron charge and mass, respectively;    σ T    is the Thomson cross section; and we have assumed the acceleration to be due to an electric field    η  B   , with B the magnetic field strength. The second equality provides an estimate of the maximum achievable energy for magnetic field strengths in units of     B  − 4   =  10  − 4      G, corresponding to the value estimated as the nebular average. One can easily see that PeV energies can only be reached for    η ≈ 1    and magnetic field strengths not much in excess of    10  − 4     G.



In this synchrotron-loss limited regime, it is easy to see that the maximum energy of synchrotron-emitted photons only depends on   η   and reads


    ϵ  max , sync   =  3 2  ℏ   e B    m e  c       E  max , rad     m e   c 2     2  = η   9 π ℏ  e 2   m e  c   σ T   ≈ 230  η  MeV  .   



(2)







Global emissivity variations are therefore expected [108] in the hundreds of MeV range on time-scales:


    t var  ≈  m e   c     6 π   e  σ T       η  − 1 / 2    B  − 3 / 2   ≈ 2.5  η  − 1 / 2     B  − 4   − 3 / 2    months  .   



(3)







The big surprise came with Agile [49] and Fermi [50] observations showing, on top of continuous small variations, some dramatic events, where not only the flux increases by a factor of several (up to 30 for the most spectacular event, in April 2011) over a period of one to a few weeks, but the emission extends well beyond    ϵ  max , sync    , reaching GeV photon energies. In addition, the amount of energy released is typically non-negligible, and in the biggest detected flare, was really huge, corresponding to an isotropic luminosity of     L max  = 4 ×  10 36     erg/s    ≈ 0.01 E ˙    . At present, 17 flares have been clearly identified [109], with a flare rate of 1.5 per year. In addition to episodes of sudden increase of the gamma-ray flux, dips are observed in the same energy band [110].



The flares are not easy to interpret, and up to now, there is still no accepted model to explain them. First of all, emission beyond 230 MeV implies    η  1   , which cannot be accommodated within ideal MHD. The possible solutions to this puzzle are as follows: (1) the acceleration is due to a nonideal mechanism with    η ≫ 1   , as can be the case for magnetic reconnection; (2) the acceleration occurs in a region of low magnetic field and then the emission occurs in a more magnetized region; (3) the emission comes from particles with mildly relativistic bulk motion, so that the frequency and power of the radiation are actually Lorentz-boosted. All these possibilities have been widely explored in the literature. In the first suggested scenario, acceleration of particles responsible for the flare would be part of the process of magnetic reconnection occurring in the vicinities of the TS. This idea has been thoroughly investigated by means of numerical simulations [111,112]. The general conclusion of these works is that acceleration by X-point magnetic reconnection would in fact explain emission beyond the synchrotron cut-off and a highly variable flux. In the brightest flare, the flux doubles in less than 8 h [113]. Such a short time-scale implies emission from a very compact region, of size    L ≈ 3 ×  10  − 4      pc; in addition, if interpreted in terms of Equation (3), it implies    B ≈  η  − 1 / 3    3.7   mG. Clearly, this finding is challenging for any value of    η  1   , and in fact, as we will discuss later in more detail, it is challenging even for    η ≈ 1   , in light of the recent LHAASO observations (see Section 4).



In a reconnection scenario, the fast time-scale can be associated with the high level of fragmentation of the reconnection layer, made of a chain of magnetic islands, or plasmoids. Furthermore, these move with relativistic bulk speeds, which helps enhancing the intensity and frequency of the emitted radiation via Doppler boosting. Additional beaming is also provided by kinetic effects associated with the anisotropy of the particle distribution in the reconnection layer [114]. Despite all these promising features, 3D PIC simulations of magnetic reconnection indicate that the process is not fast enough to fully account for the properties of Crab flares [115]: the reconnection rate is typically found to be     v rec  / c ≲ 0.1   [116], likely translating into too weak an electric field.



A possible alternative is provided by explosive magnetic reconnection [117,118,119,120], where the process occurs on a dynamical time-scale. Very high Lorentz factors can be reached, because the highest energy particles are accelerated by the parallel electric field in the current layers and only suffer radiation losses after leaving the layer, building a scenario in which acceleration and radiation occur separately and the requirement    η  1    imposed by Equation (1) is not an issue anymore. In addition, the radiation is beamed, which helps with fast variability, and also with the implied energetics.



Besides scenarios invoking magnetic reconnection, a different class of models has attempted to explain the flares within the standard picture of Fermi acceleration. An early suggestion by [121] is that the flare emission be interpreted as synchrotron emission in the cut-off regime in a magnetic field with stochastic fluctuations, such as is expected downstream of a shock that is efficiently accelerating particles. An interesting aspect of this picture is that it is proven to explain not only flux increases, but also depressions [110]. The required magnetic field strength to explain the flare is in the mG range. The highly turbulent structure invoked by [110,121] could be the outcome of another scenario that has received much attention—that of a corrugated shock with mildly relativistic motion [122,123]. Of course, the constraint from Equation (3) would be relaxed if the variability has a different origin (unrelated to the acceleration time-scale) or if the emission comes from regions where the plasma is moving with a mildly relativistic speed, in which case the intrinsic time-scale of the variations would be longer by a factor equal to the flow Lorentz factor. More recently, a modified picture of the shock, taking into account the latitudinal dependence of the magnetic field, has been numerically investigated [124], proving that mildly relativistic bulk motion develops, with Lorentz factor     Γ w  ∼    3–4, enough to strongly relax all the constraints on frequency, time-variability, and energetics of the flare. In particular, with    Γ w    in this range, also the previously discussed mechanism of ion-cyclotron absorption provides values in the right ballpark for the abovementioned quantities, even with a magnetic field around    100  μ   G.




3.4. Constraints on the Pulsar Wind Composition from 100 TeV Emission


As discussed above, the pulsar wind is generally considered to be mostly composed of electron–positron pairs, while the possible presence of a hadronic component is still a matter of debate [48,107,125,126]. If present, despite being a minority by number, hadrons could even be energetically dominant in the wind, changing drastically our understanding of the pulsar wind properties. The relativistic hadrons possibly present in the Crab nebula could generate electromagnetic emission in the form of VHE Gamma-Rays deriving from decay of neutral pions produced in nuclear collisions with the gas in the SN ejecta. This spectral contribution is only expected to become detectable above 100∼150 TeV, where IC scattering emission starts to be suppressed by the Klein–Nishina effect.



The current IACTs (Imaging Atmospheric Cherenkov Telescopes), such as H. E. S. S. and MAGIC, could find no evidence of hadronic emission up to their sensitivity limit around tens of TeV. Emission beyond 100 TeV is currently only accessible with sufficient sensitivity by water Cherenkov detectors and air shower detectors. Indeed, the Crab nebula was detected above 100 TeV by HAWC employing the former technique [59] and by Tibet AS-  γ   [60] employing the latter. Very recently, LHAASO, combining both techniques, has obtained the record-breaking detection of PeV photons from this source [8], opening up a window to finally see the possible emergence of the hadronic contribution. In fact, the increasing uncertainties above 500 TeV make the LHAASO spectrum still consistent with a purely leptonic origin of the emission. Under such an assumption, the PeV range data can be effectively used to constrain the strength of the magnetic field at the shock, which cannot exceed     ( 112  ± 15 )   μ   G or otherwise, as one can readily see from Equation (1), even assuming maximally efficient acceleration (  η   = 1), radiation reaction would make it impossible to achieve particle acceleration up to the 2.8 PeV energy needed to explain the highest energy data point as due to IC scattering in the Klein–Nishina regime. A side remark is that in such a field, even a 2.8 PeV electron would emit synchrotron radiation at 50 MeV; even a Lorentz boost by a factor     Γ w  ∼    3–4 would not be enough to account for the Crab gamma-ray flares. In other words, the flares should come from a different region of the nebula, with higher magnetic field, or otherwise imply the presence of ≳10 PeV electrons, extremely close to the maximum potential drop available from the Crab pulsar, which is also the limiting energy for particles accelerated anywhere in the nebula (see Section 4).



On the other hand, taken at face value, the LHAASO data seem to suggest that a new component might be showing up at the highest energies. This new component is consistent with a quasi-monochromatic distribution of protons with energy around 10 PeV (as discussed in Vercellone et al. in preparation). This is exactly what would be expected by models assuming that protons are part of the wind emanating from the Crab pulsar with a Lorentz factor     Γ w  ≈  10 7    : in this case, their Larmor radius in a    100  μ   G is of order    R TS   , so large that their energy distribution would not be much altered at the shock [105]. Of course, smoking gun evidence would be the detection of neutrinos [107], likely possible with the upcoming sensitivity improvement of dedicated experiments.



As far as gamma-ray data alone are concerned, in order to find clear evidence for the emergence of a hadronic component, more precise data and better modeling of the IC emission are needed, as well as a better understanding of the possible systematics entailed by the different techniques of VHE photon detection. The high-altitude detectors provide flux measurements that are usually below those measured by IACT (comparing H. E. S. S. and MAGIC Crab data points with respect to Tibet As-  γ   and LHAASO). While the discrepancy is not large, the error bars attached to the points do not overlap (see Figure 1), which is somewhat puzzling, being that the Crab nebula is the primary calibration source in this energy range. This lack of overlap might be due to systematic errors not being included in the error bars. On the other hand, multiple independent measurements of the Crab nebula spectrum in this energy range offer the perfect opportunity to properly asses the systematics of these complex observations. Decisive insight will be provided by next-generation IACTs with good sensitivity beyond 100 TeV as the CTA SSTs (Small Size Telescopes) in the southern hemisphere and ASTRI Mini-Array in the north.



Before concluding this section, we notice that the Crab nebula is not the only source to have been detected at EHE. Very recently, LHAASO [8] has also detected about ten more EHE emitters in the Galaxy (partially overlapping with the sources already detected by HAWC [127] beyond 56 TeV). For the majority of these sources, the distance between the center of the emission and the nearest pulsar is less than or comparable with the instrument PSF, so it is not unlikely that almost all these PeVatrons are associated with pulsars (and possibly leptonic in nature [128]). The much better spatial resolution of IACTs might also help to shed light on the real nature of these extreme accelerators, and assess whether acceleration of particles to PeV energies and beyond is a generic property of PWNe powered by energetic pulsars, rather than a unique property of Crab.





4. The Crab Nebula and the Other PWNe


While being considered as the prototype PWN, the Crab nebula is different from all other sources in this class in many respects, especially when it comes to Gamma-Rays. The first noticeable difference is that Crab is the only known PWN whose gamma-ray spectrum is partly formed with internal synchrotron radiation as a target. This is a consequence of its very bright synchrotron emission, due to the young age and high magnetic field. In addition, for the same reason, particle acceleration here is limited by radiation reaction, which is likely not the case for older objects with lower magnetic fields. In the latter, electrons can in principle be accelerated up to higher energies, comparable with the entire pulsar potential drop. In fact, the maximum achievable energy in the dissipation region, assumed to be located at a distance    R TS    from the pulsar, is     E max  = e  B TS   R TS    , where an electric field of the same strength as the magnetic field has been assumed. On the other hand, the magnetic field at    R TS    can be estimated based on pressure equilibrium between the ram-pressure-dominated flow upstream of    R TS    and the downstream     B TS  =  ξ  1 / 2      E ˙  / c   /  R TS     with    ξ ≤ 1   , the fraction of wind energy that is turned into magnetic energy. As a result,     E max  ≈  ξ  1 / 2   e    E ˙  / c     —namely, a fraction    ξ  1 / 2     of the pulsar potential drop,     E drop  = e    E ˙  / c     .



The fact that in the majority of the observed PWNe, the maximum particle energy is not limited by radiation losses, might have something to do with the lack of flare observations from any source other than the Crab. It certainly has important implications for the escape of particles from evolved systems. At the same time, the fact that in evolved sources, the VHE spectrum is uniquely due to upscattering of CMB photons (and occasionally local IR), has important consequences for the ratio between emission in different energy bands. Particles responsible for the IC emission are generally less energetic than those responsible for the high-energy synchrotron emission: a ∼10-TeV electron produces Gamma-Rays at 1 TeV, with the CMB as a target, while 1-keV synchrotron emission is produced by ∼50-TeV electrons in an ambient magnetic field of 10   μ  G. This difference in energy of the emitting electrons reflects in the different lifetime of a PWN in Gamma-Rays and X-rays, making the PWN to be still bright in Gamma-Rays when the X-ray emission is very low or even totally faded away.



Considering a rate of birth of 1 pulsar every 100 years in our Galaxy [129], and an average lifetime of PWNe in Gamma-Rays of order of 100 kyr, the total number of PWNe possibly detectable at TeV energies is of the order of 1000. Most of these would be too old to be observed at other frequencies. Evolved PWNe have in fact extended and diffused radio emission, difficult to reveal on top of the background, while X-rays are hardly detectable due to the burn-off of the emitting particle population. Moreover, old systems have gone through the so-called reverberation phase, when the SN reverse shock—traveling towards the center of the SN explosion—interacts with the PWN, likely causing a contraction of the nebula, with the consequent compression of the magnetic field and increase of the particle radiation losses [130,131,132]. Due to the system geometry and/or to the properties of the surrounding medium, the reverse shock is likely to be nonspherical and causes an asymmetric deformation of the nebula [133]. Additional deformation is likely induced by the PSR proper motion: the mean value of the kick velocity in the PSR population is of order     V PSR  ∼ 350    km/s [129], so that in a large fraction of sources, the pulsar will accumulate a sizable displacement from the TeV-emitting nebula during the system evolution. The expected asymmetries and displacement from the parent pulsar position are then an important complication for the gamma-ray identification of PWNe. As an example, out of the 24 extended sources revealed in the H. E. S. S. galactic plane survey [7], only 14 have a multi-wavelength counterpart that allows for a firm association of the source with a PWN. In the Fermi-LAT 3FGL catalog [134], unidentified sources represent around ∼20% of the detections at VHE. It seems plausible that many of these unidentified, bright gamma-ray sources are actually PWNe: the implication is that this class can cover up to 40% of the total gamma-ray sources in the sky. A property of evolved PWNe that has attracted much attention in recent times is the release in the ISM of relativistic electron–positron pairs. This process has implications that go beyond PWN physics, since the pairs released by PWNe are currently the best candidates to provide an astrophysical explanation for the so-called positron excess observed in cosmic rays at energies above ∼10 GeV [135,136,137].



The most energetic particles in the nebula, with energy close to    E drop   , have been shown to efficiently escape from the head of the bow shock that forms at the interface between the PWN and the ISM, once the pulsar has emerged from the SNR (bow shock PWN). Those particles have large Larmor radii, comparable with the bow shock thickness in the head of the system, and can stream in the outer medium along the magnetopause at the contact discontinuity between the nebula and the ISM [138].



Depending on their energy and on the properties of the surrounding ISM, the escaping particles are expected to form diffuse halos around the bow shock head or extended and collimated jets, eventually misaligned with the pulsar direction of motion (see Figure 8), and somehow similar structures have been observed in the last years to emerge from many bow shock nebulae in the X-rays [133,139,140,141,142,143,144].



The escaping particle flux also shows evidence of effective charge separation.



This property could play a key role to understand the formation of the so-called gamma-ray halos. This new class of sources was first identified by HAWC, which detected extended halos of multi-TeV emission surrounding two evolved systems: Geminga (PSR B0633+17) and the Monogem (PSR B06556+14) [145]. The size of the halo around Geminga is much larger than the observed size of the nebula in X-rays (∼25 pc vs. ∼0.2 pc), so that it must be produced by particles that have escaped from the system. On the other hand, the extension is too small to be produced by particles that propagate in the standard Galactic diffusion coefficient, since the expected size would be a factor of ∼100 larger in that case. A possible explanation has been searched for in a modification of the diffusion properties around that source, possibly conveyed by self-generated turbulence associated with electrons and positrons leaking the nebula [146], or due to the injection of MHD turbulence by the parent SNR [147]. At present, understanding the formation of TeV halos is one of the big challenges in high-energy astrophysics (see e.g., Lopez-Coto et al. in preparation), both for their possible implications for galactic cosmic ray transport and for their implications for future gamma-ray observations. In fact, these could provide an important source of confusion, being weak and extended and not easy to identify. The number of expected detectable halos in the TeV sky is also still a matter of debate, with estimates ranging from many (∼50–240 [148] to a few [149]. The need for better theoretical understanding and physically motivated predictions of their abundance and location is apparent.



In this respect, the Crab nebula is certainly not a prototype, and a better understanding of this source is doubtful to help.




5. Summary and Future Prospects


The Crab nebula and its pulsar are certainly among the most-studied astrophysical sources in the sky, and as such, they provide an excellent laboratory to investigate many aspects of high-energy astrophysics and relativistic plasma physics. At the same time, this system has proven to be an endless source of surprises. The discovery of the Crab pulsar was the confirmation that radio pulsars are actually rotating neutron stars, while the study of the Crab nebula has taught us that most of the pulsar spin-down energy goes into a highly relativistic and magnetized outflow. In this article, we reviewed what we have learned about the pulsar and the nebula in the last two decades. While both objects have a very broad emission spectrum, high-energy observations, and gamma-ray observations in particular, have played a special role in recent developments.



We have seen in Section 2 how HE and VHE observations have put stringent constraints on the origin of pulsed gamma-ray emission, enforcing the view that it is produced far from the pulsar, at distances ≳    R  L C    , and suggesting new scenarios for the related process of pair creation.



In Section 3, we reviewed how our understanding of the PWN plasma dynamics has changed in recent years, thanks to a combination of improved modeling and high-quality observations. We discussed how 2D and 3D MHD models of the nebular dynamics have allowed researchers to solve (or alleviate) some of the mysteries of the Crab nebula, such as the wisps activity, the origin of the X-ray emitting jet, or the   σ  -problem. The jet is explained as a result of an anisotropic energy flow from the pulsar (higher along the pulsar rotational equator than along the polar axis) and the dynamical effect of the hoop stresses associated with the toroidal magnetic field. This explanation requires the wind magnetization   σ   to be sufficiently large. The latter must be much larger than the value of    σ ∼  10  − 3      that was originally estimated, and likely    σ ≳    a few, in order for the gamma-ray spectrum of the nebula to be correctly accounted for. The variability of the wisps is naturally found in time-dependent MHD modeling, and the wisps appearance at different wavelengths implies different locations for the acceleration of particles in different energy ranges: in particular, X-ray-emitting particles must be accelerated in the equatorial sector of the shock, while lower-energy particles can be accelerated anywhere. What mechanisms are responsible for particle acceleration in the different energy ranges is an unsettled question, because all the proposed mechanisms have strengths and weaknesses, and none can be completely ruled out for lack of better knowledge of the wind composition and magnetization at different locations along the shock front.



In spite of our ignorance of what process is actually at work, in Section 3.3 and Section 3.4, we have shown how extraordinary an accelerator the Crab nebula is, as highlighted in the last decade by the gamma-ray flares and, very recently, by the detection of PeV photons. Several different scenarios have been proposed to explain the flare, with its emission beyond the synchrotron cut-off frequency and extremely fast variability. However, most of these proposals assume the emission to come from a region with mG strength magnetic field. Such a value of the field is one order of magnitude larger than implied by the detection of PeV emission, if this is of leptonic origin and due to IC scattering.



The PeV data are also especially intriguing because there is a suggestion that a new component might be showing up at the VHEs, consistent with a quasi-monochromatic distribution of protons with energy ∼10 PeV. The presence of hadrons in the pulsar wind would be a paradigm-changing discovery—not only would it change the current view of the pulsar outflow (with effects on the modeling of both the pulsar magnetosphere and the nebula), but it would also have consequences on cosmic ray astrophysics, lending support to the idea that fast-spinning, highly magnetized neutron stars can be major contributors of ultra-high-energy cosmic rays.



However, as we discussed in Section 3.4, smoking gun evidence for the presence of hadrons in the Crab pulsar wind requires more precise data and possibly better control on the systematics at VHE. The contribution of hadrons in the Crab spectrum is expected to emerge above around 150–200 TeV, where IC starts to be suppressed by the Klein–Nishina effect. The next generation of IACTs (CTA and ASTRI Mini-Array), with sensitivity extended to this energy range, is likely to play a crucial role in finally answering this question.



As we discussed in Section 4, the gamma-ray astronomy community has long been interested in PWNe as the dominant class of galactic sources, and this interest has been recently increased by the discovery of gamma-ray halos around pulsars. The advent of the new generation of high-sensitivity and high-resolution IACTs, with special reference to CTA, will give us access to a huge amount of new data. PWNe will be the largest population of gamma-ray sources in future surveys (possibly up to 40% of the total). The expected number of newly detected PWNe by CTA is of order 200, while the number of detectable halos is right now very uncertain.



In terms of the population of gamma-ray emitting PWNe, the Crab cannot be considered as prototypical: due to its young age and high magnetic field, the Crab is, in fact, the known PWN whose IC spectrum is partly due to self-synchrotron radiation and one of the few gamma-ray-emitting PWNe in which the maximum particle energy is determined by radiation losses, rather than shortage of available potential. Especially, the latter condition is critical in determining the presence or absence of a halo, since only particles close to the maximum pulsar potential drop are expected to efficiently escape from the nebula and form an IC scattering halo. Based on available simulations, efficient particle escape at lower energy is only possible from the tail of pulsar Bow shock nebulae. This is an important aspect to assess quantitatively in view of explaining the cosmic ray positron excess as due to pulsars. Measurements of the total lepton spectrum at VHE, which will be possible with next-generation IACTs, will contribute to clarifying this issue. On the other hand, more refined modeling of the highest-energy particle escape and associated plasma instabilities should help clarify the nature of gamma-ray halos and their expected abundance. These are again crucial problems for cosmic ray physics, since they could imply a change of our description of particle transport in the Galaxy. At the same time, the detectability of gamma-ray halos, as well as that of evolved PWNe is a major challenge for gamma-ray astronomy, since these weak and extended sources not only are scientifically interesting, but also need to be taken into account carefully as background contributors against the detection of other sources—most notably, potential hadronic PeVatrons, whose identification is one of the main science goals of upcoming facilities.



Going back to Crab, this source is very different, in many respects, from the evolved PWNe that future IACTs will detect in very large numbers. In this sense, the Crab is not the source to look at if the purpose is that of learning about the average properties of gamma-ray-emitting PWNe. On the other hand, the Crab keeps being the best place to learn about the processes that make these objects such extreme accelerators, both in terms of efficiency and achievable energies. By looking at this ever-surprising source, future IACTs might be able to tell us that PWNe are themselves hadronic PeVatrons.
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Abbreviations


The following abbreviations are used in this manuscript:



	ASTRI
	Astrofisica con Specchi a Tecnologia Replicante Italiana



	CMB
	Cosmic Microwave Background



	CTA
	Cherenkov Telescope Array



	Fermi-LAT
	Fermi-Large Area Telescope



	EHE
	Extremely High Energy



	HD
	HydroDynamic



	HE
	High Energy



	H.E.S.S.
	High-Energy Stereoscopic System



	IACT
	Imaging Atmospheric Cherenkov Telescope



	IC
	Inverse Compton



	ISM
	Interstellar Medium



	LHAASO
	Large High-Altitude Air Shower Observatory



	MAGIC
	Major Atmospheric Gamma-ray Imaging Cherenkov



	MHD
	Magneto-Hydrodynamic



	PIC
	Particle In Cell



	PSR
	Pulsar



	PW
	Pulsar Wind



	PWN
	Pulsar Wind Nebula



	SN
	Supernova



	SNR
	Supernova Remnant



	VERITAS
	Very Energetic Radiation Imaging Telescope Array System



	VHE
	Very High Energy









References


	



Hester, J.J. The Crab Nebula: An astrophysical chimera. Annu. Rev. Astron. Astrophys. 2008, 46, 127–155. [Google Scholar] [CrossRef]

	



Lundmark, K. Suspected New Stars Recorded in Old Chronicles and Among Recent Meridian Observations. Publ. Astron. Soc. Pac. 1921, 33, 225. [Google Scholar] [CrossRef]

	



Baade, W.; Zwicky, F. On Super-novae. Proc. Natl. Acad. Sci. USA 1934, 20, 254–259. [Google Scholar] [CrossRef]

	



Pacini, F. Energy Emission from a Neutron Star. Nature 1967, 216, 567–568. [Google Scholar] [CrossRef]

	



Hewish, A.; Bell, S.J.; Pilkington, J.D.H.; Scott, P.F.; Collins, R.A. Observation of a Rapidly Pulsating Radio Source. Nature 1968, 217, 709–713. [Google Scholar] [CrossRef]

	



Staelin, D.H.; Reifenstein, E.C. Pulsating Radio Sources near the Crab Nebula. Science 1968, 162, 1481–1483. [Google Scholar] [CrossRef]

	



H. E. S. S. Collaboration; Abdalla, H.; Abramowski, A.; Aharonian, F.; Benkhali, F.A.; Angüner, E.O.; Arakawa, M.; Arrieta, M.; Aubert, P.; Backes, M.; et al. The H.E.S.S. Galactic plane survey. Astron. Astrophys. 2018, 612, A1. [Google Scholar] [CrossRef]

	



Cao, Z.; Aharonian, F.A.; An, Q.; Axikegu; Bai, L.X.; Bai, Y.X.; Bao, Y.W.; Bastieri, D.; Bi, X.J.; Bi, Y.J.; et al. Ultrahigh-energy photons up to 1.4 petaelectronvolts from 12 γ-ray Galactic sources. Nature 2021, 594, 33–36. [Google Scholar] [CrossRef]

	



Harding, A.K. Pulsar Polar Cap and Slot Gap Models: Confronting Fermi Data. J. Astron. Space Sci. 2013, 30, 145–152. [Google Scholar] [CrossRef]

	



Zanin, R. The Crab pulsar at VHE. Eur. Phys. J. Web Conf. 2017, 136, 03003. [Google Scholar] [CrossRef]

	



Abdo, A.A.; Ajello, M.; Allafort, A.; Baldini, L.; Ballet, J.; Barbiellini, G.; Baring, M.G.; Bastieri, D.; Belfiore, A.; Bellazzini, R.; et al. The Second Fermi Large Area Telescope Catalog of Gamma-ray Pulsars. Astrophys. J. Suppl. Ser. 2013, 208, 17. [Google Scholar] [CrossRef]

	



Archer, A.; Benbow, W.; Bird, R.; Brose, R.; Buchovecky, M.; Buckley, J.H.; Chromey, A.J.; Cui, W.; Falcone, A.; Feng, Q.; et al. A Search for Pulsed Very High-energy Gamma-Rays from 13 Young Pulsars in Archival VERITAS Data. Astrophys. J. 2019, 876, 95. [Google Scholar] [CrossRef]

	



Melrose, D.B. Coherent emission mechanisms in astrophysical plasmas. Rev. Mod. Plasma Phys. 2017, 1, 5. [Google Scholar] [CrossRef]

	



Philippov, A.; Timokhin, A.; Spitkovsky, A. Origin of Pulsar Radio Emission. Phys. Rev. Lett. 2020, 124, 245101. [Google Scholar] [CrossRef] [PubMed]

	



Melrose, D.B.; Rafat, M.Z.; Mastrano, A. A rotation-driven pulsar radio emission mechanism. Mon. Not. R. Astron. Soc. 2021, 500, 4549–4559. [Google Scholar] [CrossRef]

	



Romani, R.W. Gamma-ray Pulsars: Radiation Processes in the Outer Magnetosphere. Astrophys. J. 1996, 470, 469. [Google Scholar] [CrossRef]

	



Caraveo, P.A. Gamma-ray Pulsar Revolution. Annu. Rev. Astron. Astrophys. 2014, 52, 211–250. [Google Scholar] [CrossRef]

	



Arons, J. Pulsars as Gamma-Rays Sources: Nebular Shocks and Magnetospheric Gaps. Space Sci. Rev. 1996, 75, 235–255. [Google Scholar] [CrossRef]

	



Goldreich, P.; Julian, W.H. Pulsar Electrodynamics. Astrophys. J. 1969, 157, 869. [Google Scholar] [CrossRef]

	



Timokhin, A.N.; Harding, A.K. On the Maximum Pair Multiplicity of Pulsar Cascades. Astrophys. J. 2019, 871, 12. [Google Scholar] [CrossRef]

	



Sturrock, P.A. A Model of Pulsars. Astrophys. J. 1971, 164, 529. [Google Scholar] [CrossRef]

	



Ruderman, M.A.; Sutherland, P.G. Theory of pulsars: Polar gaps, sparks, and coherent microwave radiation. Astrophys. J. 1975, 196, 51–72. [Google Scholar] [CrossRef]

	



Arons, J. Pair creation above pulsar polar caps: Geometrical structure and energetics of slot gaps. Astrophys. J. 1983, 266, 215–241. [Google Scholar] [CrossRef]

	



Muslimov, A.G.; Harding, A.K. Particle Acceleration in Pair-starved Pulsars. Astrophys. J. 2004, 617, 471–479. [Google Scholar] [CrossRef]

	



Cheng, K.S.; Ho, C.; Ruderman, M. Energetic Radiation from Rapidly Spinning Pulsars. I. Outer Magnetosphere Gaps. Astrophys. J. 1986, 300, 500. [Google Scholar] [CrossRef]

	



Kirk, J.G.; Skjæraasen, O.; Gallant, Y.A. Pulsed radiation from neutron star winds. Astron. Astrophys. 2002, 388, L29–L32. [Google Scholar] [CrossRef]

	



Lyubarskii, Y.E. A model for the energetic emission from pulsars. Astron. Astrophys. 1996, 311, 172–178. [Google Scholar] [CrossRef]

	



Watters, K.P.; Romani, R.W. The Galactic Population of Young γ-ray Pulsars. Astrophys. J. 2011, 727, 123. [Google Scholar] [CrossRef]

	



Aliu, E.; Anderhub, H.; Antonelli, L.A.; Antoranz, P.; Backes, M.; Baixeras, C.; Barrio, J.A.; Bartko, H.; Bastieri, D.; Becker, J.K.; et al. Observation of Pulsed γ-rays Above 25 GeV from the Crab Pulsar with MAGIC. Science 2008, 322, 1221. [Google Scholar] [CrossRef]

	



Aleksić, J.; Alvarez, E.A.; Antonelli, L.A.; Antoranz, P.; Asensio, M.; Backes, M.; Barrio, J.A.; Bastieri, D.; Becerra González, J. Observations of the Crab Pulsar between 25 and 100 GeV with the MAGIC I Telescope. Astrophys. J. 2011, 742, 43. [Google Scholar] [CrossRef]

	



VERITAS Collaboration; Aliu, E.; Arlen, T.; Aune, T.; Beilicke, M.; Benbow, W.; Bouvier, A.; Bradbury, S.M.; Buckley, J.H.; Bugaev, V.; et al. Detection of Pulsed Gamma Rays Above 100 GeV from the Crab Pulsar. Science 2011, 334, 69. [Google Scholar] [CrossRef]

	



Ansoldi, S.; Antonelli, L.A.; Antoranz, P.; Babic, A.; Bangale, P.; Barres de Almeida, U.; Barrio, J.A.; Becerra González, J.; Bednarek, W.; Bernardini, E.; et al. Teraelectronvolt pulsed emission from the Crab Pulsar detected by MAGIC. Astron. Astrophys. 2016, 585, A133. [Google Scholar] [CrossRef]

	



Kalapotharakos, C.; Harding, A.K.; Kazanas, D.; Wadiasingh, Z. A Fundamental Plane for Gamma-ray Pulsars. Astrophys. J. Lett. 2019, 883, L4. [Google Scholar] [CrossRef]

	



Cerutti, B.; Mortier, J.; Philippov, A.A. Polarized synchrotron emission from the equatorial current sheet in gamma-ray pulsars. Not. R. Astron. Soc. Lett. 2016, 463, L89–L93. [Google Scholar] [CrossRef]

	



Torres, D.F.; Viganò, D.; Coti Zelati, F.; Li, J. Synchrocurvature modelling of the multifrequency non-thermal emission of pulsars. Not. R. Astron. Soc. Lett. 2019, 489, 5494–5512. [Google Scholar] [CrossRef]

	



Cerutti, B.; Beloborodov, A.M. Electrodynamics of Pulsar Magnetospheres. Space Sci. Rev. 2017, 207, 111–136. [Google Scholar] [CrossRef]

	



Spitkovsky, A. Time-dependent Force-free Pulsar Magnetospheres: Axisymmetric and Oblique Rotators. Astrophys. J. Lett. 2006, 648, L51–L54. [Google Scholar] [CrossRef]

	



Philippov, A.A.; Spitkovsky, A. Ab Initio Pulsar Magnetosphere: Three-dimensional Particle-in-cell Simulations of Axisymmetric Pulsars. Astrophys. J. Lett. 2014, 785, L33. [Google Scholar] [CrossRef]

	



Philippov, A.A.; Spitkovsky, A.; Cerutti, B. Ab Initio Pulsar Magnetosphere: Three-dimensional Particle-in-cell Simulations of Oblique Pulsars. Astrophys. J. Lett. 2015, 801, L19. [Google Scholar] [CrossRef]

	



Brambilla, G.; Kalapotharakos, C.; Timokhin, A.N.; Harding, A.K.; Kazanas, D. Electron-Positron Pair Flow and Current Composition in the Pulsar Magnetosphere. Astrophys. J. 2018, 858, 81. [Google Scholar] [CrossRef]

	



Chen, A.Y.; Beloborodov, A.M. Electrodynamics of Axisymmetric Pulsar Magnetosphere with Electron-Positron Discharge: A Numerical Experiment. Astrophys. J. Lett. 2014, 795, L22. [Google Scholar] [CrossRef]

	



Ng, C.Y.; Romani, R.W. Pulsar Wind Tori and the Spin-Kick Connection; The AAS High Energy Astrophysics Division (HEAD): Washington, DC, USA, 2004; Volume 8, p. 16. [Google Scholar]

	



Yeung, P.K.H. Inferring the origins of the pulsed γ-ray emission from the Crab pulsar with ten-year Fermi-LAT data. Astron. Astrophys. 2020, 640, A43. [Google Scholar] [CrossRef]

	



Mochol, I.; Petri, J. Very high energy emission as a probe of relativistic magnetic reconnection in pulsar winds. Not. R. Astron. Soc. Lett. 2015, 449, L51–L55. [Google Scholar] [CrossRef]

	



Weekes, T.C.; Cawley, M.F.; Fegan, D.J.; Gibbs, K.G.; Hillas, A.M.; Kowk, P.W.; Lamb, R.C.; Lewis, D.A.; Macomb, D.; Porter, N.A.; et al. Observation of TeV Gamma Rays from the Crab Nebula Using the Atmospheric Cerenkov Imaging Technique. Astrophys. J. 1989, 342, 379. [Google Scholar] [CrossRef]

	



Nolan, P.L.; Arzoumanian, Z.; Bertsch, D.L.; Chiang, J.; Fichtel, C.E.; Fierro, J.M.; Hartman, R.C.; Hunter, S.D.; Kanbach, G.; Kniffen, D.A.; et al. Observations of the Crab Pulsar and Nebula by the EGRET Telescope on the Compton Gamma-ray Observatory. Astrophys. J. 1993, 409, 697. [Google Scholar] [CrossRef]

	



De Jager, O.C.; Harding, A.K. The Expected High-Energy to Ultra–High-Energy Gamma-ray Spectrum of the Crab Nebula. Astrophys. J. 1992, 396, 161. [Google Scholar] [CrossRef]

	



Atoyan, A.M.; Aharonian, F.A. On the mechanisms of gamma radiation in the Crab Nebula. Not. R. Astron. Soc. Lett. 1996, 278, 525–541. [Google Scholar] [CrossRef]

	



Tavani, M.; Bulgarelli, A.; Vittorini, V.; Pellizzoni, A.; Striani, E.; Caraveo, P.; Weisskopf, M.C.; Tennant, A.; Pucella, G.; Trois, A.; et al. Discovery of Powerful Gamma-ray Flares from the Crab Nebula. Science 2011, 331, 736. [Google Scholar] [CrossRef]

	



Abdo, A.A.; Ackermann, M.; Ajello, M.; Allafort, A.; Baldini, L.; Ballet, J.; Barbiellini, G.; Bastieri, D.; Bechtol, K.; Bellazzini, R.; et al. Gamma-ray Flares from the Crab Nebula. Science 2011, 331, 739. [Google Scholar] [CrossRef]

	



Yeung, P.K.H.; Horns, D. Fermi Large Area Telescope observations of the fast-dimming Crab Nebula in 60–600 MeV. Astron. Astrophys. 2020, 638, A147. [Google Scholar] [CrossRef]

	



Cao, Z.; Aharonian, F.; An, Q.; Axikegu; Bai, L.X.; Bai, Y.X.; Bao, Y.W.; Bastieri, D.; Bi, X.J.; Bi, Y.J.; et al. Peta-electron volt gamma-ray emission from the Crab Nebula. Science 2021, 373, 425–430. [Google Scholar] [CrossRef]

	



Amato, E.; Casanova, S. On particle acceleration and transport in plasmas in the Galaxy: Theory and observations. J. Plasma Phys. 2021, 87, 845870101. [Google Scholar] [CrossRef]

	



Aharonian, F.; Akhperjanian, A.; Beilicke, M.; Bernlöhr, K.; Börst, H.G.; Bojahr, H.; Bolz, O.; Coarasa, T.; Contreras, J.L.; Cortina, J.; et al. The Crab Nebula and Pulsar between 500 GeV and 80 TeV: Observations with the HEGRA Stereoscopic Air Cerenkov Telescopes. Astrophys. J. 2004, 614, 897–913. [Google Scholar] [CrossRef]

	



Aharonian, F.; Akhperjanian, A.G.; Bazer-Bachi, A.R.; Beilicke, M.; Benbow, W.; Berge, D.; Bernlöhr, K.; Boisson, C.; Bolz, O.; Borrel, V.; et al. Observations of the Crab nebula with HESS. Astron. Astrophys. 2006, 457, 899–915. [Google Scholar] [CrossRef]

	



Buehler, R.; Scargle, J.D.; Blandford, R.D.; Baldini, L.; Baring, M.G.; Belfiore, A.; Charles, E.; Chiang, J.; D’Ammando, F.; Dermer, C.D.; et al. Gamma-ray Activity in the Crab Nebula: The Exceptional Flare of 2011 April. Astrophys. J. 2012, 749, 26. [Google Scholar] [CrossRef]

	



Aleksić, J.; Ansoldi, S.; Antonelli, L.A.; Antoranz, P.; Babic, A.; Bangale, P.; Barrio, J.A.; Becerra González, J.; Bednarek, W.; Bernardini, E.; et al. Measurement of the Crab Nebula spectrum over three decades in energy with the MAGIC telescopes. J. High Energy Astrophys. 2015, 5, 30–38. [Google Scholar] [CrossRef]

	



MAGIC Collaboration; Acciari, V.A.; Ansoldi, S.; Antonelli, L.A.; Arbet Engels, A.; Baack, D.; Babić, A.; Banerjee, B.; Barres de Almeida, U.; Barrio, J.A.; et al. MAGIC very large zenith angle observations of the Crab Nebula up to 100 TeV. Astron. Astrophys. 2020, 635, A158. [Google Scholar] [CrossRef]

	



Abeysekara, A.U.; Albert, A.; Alfaro, R.; Alvarez, C.; Álvarez, J.D.; Camacho, J.R.A.; Arceo, R.; Arteaga-Velázquez, J.C.; Arunbabu, K.P.; Avila Rojas, D.; et al. Measurement of the Crab Nebula Spectrum Past 100 TeV with HAWC. Astrophys. J. 2019, 881, 134. [Google Scholar] [CrossRef]

	



Amenomori, M.; Bao, Y.W.; Bi, X.J.; Chen, D.; Chen, T.L.; Chen, W.Y.; Chen, X.; Chen, Y.; Cirennima; Cui, S.W.; et al. First Detection of Photons with Energy beyond 100 TeV from an Astrophysical Source. Phys. Rev. Lett. 2019, 123, 051101. [Google Scholar] [CrossRef]

	



Aharonian, F.; An, Q.; Axikegu; Bai, L.X.; Bai, Y.X.; Bao, Y.W.; Bastieri, D.; Bi, X.J.; Bi, Y.J.; Cai, H.; et al. Observation of the Crab Nebula with LHAASO-KM2A—A performance study. Chin. Phys. C 2021, 45, 025002. [Google Scholar] [CrossRef]

	



Kirk, J.G.; Lyubarsky, Y.; Petri, J. The Theory of Pulsar Winds and Nebulae. In Astrophysics and Space Science Library; Becker, W., Ed.; Springer: Berlin/Heidelberg, Germany, 2009; Volume 357, p. 421. [Google Scholar] [CrossRef]

	



Arons, J. Pulsar Wind Nebulae as Cosmic Pevatrons: A Current Sheet’s Tale. Space Sci. Rev. 2012, 173, 341–367. [Google Scholar] [CrossRef]

	



Coroniti, F.V. Magnetically Striped Relativistic Magnetohydrodynamic Winds: The Crab Nebula Revisited. Astrophys. J. 1990, 349, 538. [Google Scholar] [CrossRef]

	



Lyubarsky, Y.; Kirk, J.G. Reconnection in a Striped Pulsar Wind. Astrophys. J. 2001, 547, 437–448. [Google Scholar] [CrossRef]

	



Rees, M.J.; Gunn, J.E. The origin of the magnetic field and relativistic particles in the Crab Nebula. Not. R. Astron. Soc. Lett. 1974, 167, 1–12. [Google Scholar] [CrossRef]

	



Kennel, C.F.; Coroniti, F.V. Magnetohydrodynamic model of Crab nebula radiation. Astrophys. J. 1984, 283, 710–730. [Google Scholar] [CrossRef]

	



Emmering, R.T.; Chevalier, R.A. Shocked Relativistic Magnetohydrodynamic Flows with Application to Pulsar Winds. Astrophys. J. 1987, 321, 334. [Google Scholar] [CrossRef]

	



Begelman, M.C.; Li, Z.Y. An Axisymmetric Magnetohydrodynamic Model for the Crab Pulsar Wind Bubble. Astrophys. J. 1992, 397, 187. [Google Scholar] [CrossRef]

	



Weisskopf, M.C.; Hester, J.J.; Tennant, A.F.; Elsner, R.F.; Schulz, N.S.; Marshall, H.L.; Karovska, M.; Nichols, J.S.; Swartz, D.A.; Kolodziejczak, J.J.; et al. Discovery of Spatial and Spectral Structure in the X-ray Emission from the Crab Nebula. Astrophys. J. Lett. 2000, 536, L81–L84. [Google Scholar] [CrossRef] [PubMed]

	



Komissarov, S.; Lyubarsky, Y. MHD Simulations of Crab’s Jet and Torus. Virtual Astrophys. Jets 2004, 293, 107–113. [Google Scholar] [CrossRef]

	



Del Zanna, L. Axisymmetric Simulations of Pulsar Wind Nebulae with a New Central-Type Scheme for Relativistic MHD. Astrophys. Space Sci. 2004, 293, 209–216. [Google Scholar] [CrossRef]

	



Michel, F.C. Rotating Magnetospheres: An Exact 3-D Solution. Astrophys. J. Lett. 1973, 180, L133. [Google Scholar] [CrossRef]

	



Lyubarsky, Y.E. On the structure of the inner Crab Nebula. Not. R. Astron. Soc. Lett. 2002, 329, L34–L36. [Google Scholar] [CrossRef]

	



Del Zanna, L.; Volpi, D.; Amato, E.; Bucciantini, N. Simulated synchrotron emission from pulsar wind nebulae. Astron. Astrophys. 2006, 453, 621–633. [Google Scholar] [CrossRef]

	



Lyutikov, M.; Komissarov, S.S.; Porth, O. The inner knot of the Crab nebula. Not. R. Astron. Soc. Lett. 2016, 456, 286–299. [Google Scholar] [CrossRef]

	



Olmi, B.; Del Zanna, L.; Amato, E.; Bandiera, R.; Bucciantini, N. On the magnetohydrodynamic modelling of the Crab nebula radio emission. Not. R. Astron. Soc. Lett. 2014, 438, 1518–1525. [Google Scholar] [CrossRef]

	



Aharonian, F.A.; Akhperjanian, A.G.; Barrio, J.A.; Bernlöhr, K.; Bojahr, H.; Bolz, O.; Börst, H.; Contreras, J.L.; Cortina, J.; Denninghoff, V.; et al. Optimizing the angular resolution of the HEGRA telescope system to study the emission region of VHE gamma rays in the Crab Nebula. Astron. Astrophys. 2000, 361, 1073–1078. [Google Scholar]

	



Albert, J.; Aliu, E.; Anderhub, H.; Antoranz, P.; Armada, A.; Baixeras, C.; Barrio, J.A.; Bartko, H.; Bastieri, D.; Becker, J.K.; et al. VHE γ-ray Observation of the Crab Nebula and its Pulsar with the MAGIC Telescope. Astrophys. J. 2008, 674, 1037–1055. [Google Scholar] [CrossRef]

	



H. E. S. S. Collaboration. Resolving the Crab pulsar wind nebula at teraelectronvolt energies. Nat. Astron. 2020, 4, 167–173. [Google Scholar] [CrossRef]

	



Volpi, D.; Del Zanna, L.; Amato, E.; Bucciantini, N. Non-thermal emission from relativistic MHD simulations of pulsar wind nebulae: From synchrotron to inverse Compton. Astron. Astrophys. 2008, 485, 337–349. [Google Scholar] [CrossRef]

	



Mestre, E.; de Oña Wilhelmi, E.; Zanin, R.; Torres, D.F.; Tibaldo, L. Prospects for the characterization of the VHE emission from the Crab nebula and pulsar with the Cherenkov Telescope Array. Not. R. Astron. Soc. Lett. 2020, 492, 708–718. [Google Scholar] [CrossRef]

	



Meyer, M.; Horns, D.; Zechlin, H.S. The Crab Nebula as a standard candle in very high-energy astrophysics. Astron. Astrophys. 2010, 523, A2. [Google Scholar] [CrossRef]

	



Porth, O.; Komissarov, S.S.; Keppens, R. Three-dimensional magnetohydrodynamic simulations of the Crab nebula. Not. R. Astron. Soc. Lett. 2014, 438, 278–306. [Google Scholar] [CrossRef]

	



Olmi, B.; Del Zanna, L.; Amato, E.; Bucciantini, N.; Mignone, A. Multi-D magnetohydrodynamic modelling of pulsar wind nebulae: Recent progress and open questions. J. Plasma Phys. 2016, 82, 635820601. [Google Scholar] [CrossRef]

	



Porth, O.; Buehler, R.; Olmi, B.; Komissarov, S.; Lamberts, A.; Amato, E.; Yuan, Y.; Rudy, A. Modelling Jets, Tori and Flares in Pulsar Wind Nebulae. Space Sci. Rev. 2017, 207, 137–174. [Google Scholar] [CrossRef]

	



Olmi, B.; Bucciantini, N. Full-3D relativistic MHD simulations of bow shock pulsar wind nebulae: Dynamics. Not. R. Astron. Soc. Lett. 2019, 484, 5755–5770. [Google Scholar] [CrossRef]

	



Olmi, B.; Del Zanna, L.; Amato, E.; Bucciantini, N. Constraints on particle acceleration sites in the Crab nebula from relativistic magnetohydrodynamic simulations. Not. R. Astron. Soc. Lett. 2015, 449, 3149–3159. [Google Scholar] [CrossRef]

	



Bucciantini, N.; del Zanna, L.; Amato, E.; Volpi, D. Polarization in the inner region of pulsar wind nebulae. Astron. Astrophys. 2005, 443, 519–524. [Google Scholar] [CrossRef]

	



Soffitta, P.; Barcons, X.; Bellazzini, R.; Braga, J.; Costa, E.; Fraser, G.W.; Gburek, S.; Huovelin, J.; Matt, G.; Pearce, M.; et al. XIPE: The X-ray imaging polarimetry explorer. Exp. Astron. 2013, 36, 523–567. [Google Scholar] [CrossRef]

	



Scargle, J.D. Activity in the Crab Nebula. Astrophys. J. 1969, 156, 401. [Google Scholar] [CrossRef]

	



Hester, J.J.; Mori, K.; Burrows, D.; Gallagher, J.S.; Graham, J.R.; Halverson, M.; Kader, A.; Michel, F.C.; Scowen, P. Hubble Space Telescope and Chandra Monitoring of the Crab Synchrotron Nebula. Astrophys. J. Lett. 2002, 577, L49–L52. [Google Scholar] [CrossRef]

	



Bietenholz, M.F.; Frail, D.A.; Hester, J.J. The Crab Nebula’s Moving Wisps in Radio. Astrophys. J. 2001, 560, 254–260. [Google Scholar] [CrossRef]

	



Bietenholz, M.F.; Hester, J.J.; Frail, D.A.; Bartel, N. The Crab Nebula’s Wisps in Radio and Optical. Astrophys. J. 2004, 615, 794–804. [Google Scholar] [CrossRef]

	



Wilson-Hodge, C.A.; Cherry, M.L.; Case, G.L.; Baumgartner, W.H.; Beklen, E.; Narayana Bhat, P.; Briggs, M.S.; Camero-Arranz, A.; Chaplin, V.; Connaughton, V.; et al. When a Standard Candle Flickers. Astrophys. J. Lett. 2011, 727, L40. [Google Scholar] [CrossRef]

	



Schweizer, T.; Bucciantini, N.; Idec, W.; Nilsson, K.; Tennant, A.; Weisskopf, M.C.; Zanin, R. Characterization of the optical and X-ray properties of the north-western wisps in the Crab nebula. Not. R. Astron. Soc. Lett. 2013, 433, 3325–3335. [Google Scholar] [CrossRef]

	



Amato, E. The Theory of Pulsar Wind Nebulae. Int. J. Mod. Phys. Conf. Ser. 2014, 28, 60160. [Google Scholar] [CrossRef]

	



Amato, E. The Theory of Pulsar Wind Nebulae: Recent Progress. arXiv 2020, arXiv:2001.04442. [Google Scholar]

	



Amato, E.; Salvati, M.; Bandiera, R.; Pacini, F.; Woltjer, L. Inhomogeneous models for plerions: The surface brightness profile of the Crab Nebula. Astron. Astrophys. 2000, 359, 1107–1110. [Google Scholar]

	



Bandiera, R.; Neri, R.; Cesaroni, R. The Crab Nebula at 1.3 mm. Evidence for a new synchrotron component. Astron. Astrophys. 2002, 386, 1044–1054. [Google Scholar] [CrossRef]

	



Sironi, L.; Spitkovsky, A. Particle Acceleration in Relativistic Magnetized Collisionless Pair Shocks: Dependence of Shock Acceleration on Magnetic Obliquity. Astrophys. J. 2009, 698, 1523–1549. [Google Scholar] [CrossRef]

	



Sironi, L.; Keshet, U.; Lemoine, M. Relativistic Shocks: Particle Acceleration and Magnetization. Space Sci. Rev. 2015, 191, 519–544. [Google Scholar] [CrossRef]

	



Sironi, L.; Spitkovsky, A. Acceleration of Particles at the Termination Shock of a Relativistic Striped Wind. Astrophys. J. 2011, 741, 39. [Google Scholar] [CrossRef]

	



Hoshino, M.; Arons, J.; Gallant, Y.A.; Langdon, A.B. Relativistic Magnetosonic Shock Waves in Synchrotron Sources: Shock Structure and Nonthermal Acceleration of Positrons. Astrophys. J. 1992, 390, 454. [Google Scholar] [CrossRef]

	



Amato, E.; Arons, J. Heating and Nonthermal Particle Acceleration in Relativistic, Transverse Magnetosonic Shock Waves in Proton-Electron-Positron Plasmas. Astrophys. J. 2006, 653, 325–338. [Google Scholar] [CrossRef]

	



Bucciantini, N.; Arons, J.; Amato, E. Modelling spectral evolution of pulsar wind nebulae inside supernova remnants. Not. R. Astron. Soc. Lett. 2011, 410, 381–398. [Google Scholar] [CrossRef]

	



Amato, E.; Guetta, D.; Blasi, P. Signatures of high energy protons in pulsar winds. Astron. Astrophys. 2003, 402, 827–836. [Google Scholar] [CrossRef]

	



De Jager, O.C.; Harding, A.K.; Michelson, P.F.; Nel, H.I.; Nolan, P.L.; Sreekumar, P.; Thompson, D.J. Gamma-ray Observations of the Crab Nebula: A Study of the Synchro-Compton Spectrum. Astrophys. J. 1996, 457, 253. [Google Scholar] [CrossRef]

	



Huang, X.; Yuan, Q.; Fan, Y.Z. A Systematic Study of Gamma-ray Flares from the Crab Nebula with Fermi-LAT. I. Flare Detection. Astrophys. J. 2021, 908, 65. [Google Scholar] [CrossRef]

	



Pshirkov, M.S.; Nizamov, B.A.; Bykov, A.M.; Uvarov, Y.A. Gamma-ray flux depressions of the Crab Nebula in the high-energy range. Not. R. Astron. Soc. Lett. 2020, 496, 5227–5232. [Google Scholar] [CrossRef]

	



Cerutti, B.; Uzdensky, D.A.; Begelman, M.C. Extreme Particle Acceleration in Magnetic Reconnection Layers: Application to the Gamma-ray Flares in the Crab Nebula. Astrophys. J. 2012, 746, 148. [Google Scholar] [CrossRef]

	



Cerutti, B.; Werner, G.R.; Uzdensky, D.A.; Begelman, M.C. Simulations of Particle Acceleration beyond the Classical Synchrotron Burnoff Limit in Magnetic Reconnection: An Explanation of the Crab Flares. Astrophys. J. 2013, 770, 147. [Google Scholar] [CrossRef]

	



Bühler, R.; Blandford, R. The surprising Crab pulsar and its nebula: A review. Rep. Prog. Phys. 2014, 77, 066901. [Google Scholar] [CrossRef]

	



Cerutti, B.; Werner, G.R.; Uzdensky, D.A.; Begelman, M.C. Gamma-ray flares in the Crab Nebula: A case of relativistic reconnection? Phys. Plasmas 2014, 21, 056501. [Google Scholar] [CrossRef]

	



Sironi, L.; Cerutti, B. Particle Acceleration in Pulsar Wind Nebulae: PIC Modelling. In Modelling Pulsar Wind Nebulae; Torres, D.F., Ed.; Springer: Cham, Switzerland, 2017; Volume 446, p. 247. [Google Scholar] [CrossRef]

	



Comisso, L.; Sironi, L. The Interplay of Magnetically Dominated Turbulence and Magnetic Reconnection in Producing Nonthermal Particles. Astrophys. J. 2019, 886, 122. [Google Scholar] [CrossRef]

	



Nalewajko, K.; Zrake, J.; Yuan, Y.; East, W.E.; Blandford, R.D. Kinetic Simulations of the Lowest-order Unstable Mode of Relativistic Magnetostatic Equilibria. Astrophys. J. 2016, 826, 115. [Google Scholar] [CrossRef]

	



Yuan, Y.; Nalewajko, K.; Zrake, J.; East, W.E.; Blandford, R.D. Kinetic Study of Radiation-reaction-limited Particle Acceleration During the Relaxation of Unstable Force-free Equilibria. Astrophys. J. 2016, 828, 92. [Google Scholar] [CrossRef]

	



Lyutikov, M.; Sironi, L.; Komissarov, S.S.; Porth, O. Explosive X-point collapse in relativistic magnetically dominated plasma. J. Plasma Phys. 2017, 83, 635830601. [Google Scholar] [CrossRef]

	



Lyutikov, M.; Sironi, L.; Komissarov, S.S.; Porth, O. Particle acceleration in relativistic magnetic flux-merging events. J. Plasma Phys. 2017, 83, 635830602. [Google Scholar] [CrossRef]

	



Bykov, A.M.; Pavlov, G.G.; Artemyev, A.V.; Uvarov, Y.A. Twinkling pulsar wind nebulae in the synchrotron cut-off regime and the γ-ray flares in the Crab Nebula. Not. R. Astron. Soc. Lett. 2012, 421, L67–L71. [Google Scholar] [CrossRef]

	



Lyutikov, M.; Balsara, D.; Matthews, C. Crab GeV flares from the corrugated termination shock. Not. R. Astron. Soc. Lett. 2012, 422, 3118–3129. [Google Scholar] [CrossRef]

	



Lemoine, M. A corrugated termination shock in pulsar wind nebulae? J. Plasma Phys. 2016, 82, 635820401. [Google Scholar] [CrossRef]

	



Cerutti, B.; Giacinti, G. A global model of particle acceleration at pulsar wind termination shocks. Astron. Astrophys. 2020, 642, A123. [Google Scholar] [CrossRef]

	



Bednarek, W.; Protheroe, R.J. Gamma Rays and Neutrinos from the Crab Nebula Produced by Pulsar Accelerated Nuclei. Phys. Rev. Lett. 1997, 79, 2616–2619. [Google Scholar] [CrossRef]

	



Bednarek, W.; Bartosik, M. Gamma-Rays from the pulsar wind nebulae. Astron. Astrophys. 2003, 405, 689–702. [Google Scholar] [CrossRef]

	



Abeysekara, A.U.; Albert, A.; Alfaro, R.; Angeles Camacho, J.R.; Arteaga-Velázquez, J.C.; Arunbabu, K.P.; Avila Rojas, D.; Ayala Solares, H.A.; Baghmanyan, V.; Belmont-Moreno, E.; et al. Multiple Galactic Sources with Emission Above 56 TeV Detected by HAWC. Phys. Rev. Lett. 2020, 124, 021102. [Google Scholar] [CrossRef]

	



Breuhaus, M.; Hahn, J.; Romoli, C.; Reville, B.; Giacinti, G.; Tuffs, R.; Hinton, J.A. Ultra-high Energy Inverse Compton Emission from Galactic Electron Accelerators. Astrophys. J. Lett. 2021, 908, L49. [Google Scholar] [CrossRef]

	



Faucher-Giguère, C.A.; Kaspi, V.M. Birth and Evolution of Isolated Radio Pulsars. Astrophys. J. 2006, 643, 332–355. [Google Scholar] [CrossRef]

	



Gelfand, J.D.; Slane, P.O.; Zhang, W. A Dynamical Model for the Evolution of a Pulsar Wind Nebula Inside a Nonradiative Supernova Remnant. Astrophys. J. 2009, 703, 2051–2067. [Google Scholar] [CrossRef]

	



Torres, D.F.; Lin, T. Discovery and Characterization of Superefficiency in Pulsar Wind Nebulae. Astrophys. J. Lett. 2018, 864, L2. [Google Scholar] [CrossRef]

	



Bandiera, R.; Bucciantini, N.; Martín, J.; Olmi, B.; Torres, D.F. Reverberation of pulsar wind nebulae (I): Impact of the medium properties and other parameters upon the extent of the compression. Not. R. Astron. Soc. Lett. 2020, 499, 2051–2062. [Google Scholar] [CrossRef]

	



Temim, T.; Slane, P.; Kolb, C.; Blondin, J.; Hughes, J.P.; Bucciantini, N. Late-Time Evolution of Composite Supernova Remnants: Deep Chandra Observations and Hydrodynamical Modeling of a Crushed Pulsar Wind Nebula in SNR G327.1-1.1. Astrophys. J. 2015, 808, 100. [Google Scholar] [CrossRef]

	



Acero, F.; Ackermann, M.; Ajello, M.; Albert, A.; Atwood, W.B.; Axelsson, M.; Baldini, L.; Ballet, J.; Barbiellini, G.; Bastieri, D.; et al. Fermi Large Area Telescope Third Source Catalog. Astrophys. J. Suppl. Ser. 2015, 218, 23. [Google Scholar] [CrossRef]

	



Adriani, O.; Barbarino, G.C.; Bazilevskaya, G.A.; Bellotti, R.; Boezio, M.; Bogomolov, E.A.; Bonechi, L.; Bongi, M.; Bonvicini, V.; Bottai, S.; et al. An anomalous positron abundance in cosmic rays with energies 1.5-100GeV. Nature 2009, 458, 607–609. [Google Scholar] [CrossRef]

	



Aguilar, M.; Alberti, G.; Alpat, B.; Alvino, A.; Ambrosi, G.; Andeen, K.; Anderhub, H.; Arruda, L.; Azzarello, P.; Bachlechner, A.; et al. First Result from the Alpha Magnetic Spectrometer on the International Space Station: Precision Measurement of the Positron Fraction in Primary Cosmic Rays of 0.5-350 GeV. Phys. Rev. Lett. 2013, 110, 141102. [Google Scholar] [CrossRef] [PubMed]

	



Bykov, A.M.; Amato, E.; Petrov, A.E.; Krassilchtchikov, A.M.; Levenfish, K.P. Pulsar Wind Nebulae with Bow Shocks: Non-thermal Radiation and Cosmic Ray Leptons. Space Sci. Rev. 2017, 207, 235–290. [Google Scholar] [CrossRef]

	



Olmi, B.; Bucciantini, N. On the origin of jet-like features in bow shock pulsar wind nebulae. Not. R. Astron. Soc. Lett. 2019, 490, 3608–3615. [Google Scholar] [CrossRef]

	



Hui, C.Y.; Becker, W. X-ray emission properties of the old pulsar PSR B2224+65. Astron. Astrophys. 2007, 467, 1209–1214. [Google Scholar] [CrossRef]

	



Pavan, L.; Bordas, P.; Pühlhofer, G.; Filipović, M.D.; De Horta, A.; O’Brien, A.; Balbo, M.; Walter, R.; Bozzo, E.; Ferrigno, C.; et al. The long helical jet of the Lighthouse nebula, IGR J11014-6103. Astron. Astrophys. 2014, 562, A122. [Google Scholar] [CrossRef]

	



De Vries, M.; Romani, R.W. PSR J2030+4415’s Remarkable Bow Shock, PWN, and Filament. Astrophys. J. Lett. 2020, 896, L7. [Google Scholar] [CrossRef]

	



Kim, S.I.; Hui, C.Y.; Lee, J.; Oh, K.; Lin, L.C.C.; Takata, J. A deep X-ray spectral imaging of the bow-shock pulsar wind nebula associated with PSR B1929+10. Astron. Astrophys. 2020, 637, L7. [Google Scholar] [CrossRef]

	



Zhang, S.; Zhu, Z.; Li, H.; Pasham, D.; Li, Z.; Clavel, M.; Baganoff, F.K.; Perez, K.; Mori, K.; Hailey, C.J. NuSTAR and Chandra Observations of the Galactic Center Nonthermal X-ray Filament G0.13-0.11: A Pulsar-wind-nebula-driven Magnetic Filament. Astrophys. J. 2020, 893, 3. [Google Scholar] [CrossRef]

	



Wang, Q.D. X-ray Jet, Counter-jet, and Trail of the Fast-moving Pulsar PSR B2224+65. Res. Notes Am. Astron. Soc. 2021, 5, 5. [Google Scholar] [CrossRef]

	



Abeysekara, A.U.; Albert, A.; Alfaro, R.; Alvarez, C.; Álvarez, J.D.; Arceo, R.; Arteaga-Velázquez, J.C.; Avila Rojas, D.; Ayala Solares, H.A.; Barber, A.S.; et al. Extended gamma-ray sources around pulsars constrain the origin of the positron flux at Earth. Science 2017, 358, 911–914. [Google Scholar] [CrossRef] [PubMed]

	



Evoli, C.; Linden, T.; Morlino, G. Self-generated cosmic-ray confinement in TeV halos: Implications for TeV γ-ray emission and the positron excess. Phys. Rev. D 2018, 98, 063017. [Google Scholar] [CrossRef]

	



Fang, K.; Bi, X.J.; Yin, P.F. Possible origin of the slow-diffusion region around Geminga. Not. R. Astron. Soc. Lett. 2019, 488, 4074–4080. [Google Scholar] [CrossRef]

	



Sudoh, T.; Linden, T.; Beacom, J.F. TeV halos are everywhere: Prospects for new discoveries. Phys. Rev. D 2019, 100, 043016. [Google Scholar] [CrossRef]

	



Giacinti, G.; Mitchell, A.M.W.; López-Coto, R.; Joshi, V.; Parsons, R.D.; Hinton, J.A. Halo fraction in TeV-bright pulsar wind nebulae. Astron. Astrophys. 2020, 636, A113. [Google Scholar] [CrossRef]








[image: Universe 07 00448 g001 550] 





Figure 1. Focus on the gamma-ray spectrum of the Crab nebula. Data from different instruments are shown with diverse symbols/colors—namely, green rectangles for HEGRA data [54], blue squares for HESS data [55], pink circles for Fermi-LAT ones [56], red diamonds for MAGIC data [57,58], orange stars for HAWC [59], brown triangles for Tibet AS-  γ   [60], and violet ones for LHAASO data [61]. Figure courtesy of Michele Fiori. 
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Figure 2. Left panel: The Crab nebula as seen in radio with the National Radio Astronomy Observatory (credits: M. Bietenholz, T. Burchell NRAO/AUI/NSF; B. Schoening/NOAO/AURA/NSF). Right panel: The Crab nebula in X-rays, as seen by Chandra (credits: Chandra X-ray Observatory NASA/CXC/SAO/F.Seward et al.). 






Figure 2. Left panel: The Crab nebula as seen in radio with the National Radio Astronomy Observatory (credits: M. Bietenholz, T. Burchell NRAO/AUI/NSF; B. Schoening/NOAO/AURA/NSF). Right panel: The Crab nebula in X-rays, as seen by Chandra (credits: Chandra X-ray Observatory NASA/CXC/SAO/F.Seward et al.).



[image: Universe 07 00448 g002]







[image: Universe 07 00448 g003 550] 





Figure 3. Left panel: Cartoon of the inner nebula geometry (the oblate TS, jets formation, striped wind) with the identification of the accelerating regions for particles responsible for the wisps emission at different wavelengths. Right panel: Surface brightness map at X-ray energies (1 keV), with intensity normalized to the maximum value and expressed in logarithmic scale. Reprinted with permission from Del Zanna et al., (2006) © 2006 ESO. 
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Figure 4. IC surface brightness maps at various energies in the gamma-ray range. Each map is normalized to its maximum and plotted in logarithmic scale. Reprinted from Volpi et al., (2008) © 2008 ESO. 
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Figure 5. Total integrated spectrum of the Crab nebula computed on top of the 2D MHD numerical model by [77]. The zoom-in on the gamma-ray spectrum highlights the fact that the IC emission can be correctly reproduced if the magnetic field strength is artificially rescaled so as to ensure an average value of ∼200   μ  G (this is how the spectrum in the inset is obtained). Different symbols-colors reproduce data at the different energy bands, as taken from [83] and references therein. 
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Figure 6. Comparison of the magnetic field intensity (in logarithmic scale and units of G) between a 2D MHD model and a 3D one, which both reproduce the X-ray morphology (from original simulations presented in [85,88]). 
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Figure 7. Left panel: Surface brightness map at a 1.4 GHz radio frequency. Small scales have been subtracted and the map convolved with the VLA PSF. The intensity is given in linear scale and in mJy/arcsec    2    units. The emitting particles are assumed as uniformly distributed in the nebula. Right panel: Non-coincidence of the X-ray (aquamarine circles) and radio at 5 GHz (orange diamonds) wisps, produced by particles accelerated in the regions highlighted with the same colors in the left panel of Figure 3. More discussion on this can be found in [88]. The map in the left panel is reprinted with permission from Olmi et al., (2014) © 2014 Olmi et al. 
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Figure 8. Maps of bow shock nebulae from 3D MHD simulations with density contours (in gray color) and the flux of escaping leptons (of two different energies). Dots of different colors indicate particles injected at different locations in the pulsar wind: the majority of escaping particles are injected in the polar region of the wind (red and green), while very few of them come from the equatorial region. In both plots, the PSR direction of motion is aligned with the Z direction, while the magnetic field, with strength     B ISM  = 0.01 ρ ISM   V  PSR  2     (with    ρ ISM    the ISM mass density) lies in the orthogonal plane. Plots have been elaborated based on the simulations presented in [138]. The figure on the left is reprinted from Olmi Bucciantini 2019 © 2019 Olmi Bucciantini. 
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