arXiv:1203.3681v1 [astro-ph.HE] 16 Mar 2012

Origin of Cosmic Rays

Luke O’C. Drury InstitiØid Ard-Løinn Vaile �xa Cliax Scoil na Fisice CosmaÆ, 31 Plas Wic Liam, Baile �xa Cliax 2, �ire Dublin Institute for Advanced Studies, School of Cosmic Physics, 31 Fitzwilliam Place, Dublin 2, Ireland March 19, 2012

Contents

1 Introduction 2 2 Galactic origins? 2 3 Origin of the accelerated particles 3 4 Origin of the energy 4 5 The acceleration site and mechanism 5 6 Physical limits on the accelerator 6 7 A possible synthesis? 9 8 The ultra high-energy (UHE) particles 10 9 Observational tests 11

Abstract

It is argued that there are three ‘origins’ of cosmic rays; the origin of the particles, the origin of the energy, and the site of the acceleration. The evidence for each origin is discussed and a plausible synthesis outlined for the particles of Galactic origin where the energy comes mainly (but not exclusively) from supernova explosions, the site of the acceleration is at strong collisionless shock waves, and the accelerated particles come from the interstellar and circumstellar material swept over by these shocks. If these shocks are capable (as indicated by recent observations and theoretical work) of significantly amplifying magnetic fields this picture appears capable of explaining the cosmic ray particles at all energies below the ‘ankle’ at 3 × 10^{18} eV. The particles above this energy are generally taken to be of extra-galactic origin and possible acceleration sites for these UHE particles are briefly discussed.

1 Introduction

Review articles with this, or very similar, titles have been published for nearly a century now and the phrase is familiar as the title of the influential monograph by Ginzburg and Syrovatskii [39] (which is still well worth reading). Indeed a search of the ADS database for titles including these words returned 1009 hits! However despite its deceptive simplicity we still do not have a definitive and universally accepted answer to the implicit question it poses. In part this is because there is a level of ambiguity in the word "origin" and there are at least three distinct meanings that one could attribute to it, and thus three different questions that are being asked. Observationally it is well established that the cosmic rays are ordinary atomic nuclei accelerated to very high energies which arrive in the neighbourhood of the Earth from outside the solar system, together with some electrons and secondary particles. In asking for the origin of these particles we need to distinguish between the source of the matter from which these nuclei come, the source of the energy which powers their acceleration, and the location of the physical system in which the acceleration occurs. Logically these are three distinct questions with potentially three different answers (indeed I will argue that this is the case). Some confusion has been caused in the past by a lack of clarity on this point. Of course as a scientist one would hope to have a model which answered all three questions in a manner which was also fully consistent with our general understanding of astronomy and knowledge of the cosmos. We are perhaps very close to this goal, but we are certainly not quite there yet.

2 Galactic origins?

One thing on which there is universal agreement is that the bulk of the cosmic rays observed at mildly relativistic energies, around 1GeV per nucleon, are of exclusively Galactic origin. Apart from the inherent implausibility and energetic difficulty of supposing a sea of cosmic rays to permeate the entire universe, at these energies the distribution of cosmic rays in the Galaxy and in its dwarf satellites can be determined rather directly by gamma-ray observations. The key point is that the diffuse gamma-ray emission of the Galaxy above about 100MeV is dominated by emission from the decay of neutral pions. These in turn are produced in hadronic collisions between cosmic ray nuclei and nuclei in the interstellar medium. Thus if one knows the gas distribution and observes the diffuse gamma-ray emission (as determined by a series of ever better satellite measurements starting with

COS-B [22], CGRO [73], AGILE [40] and most recently FERMI [2]) it is possible to infer the spatial distribution of cosmic rays at around 1GeV per nucleon. The results show clearly that these mildly relativistic cosmic rays are rather smoothly distributed throughout the disc of the Galaxy, but that there is a definite radial gradient and that the intensity is higher in the inner Galaxy and falls off towards the outer disc. This alone would be conclusive proof that the particles were being produced in the Galaxy rather than diffusing in from outside (it should be said for completeness that although there is a clear radial gradient it is actually less than one would naively expect; this may be explicable by dynamical feed-back effects [23]). Perhaps the most decisive result though is that the level of cosmic rays in the Magellanic clouds is definitely substantially lower than that in the Galaxy [72, 77] which clearly rules out the idea that the Galaxy and its satellites are bathed in a universal sea of cosmic ray particles.

Of course the fact that the mildly relativistic particles are of Galactic origin does not automatically mean that all the particles at higher energies are also Galactic, and indeed there are good theoretical and observational reasons to think that at the very highest energies we are in fact seeing an extra-galactic component. However the bulk of the cosmic rays, certainly up to the so-called “knee” at 3 × 10^{15} eV and probably as far as the “ankle” at 3 × 10^{18} eV are thought to be of local Galactic origin. To suppose that the particles between the “knee” and the “ankle” are not part of the same Galactic population requires artificial finetuning to make the two populations join smoothly at the “knee” in such a way that the spectrum steepens there; this should be contrasted with the hardening at the “ankle” which can easily be fit as a harder component coming in. The arguments for an extra-galactic origin at the very highest energy are firstly, that at these energies the gyroradii of the particles in a standard Galactic magnetic field of 0.3nT are comparable to the thickness of the Galaxy (at the “ankle” a proton would have a gyroradius of 1kpc) so that even if they could be produced in the Galaxy they would not be confined to it, secondly that the hardening of the spectrum in this region is suggestive of a new component, and finally that there is evidence of a correlation of arrival directions at the highest energies with the large-scale distribution of matter in the near-by universe.

3 Origin of the accelerated particles

Let us start by considering the question of where the particles themselves come from, the first interpretation listed above. Out of what reservoir of material are the atomic nuclei drawn which ultimately end up as the cosmic rays that we observe? The standard approach to such a question is to look in detail at the chemical and isotopic composition in the hope of finding a clear indication of some specific source. Indeed in the past much effort was expended in attempting to measure such exotic aspects as the ultraheavy nuclear abundances in the cosmic rays in the hope that this would link them to recent r-process nucleosynthesis in supernovae. In fact there is some evidence for modest enhancements of the actinides and other ultra-heavy elements (Donnelly et al, submitted) but there is no clear link to a specific and unique composition which could tie down the origin unambiguously. On the contrary the composition (see below for a discussion of what this means) is in broad terms disappointingly normal and not too different from the “standard solar-system abundances” which are also taken to be representative of standard Galactic abundances in the local ISM.

More precisely, by the chemical composition of the Galactic cosmic rays we usually mean the relative abundances of the various nuclear species measured at the same energy per nucleon. From a theoretical point of view it might be better to measure at the same rigidity (momentum per charge) but the difference is unimportant for all nuclei apart from hydrogen because to a good approximation, apart from hydrogen, they all have roughly equal numbers of protons and neutrons. Such measurements are technically quite easy for the mildly relativistic particles with energy per nucleon of a few GeV where the fluxes are also sufficient to allow good statistics with experiments of modest scale. It is very much harder to push the measurements to higher energies, partially because of the rapidly falling fluxes, but also because particle identification is technically more challenging in the relativistic regime. However there has been recent progress here with interesting results in particular from the PAMELA collaboration. It is also difficult to go to lower energies because the heliospheric effects of solar modulation, solar energetic particles and anomalous cosmic rays overwhelm the signal of the Galactic cosmic rays. However for mildly relativistic cosmic rays (and it is worth remembering that this is the energetically dominant component) we now have a large body of evidence accumulated by numerous experiments over many years.

The first point to make is that in talking about the composition we are implicitly assuming that all the species have identical energy spectra; otherwise the composition would be energy dependent and it would be necessary to specify what reference energy per nucleon one was using. In fact to a good approximation this appears to be the case, although there are very interesting recent measurements which suggest that there are slight, but significant, differences between in particular the hydrogen and helium energy spectra and that the composition thus has a slight energy dependence. Ignoring this, and correcting for the well-known effects of interstellar propagation, the inferred source composition (that is the composition of the beam coming out of the cosmic ray accelerator) is rather normal. All the nuclei up to Uranium (and one plausible trans-uranic actinide candidate) have been seen in the cosmic rays in proportions that are generally close to what one would get from a wellmixed sample of the local Galaxy (for which the primordial solar system composition is usually taken as a proxy). However superimposed on this there are some significant effects. In particular Iron and most other heavy elements are clearly over-abundant relative to the light elements such as hydrogen and helium by about a factor of 30. Because these enhancements appear to correlate with first ionization potential (FIP), and because a similar effect is know to operate in the solar energetic particles, this effect was long interpreted as a FIP-based bias. However no satisfactory physical model for the supposed FIP-effect exists (for cosmic rays) and thus the result should be seen purely as an empirical correlation [82]. In fact a careful examination of the pattern of over-abundances suggests that no single-parameter model can explain the observations and that a two-parameter model at least is required [54]. The fact that the overabundant elements are mainly refractory and are expected to be locked up in dust grains throughout most of the interstellar medium at first sight just adds to the mystery, but may in fact be the key to understanding the data as suggested in [35] where it is shown that a contribution from sputtering of accelerated dust operating in parallel with a direct gas-phase injection process can rather naturally explain all features of the composition.

It is perhaps worth pointing out that the relative normality of the composition already rules out some exotic models for cosmic ray origin. It clearly does not resemble, for example, the ground-up iron and nickel composition one would expect from a neutron star crust so that thermionic emission from pulsars can be ruled out as the dominant source (not that this was ever a very plausible model anyway). Similarly direct production in one particular sub-class of supernova is ruled out; the composition, like the general composition of the Galaxy, requires the mixing of a variety of nucleosynthetic components [70] produced in different nucleosynthetic sites.

The one clear hint of a non-standard composition is the well-documented excess of^{22}Ne in the cosmic rays. The isotopic ratio^{22}Ne/^{20}Ne measured in the GCR has a value about 5 times that in the solar wind [15] and this is the only clear isotopic (as distinct from compositional) anomaly observed in the cosmic rays. This is suggestive of a link to winds from Wolf-Rayet stars, thought to be the major source of^{22}Ne, and certainly suggests a link to OB associations and/or superbubbles.

It is worth pointing out that the electron component in the cosmic rays clearly has a very different spectrum and propagation history to the nuclear components and thus statements about the proton to electron ratio need to be heavily qualified. It is not obvious that comparing fluxes of GeV electrons with protons at the same kinetic energy per particle is a particularly sensible thing to do, but on this measure the electrons are significantly underabundant in the cosmic rays with a flux only a few percent that of protons. Combined with the tendency for an overabundance of heavy elements this suggests that the cosmic ray accelerator preferentially accelerates ‘heavy’ particles although this should be treated with some caution. A final point worth making about the electrons is that at TeV energies the radiative losses are such that these particles must come from relatively near-by sources [57, 5].

The final point to be made is that the detailed pattern of deviations from “standard” abundances in the arriving cosmic rays must be explained by any account of cosmic ray origin. There is substantial informationcontent in this data, even if its interpretation is not easy, and it significantly constrains models of cosmic ray origin. The recent very interesting observations of small deviations from the first-order model of a single power-law for all elements suggest that the data are now of sufficient quality to allow higher-order corrections to the basic theory to be measured with interesting implications for theory, see e.g. [32, 60]

4 Origin of the energy

By contrast to the lack of clarity about the composition the situation as regards the origin of the energy is simpler. Standard ideas on cosmic ray propagation in the Galaxy (based largely on constraints from secondary production in spallation reactions as well as life-time estimates derived from radioactive secondaries) lead to the unambiguous conclusion that the power needed to maintain the cosmic ray population of the Galaxy must be about 10^{41} ergs^{−1} = 10^{34} W; indeed a recent analysis [74] using the Galprop model for cosmic ray propagation estimates that the total cosmic ray input luminosity for the Galaxy is (0.7 ± 0.1) × 10^{34} W where the uncertainty reflects the allowed range of propagation model parameters within the Galprop framework (the true uncertainty must thus be larger; it is remarkable how tightly constrained the Galprop luminosity is). It is interesting to note that Ginzburg and Syrovatskii even as far back as 1964 [39] (p 191) conservatively estimated that “In a quasi-stationary state the power of the sources supplying cosmic rays to the Galaxy must be U_{Source} ≈ 3 × 10^{40} ergs^{−1}” which is only a factor of two less than the Galprop result. As noted in the appendix to [34] the conservative estimate of 3×10^{33} W ignores the energy dependence of the escape time, and for plausible power-law dependencies this increases the power requirement by a factor between 3.5 and 10 giving estimates of between 10^{34} W and 3 × 10^{34} W (note that the upper estimate is based on harder source spectra and stronger energy dependent escape than allowed in Galprop). It seems certain that the Galactic cosmic ray luminosity is thus at least 6 × 10^{33} W and at most 3 × 10^{34} W.

The question then is what energy sources in the Galaxy are powerful enough to run an accelerator producing this output beam power? The standard answer, which has been given for the last half century, is that the only plausible energy source is the explosion of supernovae. Indeed if the mechanical energy released per supernova is of order 10^{44} J and they occur at a rate of one every 30 years or so, the power available in bulk motion is some 10^{35} W. Thus as long as an acceleration process exists which can convert about 10% of this energy into accelerated particles supernovae are a viable power source. It is worth noting that the automated supernova searches currently being undertaken by cosmologists to study dark energy will give us a greatly improved knowledge of supernova statistics and properties. The recently discovered ultra-luminous supernovae [68, 27] as well as anomalously powerful supernovae [65] give some indication of what may be discovered.

In fact supernovae are thought to be almost the only available power source. The key point is that the energy has to be in a form that is capable of driving particle acceleration and this means that it must be either magnetic field energy (driving acceleration through magnetic reconnection) or kinetic energy (driving Fermi acceleration). The bulk radiative luminosity of all the stars in the Galaxy, for example, is substantially larger at about 10^{37} W [14], but there is no known way for an astrophysical particle acceleration process to tap into this general photon field. Similarly the bulk of the energy released in core-collapse supernovae is thought to escape in the form of neutrinos and gravitational waves with only of order 1% going into the mechanical explosion, but there is no known way to use this neutrino and gravitational wave energy to drive an accelerator.

Pulsars come a close second to supernovae, but are about an order of magnitude less powerful. It is in fact very plausible that pulsar driven magnetic winds may account for some of the electrons and positrons seen in the cosmic rays at high energies as suggested by recent data [29] (in particular the Pamela positron excess), but they cannot account for the bulk of the atomic nuclei on energetic grounds alone (quite apart from the compositional issues discussed in the previous section). Similar remarks apply to the strong winds from OB stars. These may contribute at the level of a few percent, but are not thought to be strong enough to produce the bulk of the observed cosmic rays. It is interesting to observe that the well-known solar modulation of low-energy cosmic rays shows that the solar wind, in pushing these particles out of the inner heliosphere, must in fact be doing work on them and thereby contributing in a small way to the acceleration at low energies, but the amount of energy involved is trivial compared to the energy budget needed, even when integrated over all low-mass stars in the Galaxy. The power of the Solar wind is of order 3 × 10^{20} W so that even for 10^{11} solar-type stars in the Galaxy the total possible contribution is only 3 × 10^{31} W or less than 1% of the cosmic ray luminosity.

A further complication, ofter overlooked, is that if the energy were to be transferred promptly to accelerated particles soon after the supernova explosion, the subsequent adiabatic losses of the particles as they drive an expanding bubble into the surrounding medium would place an impossible energy demand on the accelerator. It follows that while supernova explosions may be the ultimate source of the energy, the acceleration process itself must take place at later times and in the supernova remnant that forms around the explosion site. Another argument for this is to observe that energy can only be efficiently extracted from the bulk motion of the ejecta when the ejecta collide with roughly the same amount of stationary material; it is the differential motion between roughly equal masses that is the source of free energy to drive the accelerator and thus it is only after the ejecta have swept up roughly the same mass of circumstellar material that peak power is available. In the case of Galactic supernovae this typically takes a few hundred years. Particle acceleration at earlier times is certainly possible (and indeed is required by radio observations, eg [63]) but the total power available is limited. For a recent calculation including a careful treatment of the adiabatic losses see [24].

5 The acceleration site and mechanism

The final implicit question posed by the title of this article is that of how and where the particles are accelerated and here there has been very significant progress in the last few decades. The key development, starting with four seminal articles in 1977 and 1978 [48, 8, 10, 18], was the realisation that a version of Fermi acceleration operating at shock waves could naturally produce power-law spectra of accelerated particles with the characteristics required to explain the origin of the Galactic cosmic rays. This process, now generally referred to as diffusive shock acceleration (DSA), is an inevitable consequence of assuming that the propagation of energetic charged particles can be modelled as essentially a random walk (ie a diffusion process) in which particles conserve their energy in the local fluid rest frame together with the idea that the shock front can be represented as an abrupt compressive discontinuity in the velocity of this rest frame. As perhaps most clearly elucidated by Bell these two ideas require that particles gain energy each time they diffuse across the shock, and that if the shock is non-relativistic the particles make very many shock crossings before being finally advected downstream. The end result is that a power-law spectrum (in momentum) of accelerated particles is formed stretching from whatever initial starting energy the particles have up to a maximum energy determined by the finite age and size of the shock. There are a number of review articles summarising the theory of diffusive shock acceleration which can be consulted for further details [31, 52, 46, 16, 47].

This process has a number of key features which explain why it is now central to most discussions of cosmic ray origin. Firstly, it is very natural and depends only on rather robust and simple physics; that particles are scattered in direction, but not in energy, by magnetic fields; that the magnetic fields are tied to the plasma; and that the plasma is discontinuously compressed in shock fronts.

Secondly, it produces power-law spectra without any unnatural fine-tuning (unlike most other variants of Fermi acceleration); the exponent of the power-law is fixed entirely by the compression ratio of the shock and for standard shock compressions of four the simple theory predicts a universal energy spectrum at relativistic energies of the form N(E) ∝ E^{−2}, close to what is inferred for the cosmic ray source spectrum. Of course if the shock puts a significant amount of the available energy into cosmic rays the simple linear theory is not applicable. The nonlinear theory predicts slightly concave spectra which are softer at low energies and harden at high energies, but which share the E^{−2} feature of having comparable amounts of energy in the low and high energy components.

Thirdly, and again unlike other versions of Fermi acceleration, it does not require a separate preacceleration phase to produce seed particles for further acceleration; the process appears capable of accelerating particles directly from the thermal population all the way up to the highest energies allowed by the scale of the shock.

Fourthly, there appears no reason why the process could not operate at high efficiencies; of course in this limit reaction effects have to be considered and the simple linear theory clearly breaks down, but it is plausible that cosmic ray acceleration provides a major part of the energy dissipation in strong collisionless shocks under astrophysical conditions [30] (essentially because the large scattering mean free path of the cosmic ray particles makes them the most effective agents in providing the necessary dissipation).

It is perhaps worth pointing out that at the microlevel all acceleration processes, as indeed all physical laws, are time-reversible and thus as long as processes are adiabatic, any energy gain can be turned into an exactly compensating energy loss. To achieve real acceleration it is essential to have an entropy increasing process which is irreversible in character. In the case of shock acceleration this stochastic element comes from the random scattering of the particles leading to a diffusive spatial transport. It is also significant that shocks are essentially self-forming dissipative structures where nature transfers energy from ordered bulk motion to random motion of individual particles and high-frequency wave modes. In conventional shock theory it is assumed that the energy ends up as thermal energy, but as pointed out long ago by Hoyle [44], under astrophysical conditions there are three possible energy reservoirs; thermal particles, magnetic fields and non-thermal particles (or cosmic rays). Indeed as has often been commented on, in the interstellar medium all three appear to have roughly equal values. Hoyle presciently observed that there seemed to be no reason for a collisionless shock under astrophysical conditions to favour any one reservoir as the preferred sink for the kinetic energy being dissipated in the shock. This is in essence our current understanding. Collisionless shocks under astrophysical conditions are thought to transfer energy efficiently into plasma heating, into accelerated particles and into an amplification and tangling of the magnetic field. The big advance from Hoyle is that we now have identified explicit physical mechanisms for some of these energy transfers and at least in principle can begin to calculate the relative amounts of energy transferred into each channel as a function of shock parameters (although this is still very much work in progress).

6 Physical limits on the accelera- tor There are a number of important constraints on the acceleration process which act to limit the maximum attainable energy. The first and simplest is that in any accelerator where the particles are magnetically confined while being accelerated the gyroradius of the particles has to be less that the size of the system. Thus for relativistic particles of momentum p and energy E = cp, in any accelerator of size R with magnetic fields of strength B we have,

r_g = p eB = E ecB < R =⇒ E < ecBR. (1)

This is of course an upper bound and the actual maximum attainable energy will generally be lower.

In the case of diffusive shock acceleration the theory requires, among other things, that the diffusion length-scale of the particles be small compared to the shock radius, κ(p)

Ṙ ≪ R (2) where κ is the diffusion coefficient, Ṙ is the shock speed and R is the shock radius (this is for the case of spherical shock expanding into a stationary medium). If we make the usual assumption that the lowest value the diffusion coefficient can have is the Bohm limit (mean free path comparable to the gyroradius) then this gives the limit, 1 3 r_g c < κ =⇒ r_g ≪

3RṘ c (3) and thus (dropping the factor 3 for simplicity) the tighter limit E < eBRṘ. (4)

This is often, introducing the dimensionless velocity β = Ṙ/c, written in the form

E < ecβRB (5) and referred to as the Hillas limit in reference to the well-know Hillas plot where various astrophysical systems are plotted on a B,R plane [43].

In addition to these limits from the finite size, there are limitations from the finite age of the system; the accelerator has to run long enough to get particles from the injection energy up to the required energy. A well know result of linear shock acceleration theory is that the acceleration time scale is given by

t_{acc} = 3 U_1 −U_2 ( κ_1 U_1 + κ_2 U_2 ) (6) where U_1,U_2 are the upstream and downstream flow velocities and κ_1,κ_2 the corresponding diffusion coefficients (assumed spatially constant). The extension to the case of arbitrary spatial dependence of the diffusion coefficient is relatively straightforward [33]. To order of magnitude this shows that

t_{acc} ≈ 10 κ Ṙ2 (7)

and thus if the acceleration time scale is to be less than the dynamical time of the system,

t_{acc} < R Ṙ =⇒ κ < 1 10 RṘ (8)

If the diffusion coefficient has Bohm scaling (scattering mean free path comparable to the gyro radius) then within factors of order unity this is thus the same as the Hillas limit although somewhat stricter when the numerical factors are included. Of course the acceleration time-scale must also be short compared to that of any competing energy-loss process, but this is normally only of concern for electrons (although on cosmological scales it may also be important for protons in galaxy clusters [66]).

The important point to make is that diffusive shock acceleration provides a concrete acceleration process which saturates the Hillas limit if the diffusion can be driven down to values of order the Bohm limit. Thus if the magnetic field is sufficiently tangled on the relevant scales for the scattering mean free path of charged particles to be comparable to the gyroradius, then the maximum rigidity to which particles are accelerated is of order the length scale of the system times the velocity scale times the effective magnetic field strength. If we take fairly standard values for a SNR shock; a radius of a few parsecs, velocity of 1% the speed of light and a standard ISM magnetic field of 0.3nT this gives a maximum particle rigidity of about 10^{14} V. As pointed out long ago [49] this is tantalisingly close to, but definitely a bit short, of the “knee” at 3 × 10^{15} V. Of course ideally we want acceleration in the Galaxy to operate as far as the ‘ankle’ and not just stop at the ‘knee’ so this is a real problem. The problem can be somewhat alleviated by noting that the ‘knee’ and the ‘ankle’ are features measured in the all-particle energy spectrum and that if the composition is quite heavy with a substantial contribution from Iron nuclei (for which there is some evidence) this gains one a factor of 26 relative to a pure proton composition. In fact it is quite plausible that some part of the decline from the ‘knee’ to the ‘ankle’ is just a reflection of the chemical composition, but one still need an acceleration process that can accelerate to a particle rigidity of 6 × 10^{16} V if the Iron energy spectrum is to extend to 10^{18} eV [7] although it is possible to fit the data with models where the Galactic component cuts off at rigidities as low as 6×10^{15} eV [20].

It is interesting to note that for a Sedov-Taylor selfsimilar blast wave with R ∝ t^{2/5} and thus Ṙ ∝ T^{−3/5} the product RṘ ∝ t^{−1/5} is almost constant with only a very weak decrease with time. If we evaluate the product at sweep-up, then we have

ρR^3 ≈ M_{ej}, E_{SN} ≈ M_{ej}Ṙ^2 =⇒ RṘ ≈ ( E_{SN} ρ )_{1/2} M^{−1/6}_{ej} (9) and the product is also very weakly dependent on the ejecta mass M_{ej} and has only a square root dependence on the explosion energy E_{SN} and ambient density ρ. It is thus essentially impossible to gain the several orders of magnitude needed if we want to push the Hillas limit up to the ‘ankle’ by manipulating RṘ and the only hope is to increase the magnetic field B. The big break through in the last decade or so has been the realisation, starting with the seminal work of Bell, [11] and references therein, that the effective field strength at the shock may be substantially larger than the standard ISM field, and that in this way it may be possible to push acceleration in Galactic shocks up to substantially higher energies and possibly even as far as the “ankle”. In fact there is quite a substantial body of observational evidence pointing to amplified fields in young supernova remnants (e.g. [80]) and a number of plausible processes (in addition to that identified by Bell) which can twist and amplify the fields in the shock precursor region, e.g. [51, 69, 53]. Clearly the maximum field amplification possible would wind the field up to close to energy equipartition with the kinetic energy of the flow,

B^2 2μ_0 ≈ 1 2 ρU^2. (10)

More generally we can write

B^2 2μ_0 ≈ 1 2 ρU^2 ( U c )_α (11) where Bell, for example, suggests that his instability saturates with α = 1.

If we use this amplified field in the Hillas limit we get, inserting numbers,

E < 5 × 10^{21}β^{2+α/2} ( n 1cm^{−3}

)_{1/2} ( R 1pc ) V (12)

as the absolute maximum rigidity to which a shock of dimensionless velocity β propagating in a medium of hydrogen number density n and length-scale R can accelerate ions in a shock-amplified field. Of course this is very much an upper limit. In reality the field is unlikely to be amplified to full equipartition, and even if it does this will be mainly downstream and not upstream (and it is the upstream field that in many ways is critical for the acceleration, [37]). However with this caveat this gives rise to an interesting variant of the classic Hillas plot where instead of plotting objects in the B,R plane they are plotted on the ρ,R plane. It certainly appears possible for shocks with β ≈ 10^{−2} (3000kms^{−1} ) to accelerate ions to a rigidity in the region of 10^{17} V in Galactic scale sources [85].

It should be pointed out that one serious issue often overlooked is that it is not enough to just amplify the field on small length-scales. While this can lead to a reduced diffusion coefficient for low-energy particles, if the highest energy particles are to be affected the field has to be amplified on scales at least as large as their gyro-radius which, at least for some of the proposed mechanisms, requires an efficient non-linear inverse cascade to transfer energy from the small scales to the large scales.

The other major limitation on the acceleration process is the total amount of energy that can be used to accelerate non-thermal particles. This is clearly limited by the total mechanical power available in the shock, that is an energy flux per unit surface area of 1 2 ρ_1U^3_1 − 1 2 ρ_2U^3_2 = 1 2 ρ_1U^3_1 [ 1 − ( U_2 U_1

)_2] (13)

One of the big challenges for shock acceleration theory has been to understand how the process works when a significant amount of this energy goes into the acceleration. Clearly it is then inconsistent to treat the particles as test particles and their reaction on the system has to be self-consistently included in the dynamics (as indeed was pointed out in the earliest papers on diffusive shock acceleration).

Formulating the problem is easy (in essence one just adds the accelerated particle pressure as an extra term in the momentum equation with corresponding terms in the energy equation) but understanding the behaviour of this coupled system is another matter. Very substantial progress has been made, in particular through the development of semi-analytic approximations, and there is a feeling that the problem is effectively solved. However a word of caution is in order. The problem is that all the various approaches which have been used assume that the shock structure can be treated as quasi-stationary and steady on intermediate length scales (that is between the microscales of the plasma physics and the macro-scales of the astrophysical system) whereas in reality there is a whole zoo of instabilities operating on these scales. This is of course good news from the point of view of magnetic field amplification, because it is precisely these instabilities that lead to the growth of the effective scattering field and its entanglement. The good agreement of the various different approaches to the modified shock structure may thus be somewhat illusory.

With this caveat, what can be said is that it appears entirely possible for diffusive shock acceleration to operate at relatively high efficiency with half or more of the available energy going into accelerated particles, and indeed this appears to be the natural state if the process is self-regulated by the reaction of the accelerated particles. A down-side of this is that as a consequence of the reaction effects the spectrum is no longer a simple power-law but becomes concave, with a steeper slope at low energies and hardening towards high energies before cutting off. The effect of particles escaping at the highest energies also has to be allowed for, and indeed in the extreme limit the shock becomes almost a mono-energetic source of particles escaping at the upper cut-off energy. However as long as the effects are not too great, and as long as the spectrum stays reasonably close to the canonical N(E) ∝ E^{−2} it is possible to show that these effects largely average out when integrated over time [25, 32, 85]. It should be pointed out however that such hard production spectra do not fit easily into propagation models constrained by the known observational data. In particular the low anisotropy is very hard to fit [21, 67] and generally people working on propagation models prefer significantly softer starting spectra, more like E^{−2.3}. It is worth noting that the anisotropy data is rapidly improving in quality with new observations and analyses from inter alia MILAGRO [9], ARGO [6] and ICECUBE [1] becoming available ( a classic example of one person’s background being another person’s signal).

Finally, a brief word on electrons. Diffusive shock acceleration is in principle as capable of accelerating electrons as protons, but there are two important differences. The first, which is relatively trivial, is that the electrons are subject to strong radiative losses which can limit the maximum energy attainable. The more fundamental difference is that the gap between thermal energies and the energies at which the particles can be considered sufficiently energetic for the approximations of diffusive shock acceleration to apply is very small for protons, but large for electrons. This has important consequences for the injection process whereby some small fraction of the thermal particles become non-thermal and enter the acceleration process. It is certain that the injection physics for electrons must be quite different to that for protons and heavy ions. A very interesting recent suggestion is that the electrons may in fact get injected by, so to speak, hitching a ride on partially ionized high-charge nuclei [55]. It turns out that the electron stripping timescales for heavy ions can be comparable to the acceleration time-scales, so that by accelerating partiallyionized heavy ions and then stripping off the energetic electrons a small population of pre-accelerated electrons can be made available for shock acceleration. This is reminiscent of the idea that the refractory elements are pre-accelerated in charged dust grains thereby by-passing the strong mass-dependent fractionation seen in gas phase nuclei. It is also plausible that pulsars contribution an additional source of equal numbers of positrons and electrons with a relatively hard spectrum which may be responsible for the observed upturn in the positron fraction at highenergies observed by PAMELA [4] (although other explanations are certainly possible, eg secondary production within SNRs [19] or production by beta decay of radioactive nuclei, [26, 84].

7 A possible synthesis?

A plausible account of the origin of Galactic cosmic rays is thus the following. The accelerated nuclei are the non-thermal tails of the particle distribution functions behind strong collisionless shocks, mostly those bounding supernova remnants. These distribution functions extend up to a limit given by the Hillas criterion, but with a shock-amplified magnetic field, and have roughly equal amounts of energy per logarithmic interval as well as a total energy content comparable to the kinetic energy density in the inflowing plasma. At early times when the shocks are at their fastest the maximum particle rigidity may extend up to 10^{17} V (with the total energy spectrum extending to 3 × 10^{18} eV when allowance is made for the contribution from heavy nuclei, especially Iron) but these shocks are unable to tap the full power of the explosion because the ejecta have only interacted with a small amount of circumstellar matter. As the shocks interact with more and more material they slow down and the maximum attainable particle energy drops, but the total acceleration power increases. It is tempting to identify the ‘knee” region with acceleration at the time of sweep-up when the shocks are at maximum power and there is still significant field amplification. As the shocks continue to expand and slow down the maximum cut-off energy drops as the field amplification becomes less and less effective. Finally at very late times the shocks weaken to the point where they can no longer maintain the scattering needed for shock acceleration and all the particles inside the remnant begin to diffuse out into the general ISM. On this picture the steepening of the all-particle energy spectrum at the ‘knee’ is due to the relative lack of power in the very fast early shocks responsible for the highest energy particles combined with the decrease in abundance as one moves to heavier elements. For the particles below the ‘knee’ we are dealing with shocks that have come into equilibrium and where the entire explosion energy is available. It is important that, as shown in [25, 32], to first order it is then immaterial when exactly the particles escape. Thus the cut-off energy can continue to drop without significant impact on the timeintegrated production spectrum which remains close to the equi-distribution one with amplitude fixed by the total explosion energy input (although of course with better charge-resolved statistics one might hope to see some spectral features below the ‘knee’, as perhaps hinted at in recent data).

On composition this implies that at the higher energies, that is the ‘knee’ and above, we should be seeing particles accelerated from the immediate surroundings of the supernova progenitor, thus from a highly ionized region with significant contamination by progenitor winds etc. At the ‘knee’ this should gradually be replaced by a composition more typical of the general ISM and at low energies (where we have the best data!) the composition should be dominated by particles accelerated just before the remnant died and the weakened shock was running into a rather normal and undisturbed ISM. If one assumes that this is a conventional dusty ISM (as indicated by a broad range of astronomical observations) and allows for modest acceleration and subsequent sputtering of small dust grains it is possible to sketch a quantitative physical model which appears to explain all the features of the chemical composition in terms of standard shock acceleration applied to a dusty ISM; see discussion in [58, 36].

Thus to return to the three-fold origin, on this picture the particles come from the circumstellar and interstellar medium, the energy from the supernova explosion, and the actual acceleration site is the strong collisionless shock driven by the shock and running into the surroundings. In fact any strong shock in the ISM should contribute to cosmic ray production, not just the forward shocks in supernova remnants, but these are likely to be energetically the most dominant. In particular supernova remnant models also have reverse shocks running back into the stellar ejecta, and these could in theory contribute material with very interesting compositional signatures, but the power of the reverse shock is much less than that of the forward shock except for a very brief period around sweepup. More plausible is that multiple interacting supernova blast waves in super-bubbles make a contribution and colliding strong stellar winds in young OB associations may also be minor sources.

This appears to offer a consistent and plausible account of the origin of Galactic cosmic rays at least as far as the ‘ankle’ which is consistent with the observations and with our general astronomical understanding of the Galaxy.

8 The ultra high-energy (UHE) particles

It seems clear that the particles above the ‘ankle’ must have an extra-galactic origin for the reasons discussed above. Our knowledge of the extreme end of the energy spectrum has been greatly improved in recent years by data coming from the Pierre Auger observatory in Argentina. Interpretation of these data is still somewhat fluid and subject to revision, however it appears certain that Auger sees a cut-off in the allparticle energy spectrum which could either be the long-expected GZK effect (if the particles are mainly protons) or reflect an intrinsic limitation in the accelerators combined with nuclear photo-disintegration (if the composition is dominated by heavy ions, as the measurements currently seem to suggest). There is certainly no evidence for significant fluxes of particles at energies beyond the GZK limit, and no evidence for exotic top-down models where these UHE particles result from the decay of primordial ultra-heavy X-particles (corroborated by the lack of evidence for gamma-rays at these energies). The Auger experiment’s report of a significant correlation between the arrival directions of the UHEs and the local distribution of matter still stands, but the correlation is not as strong as initially reported and certainly does not point to any specific class of accelerating system (as yet; with better statistics this may improve somewhat, but almost certainly a definite association will have to wait for a next-generation experiment with substantially greater collecting power than Auger such as the proposed JEM-EUSO [75]). In addition of course there may still be significant deflection by the poorly determined intra-galactic magnetic fields, especially if the particles are heavy nuclei, so that the lack of a strong correlation is not surprising, however it is surely significant that we start to see an anisotropy just at the energy where either the GZK photo-pion losses or photo-disintegration of heavy nuclei restrict potential sources to being relatively nearby in cosmic terms [76]. For an extensive recent discussion of the general issues in the context of one specific model and with many references see [13]. Although now somewhat dated a good overview and very readable introduction is [17].

It appears entirely plausible that essentially the same process of diffusive shock acceleration with selfamplified magnetic fields, but operating in the strong jets and outflows known to be associated with active galactic nuclei, can produce these particles [41]. In addition to diffusive shock acceleration other mechanisms that have been proposed include shear acceleration at the boundaries of the radio jets [61], the ‘converter’ mechanism [28] and stochastic acceleration by turbulence in the radium lobes [62].

Other possible extra-galactic acceleration sites that have been discussed in the literature include gammaray bursts [38] and cluster accretion shocks. While gamma-ray bursts have enough energy to power the UHE acceleration process [50], it is unclear whether these ultra-relativistic systems would be able to accelerate ions to the required energies, especially in the presence of very strong radiation fields [66]. One solution would be to accelerate the UHE particles in a late phase of the evolution after the initial bright flash has decayed away and the shocks have decelerated to being mildly relativistic (which offers some advantages; acceleration at highly relativistic shocks is not that easy [64]). Another interesting idea is to consider semi-relativistic hypernovae (an intermediate class between standard supernova and GRBs) as possible sources [81].

Cluster accretion shocks are the largest shocks in the known universe, but are not particularly strong [71] and the magnetic fields are of course very uncertain; nevertheless because of their large length and time scales, and the power available, they are possible sites for the acceleration of UHE particles. For a good recent discussion see [79] and references therein.

The bottom line is that with the reduction in the maximum rigidities implied by the Auger results (which have effectively ruled out earlier claims of significant fluxes beyond the GZK limit and also hint at a heavy composition) and the introduction of magnetic field amplification as a key part of shock acceleration there is no shortage of possible extra-galactic acceleration sites. Indeed it is quite probable that, as in the Galactic case, there are multiple classes of sources and that almost all sufficiently strong collisionless shocks, wherever they occur, can contribute.

9 Observational tests

A consistent theoretical picture that ‘saves the phenomena’ is all very well, but ideally as a scientific theory one would like to be able to make specific predictions that are capable of observational verification (or, perhaps more importantly, falsification). Several years ago at an ISSI workshop a group of us attempted to compile such a list [59] and it is interesting to revisit this list and see what progress has been made. On rereading this article some things are immediately apparent. Firstly, it was written before the idea of magnetic field amplification in shocks became widely accepted, which solves one of the major problems it identifies (the particles between the ‘knee’ and the ‘ankle’). Secondly, it preceded the definitive detection of TeV gamma-ray emission from a number of shelltype SNRs which has conclusively demonstrated that at least some young SNRs are accelerating charged particles to energies of order 10^{14} eV. It remains unclear whether these are mainly protons or electrons, however recent observations connecting TeV and GeV gamma-ray emission to molecular clouds near SNRs [78] are a strong hint that hadronic processes are involved and thus that ions are being accelerated. It remains worrying however that there is no unambiguous detection of a Galactic Pevatron in high-energy gamma-rays although this can perhaps be explained if the Pevatron phase is relatively short-lived.

Nevertheless it is interesting that the best evidence available then [45] for efficient cosmic ray production in SNRs was essentially the same as now; that there is ‘missing energy’ in some young SNRs in the sense that the thermal energy deduced from the X-ray temperatures is much lower than that expected from proper-motion estimates of the shock velocity and the only plausible reservoir for this ‘missing energy’ is a cosmic-ray component produced in the shock [42]. The multi-wavelength modeling of certain remnants is also beginning to yield convincing arguments in favor of strong cosmic ray acceleration, e.g. [12, 56], although in other cases the evidence is ambiguous or favours an electron dominated scenario [83, 3] . The decisive proof would of course be the detection of high-energy neutrinos associated with either a SNR or (more likely) a SNR interacting with molecular clouds. This is challenging, but may be possible soon with, e.g., the proposed KM3NeT observatory.

As to the ultra-high energy extragalactic particles, it is probable that we will have to wait for a nextgeneration experiment to definitively pin down their origin.

In conclusion the author would like to thank the editor, Pasquale Blasi, for his patience and for helpful comments which, together with those of the referees, have materially improved this article.

References

[1] R. Abbasi et al. “Observation of Anisotropy in the Galactic Cosmic-Ray Arrival Directions at 400 TeV with IceCube”. In: ApJ 746, 33 (Feb. 2012), p. 33. DOI: 10.1088/0004-637X/746/1/33 (cit. on p. 8).

[2] A. A. Abdo et al. “Fermi Large Area Telescope Measurements of the Diffuse Gamma-Ray Emission at Intermediate Galactic Latitudes”. In: Physical Review Letters 103.25 (Dec. 2009), pp. 251101–+. DOI:

10.1103/PhysRevLett.103.251101. arXiv:0912.0973 [astro-ph.HE] (cit. on p. 2).

[3] A. A. Abdo et al. “Observations of the Young Supernova Remnant RX J1713.7-3946 with the Fermi Large Area Telescope”. In: ApJ 734 (June 2011), pp. 28–+. DOI: 10.1088/0004-637X/734/1/28. arXiv:1103.5727 [astro-ph.HE] (cit. on p. 11).

[4] O. Adriani et al. “A statistical procedure for the identification of positrons in the PAMELA experiment”.

In: Astroparticle Physics 34 (Aug. 2010), pp. 1–11. DOI: 10.1016/j.astropartphys.2010.04.007. arXiv:1001.3522 [astro-ph.HE] (cit. on p. 9).

[5] F. A. Aharonian, A. M. Atoyan, and H. J. Voelk. “High energy electrons and positrons in cosmic rays as an indicator of the existence of a nearby cosmic tevatron”. In: A&A 294 (Feb. 1995), pp. L41–L44 (cit. on p. 4).

[6] G. Aielli et al. “Highlights from the ARGO-YBJ experiment”. In: Nuclear Instruments and Methods in Physics Research A 661 (Jan. 2012), p. 50. DOI: 10.1016/j.nima.2010.08.005 (cit. on p. 8).

[7] R. Aloisio. “Transition from galactic to extra-galactic cosmic rays”. In: Journal of Physics Conference Series 39 (May 2006), pp. 416–418. DOI: 10.1088/1742-6596/39/1/107. eprint: arXiv:astro-ph/0602083 (cit. on p. 7).

[8] W. I. Axford, E. Leer, and G. Skadron. “The acceleration of cosmic rays by shock waves”. In: International Cosmic Ray Conference. Vol. 11. International Cosmic Ray Conference. 1977, pp. 132–137 (cit. on p. 5).

[9] E. Battaner, J. Castellano, and M. Masip. “Galactic Magnetic Fields and the Large-Scale Anisotropy at Milagro”. In: ApJ 703 (Sept. 2009), pp. L90–L93. DOI: 10.1088/0004-637X/703/1/L90. arXiv:0907.2889 [astro-ph.HE] (cit. on p. 8).

[10] A. R. Bell. “The acceleration of cosmic rays in shock fronts. I”. In: MNRAS 182 (Jan. 1978), pp. 147–156 (cit. on p. 5).

[11] A. R. Bell. “Turbulent amplification of magnetic field and diffusive shock acceleration of cosmic rays”.

In: MNRAS 353 (Sept. 2004), pp. 550–558. DOI: 10.1111/j.1365-2966.2004.08097.x (cit. on p. 7). [12] E. G. Berezhko and H. J. Völk. “Nonthermal and thermal emission from the supernova remnant RX J1713.7-3946”. In: A&A 511 (Feb. 2010), A34+. DOI: 10.1051/0004-6361/200913312. arXiv:0910.2094 [astro-ph.HE] (cit. on p. 11).

[13] V. Berezinsky, A. Gazizov, and S. Grigorieva. “On astrophysical solution to ultrahigh energy cosmic rays”. In: Phys. Rev. D 74.4 (Aug. 2006), pp. 043005–+. DOI: 10.1103/PhysRevD.74.043005. eprint:

arXiv:hep-ph/0204357 (cit. on p. 10).

[14] Sidney van den Bergh. “The local group of galaxies”. In: Astronomy and Astrophysics Review 9 (3 1999). 10.1007/s001590050019, pp. 273–318. ISSN: 0935-4956. URL:

http://dx.doi.org/10.1007/s001590050019 (cit. on p. 5).

[15] W. R. Binns et al. “The OB association origin of galactic cosmic rays”. In: New A Rev. 52 (Oct. 2008), pp. 427–430. DOI: 10.1016/j.newar.2008.05.008 (cit. on p. 4).

[16] R. Blandford and D. Eichler. “Particle acceleration at astrophysical shocks: A theory of cosmic ray origin”.

In: Phys. Rep. 154 (Oct. 1987), pp. 1–75. DOI: 10.1016/0370-1573(87)90134-7 (cit. on p. 5). [17] R. D. Blandford. “Acceleration of Ultra High Energy Cosmic Rays”. In: Physica Scripta Volume T 85 (2000), pp. 191–194. DOI: 10.1238/Physica.Topical.085a00191. eprint: arXiv:astro-ph/9906026(cit. on p. 10).

[18] R. D. Blandford and J. P. Ostriker. “Particle acceleration by astrophysical shocks”. In: ApJ 221 (Apr. 1978), pp. L29–L32. DOI: 10.1086/182658 (cit. on p. 5).

[19] P. Blasi. “Origin of the Positron Excess in Cosmic Rays”. In: Physical Review Letters 103.5 (July 2009), pp. 051104–+. DOI: 10.1103/PhysRevLett.103.051104. arXiv:0903.2794 [astro-ph.HE] (cit. on p. 9).

[20] P. Blasi and E. Amato. “Diffusive propagation of cosmic rays from supernova remnants in the Galaxy.

I: spectrum and chemical composition”. In: J. Cosmology Astropart. Phys. 1 (Jan. 2012), p. 10. DOI:

10.1088/1475-7516/2012/01/010. arXiv:1105.4521 [astro-ph.HE] (cit. on p. 7).

[21] P. Blasi and E. Amato. “Diffusive propagation of cosmic rays from supernova remnants in the Galaxy. II: anisotropy”. In: J. Cosmology Astropart. Phys. 1 (Jan. 2012), p. 11. DOI:

10.1088/1475-7516/2012/01/011. arXiv:1105.4529 [astro-ph.HE] (cit. on p. 8).

[22] J. B. G. M. Bloemen et al. “The radial distribution of galactic gamma rays. III - The distribution of cosmic rays in the Galaxy and the CO-H2 calibration”. In: A&A 154 (Jan. 1986), pp. 25–41 (cit. on p. 2).

[23] D. Breitschwerdt, V. A. Dogiel, and H. J. Völk. “The gradient of diffuse gamma -ray emission in the Galaxy”. In: A&A 385 (Apr. 2002), pp. 216–238. DOI: 10.1051/0004-6361:20020152. eprint:

arXiv:astro-ph/0201345 (cit. on p. 2).

[24] D. Caprioli, E. Amato, and P. Blasi. “The contribution of supernova remnants to the galactic cosmic ray spectrum”. In: Astroparticle Physics 33 (Apr. 2010), pp. 160–168. DOI:

10.1016/j.astropartphys.2010.01.002. arXiv:0912.2964 [astro-ph.HE] (cit. on p. 5).

[25] D. Caprioli, E. Amato, and P. Blasi. “The contribution of supernova remnants to the galactic cosmic ray spectrum”. In: Astroparticle Physics 33.3 (2010), pp. 160 – 168. ISSN: 0927-6505. DOI: DOI:10.1016/j.astropartphys.2010.01.002. URL:

http://www.sciencedirect.com/science/article/B6TJ1-4Y65SB3-1/2/6a12d32c10f88bffec1c5fafcea4e3ec

(cit. on pp. 8, 9).

[26] K.-W. Chan and R. E. Lingenfelter. “Positrons from supernovae”. In: ApJ 405 (Mar. 1993), pp. 614–636.

DOI: 10.1086/172393 (cit. on p. 9).

[27] L. Chomiuk et al. “Pan-STARRS1 Discovery of Two Ultra-Luminous Supernovae at z ~ 0.9”. In: ArXiv eprints (July 2011). arXiv:1107.3552 [astro-ph.HE] (cit. on p. 4).

[28] E. V. Derishev et al. “a New Mechanism for Particle Acceleration in Relativistic Jets”. In: International Journal of Modern Physics D 17 (2008), pp. 1839–1847. DOI: 10.1142/S0218271808013479(cit. on p. 10).

[29] G. di Bernardo et al. “Implications of the cosmic ray electron spectrum and anisotropy measured with Fermi-LAT”. In: Astroparticle Physics 34 (Feb. 2011), pp. 528–538. DOI:

10.1016/j.astropartphys.2010.11.005. arXiv:1010.0174 [astro-ph.HE] (cit. on p. 5).

[30] B. T. Draine and C. F. McKee. “Theory of interstellar shocks”. In: ARA&A 31 (1993), pp. 373–432. DOI:

10.1146/annurev.aa.31.090193.002105 (cit. on p. 6).

[31] L. O. Drury. “An introduction to the theory of diffusive shock acceleration of energetic particles in tenuous plasmas”. In: Reports on Progress in Physics 46 (Aug. 1983), pp. 973–1027. DOI:

10.1088/0034-4885/46/8/002 (cit. on p. 5).

[32] L. O. Drury. “Escaping the accelerator: how, when and in what numbers do cosmic rays get out of supernova remnants?” In: MNRAS 415 (Aug. 2011), pp. 1807–1814. DOI:

10.1111/j.1365-2966.2011.18824.x. arXiv:1009.4799 [astro-ph.GA] (cit. on pp. 4, 8, 9).

[33] L. O. Drury. “Time-dependent diffusive acceleration of test particles at shocks”. In: MNRAS 251 (July 1991), pp. 340–350 (cit. on p. 7).

[34] L. O. Drury, W. J. Markiewicz, and H. J. Voelk. “Simplified models for the evolution of supernova remnants including particle acceleration”. In: A&A 225 (Nov. 1989), pp. 179–191 (cit. on p. 4).

[35] D. C. Ellison, L. O. Drury, and J.-P. Meyer. “Galactic Cosmic Rays from Supernova Remnants. II. Shock Acceleration of Gas and Dust”. In: ApJ 487 (Sept. 1997), pp. 197–+. DOI: 10.1086/304580. eprint:

arXiv:astro-ph/9704293 (cit. on p. 3).

[36] D. C. Ellison, L. O. Drury, and J.-P. Meyer. “Galactic Cosmic Rays from Supernova Remnants. II. Shock Acceleration of Gas and Dust”. In: ApJ 487 (Sept. 1997), pp. 197–+. DOI: 10.1086/304580. eprint:

arXiv:astro-ph/9704293 (cit. on p. 9).

[37] D. C. Ellison and A. Vladimirov. “Magnetic Field Amplification and Rapid Time Variations in SNR RX J1713.7-3946”. In: ApJ 673 (Jan. 2008), pp. L47–L50. DOI: 10.1086/527359. arXiv:0711.4389 (cit. on p. 8).

[38] D. Gialis and G. Pelletier. “High-Energy Emission and Cosmic Rays from Gamma-Ray Bursts”. In: ApJ 627 (July 2005), pp. 868–876. DOI: 10.1086/430510. eprint: arXiv:astro-ph/0405547 (cit. on p. 10).

[39] V. L. Ginzburg and S. I. Syrovatskii. The origin of cosmic rays. 1969 (cit. on pp. 2, 4). [40] A. Giuliani et al. “Gamma-Ray emission from the Galaxy: a new model for AGILE”. In: Memorie della Societa Astronomica Italiana Supplementi 5 (2004), pp. 135–+ (cit. on p. 2).

[41] M. J. Hardcastle. “Which radio galaxies can make the highest energy cosmic rays?” In: MNRAS 405 (July 2010), pp. 2810–2816. DOI: 10.1111/j.1365-2966.2010.16668.x. arXiv:1003.2500 [astro-ph.HE] (cit. on p. 10).

[42] E. A. Helder et al. “Measuring the Cosmic-Ray Acceleration Efficiency of a Supernova Remnant”. In:

Science 325 (Aug. 2009), pp. 719–. DOI: 10.1126/science.1173383. arXiv:0906.4553 [astro-ph.GA] (cit. on p. 11).

[43] A. M. Hillas. “The Origin of Ultra-High-Energy Cosmic Rays”. In: ARA&A 22 (1984), pp. 425–444. DOI:

10.1146/annurev.aa.22.090184.002233 (cit. on p. 7).

[44] F. Hoyle. “Radio-source problems”. In: MNRAS 120 (1960), pp. 338–+ (cit. on p. 6). [45] J. P. Hughes, C. E. Rakowski, and A. Decourchelle. “Electron Heating and Cosmic Rays at a Supernova Shock from Chandra X-Ray Observations of 1E 0102.2-7219”. In: ApJ 543 (Nov. 2000), pp. L61–L65. eprint:

arXiv:astro-ph/0007032 (cit. on p. 11).

[46] F. C. Jones. “A theoretical review of diffusive shock acceleration”. In: ApJS 90 (Feb. 1994), pp. 561–565.

DOI: 10.1086/191875 (cit. on p. 5).

[47] F. C. Jones and D. C. Ellison. “The plasma physics of shock acceleration”. In: Space Sci. Rev. 58 (Dec.

1991), pp. 259–346. DOI: 10.1007/BF01206003 (cit. on p. 5).

[48] G. F. Krymskii. “A regular mechanism for accelerating charged particles at the shock front”. In:

Akademiia Nauk SSSR Doklady 234 (June 1977), pp. 1306–1308 (cit. on p. 5).

[49] P. O. Lagage and C. J. Cesarsky. “The maximum energy of cosmic rays accelerated by supernova shocks”.

In: A&A 125 (Sept. 1983), pp. 249–257 (cit. on p. 7).

[50] R.-Y. Liu, X.-Y. Wang, and Z.-G. Dai. “Nearby low-luminosity GRBs as the sources of ultra-high energy cosmic rays revisited”. In: ArXiv e-prints (Aug. 2011). arXiv:1108.1551 [astro-ph.HE] (cit. on p. 10).

[51] M. A. Malkov and P. H. Diamond. “Nonlinear Dynamics of Acoustic Instability in a Cosmic Ray Shock Precursor and its Impact on Particle Acceleration”. In: ApJ 692 (Feb. 2009), pp. 1571–1581. DOI:

10.1088/0004-637X/692/2/1571 (cit. on p. 7).

[52] M. A. Malkov and L. O’C Drury. “Nonlinear theory of diffusive acceleration of particles by shock waves”.

In: Reports on Progress in Physics 64 (Apr. 2001), pp. 429–481. DOI: 10.1088/0034-4885/64/4/201 (cit. on p. 5).

[53] M. A. Malkov, R. Z. Sagdeev, and P. H. Diamond. “Magnetic and density spikes in cosmic ray shock precursors”. In: ArXiv e-prints (Oct. 2011). arXiv:1110.0257 [astro-ph.GA] (cit. on p. 7).

[54] J.-P. Meyer, L. O. Drury, and D. C. Ellison. “Galactic Cosmic Rays from Supernova Remnants. I. A Cosmic- Ray Composition Controlled by Volatility and Mass-to-Charge Ratio”. In: ApJ 487 (Sept. 1997), pp. 182–+. DOI: 10.1086/304599. eprint: arXiv:astro-ph/9704267 (cit. on p. 3).

[55] G. Morlino. “The role of ionization in the shock acceleration theory”. In: MNRAS 412 (Apr. 2011), pp. 2333–2344. DOI: 10.1111/j.1365-2966.2010.18054.x. arXiv:1011.5180 [astro-ph.HE](cit. on p. 9).

[56] G. Morlino and D. Caprioli. “The unequivocal evidence of hadron acceleration in Tycho’s Supernova Remnant”. In: ArXiv e-prints (May 2011). arXiv:1105.6342 [astro-ph.HE] (cit. on p. 11).

[57] J. Nishimura et al. “Observations of high energy primary electrons and their astrophysical significance”.

In: Advances in Space Research 19 (May 1997), pp. 767–770. DOI: 10.1016/S0273-1177(96)00144-5 (cit. on p. 4).

[58] L. O’C. Drury, D. C. Ellisson, and J.-P. Meyer. “Interpreting the Cosmic Ray Composition”. In:

Nuclear Physics A 663 (Jan. 2000), pp. 843–843. DOI: 10.1016/S0375-9474(99)00728-9. eprint:

arXiv:astro-ph/9905008 (cit. on p. 9).

[59] L O’C Drury et al. “Tests of Galactic Cosmic Ray Source Models”. In: ArXiv Astrophysics e-prints (June 2001). eprint: arXiv:astro-ph/0106046 (cit. on p. 11).

[60] Y. Ohira and K. Ioka. “Cosmic-ray Helium Hardening”. In: ApJ 729 (Mar. 2011), pp. L13+. DOI:

10.1088/2041-8205/729/1/L13. arXiv:1011.4405 [astro-ph.HE] (cit. on p. 4).

[61] M. Ostrowski. “Cosmic ray acceleration at relativistic shocks, shear layers, ..” In: ArXiv e-prints (Jan.

2008). arXiv:0801.1339 (cit. on p. 10).

[62] S. O’Sullivan, B. Reville, and A. M. Taylor. “Stochastic particle acceleration in the lobes of giant radio galaxies”. In: MNRAS 400 (Nov. 2009), pp. 248–257. DOI: 10.1111/j.1365-2966.2009.15442.x. arXiv:0903.1259 [astro-ph.HE] (cit. on p. 10).

[63] N. Panagia et al. “Radio Observations of Supernovae”. In: The Multicolored Landscape of Compact Objects and Their Explosive Origins. Ed. by T. di Salvo, G. L. Israel, L. Piersant, L. Burderi, G. Matt, A. Tornambe, & M. T. Menna. Vol. 924. American Institute of Physics Conference Series. Aug. 2007, pp. 407–414. DOI:

10.1063/1.2774888. eprint: arXiv:astro-ph/0703411 (cit. on p. 5).

[64] G. Pelletier, M. Lemoine, and A. Marcowith. “On Fermi acceleration and magnetohydrodynamic instabilities at ultra-relativistic magnetized shock waves”. In: MNRAS 393 (Feb. 2009), pp. 587–597. DOI:

10.1111/j.1365-2966.2008.14219.x. arXiv:0807.3459 (cit. on p. 10).

[65] G. Pignata et al. “SN 2009bb: A Peculiar Broad-lined Type Ic Supernova”. In: ApJ 728 (Feb. 2011), pp. 14– +. DOI: 10.1088/0004-637X/728/1/14. arXiv:1011.6126 [astro-ph.SR] (cit. on p. 4).

[66] K. V. Ptitsyna and S. V. Troitsky. “PHYSICS OF OUR DAYS Physical conditions in potential accelerators of ultra-high-energy cosmic rays: updated Hillas plot and radiation-loss constraints”. In: Physics Uspekhi 53 (Oct. 2010), pp. 691–701. DOI: 10.3367/UFNe.0180.201007c.0723. arXiv:0808.0367 (cit. on pp. 7, 10).

[67] V. S. Ptuskin et al. “Effect of random nature of cosmic ray sources Supernova remnants on cosmic ray intensity fluctuations, anisotropy, and electron energy spectrum”. In: Advances in Space Research 37 (2006), pp. 1909–1912. DOI: 10.1016/j.asr.2005.08.036 (cit. on p. 8).

[68] R. M. Quimby et al. “Hydrogen-poor superluminous stellar explosions”. In: Nature 474 (June 2011), pp. 487–489. DOI: 10.1038/nature10095 (cit. on p. 4).

[69] M. A. Riquelme and A. Spitkovsky. “Magnetic Amplification by Magnetized Cosmic Rays in Supernova Remnant Shocks”. In: ApJ 717 (July 2010), pp. 1054–1066. DOI: 10.1088/0004-637X/717/2/1054. arXiv:0912.4990 [astro-ph.HE] (cit. on p. 7).

[70] K. Sakurai. “The source composition of cosmic rays and its relation to supernova explosions”. In: Advances in Space Research 15 (Jan. 1995), pp. 35– (cit. on p. 4).

[71] S. W. Skillman et al. “Cosmological Shocks in Adaptive Mesh Refinement Simulations and the Acceleration of Cosmic Rays”. In: ApJ 689 (Dec. 2008), pp. 1063–1077. DOI: 10.1086/592496. arXiv:0806.1522 (cit. on p. 10).

[72] P. Sreekumar et al. “Constraints on the cosmic rays in the Small Magellanic Cloud”. In: Physical Review Letters 70 (Jan. 1993), pp. 127–129. DOI: 10.1103/PhysRevLett.70.127 (cit. on p. 2).

[73] A. W. Strong and J. R. Mattox. “Gradient model analysis of EGRET diffuse Galactic γ-ray emission.” In:

A&A 308 (Apr. 1996), pp. L21–L24 (cit. on p. 2).

[74] A. W. Strong et al. “Global Cosmic-ray-related Luminosity and Energy Budget of the Milky Way”. In: ApJ 722 (Oct. 2010), pp. L58–L63. DOI: 10.1088/2041-8205/722/1/L58. arXiv:1008.4330 [astro-ph.HE] (cit. on p. 4).

[75] Yoshiyuki Takahashi and the JEM-EUSO Collaboration. “The JEM-EUSO mission”. In: New Journal of Physics 11.6 (2009), p. 065009. URL: http://stacks.iop.org/1367-2630/11/i=6/a=065009 (cit. on p. 10).

[76] A. M. Taylor, M. Ahlers, and F. A. Aharonian. “The need for a local source of UHE CR nuclei”. In: ArXiv e-prints (July 2011). arXiv:1107.2055 [astro-ph.HE] (cit. on p. 10).

[77] The Fermi/LAT collaboration. “Detection of the Small Magellanic Cloud in gamma-rays with Fermi/LAT”. In: ArXiv e-prints (Aug. 2010). arXiv:1008.2127 [astro-ph.HE] (cit. on p. 2).

[78] Y. Uchiyama and on behalf of the Fermi LAT collaboration. “GeV Gamma Rays from Supernova Remnants Interacting with Molecular Clouds”. In: ArXiv e-prints (Apr. 2011). arXiv:1104.1197 [astro-ph.HE] (cit. on p. 11).

[79] G. Vannoni et al. “Acceleration and radiation of ultra-high energy protons in galaxy clusters”. In: ArXiv e-prints (Oct. 2009). arXiv:0910.5715 [astro-ph.HE] (cit. on p. 10).

[80] J. Vink. “Multiwavelength Signatures of Cosmic Ray Acceleration by Young Supernova Remnants”. In:

American Institute of Physics Conference Series. Ed. by F. A. Aharonian, W. Hofmann, & F. Rieger. Vol. 1085. American Institute of Physics Conference Series. Dec. 2008, pp. 169–180. DOI: 10.1063/1.3076632. arXiv:0810.3680 (cit. on p. 7).

[81] X.-Y. Wang et al. “Semi-relativistic Hypernovae as a source of UHE cosmic rays”. In: American Institute of Physics Conference Series. Ed. by M. Galassi, D. Palmer, & E. Fenimore. Vol. 1000. American Institute of Physics Conference Series. May 2008, pp. 459–462. DOI: 10.1063/1.2943509 (cit. on p. 10).

[82] W. R. Webber. “New experimental data and what it tells us about the sources and acceleration of cosmic rays”. In: Space Sci. Rev. 81 (Jan. 1997), pp. 107–+. DOI: 10.1023/A:1004952927578 (cit. on p. 3).

[83] Q. Yuan et al. “Modeling the Multi-Wavelength Emission of the Shell-type Supernova Remnant RX J1713.7-3946”. In: ApJ 735 (July 2011), pp. 120–+. DOI: 10.1088/0004-637X/735/2/120. arXiv:1011.0145 [astro-ph.HE] (cit. on p. 11).

[84] V. N. Zirakashvili and F. A. Aharonian. “Radioactivity and electron acceleration in supernova remnants”. In: Phys. Rev. D 84.8, 083010 (Oct. 2011), p. 083010. DOI: 10.1103/PhysRevD.84.083010. arXiv:1011.4775 [astro-ph.GA] (cit. on p. 9).

[85] V. N. Zirakashvili and V. S. Ptuskin. “Diffusive Shock Acceleration with Magnetic Amplification by Nonresonant Streaming Instability in Supernova Remnants”. In: ApJ 678 (May 2008), pp. 939–949. DOI:

10.1086/529580. arXiv:0801.4488 (cit. on p. 8).