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Abstract. Collisionless shocks, that is shocks mediated by electromagnetic processes,
are customary in space physics and in astrophysics. They are to be found in a
great variety of objects and environments: magnetospheric and heliospheric shocks,
supernova remnants, pulsar winds and their nebulee, active galactic nuclei, gamma-
ray bursts and clusters of galaxies shock waves. Collisionless shock microphysics
enters at different stages of shock formation, shock dynamics and particle energization
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and/or acceleration. It turns out that the shock phenomenon is a multi-scale
non-linear problem in time and space. It is complexified by the impact due to
high-energy cosmic rays in astrophysical environments. This review adresses the
physics of shock formation, shock dynamics and particle acceleration based on a
close examination of available multi-wavelength or in-situ observations, analytical and
numerical developments. A particular emphasize is made on the different instabilities
triggered during the shock formation and in association with particle acceleration
processes with regards to the properties of the background upstream medium. It
appears that among the most important parameters the background magnetic field
through the magnetization and its obliquity is the dominant one. The shock velocity
that can reach relativistic speeds has also a strong impact over the development of
the micro-instabilities and the fate of particle acceleration. Recent developments of
laboratory shock experiments has started to bring some new insights in the physics
of space plasma and astrophysical shock waves. A special section is dedicated to new
laser plasma experiments probing shock physics.
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1. Introduction

Collisionless shocks are shock wave systems in which interactions between the different
components are mediated by electromagnetic forces. These interactions involve a great
variety of electromagnetic fluctuations that are triggered by a great variety of sources of
free energy, all of them being at some stage connected with the existence of fast super-
sonic plasma flows that develop in interplanetary or interstellar environments. As they
benefit from in-situ measurements, shocks occurring in planetary magnetospheres or in
the heliosphere are a prime source of information about shock formation and dynam-
ics on one hand and plasma instabilities and particle energization one the other hand.
Recent developments in diagnostic tools in numerical simulations in laser plasma exper-
iments have also brought fresh insights into the microphysics of shocks. Besides space
and laser plasma physics, the shocks that develop in astrophysical environments do have
their own peculiarities. Astrophysical shock waves are ubiquitous in the sources of high-
energy (supra-thermal) particles such as supernova remnants (SNRs), galaxy clusters
(GCs), active galactic nuclei (AGN) or gamma-ray bursts (GRBs). In the former two
cases, the shock waves are non-relativistic (NR), while in the latter two cases, they can
be ultra-relativistic (UR). Yet a common feature is the emission of non-thermal power-
law spectra of high-energy radiation, which is usually observed as synchrotron or Inverse
Compton (IC) photons emitted by in-situ accelerated electrons. Theoretical studies as
well as observational findings have now begun to bring to light the complex relationship
that exists between the accelerated (non-thermal) particles, the dynamics and structure
of the shock wave, the surrounding magnetized turbulence and the efficiency of particle
injection, indeed, the very nature of the acceleration process.

One way to power such radiation and produce high-energy particles is to generate a high
level of magnetic fluctuations on both sides of the shock front to boost the efficiency
of diffusive shock acceleration (DSA). The process was first analyzed in the late 70s
in a series of papers [1, 2, 3, 4] (see [5] for a review). It involves repeated scattering
of particles by resonant [f] magnetic fluctuations back and forth across the shock front.
The particles gaining a constant relative amount of energy at each shock crossing cycle
may reach very high energies if they are kept confined over long enough time-scales or
if the acceleration time-scale is shorter than any loss or escape time-scale. The review
will discuss for large parts the efficiency of DSA in the above astrophysical shock con-
figurations. It became clear soon after these seminal papers that DSA is very efficient
in producing high-energy tails which may contribute to up to 30% of the kinetic gas
energy. Particle acceleration then should modify the shock profile meaning that DSA
is an intrinsic non-linear process. Multiple solutions for the particle distribution have
been obtained solving a system of coupled fluid and kinetic equations [6]. Distinguishing
between the different solutions can only be achieved through the shock microphysics and
requires a deeper understanding of the origin and the role played by electromagnetic

1t The resonant interaction between the electromagnetic fluctuations and the particle gyro-motion
involves the matching of the fluctuation wavelength and the particle Larmor radius.
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fluctuations in the shock environment. The nature of these, unfortunately, remains
highly hypothetical. If the level of turbulent fluctuations is of the same order of as
the mean magnetic field, as was first envisaged [7], interestingly both observational and
theoretical works have recently uncovered possibilities to produce strong magnetic field
amplification (MFA) with magnetic field strengths several orders of magnitude above
the standard interstellar values. In SNRs such a high level of fluctuations should help in
confining particles over longer time-scales and hence producing energies that may even
reach the so-called cosmic ray (CR) ankle beyond 10'” eV [8]. The detection of X-ray
filaments in several objects by the X-ray satellite Chandra (see [9] and references
therein for a review) has further constrained the magnetic field at the very edge of the
sources. Limited by the angular resolution of the instruments the derived magnetic fields
are only lower limits and can reach up to several hundred of micro Gauss in the youngest
objects such as Tycho or Kepler. The filaments in another young SNR RX J1713-3946.5
show also yearly variations [10] that have received different explanations (see and
3.3). Finally, peculiar features similar to stripes have been observed in the images of
Tycho SNR that may be related to the physical processes at the origin of the filaments
(see [11] and §3.3). The DSA model has been adapted with some success in the limit
of low Mach number GC shocks [12, 13]. The particle (electron and proton) injection
in the shock process in low Mach number shocks is discussed in §3.4.1] In GRBs only
indirect hints of MFA have been provided notably by the analysis in [14] of early X-ray
afterglows even if this result does not preclude the possibility of the relativistic shock
wave propagating into a magnetized wind (see also §4.1| and [I5] for a recent analysis
of the data of gamma-ray satellite Fermi). Since early 2000 with the seminal work of
[T6, [17] a lot of scenarios for MFA and particle acceleration to high energies have been
proposed (see recent reviews by [18] and [19] and and [4.2)). One can roughly divide
the MFA scenarios into three categories all related to the presence of energetic particles
in the shock precursor [§ These instabilities can be classified depending on the source of
free energy that can destabilize them. A first type of instability is a kinetic instability
generated by the resonant interaction of particles with plasma waves [20] [3, [7]. A sec-
ond kind is produced by the return plasma current compensating the energetic particle
current in the upstream medium [21]. Finally a third kind of instability is produced
by the gradient of energetic particles that destabilizes compressible modes [22, 23] 24].
The detailed nature of these instabilities and their connection to DSA will be the cen-
tral topic of this review. Yet another problem especially in the second case above is to
produce waves at a scale comparable to the particle gyroradius (see [I8] and §3.3). In
effect, the generation of long wavelength perturbations are essential in confining high
energy particles the latter have to be injected from the thermal plasma.This injection
problem is very essential in the regulation of the DSA process [25]. It is also interesting
as the process is now being investigated by means of numerical simulations (see §3.4

§ The shock precursor stands here for the region upstream the shock front populated by the most
energetic particles. Notice that the terms defining the different parts of the shock structure are defined

in ]
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and in particular by particle-in-cell and hybrid technics [26] 27, 28]. Recent sim-
ulation efforts have now begun to uncover the nature of the instabilities that mediate
the particle energization close to the shock front. The energization of the incoming up-
stream plasma and the shock formation process is a central subject in magnetospheric
and space plasma physics; we postpone its discussion to section [3.1}

The above discussion shows that the interpretation of current and forthcoming high
resolution astrophysical data will provide us with further insight into the microphysics
of collisionless shock waves, whether non-relativistic or ultra-relativistic. Accordingly, it
is important to have a trans-disciplinary approach in order to study the physics of high-
energy radiation from shock waves, starting from the microphysics of the shock wave
itself, then discussing the development of numerical tools dedicated to these studies and
finally invoking recent progresses made in laser plasma experiments. This work will
be mostly dedicated to the Fermi acceleration process at collisionless shocks; However
sections and will address the physics of other particle acceleration mechanisms.
Special attention will be paid to the efficiency of the Fermi acceleration process with
respect to the shock velocity and to the physical parameters of the environment (e.g.
magnetization, magnetic field obliquity).

The review is organized into following different sections. Section [ introduces a
basic common vocabulary used all over the report. Section |3 discusses the microphysics
of NR shocks: section reviews recent progresses made in our understanding of
magnetospheric and heliospheric shocks. This section also includes a repository of
plasma instabilities that develop up- and downstream of the shock. Section reviews
observations that support particle acceleration and MFA in astrophysics while section[3.3
discusses plasma instabilities that likely are connected to the two phenomense. Section
[B.4reviews recent results on the microphysics of shock waves from numerical simulations.
Section [3.5{connects the above results with the origin of high-energy cosmic rays. Section
discusses the microphysics of mildly relativistic and relativistic shocks: section 4.1
summarizes the observations that support MFA in GRBs. Section discusses plasma
instabilities that are relevant in the relativistic shock case. Section[4.3reviews the recent
findings on the microphysics of shock waves due to numerical simulations. The special
case of striped pulsar winds is addressed in section [£.5] Section discusses the link
between shock microphysics and the origin of ultra high-energy cosmic rays. Section
reviews the recent developments in the laboratory experiments of shock formation
and particle acceleration and radiation. Finally section [f] summarizes the most relevant
points in the review and concludes it.

2. Definitions

This section introduces a common vocabulary valid for both magnetospherical and
astrophysical contexts and for both non- and ultra-relativistic shock velocity limits.
Once again this report only addresses the case of shock propagating in a collisionless



The microphysics of collisionless shock waves 6

plasma. For any further inquiry about basic concepts in collisionless shock physics the
reader is directed to [29] for further details.

2.1. Notations used in the review
All quantities in this review are expressed in gaussian units.

e B, is the background large scale magnetic field strength and 0B is the fluctuating
component.

e [ is the coherence length of the turbulent fluctuations.

e R, = pc/ZeB is the gyro-radius of a particle of momentum p and charge Ze in a
magnetic field of strength B.

e V, = B/\/4mp is the Alfvén velocity in a plasma of density p and magnetic field
strength B.

e The electron plasma skin depth is d. = ¢/w.., where w.. = eB/mc is the electron
cyclotron frequency. We will also use w,. = \/4mne?/m., the electron plasma
frequency.

e The ion inertial length is l; = ¢/wy.

2.2. Shock classification

There are two basic types of shocks:

(i) Electrostatic shocks: Electrostatic shocks are sustained by the ambipolar electric
field that is linked to the density gradient between a non-magnetized downstream
plasma and the upstream plasma. In a simple approach, there is no jump in
magnetic field. However, certain intrinsic mechanisms (such as microinstabilities)
can generate some induced magnetic field. A detailed presentation of electrostatic
shocks is given in

(ii) Magnetized shocks: Most of the shocks in geophysics and astrophysics do carry
a mean magnetic field. It should not be confused with highly magnetized shocks
where the magnetization parameter is high (see next).

2.3. Shock sub-structures

The detailed structure of a (super-critical, see magnetospheric shock can be
decomposed into several parts: the shock foot, the shock ramp and the overshoot-
undershoot (see . The foot can be defined as a bump in the magnetic field
and pressure located upstream of the shock ramp and which results from the local
accumulation of gyrating ions during their reflection against the ramp. The ramp is
the steepest part of the magnetic field/density gradient within the shock front. The
overshoot-undershoot are related to the reflection and subsequent gyration of ions
which about the shock ramp. Foot and overshoot-undershoot parts are signatures of a
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noticeable number of reflected ions, i.e. of supercritical shocks. These signatures are
almost all but absent in so-called subcritical shocks.

In astrophysics the shock front itself is usually described as the location where
magneto-hydrodynamical quantities (density, pressure, temperature ...) have a jump
corresponding to the Rankine-Hugoniot conservation conditions. We identify this
location as the magneto-hydrodynamic shock (or MHD) front which is different for
instance from the shock ramp. Other structures can also be present in astrophysical
shock waves. The energetic particle precursor is a structure ahead of the MHD shock
occupied by energetic particles diffusing in the upstream medium. In some cases a
radiative precursor can exist produced by the ionizing radiation emitted at the shock
front (see . Astrophysical shocks differ from magnetospherical shocks as they can
extend over several orders of magnitude in spatial scales.

2.4. Reference frames

In shock physics one considers usually three different rest-frames. The upstream rest-
frame (URF) is the frame where the upstream medium is at rest with respect to the
(MHD) shock front. The shock front in this frame is approaching the upstream medium
with a velocity Vi, or a Lorentz factor v, = (1 — (Vin/c)?)~'/? in the relativistic case.
The downstream rest-frame (DRF) is the frame where the downstream medium is
at rest with respect to the shock front. The shock (front) rest-frame (SRF) is the
frame moving with the MHD discontinuity. One may for practical purposes also define
frames moving with magnetic irregularities for instance at the origin of the scattering of
energetic particles in the Fermi diffusive shock acceleration process (see . More
detailed discussions about shock rest frames in astrophysics may also be found in [30, B31].
Hereafter the subscripts v and d will refer to quantities determined in the upstream and
downstream medium respectively.

2.5. Shock orientation

In the case shocks are magnetized one can classify them under two main sub-classes:

(i) Perpendicular or quasi-perpendicular shocks: Perpendicular shocks [32] [33]
move through a plasma with a magnetic field vector, which is oriented strictly
perpendicularly to the shock normal. For a quasi-perpendicular shock, the angle 6
between the shock normal and the magnetic field is typically 45° < 6 < 90°.

(ii) Parallel or quasi-parallel shocks: Parallel shocks move through a plasma with
a magnetic field vector which is oriented strictly parallel to the shock normal. The
angle 6 between the shock normal and the magnetic field is typically 0° < 6 < 45°
for a quasi-parallel shock.

In the context of oblique shocks (neither perpendicular nor parallel) it is possible to
define the point of intersection I between the field lines and the shock front. This point
propagates at a velocity Vj,; in the SRF. The shock is called sub-luminal if V;,; < ¢,
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and is super-luminal if V,,; > c¢. In the former case it is always possible to define
a Lorentz transformation and find a frame where [ is at rest and the flow velocity is
parallel to the magnetic field line in the upstream and downstream media. This frame is
the de Hoffman-Teller frame. In this frame the convective electric field —V A B carried
by the flow of velocity V and magnetic field B vanishes [31]. In the latter case no such
transformation is possible [30]. This case is most relevant to relativistic shocks.

2.6. Particle acceleration processes

(i) Diffusive shock acceleration (DSA). In diffusive shock acceleration particles
gain energy by scattering off magnetic disturbances present in the upstream and
downstream media. The difference of velocity propagation of the scattering centers
induces a systematic energy gain at each shock crossing [1I, 2, 3], 4], 34]

(ii) Shock drift acceleration (SDA). In shock drift acceleration particles gain
energy as their guiding centers move along the convective electric field due to
the drift effects of the magnetic field gradient or the curvature of the shock front
[351, 130, 361, 37].

(iii) Shock surfing acceleration (SSA). In shock surfing acceleration particles are
reflected by the shock potential, and then return to the shock front due to the
upstream Lorentz force. During this process, particles are trapped at the shock
front and accelerated by the convective electric field [38] 39, 40, [41].

2.7. The magnetization parameter

The magnetization of a given medium is the ratio of the Poynting flux to the particle
energy flux, namely o = B?/4npc? for a medium with a magnetic field B, a mass
density p = n x m composed of particles of mass m and proper density n. One may
write 0 = V2/c?. In case the flow is moving at relativistic velocity the magnetization
parameter becomes o = B?/4npl'Uc? for a medium with a four velocity U and Lorentz
factor I' = /1 + U2[42]. Typical values range from o ~ 1079710 in the interstellar
medium, to ¢ ~ 10~* in massive stellar winds and ¢ ~ 0.1 in pulsar winds.

3. Non-relativistic shock waves

3.1. Microscopic processes in non-relativistic shocks

This section discusses processes at the very base of shock formation and dynamics.
It also addresses the question of particle energization connected to the development
of instabilities in the different parts of a collisionless shock front. This section gives
a special emphasis to planetary and solar magnetospheric shocks and also to the
heliospheric shock which all have benefited from recent in-situ measurements.
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3.1.1. Shock formation Collisionless shocks are very common in space plasmas within
our heliospheric system. One can consider three main groups of shocks : (i) the
”obstacle-type” shocks when a plasma flow in supersonic regime (such as the solar
wind emitted by the sun) meets an obstacle which can be a ”magnetospheric-type”
(for a magnetized planet as the Earth or Mercury) or a ”ionospheric-type” (for an
unmagnetized planet as Venus). Then, the regime of the flow suffers a transition from
supersonic (upstream) to subsonic (downstream) through the shock front; (ii) the ”CME-
type” shock (coronal mass ejecta of gas and magnetic field or CME event) in solar physics
as a huge quantity of hot and dense plasma is suddenly ejected from the solar corona
into the solar wind. A shock front forms at the upstream edge of this ejected dense
plasma, and propagates through the interplanetary space. Although it progressively
dilutes during this propagation, it persists and becomes a self-sustained interplanetary
shock (IPS). Eventually, such IPS can reach the terrestrial magnetosphere and collides
with the Earth’s bow shock; (iii) the ”cometary-type” shock forms as a supersonic flow
encounters a body emitting neutral matter as a comet; neutral atoms become ionized
by different processes and form a secondary ”pick-up” ion population in addition to the
solar wind population; the common abrupt step-like profile of the shock front is replaced
rather by a progressive transition layer through which the incident flow regime becomes
subsonic, and where different ion populations are present.

In a simple approach, the electric field at the front of a strictly perpendicular shock
has the appropriate sign to leave the electrons passing directly through the front and
to reflect a part of incident ions. Most ions which have enough energy succeed to be
directly transmitted (TI) too, and only a certain percentage is reflected by a large
electromagnetic gradient, the ramp. Then, these reflected ions (RI) suffer a large
gyromotion at the front due to the presence of the upstream static magnetic field (e.g.
the interplanetary magnetic field or IMF) and accumulate locally. One key parameter
is the percentage of RI which strongly depends on the Alfvénic Mach number M, of
the incoming flow (ratio of the solar wind velocity over the local Alfvén velocity). For
supercritical shock (where M, is typically larger than 2 roughly), this percentage is
so high that accumulated ions are responsible for a bump in the magnetic field B and
the pressure profiles upstream of the ramp, named the foot. RI describe only a single
gyration (which corresponds to a ring in velocity space), and gain enough energy to
penetrate the downstream region at later times. The signature of this ion ring may
persist downstream of the front and is at the origin of an overshoot-undershoot pattern
just behind the ramp, but becomes more dilute when penetrating further downstream
(relaxation of the ion ring). In summary, the whole front of a supercritical shock includes
three characteristic parts: the foot, the ramp and the overshoot-undershoot (see figure
[); the downstream region includes two ion populations: (i) the TT and (ii) the more
energetic RI which have previously suffered one gyration at the ramp [44] [45] [46]. For
subcritical shocks (M, is lower than 2), the percentage of RI is too weak to feed the
foot formation, and neither foot nor overshoot-undershoot are present.

For oblique (quasi-perpendicular) shock, two features are relevant provided that the
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angular deviation from 90° is large enough: (i) a finite velocity component parallel
to the static magnetic field B allows both RI and electrons to return upstream along
B; (ii) some dispersive waves can be emitted upstream from the ramp and form a
so called ”"precursor” wave-train which competes with the foot formation. So, new
incoming upstream particles do interact successively with the precursor and the foot
before interacting with the ramp itself ]

Let us stress out the following point: the fact that ions appear to play a key role in the
structure of a collisionless shock does not mean that electrons do have a minor role and
are only considered as light particles strongly energized by the shock itself. The impact
of electrons is more important than expected. In addition to the large space charge
field building up locally at the front (in particular at the ramp) where they strongly
contribute, the electrons also contribute to the front dynamics itself i.e. to its non-
stationary behavior (see . Electrons permit the access to scales much smaller than
ion scales, as the balance between nonlinear and dispersive/dissipative effects varies in
time, i.e. this accessibility affects the steepness of the shock front profile itself; Electron
or hybrid time scales via micro-instabilities can also have an impact on the shock profile
and on its dynamics itself (see §3.1.2). Using Particle-in-cell (PIC) simulations where
both ions and electrons are fully included as a large assembly of individual particles,
reveals to be quite helpful to analyse the shock dynamic versus time and its impact on
particles’ energization.

3.1.2. Shock non-stationarity and instabilities Non-stationarity of collisionless shocks
has been clearly evidenced in early laboratory experiments [47], for the terrestrial bow
shock [48] and has been analyzed more recently by using CLUSTER mission data
([49, 50, 51] and references therein). Non-stationarity is not restricted to the terrestrial
shock but appears to be a very common feature of shocks as mentioned also by [52] to
account for the multi-crossing of the terminal heliospheric shock by Voyager 2 in August
2007. Nowadays, the difficulty is to determine which of the different processes that have
been proposed can be responsible for this effect. One way to clarify the situation is to
concentrate on mechanisms which persist independently of some simplifying assumptions
intrinsic to specific theoretical/numerical supports. In other words, these mechanisms
should be retrieved in mono/multi- dimensional models and/or by using totally different
types of numerical /simulation models. The label "non-stationary” is often a source of
confusion since it is commonly believed to be based on instabilities developing within
the shock front, which is incorrect. For the purpose of clarity, we now separate non-
stationarity processes excluding and including micro-instabilities. The latter is also

|| The label "reflection” requires to be defined in order to avoid any confusion. Indeed, for quasi-
perpendicular (supercritical) shocks, RI extend over a very limited region upstream from the ramp to
form the foot (maximum width is of the order of convected ion gyroradius). In contrast, for quasi
parallel (supercritical) shocks, ions are reflected along the static magnetic field to form field aligned
beams (FAB) back-streaming into the solar wind, and extend ”freely” over a much larger distance
upstream from the ramp.
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Figure 1. Typical microstructures of the shock front for a strictly perpendicular
shock obtained from a 1D-PIC simulation in a supercritical regime (characterized by a
noticeable percentage of reflected ions as seen in the ions phase space). Dots, blue line
and black line represent the ions phase space, the magnetic field and the electrostatic
field profiles at a fixed time respectively. The shock front (indicated by the rectangle)
includes the foot (due to the local accumulation of reflected ions) and the ramp (the
steepest part of the front), and is limited by the overshoot (first maximum of the
magnetic field). See [43]
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discussed in the context of astrophysical shock waves.

(i) Non-stationarity group I: A large amount of works (mainly from simulations)

have been already performed on the shock front non-stationarity excluding micro-
instability processes. Among the different candidates, two main mechanisms
generally emerge since these are recovered in different types of simulations and
for different codes dimensionalities which is a good signature of their robustness
[53):

(a) Self-reformation due to the accumulation of RI As the shock front propagates
in supercritical regime, the number of RI increases locally at a foot distance
from the ramp. As a consequence, the foot amplitude (at its upstream edge)
increases until reaching a value comparable to the ramp. A new ramp is locally
formed and starts to reflect a new set of upstream ions. Then, the process
repeats cyclically with a period less than one upstream ion gyroperiod, and
is at the origin of the so called ”self-reformation” (SR) process. During the
cyclic SR, the features of the shock front largely change [54] 146, 55, 56, 57):
(i) The amplitude of the shock front fluctuates in time where the variations
of the overshoot versus the foot amplitude are anti-correlated (the overshoot
decreases while that of the foot increases); (ii) The ramp thickness strongly
varies from a large value (a fraction of the upstream ion inertial length) to
a very narrow value (only a few electron inertial lengths); both features (i)
and (ii) do have a strong impact on the particles’ dynamics which depends
on the front amplitude/ramp thickness as discussed in next subsections; (iii)
The SR takes place as long as the RI keep a certain coherency during their
gyromotion (narrow ion ring) as these accumulate far from the ramp, which
is evidenced when the ratio of the shock velocity to the ion thermal velocity
is quite large (several tens and above), or equivalently as the ion ratio §; of
the kinetic pressure over the magnetic pressure is weak (i.e. much less than 1)
[56, B8]; (iv) The SR process persists quite well for oblique propagating shock
as long as the density of RI is high enough to feed the SR process itself; (v)
Bursts of RI are cyclically emitted from the ramp with a period equal to that
of the SR instead of a reflection at constant rate, similar bursts of reflected
electrons emitted along the static magnetic field have been also evidenced [59]
for quasi-perpendicular shock. One key feature is that the cyclic SR process
reveals to be quite robust since observed in both PIC and hybrid simulations
[60, 1] and references therein; it is basically a one-dimensional process but
persists quite well in 2D and 3D simulations.

(b) Non-Linear Whistler Waves emitted by the shock front (so called "NLWW?”
process) These waves do have the following features: (i) They are observed at
least in 2D codes (i.e. are absent in 1D) and in both PIC and hybrid simulations
which confirms their robustness; (ii) They do have a very large amplitude
comparable to that at the ramp (AB/B = .1); (iii) They propagate at an
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angle oblique to both the normal to the shock front and the static upstream
magnetic field; (iv) Their wavelength along the shock front covers one or a few
ion inertia lengths; (v) One key point is that no SR process is observed as these
waves are emitted and inversely. This is explained by a loss of coherence of RI
during their gyromotion as they interact with NLWW. This switches off the SR
process; (vi) These waves have been observed originally in 2D simulations for a
strictly perpendicular shock and as the magnetostatic field is lying within the
simulation plane along the shock front. This configuration allows any waves
to propagate between 0° and 90° to the magnetic field in the 2D plane [62].
This is in contrast with the other 2D perpendicular shock configuration where
the static B field is perpendicular to the simulation plane; in this case, no
NLWW are observed and the SR process is retrieved [61} [63]. At present, the
mechanism responsible for the NLWW emission has not been clearly identified.
The signature of this 2D non-stationarity (fluctuating large amplitude waves at
the front) differs from that due to the cyclic SR process. So, this difference in
the shock front dynamics observed for two different orientations of the magnetic
field raises up the following questions: which process is dominant ? and in
which configuration? A tentative answer has been given [64] by performing 3D
PIC simulations with realistic mass ratio and have shown that both processes
can coexist but the SR process seems to be dominant. Indeed, the amplitude of
NLWW appears to be smaller in 3D than in 2D simulations and consequently,
the diffusion of RI by the waves is weaker.

(ii) Non-stationarity group II: The second category of non-stationary processes is based
on micro-instabilities triggered within the shock front and are of prime interest

for the case of astrophysical shocks treated at length in this review. A large
amount of instabilities excited in collisionless shocks have been already identified
and may be found in some previous reviews [65, [66]. Their mere nomenclature
can be a source of confusion. For clarifying, they have been classified both in
terms of their source mechanisms (see next), and in terms of the population
involved, electrons or ions (see table , and the medium magnetization. When
necessary, and even if the section is devoted to NR shocks, we will precise the
NR and relativistic (R) shock type to these mainly apply, hence the discussion
can also be transposed to the relativistic case. In short, four classes of micro-
instabilities can be distinguished: (a) the "unmagnetized flow instabilities” (UFI)
mainly analyzed for relativistic shocks; three other ones mainly analyzed for NR
shocks: (b) the "cross-field current instabilities” (CFCI) and the "field-aligned
current instabilities” (FACI) which are responsible for micro-turbulence as detailed
later on, (c) those based on ”temperature anisotropy” (TAI) which builds up at
the front/in the downstream region, and (d) those due to the formation of ”out of
equilibrium” distribution functions (both for electrons and ions) which form after
upstream ions and electrons have interacted with the shock front (as f.i. the ring in
the velocity space associated with RI, or electrons loss cone distribution). All these
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micro-instabilities are responsible for the turbulence which develops at the shock
front and in the downstream region in electron, hybrid and ion ranges. Herein, we
will focus mainly on the candidates of the above subgroups (a), (b) and (c):

(a) Unmagnetized flow instabilities or UFIIn the absence of a static magnetic field,
the main source of anisotropy is defined with respect to the flow direction. In
the context of astrophysical shocks, a special attention has been devoted to
the Weibel instability which simply occurs when the electronic distribution
function is anisotropic in temperature. Weibel first uncovered that transverse
waves with wave numbers k normal to the high temperature direction can grow
exponentially [67]. Kalman and co-workers proved later that while unstable
waves grow for many orientations of k, the Weibel modes are the fastest grow-
ing one [68]. Then, Davidson and co-workers assessed the non-linear regime
[69]. Still within the range of unmagnetized, electronic instabilities, streaming
instabilities have received an enormous amount of attention over the last 60
years. A typical setup consists in two counter-streaming electron beams ini-
tially compensating each other’s current. As early as in 1949, Bohm & Gross
found that density perturbations along the flow can lead to exponentially grow-
ing waves in such systems [70]. This is the famous two-stream instability,
where electrostatic waves with k parallel to the flow grow exponentially. A
few years later, Fried found perturbations with a k normal to the flow could
result in exponentially growing transverse waves [71]. These modes are now la-
beled filamentation modes. Finally, some oblique modes, with a k oriented
obliquely to the flow, were also recognized as potentially unstable [72]. A global
picture of the temperature dependent full unstable spectrum has emerged in
recent years, evidencing the parameter domains where two-stream, oblique and
filamentation instabilities govern the system [73] [74]. The filamentation insta-
bility is frequently called ”Weibel” in the literature, partly because they share
some properties [} All these unmagnetized instabilities have been discussed,
among others, in the GRB context [75, [76] or in connection with primordial
magnetic field generation [77].

(b) Cross field current instabilities or CFCI, and field aligned current instabilities
or FACI concern magnetized plasmas and has been analyzed in the context of
NR shocks.
b1) For the first family two types of CFCI are commonly defined according
to the currents direction: (i) When the relative drift is along the shock front
(mainly at the ramp) and can trigger some instabilities (belonging to the fam-
ily of lower hybrid drift instabilities or LHDI), responsible for small scale front
rippling [55]. Indeed, let us remind that the ramp at the front (where the field
gradient is the strongest) is supported by a strong cross-field current carried

9 A detailed discussion of this puzzling point has been made in [74].
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mainly by electrons. Moreover, note that other works have been dedicated
on the front rippling both numerically [78] and experimentally with CLUS-
TER mission data [79]; (ii) When the relative drift establishes along the shock
normal between three populations present within the foot region: the inci-
dent ions (II), the RI and the incident electrons (IE). The label” given to
the instability varies according to the plasma parameters regime such as the
strength of the relative drift (related to the Mach number regime M, of the
shock front) and to the angle of the shock propagation. At present, works have
been focussed on the electron cyclotron drift instability (ECDI) defined
for perpendicular shock, the modified two stream instability (MTSI) de-
fined for oblique (quasi-perpendicular) shocks. The MTSI is the two-stream
instability with a magnetic field in the direction nearly normal to the flow [80]
(a flow aligned field leaves it unchanged). It is important to note that some
instabilities which are basically electrostatic in linear regime may become elec-
tromagnetic in non-linear regime as shown recently for the ECDI [81]. To our
knowledge and within the context of R shocks, a nomenclature has not been
systematically implemented, except for two cases: The Harris instability is
a kind (only a kind) of filamentation instability with a magnetic field normal
to the flow [82]. In contrast with the ECDI and MTSI defined for moderate
drift, the Buneman instability (defined for perpendicular shock) triggers for
relatively high drift. Discovered on theoretical ground by [83], it amounts to a
treatment of the two-stream instability including electrons/ions.

b2) The second family (FACI) has been mainly analyzed for oblique configu-
rations where reflected particles (both ions and electrons) get enough energy
during their reflection and are back-streaming along the ambient magnetic field
into the incoming plasma flow. The resulting FACI are commonly invoked in
foreshock region which is located upstream of the curved shock front and where
two populations (incoming and back-streaming) co-exist. Both electron and
ion foreshocks have been identified in 2D PIC simulations [84) [85] (and refer-
ences therein), and have been clearly evidenced in experimental space missions
[86L, [87]. The external edge of the electron foreshock is defined by the upstream
magnetic field line tangent to the curved shock.

Temperature anisotropy instabilities (or TAI) TAI studies have been focused
on ion population. The instabilities on ionic time scales, common in literature
in connection with solar wind physics for example [88] [89], mainly concern
the cyclotron, mirror, and firehose instabilities. They all have to do with
an anisotropic ionic component embedded in a background magnetic field By.
Denoting R =T, /T (L and || with respect to Bg) and 3 = nkgT)/(Bj/8n),
the firehose instability can be triggered for R < 1 and g > 1. For R > 1,
the mirror and cyclotron instabilities can grow and are responsible for the
large scale front rippling [00]. Still related to ion time scales, the Bell
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Instability Conditions  Stream k By
Unmagnetized, electronic

Weibel T,>T, k|y
T'wo-stream = —
Filamentation = T
Oblique = Va
Magnetized, electronic

Harris = T —
Modified two-stream = — T
Electron cyclotron drift = — T
Magnetized, ionic

Bell = - =
Cyclotron R>1 - =
Mirror R>1 T —
Firehose R<1& B >1 - =

Table 1. Instabilities mentioned in §3| with, when relevant, the conditions for their
existence, the direction of the streaming motion, the orientation of the wave vector
and of the static magnetic field. For magnetized ionic instabilities, R = T /T and
B = nkpT|/(B§/8n), where L and || refer to the magnetic field direction.

instability [21] has been frequently evoked in connection with magnetic field
amplification in SNR shocks. When considering a proton beam propagating
along a guiding magnetic field into a background plasma, the so-called Bell
modes are potentially unstable circularly polarized waves (see .

What is the impact of Group II instabilities on the non-stationary behavior of the
shock front identified in Group I, i.e. when no instability is involved ? Do these
reinforce or inhibit the Group I non-stationary processes ? In summary, the ECDI
leads to some ion scattering which remains too weak to have noticeable impact on
the SR process which persists quite well [91]. However, the MTSI which has a linear
growth rate lower than that of the ECDI, plays a major role in the sense that an
important ion scattering takes place, and a pressure gradient builds up locally at
the edge of the diffusion region (within the foot). Then, a local new ramp starts
reflecting a new set of incoming ions and initiates a new cyclic self reformation
[58]. In this case, the MTSI (rather than the accumulation of RI) is driving the SR
process which takes place within a shorter time period.

3.1.3. Particle acceleration mechanisms and energization Diffusive shock acceleration
(DSA) [2, 13, B34 [1], 4, 92] 93], 4] is a commonly accepted process for particle acceleration
in quasi-parallel shocks, it will be discussed at length in this review. However, this
process turns out not to work efficiently at low energies for (non-relativistic) quasi-
perpendicular shocks, where the RI return to the shocks almost immediately due to their
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gyromotion in the upstream magnetic field. Therefore, shock drift acceleration (SDA)
[95], 196, 351 97, B0, [36], 37] and shock surfing acceleration (SSA) [38, [39} 40, 4T}, 08, Q9] are
considered to play important roles in ion acceleration or in pre-acceleration at quasi-
perpendicular shocks. In the latter process, particles may repeat the process several
times until they have acquired sufficient kinetic energy to overcome the macroscopic
potential barrier at the shock front [40, 4], 98], 100, 99] and become transmitted. Simple
models of shocks have shown that the SSA process is particularly efficient for a very
narrow ramp. All these works have been based on stationary shock front. Recently, the
impact of a non-stationary shock front has been analyzed in details on the efficiency of
SDA and SSA processes; this impact has been extended to hydrogen, heavy ions and to
Maxwellian and pick-up (shell) ion distributions [101] 102} 103], T04]. The SDA process
appears to be largely dominant in most cases. However, these works have been restricted
to an homogeneous shock front. In an improved and simple approach, Decker [105] has
considered the acceleration of ions within a rippled shock front by using a quasi-static
surface corrugation described phenomenologically by a sinusoidal function, and have
found that a few injected ions are trapped by the ripples, undergo many reflections
within the front and are accelerated non-adiabatically. But, this work is based on a
stationary shock front and the front rippling used is not consistent. More recent 2D
test-particles simulations (where fields profiles are issued from self consistent 2D PIC
runs) have analyzed the relative impact of both types of front rippling: one due to the
emission of NLWW (excluding micro-instabilities) and the other due the front-aligned
microinstabilities (CFCI). It clearly appears that both SDA and SSA processes still
persist and compete with each other [I06], but the SDA mechanism appears to be still
dominant in many cases even in the presence of front rippling. The electrons show a quite
different dynamics. For strictly perpendicular shocks, they suffer an almost adiabatic
heating in a first simple approach. In a more refined approach, differences sources of
non-adiabaticity may be mentioned: (i) From the macroscopic fields at the shock front
as the ramp thickness becomes very narrow as during a SR process, in this case, the
electron only describes a very limited number of gyrations within the ramp before being
transmitted downstream [107, [10§]; (ii) From the microinstabilities triggered within the
foot region as the ECDI [91] 8T] where electrons suffer some preheating before reaching
the ramp. Let us note that SSA mechanism which has been mainly proposed for ions
energization has been also invoked as an efficient source of very energetic electrons in
the context of relativistic shocks [109]. For oblique (quasi-perpendicular) non-relativistic
shocks, the electrons suffer different types of energization: (a) From the macroscopic
fields at the shock front namely by specular reflection where electrons suffer a magnetic-
mirror-type reflection by the magnetic field mainly (Fermi type 1) as in [110] and/or
by the parallel component of the electrostatic field [IT1]; (b) From the front rippling
where the electrons can temporarily stay (trapping) [59]; (¢) From the microinstabilities
excited within the foot region such as the MTSI [58].

One can wonder what is the impact of the different sources of shock front non-
stationarity on electron dynamics ? The 1D and 2D PIC simulations of [59] have shown
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that, in absence of microinstabilities along the shock normal, the cyclic SR process
(along the shock normal) leads to the formation of cyclic reflected electron bursts in
time (with a period equal to that of SR), while partial electron trapping takes place
within the front rippling (due to CFCI) which results in the formation of electron packs
in space. As a consequence, these results indicate that the electron reflection is not
continuous in time neither homogeneous in space. However, a full understanding of the
processes requires a 2D PIC simulation in conditions where ECDI / MTSI candidates
are also fully included in order to check whether the electron packs/bursts persist (even
partially) or are totally diffused by the local micro turbulence. Such works are under
active investigation at present.

3.2. Particle acceleration at astrophysical shock waves: observations

As stated above DSA is a very promising mechanism for producing supra-thermal and
relativistic particles in a wide variety of objects ranging from the Earth bow shock
[93, 112, 113, 114] to Mparsec (Mpc) scale size shocks in clusters of galaxies [IT5]. This
mechanism is believed to be efficient (see e.g. [116]) and capable of producing CRs of
energies well above 10'° eV in young SNRs [8], and even higher in active radio-galaxies
such as Centaurus A [I17]. By now SNRs are the most studied sites of DSA with
high Mach number shocks. We will review multi-wavelength observations stating about
supra-thermal particle acceleration in SNRs in the following sections.

3.2.1.  Radio observations of young supernova remnants This is a long time since
SNRs are known as energetic particles sources and radio emitters [I18]. Radiation
is produced in the MHz-GHz frequency band by synchrotron emission of non-thermal
relativistic electrons with energies E ~ 15 GeV((rv/GHz)/(B/1uG))Y2, where B is
the local mean magnetic field measured in micro Gauss units. Radio observations
provide informations about remnants morphology, about magnetic field strength and
orientation and about particle acceleration processes [119, 120]. Morphological studies
are important to probe the explosion mechanism and the ambient medium, but also
using self-similar hydrodynamical models (e.g. [12I]) and X-ray observations, the
position of the contact discontinuity with respect to the forward shock [122]. The more
compressible the fluid is, the closer the contact discontinuity and the forward shock are
and the most efficient particle acceleration is. Efficient DSA where a substantial fraction,
say more than 10%, of the shock ram pressure is converted into CRs is most likely
accompanied by the formation of strong magnetic turbulence in the shock vicinity. The
first signatures of relativistic electron acceleration and magnetic field amplification were
obtained from observations of synchrotron radio emission of SNRs (see for a review[123]).
Analyzing radio observations of Tycho’s supernova remnant [124] revealed the presence
of a collisionless shock wave undergoing turbulent magnetic field amplification by a
factor of about 20. The authors pointed out that the amplification resembled some
phenomena in heliospheric collisionless shocks. A few years later, a lower limit of about
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80 pG (indicating again magnetic field amplification by a factor of 20 or higher) in
the radio emitting shell of the supernova remnant Cassiopeia A was derived by [125].
To obtain this estimate the authors compared the observed upper limit of the gamma-
ray flux to the expected bremsstrahlung gamma-ray flux derived from the detected
synchrotron radio emission of GeV regime electrons. [125] speculated that this field
strength must arise from magnetohydrodynamic instabilities in the expanding shell. In
parallel, polarization studies provide information on the degree of order in the magnetic
field as well as its global orientation. From the analysis of the early radio observations
the non-adiabatic magnetic field amplification was expected in the shells of young SNRs,
while the existing data of the extended old SNRs were consistent with just adiabatic
compression of the interstellar magnetic field by the forward shock of supernova shell
[126]. The magnetic field polarization and orientation in young supernova remnants
can be reproduced by invoking the development of a Rayleigh-Taylor instability at
the interface between ejecta and shocked interstellar material [127]. Closer to the
forward shock the Rayleigh-Taylor instability is unable to reproduce the magnetic field
orientation unless, again, the contact discontinuity is closer to the forward shock [128].
But it is not clear wether another instability is able to produce this radio component
[129].

Spectral studies show a mean radio spectral index of a = 0.5 consistent with
standard DSA theory (see section , although the indices are significantly dispersed
around this value with a dispersion A« ~ 0.2. The dispersion is possibly associated with
either confusion by free-free emission (producing harder spectra) or non-linear particle
acceleration (producing softer spectra). But a case by case explanation of the radio
spectrum remains challenging. DSA relies on the ability for particles to get scattered
by magnetic fluctuations. The upper limits on the scattering mean free paths of radio
emitting electrons in front of supernova remnant shock waves have been established by
[130] using high-resolution radio observations of four Galactic SNRs. The authors found
that, for the sharpest synchrotron radio rims, the mean free path is typically less than
one percent of the one derived for CRs of similar rigidity in the interstellar medium.
The result suggested the presence of enhanced hydromagnetic wave intensity most likely
generated by DSA.

We finally mention the particular cases of very young SNRs (younger than 100
years old) [I31]. These objects are interesting as they can be monitored over time and
hence provide information about the shock dynamics and the circum-interstellar medium
properties. In some objects, the radio spectrum shows signatures of synchrotron-self
absorption. The reconstruction of the turnover frequency (between the optically thin
and the optically thick part of the spectrum) gives a direct estimate of the magnetic field
strength. One of the most studied object SN 1993J [F] where magnetic fields of the order
of 200 Gauss after the blow out have been inferred from radio emission modeling [132].
These high values are likely quite in excess with respect to the equipartition magnetic

T SN 1993J is a type IIb SN which blown off in M81. The early evolution showed a very fast shock
with a velocity vey ~ 0.1c propagating in a dense red supergiant stellar wind.
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field in the wind and point towards a strong amplification process possibly connected
with proton and ions acceleration (see §3.3)).

3.2.2. Optical lines as a diagnostic tool for particle acceleration The shocks of several
young SNRs are often associated with very thin optical filaments dominated by Balmer
emission. An important aspect of optical emission is the possibility of using the line
shape and its spatial profile to check the efficiency of SNR shocks in accelerating CRs.

The first detection of bright Ha filaments around the remnants of Kepler, Tycho and
the Cygnus Loop was reported by [133]. A peculiarity of this emission is the weakness
of forbidden metal lines which implies an high temperature of the emitting region so
that radiative cooling and recombination are unimportant. The interpretation of such
optical emission remained a mystery up to the seminal works of [134], [135] who proposed
that it can be produced by shocks propagating through a partially neutral gas. Their
model was able to explain the intensity, spectrum and width of the filaments observed
in Tycho’s SNR, including the weakness of the forbidden metal lines. A peculiarity of
Balmer dominated shocks, firstly reported by [135] for the Tycho’s SNR, is that the Ha
line is formed by two distinct components, a narrow line with a FWHM of few tens
km/s and a broad line with a FWHM of the order of the shock speed. Similar optical
profiles are now observed from a bunch of young SNRs both in the Galaxy and in the
Large Magellanic Cloud (for a review see [136]).

SNR shocks are collisionless and when they propagate in partially ionized medium,
only ions are heated up and slowed down, while neutral atoms are unaffected to first
approximation. However, when a velocity difference is established between ions and
neutrals in the downstream of the shock, the processes of charge exchange (CE) and
ionization are activated and explains the existence of two distinct lines: a narrow line
emitted by direct excitation of neutral hydrogen after entering the shock front and a
broad line that results from the excitation of hot hydrogen population produced by CE
of cold hydrogen with hot shocked protons. As a consequence, optical lines are a direct
probe of the conditions at the shock, in particular the width of the narrow and broad
components reflect the temperature upstream and downstream of the shock, respectively.
From the theoretical point of view, the main difficulty in describing the structure of a
collisionless shock propagating in a partially ionized medium is that neutrals have no
time to reach thermalization and cannot be treated as a fluid. Steps forward in relaxing
the fluid assumption have been made by [I137] and [138], even if these works neglect the
modification induced by neutrals upstream of the shock.

The first clue that Balmer emission could provide evidence for the presence of
accelerated particles was put forward as a possible way to explain the anomalous
width of narrow Balmer lines reported for the first time by [139] and [140]: FWHM
ranging from 30 to 50 km/s was detected in four SNRs in the LMC and for the
Cygnus Loop, implying a pre-shock temperature around 25,000-50,000 K. If this were
the ISM equilibrium temperature there would be no atomic hydrogen, implying that
the pre-shock hydrogen is heated by some form of shock precursor in a region that is
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sufficiently thin so that collisional ionization equilibrium cannot be established before the
shock. Several explanations for this anomaly were proposed but only two of them were
considered realistic: 1) the neutral-induced precursor and 2) the CR-induced precursor.

Neutral-induced precursor: When fast, cold neutrals undergo CE interactions with
the slower hot ions downstream of the shock, some fraction of the resulting hot neutrals
can cross the shock and move upstream. The relative velocity between these hot
neutrals and the upstream ions triggers the onset of CE and ionization interactions
that lead to the heating and slowing down of the ionized component of the upstream
fluid. The system then tends to develop a neutral-induced shock precursor, in which the
fluid velocity gradually decreases, and even more important, the temperature of ions
increases as a result of the energy and momentum deposition of returning neutrals. A
first attempt to investigate the broadening of the narrow line component induced by
the neutral precursor was made by [I41], using a simplified Boltzmann equation for
neutrals, but their calculation does not show any appreciable change of the narrow line
width. This conclusion was confirmed by [142][143], using a fully kinetic approach able to
describe the interaction between neutrals and ions in a more accurate way. The physical
reason is that the ionization length-scale of returning hot neutrals in the upstream is
always smaller than the CE length-scale of incoming cold neutrals. Interestingly enough,
[T43] showed that the neutral precursor could produce a different signature, namely the
presence of a third intermediate Balmer line due to hydrogen atoms that undergone
charge exchange with warm protons in the neutral precursor.

CR-induced precursor: The anomalous width of narrow lines can be related to effi-
cient particle acceleration where the ionized plasma is heated before crossing the shock.
If the precursor is large enough, CE can occur upstream leading to a broader narrow
Balmer line. The first attempt to model this scenario was done by [144] using a two-fluid
approach to treat ions and CRs but neglecting the dynamical role of neutrals. A dif-
ferent model was proposed by [145] where momentum and energy transfer between ions
and neutrals is included, but the profile of the CR-precursor is assumed a-priori . Both
works concluded that the observed width of 30-50 km s™! can be explained using a low
CR acceleration efficiency. A more reliable interpretation of Balmer line profile requires
an accurate description of the CR acceleration process where the mutual interplay be-
tween CRs, neutrals, ionized plasma and magnetic turbulence is simultaneously taken
into account. Such an approach has been developed by [146] using a semi-analytical
technique. This work showed that the main physical effect able to broaden the narrow
line is the damping of magnetic turbulence in the CR precursor while the adiabatic
compression alone is ineffective. Hence the observed widths are compatible also with
large acceleration efficiency provided the right level of magnetic damping.

An efficient CR acceleration can also affect the width of broad lines. In fact, when a
sizable fraction of the ram pressure is channeled into non-thermal particles, the plasma
temperature behind the shock is expected to be lower, and this should reflect in a
narrower width of the broad Ha line. Remarkably, there are clues of this phenomenon
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in two different remnants, RCW86 [147, 148], and SNR 0509-67.5 in the LMC [149] [150].
In both cases the measured FWHM of the broad lines is compatible with theoretical
predictions only assuming fast electron-proton equilibration downstream of the shock,
a conclusion which seems to be at odds with both theoretical models and observations
[151]. In the left panel of Fig. [2[is compared the FWHM measured from these two
remnants with those taken in the northwest rim of SN 1006 [I52], a region which
does not show any signature of efficient CR acceleration and has a Balmer emission
fully compatible with theoretical expectation assuming a low level of electron-proton
equilibration.

Finally, we mention that the presence of efficient CR acceleration could result in
a third signature, namely the presence of Balmer emission ahead of the shock. This
was claimed for the first time by [153], where the authors measured a gradual increase
of Ha intensity just ahead of the shock front, in the so called knot g of the Tycho’s
SNR. This has been interpreted as emission from the thin shock precursor (~ 1” which
imply a thickness of ~ 3 x 10'® c¢m for a distance of 3 kpc) likely due to CRs, which, if
confirmed, would represent the first direct proof of the existence of a CR precursor. On
the other hand Balmer emission from the upstream can be also produced by the neutral-
induced precursor, as showed in [I43], and, in order to distinguish between these two
possibilities, a careful modeling of the shock is required, able to handle the complex
interaction between the CR and the neutral induced precursor. At the moment the
most promising technique seems to be the kinetic theory developed in [146].

3.2.3. X-ray structures in young supernova remnants X-ray observations can also be
used to study DSA. [154] suggested that the featureless power-law X-ray spectrum of
the SN 1006 remnant is the extension of the synchrotron radio emission. Observations
of SN 1006 with ASCA satellite by [155] indicated that emission from the edges of
the remnant shell is dominated by the synchrotron radiation from 100 TeV electrons
accelerated by supernova shock. The Inverse Compton (IC) radiation of the TeV regime
electrons is likely responsible for the TeV photons detected from SN 1006 with H.E.S.S.
Tcherenkov telescope (see e.g.[I56] and section [3.2.4). The X-ray imaging of SNRs
with the superb spatial resolution of Chandra telescope have revealed the synchrotron
emission structures in Cassiopeia A, Tycho’s SNR, Kepler’s SNR, SN1006, G347.3-0.5
(RX J1713.72-3946), and other SNRs [157, [158, 10, 119, 1), @, 159]. The morphology
of the extended, non-thermal, thin filaments observed at the SNR edges, and their X-
ray brightness profiles, strongly support the interpretation that > 10 TeV electrons
are accelerated at the forward shock of the expanding supernova shell and produce
synchrotron radiation in an amplified magnetic field. We illustrate in the left panel of
Figl3| the filaments in Tycho’s SNR X-ray image made with high resolution Chandra
telescope in 4-6 keV regime. There are no strong K-shell lines of astrophysical abundant
elements in 4-6 keV band, therefore the X-ray emission is mostly continuum and in
Tycho’s SNR it is likely dominated by the synchrotron emission of TeV regime electrons
(and possibly positrons). X-ray filaments associated with the forward shock are clearly
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Figure 2. Measured FWHM of the broad Balmer line as a function of the shock
speed for three different remnant: RCW 86 (three different locations, one in the
northeast (open circle) and two location in the southeast (filled square), data from
[147]); northwest rim of SN 1006 [152]; southwest rim of SNR 0509-67.5 (the FWHM
is taken from [I49] while the uncertainty on Vg, is taken from the theoretical model
in [I50]). Lines show the theoretical prediction without CR acceleration for different
values of electron to proton temperature ratio in the downstream medium [146].

seen at the edge of the image. [160] [161] studied the brightness profiles of Tycho’s SNR
both in radio and X-rays to distinguish between two possible models of the apparent
synchrotron filaments. Both models assumed TeV regime electron acceleration and
magnetic field amplification at the forward shock. However, in the first model magnetic
field profile in the post-shock region was assumed to be flat and therefore the sharp
X-ray profile was supposed to be due to the synchrotron losses of radiating electrons
synchrotron losses limited rim in the right panel of Fig. [l The alternative model
assumed magnetically limited rim due to possibly strong damping of the amplified
magnetic field in the post-shock flow as it was proposed by [162] and illustrated in the
left panel in Fig. [ The observed radio profile is not consistent with the assumption
on the fast decay of the amplified magnetic field. However, [I60] concluded that while
the two models they used describe the X-ray data fairly well, they both fail to explain
quantitatively the observed radio profile. Assuming that the observed thickness of the
X-ray rims in young SNRs are limited by the synchrotron losses of the highest energy
electrons in uniform and isotropic turbulence [163] [164] [165] derived constraints on the
CR diffusion and acceleration parameters in these SNRs. Namely, [165] concluded that
the magnetic field in the shock downstream must be amplified up to values between 250
and 500 pG in the case of Cassioppeia A (CasA), Kepler, and Tycho, and to about 100
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Figure 3. Left: Chandra X-ray image of Tycho’s SNR in 4-6 keV photon energy
regime. Right: Zoomed X-ray stripes in 4-6 keV Chandra image of Tycho’s SNR
discovered by [11].

1G in the case of SN 1006 and G347.3-0.5.

The angular resolution of Chandra telescope is about 1” corresponding to a spatial
scale of about 7 x 10'® em for an SNR at 1 kpc distance. The resolution scale roughly
corresponds to the gyroradii of a CR proton of energy 2 x B, TeV. Since the typical
amplified magnetic fields in young SNRs was estimated to be above 50 uG see e.g.[165]
the resolution scale corresponds to about 100 TeV CR proton gyroradii. The energy
containing scale of simulated spectra of CR-driven turbulence in the case of efficient CR
acceleration is comparable with or larger than the gyroradius of the maximal energy
proton [166, 167, [129] [19] [I8 [168]. This imply a possibility to study synchrotron
structures associated with turbulent magnetic fields amplified by CR driven instabilities.

Apart from the extended filaments other types of X-ray synchrotron structures were
discovered with Chandra telescope. Amazing structures consisting of ordered sets of
bright, non-thermal stripes with the apparent distance between the stripes about 8"
were discovered by [II] in Tycho’s SNR with a deep Chandra exposure (see the right
panel in Figure|3)). [11] pointed out that if one associates the apparent distance between
the strips with two times of the proton gyroradius then the maximal CR proton energy
should be about 10%-10% TeV for the distance to Tycho’s SNR estimated as about 4 kpc.
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Figure 4. The X-ray and radio profiles in the postshock flow in Tycho’s SNR from
[160]. The red solid lines show the X-ray profiles convolved with a model of the Chandra
PSF. The radio VLA data (marked with O, in blue) and X-ray Chandra data points
(marked with®) show the profiles of the Western rim (see Fig. [3|left). The line-of sight
projections of synchrotron brightness modeled by [160] are shown with blue dotted lines
in radio (1.4 GHz) and with black solid lines for X-rays (1 keV). The radio and X-ray
profiles were multiplied by 10'7 and 1022, respectively.

Interpretation of these structures presents a formidable challenge for current models

of X-ray synchrotron images of young SNRs because of its non-trivial quasi-regular

structure. An explanation connected with cosmic-ray generated magnetic turbulence at
the SNR blast wave is addressed in

Small scale variable X-ray structures which are likely of synchrotron origin were
discovered with Chandra telescope in the shells of SNR G347.3-0.5 (RXJ1713.72-3946)
[10] and CasA [169]. Namely, [I0] reported a year timescale variability of a few X-ray
brightness enhancements in the shell of SNR G347.3-0.5. The authors attributed this
X-ray variability to synchrotron radiation losses and, therefore, suggested the ongoing
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shock-acceleration of electrons in real time. They concluded that the magnetic field in
the shell of G347.3-0.5 would need to be about mG (i.e. to be amplified by a factor of
more than 100) to provide the very rapid radiation losses of the emitting electrons.
However, the multi-wavelength data analysis by [I70] concluded that the mG-scale
magnetic fields estimated by [I0] cannot fill in the whole non-thermal SNR shell, and
if small regions of enhanced magnetic field do exist in SNR G347.3-0.5, it is likely that
they are embedded in a much weaker extended field. An alternative interpretation to
the observed fast variability of the X-ray clumps in SNR (347.3-0.5 attributed the effect
to quasi-steady distribution of X-ray emitting electrons radiating in turbulent magnetic
field was proposed by [I71]. The model allowed modest magnetic field amplification.
The lifetime of X-ray clumps can be short enough to be consistent with that observed
even in the case of a steady particle distribution.

3.2.4.  Gamma-rays: hadronic or leptonic scenarii Gamma-ray radiation can be
produced in three different ways in SNR shocks. Electrons (leptons) can produce IC
radiation scattering off photons from the cosmic microwave or infra-red backgrounds.
They can also produce Bremsstrahlung photons if the medium is dense enough (this may
be the case for SNR shocks in interaction with molecular clouds). Protons (hadrons)
can radiate gamma-rays through neutral pion production induced in p-p interaction.
Gamma-rays are interesting because they probe the highest particle energies and in
case of pion production as they probe the hadrons accelerated at SNR shocks.

We first consider the case of shell-like SNR. At the time of this review, there are seven
historical SNR detected at TeV energies by the current Tcherenkov telescopes CasA, SN
1006, Tycho, RCW86, HESS 1731-347, RX J1713-3946.5, Vela Jr, G0.940.1) whereas
no TeV gamma-rays have been detected from Kepler SNR yet. Among them only four
(CasA, Tycho, RX J1713-3946.5, Vela Jr) have been detected at GeV energies by the
Fermi telescope (see e.g. [I72] for a review of combined GeV and TeV observations).
Often the gamma-ray spectrum appears to be soft with differential energy indices larger
than 2 (CasA, Tycho) as may be expected from DSA in the test-particle limit. Objects
like RXJ 1713-3946.5 and Vela Junior on contrary do show a spectrum harder than 2 in
the Fermi domain that is usually difficult to reconcile with pure one-zone (see however
[173]) hadronic scenarios even considering non-linear back-reaction effects (see [172]).
The maximum gamma-ray energy is often limited to the TeV range which in the hadronic
scenario corresponds to highest CR energies in the range 10-100 TeV, still under the
CR knee. These points are among the issues that question SNR as being the origin of
galactic CRs (see . Due to the modest angular resolution of the instruments the
origin of the gamma-ray radiation can not firmly be associated with the forward shock
only, some contribution from the reverse shock is possible especially in CasA [174].
Gamma-ray filaments have been proposed to help in discriminating the dominant
accelerated population and to probe the magnetic field structure. A first work by
[175] did considered leptonic acceleration only but obtained X-ray and gamma-ray
filaments produced by different particle populations in Kepler and RX J 1713-3946.5
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SNRs. It appears especially that gamma-ray filaments can have an important component
produced by electrons scattering soft photons upstream the shock. Another work by
[176] did propose synthetic gamma-ray profiles of Vela Junior SNR filaments produced
by electrons or hadrons in a leptonic or hadronic scenario respectively. The authors
have shown that electron or hadron induced gamma-ray filaments do not strongly differ
as hadron are less sensitive to radiative losses whereas electrons suffer from less losses in
a leptonic scenario due to lower magnetic field values. In each cases, it appears difficult
to resolve the gamma-ray filaments by the on-going gamma-ray instruments. However,
improved angular resolution of the next generation gamma-ray Tcherenkov instrument
C.T.A. (Cerenkov Telescope Array) EI may resolve the gamma-ray filaments of large
SNR like Vela Junior or RX J 1713-3646.5 [177].

Most of the gamma-ray SNR sources detected by the Ferm: telescope are associated
with a system of a shock in interaction with molecular clouds (see [I78]). The spectra
of these objects do show a convex vF, spectrum with a spectral break in the GeV
domain. The origin of the emission is very likely hadronic as a leptonic scenario would
require unrealistic low densities and magnetic fields and would not fit radio data in a
satisfactory way. The origin of gamma emission and the GeV break is still debated. Two
scenarios tend to emerge actually: the gamma-ray may be produced by CR escaping
from the SNR shock and interacting with the cloud material [I79] or may result from a
pre-existing population of CR compressed by the SNR shock [I80].

3.3. Theory: Magnetic field amplification by Cosmic Ray-driven instabilities

Fast and efficient particle acceleration by Fermi mechanism at astrophysical shocks as-
sumes that particles are multiply scattered by magnetic fluctuations in the shock vicinity
(see §l|for references). The amplitude of the magnetic turbulence is substantially higher
than the ambient field fluctuations forcing a bootstrap scenario where the accelerated
particles amplified the turbulence required for their acceleration [93, 17, 114]. We dis-
cuss also combined CR - fluid mechanisms of magnetic field amplification in the shock
vicinity. These include a dynamo like process [I81] or a modulation instability of CR
excited Alfvén waves scattering off ambient density perturbations [I82] as well as pure
fluid MFA models [183] [184]. The two next sections provide a detailed analysis of the
CR induced streaming instabilities in the conditions that prevail in the shocks of SNR.
We first detail the streaming instabilities and then provide a more general framework
of instability analysis. The numerical studies of CR induced streaming instabilities are

addressed in

3.8.1.  Streaming instabilities The streaming instabilities are known for decades
to generate Alfvén waves which interact resonantly with energetic particles in the
interstellar plasma (see for a review [I85] and references therein). The galactic CR

* see https://portal.cta-observatory.org/
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propagation models rely on the resonant interaction of CRs with Alfven waves [186), [187].
Numerical models demonstrated that strong self-excited turbulence may reduce the CR
diffusion coefficient close to the Bohm limit [f] with important implications for cosmic-ray
transport [I88] 189, 190]. In recent years the CR streaming instability at shocks has
been the subject of a number of theoretical developments. The resonant CR streaming
instability is a kinetic instability which involves the production of modes in resonance
with particle gyromotion at wavenumbers £ such that kR, > 1. This instability was
shown to be able to amplify the magnetic field fluctuations above the mean field level
in the vicinity of a strong shock accelerating CRs by first order Fermi mechanism
[7, 93| 114]. The CR pressure gradient in the shock upstream can induce magnetic
turbulence upstream of the supernova blast wave [191], 22] [192].

[21] showed that the presence of a strong CR current (that is expected in DSA scenario)
should result in a non-resonant instability amplifying fluctuations of scales shorter than
CR particle gyroradius (see for the properties of the modes). We describe here
this non-resonant CR-current driven instability in more details.

In the simplest theory of DSA, where supra-thermal particles satisfy the standard
advection-diffusion equation, the isotropic steady-state particle distribution as measured
in the upstream plasma rest frame, is:

folz,p) = %ﬁg’p) = fo(0,p) exp (— / %dx) 7 (1)

where nggr is the number density of CRs and x is the distance from the shock front.
The quantities u and x represents the upstream fluid velocity and CR spatial diffusion
coefficients respectively [5]. The net CR current in the upstream (background) plasma
is therefore

ji= e/vfo(x, p) <1 + 358 o 0) d®p ~ encrugX , (2)
c

where 6 is the pitch-angle of a CR particle, we will note hereafter u = cos#.
The discussion focuses on the parallel shock configuration where the shock velocity and
the background magnetic field are oriented along the & axis. [193] generalized these
calculations to other shock configurations. It is this current that ultimately does the
work on the ambient plasma. In any numerical investigation of CR acceleration or
magnetic field amplification, how this current is calculated or determined is central to
the problem (see . With regard to the acceleration of relativistic protons, the time-
scales of interest are of the order of the proton Larmor period R,/c ~ 100vB,gs. (Here v
is the Lorentz factor of the proton, and B, the magnetic field measured in microGauss.)
Clearly, the relevant times are orders of magnitude larger than those associated with the
kinetic timescales of the background thermal plasma, suggesting that a fluid treatment
is sufficient for the study of particle acceleration in non-relativistic plasmas, ie. the
background plasma can be shown to satisfy the momentum equation

pacli_? VP, + jnx B

f equal to 1/3 Rgyv.

+e(n, —n.)E
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where it is safe to assume E = —u/c x B. Using Ampere’s Law
. c .
Jth = —V xB — Jor
47

this becomes
du 1 Jjao x B
pa + VP, + EB X (VxB)= —neeE — . ) (3)

One approximation that is frequently used at this point is to take a fluid approximation

for the cosmic-ray momentum conservation. Neglecting the inertia of this fluid, it follows
that

neeE + = VP, (4)
c
which on substituting into equation gives
du 1
— P P — =0.
P+ V(Py +Po) + B x (V X B) =0 (5)

This is the typical starting point for non-linear diffusive shock acceleration models
[7, 194]. This approximation is useful for studying effects on large length-scales ¢ ~
f/ldf /dz|, such as dynamics and feedback of magnetized CRs in the precursor. However,
if strong non-linear magnetic field amplification is occurring, this approximation is no
longer ideal, and Eq. is the preferable approach and was adopted in [21]. Eq. can
be tested against linear perturbations o exp (ikz — iwt). The dispersion relation in the
MHD limit reads:

k
w? — kv & g— =0, (6)

for particles of gyro-radius r, in the background magnetic field. The different signs
correspond to the case of purely growing or decaying modes. The parameter £ is
connected to the maximum CR momenta p,,,, and the energy imparted into CR Ugg
through

gz 1/ ln(pmax/mc) X (UCR/pu,Ugh) X Bsh .

The maximum growth rate Ve = KmezVao is obtained at a wave number k4,7, =
§/2M7, usually > 1 (small scale perturbations). The instability grows much faster
than the resonant streaming instability as demonstrated in a series of analytical
[21], 193], 167, 195, 196, 197, 198, 19] and numerical studies [17, 129] 199, 200, 20T,
20, 202, 203, 204, 205] (see §3.4). This process of fast amplification of short-scale
modes proposed by [21] can be accompanied with amplification of the long-wavelength
fluctuations that would allow the effective confinement and acceleration of higher energy
particles [198| 203, 18, [168]. The latter are discussed now using the general description
CR induced analysis that follows.

3.8.2. A general linear analysis of CR driven instabilities In efficient DSA, wave-
particle interaction can be strongly nonlinear where CRs modify the plasma flow and
affect the specific mechanisms of magnetic field amplification [206], 200], 207]. The basic
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results of the linear analysis of the CR-driven instabilities were reviewed recently in
[185], [18] 208, 168] and here we exemplify some of the results. We will limit ourself
to a brief review of instabilities due to anisotropic distributions of CRs and discuss
incompressible modes propagating along the mean homogeneous magnetic field By in
the rest frame of the background plasma. The situation is typical for the upstream flow
of a collisionless shock moving with non-relativistic speed By, = ug/c <1, where the
CR distribution is nearly isotropic in the rest frame of the shock. We consider now the
unperturbed anisotropic CR distribution Fg", that is the source of the instability free
energy and can be parameterized with account for two spherical harmonics as [5]

%}f’p) [1 + 3Bt + % (3p* = 1)] : )

The multipole moments of the CR angular distribution are represented by g, <1 (the

cr
FO e

dipole) and x < 1 (the quadrupole). The unperturbed state can be a steady state
of a system with CRs where both the anisotropy and the spectral distribution N(p)
are determined by the energy source and sink as well as the magnetic field geometry.
The unperturbed state can be derived from the kinetic equation with some appropriate
boundary conditions. The most interesting application of the formalism is related to
the diffusive shock acceleration model [93], [1T4], 19] I8, 208]. In this case the normalized
spectrum of the shock accelerated particles at the shock front position can be presented
as:

(o = 3) pi*™®

D a—3
=) )
Pm

where « is the spectral index, pg and p,,q. are the minimal and maximal CR momenta,
respectively. In the test particle DSA model o =4, while in the case of the efficient

» Po S p S Pmaz» (8)

(67

N(p>[

CR acceleration with nonlinear back reaction of the CR pressure on the shock flow the
spectrum shape depart from a simple power law [113], 114], 206].

The linear dispersion relations for CR-driven modes can be obtained by the standard
perturbation analysis of the kinetic equation for CRs. The CR interactions with
the magnetic fluctuations ensemble can be accounted for using the relaxation time
approximation for the CR collision operator (the Coulomb collisions of CRs are almost
negligible) [168]. The relaxation time 7, in the collision operator is parameterized by
dimensionless value a = ceByts/E = 74/711, the ratio of the relaxation time to the
gyration time of the CR, where F is the CR particle energy. The background plasma is
treated using MHD equations. Then assuming the perturbations of the magnetic field
0B, plasma bulk velocity u and the CR distribution F" o exp (ikx — iwt), one can
present the dispersion equation in the form

w2

Va2 kQ

- ]-+q):t(wakak07x07xmuﬁsh7x>7 (9)
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where the 4+ signs correspond to the two possible circular polarizations defined by
4 g

b = b(e, + ie,), with the z-axis along the mean field By, ko = B J§T = encrusn,
C Do

kcpo kepm
= —_— jL‘m — .
GBO ’ €BO

Zo

The growth rate of an unstable mode is determined by the imaginary part of the
mode frequency v(k) = $(w(k)). In the wavenumber range koRy > kR, > 1, we
recover the fast non-resonant instability discovered by [2I] (and detailed above) where

the right hand polarized mode has the growth rate

Yo = Vo kok — k2. (10)
The growth of the right hand polarized mode (left panel in Figure [5)) is much faster than
the left hand mode (the right panel in Figure [5). The preferential growth of the right
hand polarized Bell’s mode may result in helicity production. On the other hand, in
the weak collisions regime a < kRy4y < 1 the left hand polarized dynamo-type mode of
the long-wavelength instability is growing faster than the right hand mode (see Fig. |5)).
This may reduce the gross helicity production. The mode growth rate in this regime
can be approximated by

Vi A A\ JENBV, k. (11)

In the the hydrodynamical (collision dominated) regime with kR, < a both circular
polarizations grow with the same rate given by

malN
Mo ® A5V Eo Ve (12)

where N = § B/ By is the dimensionless saturation level of Bell’s short scale turbulence.

The non-monotonic behavior of the growth rate at the long-wavelength regime in
Fig. |5| is due to the transition from the collisional regime of Bell’s turbulence where
v o< kY2 to the firehose instability where the growth rate scales v o x'/?k. Note that
for the collisionless regime (where a=0) there is a dip between Bell’s and the firehose
branches. The dependence of the firehose growth rate on the collision parameter a is
discussed in [I68]. In Fig. [5|the growth rate of firchose instability is shown for x = 633,.
The contribution of the firehose instability to the long-wavelength fluctuations growth
may be comparable to that of the current-driven if x > S,. The growth rates illustrated
in Fig. |p| are fast enough to highly amplify magnetic fields in a thousand years old SNR
with the forward shock velocity about 3,000 km s~ *.

3.4. Numerical simulations

Numerical simulations play a central role in the development of modern studies of
astrophysical shocks. The rapid growth in computing power over the last decade or more
have made it possible to perform massive, multi-dimensional kinetic simulations of shock
formation, particle acceleration, magnetic field amplification, and other phenomena.
However, in the context of particle acceleration at astrophysical shocks, one is often
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Figure 5. The growth rates of the CR driven modes of two circular polarizations as
function of the wavenumber for the anisotropic CR distribution given by Eqgs. ,
for pmaz/po = 100 and S, = 0.01. The model assumed the moderate DSA efficiency
with the pressure of accelerated CRs to be about 10% of the shock ram pressure. The
right hand polarized mode (the left panel) and the left hand mode (the right panel) are
propagating along the mean magnetic field. The CR-driven modes are derived from
the kinetic model with account for particle scattering by waves (with the collision
parameter a=0.1). The nonresonant instability by [2I] with account for the firehose
instability x = 64%, are shown by solid lines. The dot-dashed line curves illustrate the
growth rates of the long wavelength instability by [198] for the dimensionless r.m.s.
amplitude of Bell’s turbulence N = 1 (the modest case), and the mixing parameter
& = 3 [see for details][168].

dealing with a considerable separation of length, time and energy scales, and choosing
the correct simulation for the problem at hand is important. While a full description of
Maxwell’s equations including particle kinetics (e.g. particle-in-cell simulations or PIC)
is essential to understand the self-consistent formation of shocks and the injection of
particles into the non-thermal acceleration process (see , a fully kinetic treatment
of particles ranging from eV to TeV, or more, is not currently possible. However, the
large separation in energy/length scales between thermal and non-thermal particle can
be taken advantage of. Discarding the kinetic description of the background plasma,
i.e. adopting a fluid treatment, one can focus on the low frequency plasma modes that



The microphysics of collisionless shock waves 33

dominate the high-energy particles’ interaction with the background fields. The high
energy particles are still treated kinetically, this is the so-called MHD-PIC approach (see
. Finally, one can relax the detailed multidimensional description of the problem
to concentrate on the non-linear impact of energetic particles over the conservation laws
of the flow. The kinetic treatment of energetic particles can be modeled either using a
semi-analytical calculation or using Monte-Carlo techniques (see §3.4.3). The two last
techniques allow to discuss the maximum CR energies reached at non-relativistic SNR
shocks versus shock dynamics. This information is essential to understand the way the
whole cosmic-ray spectrum is built up. In this section, we describe the development of
these different numerical techniques and treat various aspects of magnetic instabilities
and particle acceleration occurring at non-relativistic shocks.

3.4.1. Injection at non-relativistic astrophysical shocks: particle-in-cell and hydrid sim-
ulations Particle-In-Cell (PIC) codes can model astrophysical plasmas in the most fun-
damental way. This is, as a collection of charged macro-particles moved by the Lorentz
force. The currents deposited by the macro-particles on the computational grid are then
used to compute the electromagnetic fields via Maxwell’s equations. The loop is closed
self-consistently by extrapolating the fields to the macro-particle locations, where the
Lorentz force is computed (see [209] for a review).

In particular PIC and hybrid simulations are well adapted to investigate the injec-
tion of energetic particles in the DSA process, i.e. how efficiently (in number and energy)
do particles participate in this process for a given set of shock conditions. Solving this
problem involves understanding a series of plasma instabilities and wave phenomena
occurring near the shock transition region (see and table , which play a crucial
role both in the generation of the shock and in the heating and acceleration of particles.
Here we describe recent progresses made in the study of injection of electrons and ions
in astrophysical, collisionless shocks, making used of kinetic simulations of the shocks.

(i) Electron injection: The non-thermal acceleration of electrons is ubiquitous in non-

relativistic collisionless shocks. For instance, electrons accelerated to ~ keV are
usually observed in interplanetary shocks in the solar neighborhood (see, e.g.,
[210]). The forward shocks of young SNRs are another site for efficient electron
acceleration, as revealed by radio and X-ray observations of synchrotron-emitting,
ultra-relativistic electrons (e.g. see [155]). Although there seem to be agreement
that the DSA is the most likely mechanism for this electron acceleration, the
injection process, in particular its efficiency dependence on the shock conditions, is
still an open question.

Significant effort has been put into using PIC simulations to study electron
injection in different shock regimes (see [211], [212], [213]) and a few injection
mechanisms have been proposed. In the low M, (~ 3), high . (larger than
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~ 20) regime, relevant to shocks in galaxy clusters and solar flares, it has been
shown that significant non-thermal electron acceleration can be obtained via shock
drift acceleration (SDA; [214], [213], [215]). In quasi-perpendicular shocks, the
electrons can gain energy from the motional electric field of the upstream medium
(perpendicular to the upstream magnetic field). This is because the electrons tend
to drift parallel to the motional electric field, given their different Larmor radii
in the upstream and downstream magnetic fields. This process have been able to
reasonably account for part of the X-ray spectra observed from solar flares, and the
bright radio synchrotron emission observed from the outskirts of galaxy clusters.

In the case of high M, shocks, a successful shock injection mechanism must be
able to show a transition into the DSA for a significant fraction of the electrons.
This implies that a sizable fraction of the electrons should, at least, reach Larmor
radii (Rg.e
the width of the shock transition region. [212] proposed that the shock surfing

) comparable to the one of the ions (R,;), since this parameter controls

acceleration (SSA) would be an effective mechanism to inject electrons in high
My (> (mi/m.)??® =150), quasi-perpendicular shocks. In the SSA the non-
thermal electrons gain energy from the motional electric field of the upstream, being
helped by efficient scattering provided by the Buneman instability. In this case,
the Buneman modes grow in the shock foot and are driven by counter-streaming
ions that, instead of being thermalized at the shock, bounce and propagate into
the upstream medium (by a distance close to the ion Larmor radii). Although
this mechanism can produce non-thermal electrons, it has not shown to produce
electrons with Ry, ~ Ry ;.

An alternative mechanism, based on the excitation of whistler waves in quasi-
perpendicular shocks, has shown to accelerate non-thermal electrons up to Ry, ~
R,; [211]. Similar to the Buneman modes in the case of the SSA, whistler waves
can be excited by the modified two-stream instability (MTSI; [216], [217], [218])
driven by counter-streaming ions in the shock foot (see Figure @ This mechanism
has been able to produce a non-thermal, energy spectrum with a power-law tail of
index o« &~ —3. The acceleration is most efficient in the case of M4 smaller than
~ 20, which is consistent with the growth condition of the MTSI (where M, needs
to be smaller than (m;/m,)"/?).

Both in-situ measurements of interplanetary shocks and the PIC simulations results
presented by [211] suggest that quasi-perpendicular shocks constitute a suitable
environment for the acceleration of electrons in non-relativistic shocks only for
moderately low M4 (less than ~ 20). This is opposed to the case of ion injection,
which would happen most efficiently in high My, quasi-parallel shocks (see next
point and [28]). It is important to notice, however, that the acceleration of ions in
these environments can render the shock suitable for electron injection. Indeed, ion
acceleration can strongly amplify the shock magnetic field and change its direction,
possibly transforming it into an effectively low Mach number, quasi-perpendicular
shock in some regions [219]. This way, electron injection by whistler waves could
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be at work even in globally high M4, quasi-parallel shocks, making these shocks
efficient accelerators of both ions and electrons. Finding out whether this scenario
is correct will require further study of the electron injection problem. In the case
of injection due to whistler waves, additional work is still required to show the
transition into the DSA, where the electrons move diffusively in the shock vicinity
and a f.(p) o< p~* distribution function dominates. Also, further study is needed to
determine whether high M,, quasi-parallel shocks can also act as efficient electron
accelerators (as observationally suggested by [220] and theoretically proposed by
[221] and [222]).

Ion injection: Significant attempts to capture the physics of ion injection have been
made using full particle-in-cell (PIC) simulations (e.g., [223]). However, the need to
simultaneously resolve the electron- and ion-scale physics in PIC simulations makes
the modeling of ion injection numerically challenging if moderately realistic ion to
electron mass ratios m;/m. are used. In order to overcome this difficulty, significant
effort has been made in using kinetic hybrid simulations, where ions are modeled as
particles while electrons are treated as a massless fluid (see, e.g., [224], [225], [28],
[219]). Since in this case the electron-scale physics does not need to be resolved,
hybrid simulations are computationally more efficient than PIC simulations, while
being able to capture essentially the same ion acceleration physics in most cases.

The hybrid studies have paid especial attention to the dependence on the upstream
B field angle 6 (with respect to the shock propagation velocity, V) and the shock
Alfvénic Mach number My (= Vip,/Va, where Vy is the upstream Alfvén velocity).
Especially encouraging has been the recent results presented by [28] who have ob-
tained efficient injection of non-thermal ions (with a maximum of ~ 15% in energy).
The obtained injection is most efficient for quasi-parallel (0 < 45°), high M, shocks
(the maximum M4 studied was 100). Remarkably, a power-law tail consistent with
the DSA theory, fi(p) < p~*, where p is the non-thermal particle momentum, was
obtained. Also, the authors found evidence for shock modification due to the dy-
namically important non-thermal particle pressure. These modifications include an
increase in the shock compression ratio r to values beyond the standard Rankine-
Hugoniot conditions (r > 4), as well as the formation of a shock precursor with
significant magnetic field amplification due to instabilities driven by the streaming
non-thermal particles (with amplification factor proportional to Mjl/ % [219)).

Although these results constitute a significant advance in the study of ion injection
in non-relativistic astrophysical shocks, the actual mechanism by which a small
fraction of the ions are injected into the DSA is still unclear (although there seems
to be evidence that the ions are injected from the shock transition region - instead
of ”leaking” from the downstream region, as also discussed by [225]).

Note that recent long-term and large-scale 1D PIC simulations have tried to capture
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Figure 6. The shock transition region at three different times for a simulation where
significant electron injection occurs [211]. The color bars show the x—component of
the electric field, E,, normalized in terms of the total upstream electric field. E, is
maximum at the shock overshoot. In front of the overshoot there are oblique waves
that travel in front of the shock. This modes, which [211] identified as whistler modes,
are key in giving suprathermal energies to a small fraction of the electrons. The black
line (ended by red and yellow dots) show partial trajectories for one selected electron
(the black dot shows the electron position at the time of each snapshot). The amplitude
of the electron’s orbit around the ambient magnetic field has increased significantly by
twy, . = 4840 (panel c), denoting the suprathermal acceleration.

the main process controlling particle injection at parallel shocks. The injection of protons
is related to phase-trapping by finite amplitude waves upstream [226] or associated with
SDA [227]. Both latter works find Fermi-like particle acceleration in the non-thermal
regime for protons and electrons. Non-resonant hybrid (Bell) modes are observed in the
shock CR precursor by [227]. They can trap electrons and contribute to inject them in
the relativistic regime.

3.4.2.  Coupled kinetic and magnetohydrodynamic simulations: large scale driven
instabilities and maximum CR energies In order to access the full range of scales, a
full kinetic description of the CR distribution, and its evolution, is required. So far, this
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has been achieved by a number of methods. One such approach is to use the techniques
of particle-in-cell codes to treat the CRs. This determines the cosmic-ray current at
each time step, which is then used to update the MHD fluid equations. [228] 229] used
a one-dimensional hybrid MHD-PIC code and carried out detailed investigations on the
growth of beam plasma instabilities, gyro-resonant particle interactions, trapping, and
the break-down of quasi-linear theory. In [230], it was demonstrated that Alfvén waves
were indeed amplified, consistently with the estimates from linear theory, but in all cases,
the total field density was found to saturate at a rather modest level (0B, /By),,. < 0.5.
It was not until more than a decade later, that the technique was revisited by [16], who
demonstrated with multidimensional simulations, that magnetic fields could in fact be
amplified to values exceeding the initial seed field, if enough free energy was available
in the CRs. Narrow X-ray filaments along the outer shocks of several young SNRs were
discovered around the same time (section providing direct evidence of nonlinear
(0B > (Bism)) magnetic field amplification at shocks. As magnetic field strength had
long been seen as a limiting factor for acceleration beyond the knee in the cosmic-
ray spectrum, this realization was of enormous significance to the cosmic-ray/particle
acceleration community:.

However, a major short-coming of these hybrid MHD-PIC simulations remained the
finite free energy available in the systems. Since the numerical constraints at the time
limited the computational domain to modest sized periodic boxes, full shock simulations
were not possible, and free-energy in the streaming particles could not be replenished
self consistently. However, soon after, [21] identified a non-resonant instability, growing
on short (sub-Larmor) wavelengths (see §3.3)). In this case, since the fields are evolving
on a scale ¢ < f/|df /dx|, the cosmic-ray current can be held fixed and uniform. This
method avoids the problems associated with finite free-energy, and has the advantage
of being easily implemented into any standard MHD code. This approach has been
used extensively in the last decade for both MHD models [21] 193, 190], 129, 202} 205]
and also PIC and hybrid models [231, 197, 201, 219, 226l 227]. These simulations have
played a central role in demonstrating the possibility of strong non-linear amplification
of magnetic fields in the precursors of supernova remnants. However, while the growth of
this instability is rapid and indeed capable of significantly amplifying the magnetic fields,
due to the short wavelength of the fastest growing linear mode, it is not immediately
obvious that this mechanism has a significant effect on the acceleration of particles to
higher energies. It is well-known that energetic particles will interact most effectively
with magnetic structures that have a size comparable to their gyroradius. This places
an interesting constraint on the maximum energy particles can be accelerated to if they
resonantly excite their own scattering waves.

In the precursor of a young SNR, the background fluid is well approximated as
an infinitely conducting plasma, and as such the magnetic field is completely tied to
the background fluid. Following the argument in [232], in order to scatter resonantly a
particle of energy F, a plasma fluid element or magnetic field line must be displaced by
a distance comparable to the gyroradius of this particle. It is reasonable to assume that
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magnetic tension, and thermal pressure gradients are unimportant, and it follows that
the only force acting on the background, is the CR Lorentz force

du i, xB
e 13
7 . (13)
Assuming all quantities are slowly varying, the maximum displacement in a time ¢ is
./ B t2
Smax ~ J D0l (14)
2pc

Defining an energy conversion efficiency parameter j..E/e = npu?,, and equating this
displacement to the gyroradius of a particle of energy F, it follows that the maximum
energy is

E ~ 150(nui)"*B,atigo TeV (15)

where ug is the shock velocity in units 10° cm/s, tipo time in units of 100 years, and 7
is generally thought to be at most on the order of a few percent. This falls very short
of the energies required to explain the galactic cosmic-ray spectrum. Fortunatly there
are a number of ways around this problem.

One approach is to rely on non-local field amplification, such as the cosmic-ray
filamentation instability investigated in [203]. This instability couples the growth of
magnetic structures on small scales to those on large scales, and appears to be a natural
consequence of the non-resonant streaming instability. As localized regions of plasma
expand under the action of the j., x B force, they push on neighbouring expanding
regions. The net effect is that, any loop enclosing these two, or indeed multiple regions,
must also expand resulting in field growth on large scales. This instability has been
studied using 2D MHD-PIC simulations, and appears also to occur in Hybrid simulations
[233]. This type of instability is in some sense similar to the negative effective-pressure
instabilities often discussed in mean-field dynamo theory [234] 235].

Another possibility, is that the non-resonant streaming instability, in its non-
linear evolution, naturally grows to larger length-scales. This was already evident
in the first simulations of the instability [21], where in the early stages of the non-
linear evolution, the magnetic field structures grew to the scale of the simulation box.
However, investigating this multi-scale problem, in three dimensions is numerically
challenging. An approach is to solve numerically the Vlasov-Fokker-Planck (VEFP)
equation. While, in principle, this involves solving an equation in 6+1 dimensions,
spectral methods can be used to reduce the number of dimensions required in momentum
space, as is commonly done in the laser-plasma community [236]. Since most problems
of interest in CR physics involve small departures from isotropy, it is desirable to select
the spectral-basis functions such that this geometry is handled most efficiently. A
particularly effective method, is to use spherical harmonics to expand the momentum
space distribution,

o L

f(x,p,t) = Z Z fg“(x,p,t)PLm(cosH)eim“D (16)

(=0 m=—/
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since these functions form a natural basis for quasi-isotropic distributions. Using the
orthogonality relations of the spherical harmonics, the VFP equation is reduced to a
system of coupled differential equations, that can be truncated after a finite number
of terms, depending on the problem at hand [237]. The transport equation, is in
fact a simplification of the zeroth and first order equations in this expansion. Using
this technique, it is possible to perform accurate 3D simulations that resolve both the
gyroradius of the particles, and the fastest growing modes, using relatively modest
computing power. This has resulted in the first genuine demonstration of sub-Bohm
diffusion, with respect to the ambient magnetic field, of high energy particles in self-
generated fields [237] [{1I The growth of fields, initially on scales small compared with
the gyroradius of the driving particles, accumulate and concentrate in localized volumes
with sufficient amplitude to scatter particles through large angles. The time required to
scatter through 90° is thus considerably reduced, and acceleration to higher energies is
possible. However, full shock simulations are necessary to determine the global effect.

To this end, [232] have performed hybrid MHD-VFP simulations using a novel
expansion closure technique, that truncates after 2 terms. The reduced formalism
was necessary in order to minimize the memory requirements, while capturing all the
essential physics. The simulations track both the acceleration of particles at a strong
planar shock, and the self-generation of magnetic fluctuations. The upstream plasma is
initialized with small magnetic perturbations that are insufficient to confine the cosmic-
rays, and as such must be amplified by the escaping current. The current is strong
enough to trigger the growth of the non-resonant streaming instability. The authors
argue that approximately 5-10 e-folding times of the non-resonant streaming instability
are required to confine the particles:

™ .
/WNRIdt = ”E /]crdt ~ 5 (17)

i.e. the requirement for particle trapping depends solely on the total areal charge that
has traversed a given fluid element over the lifetime of the shock. Hence, the escape
of cosmic rays from supernova remnants is essential for the acceleration of yet higher
energy particles. The escaping flux follows directly from the acceleration theory, where,
assuming isotropy near the shock, the flux upward in momentum associated with the
shock crossings is

47rp?

Op) ~ () — ) (18)

If particles at, or close to, the maximum energy are not confined, the flux can be

associated with the escape of cosmic-ray protons upstream of the shock, which for a
strong shock with compression ratio 4 gives

Jer = eﬂ-p?naxf(pmax)uSh . (19)

11 Sub-Bohm diffusion of lower energy particles, resonating with the short-wavelength modes of the
non-resonant streaming instability has previously been shown [I90], but this does not help accelerate
beyond the CR knee.
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Inserting into Eq., it has been shown that the resulting value for total areal charge
traversed by a fluid element agrees remarkably well with the results from simulations
[232].

Combining these terms, it is possible to evaluate an expression for the maximum
energy particle based on the above confinement constraint. For a power-law cosmic-
ray spectrum f(0,p) oc p~4, Eq. can be reformulated to give an expression for the
maximum energy
3V e P, pud,

4 5y/pc pu, In(Pmax/mc)
where P, is the cosmic ray pressure at the shock. This form for the maximum energy,

(20)

Emax = PmaxC ~~

in contrast to both the Hillas (geometry) condition, and Lagage-Cesarsky (time) limit,
is now completely independent of the strength of the magnetic field, and relies purely on
the ability of the escaping cosmic-ray flux at maximum energies to self-confine. Hence,
the acceleration of the highest-energy cosmic rays is found to proceed in a self-similar
fashion, where the highest-energy particles escape into the upstream, ultimately self-
confining and facilitating acceleration to ever higher energies.

On the topic of faster shocks, it should not be forgotten that the standard non-
relativistic theory is accurate only to order u/c. As the shock velocity becomes a non-
negligible fraction of the speed of light, higher order terms can become important,
particularly at oblique shocks, where particle trajectories can change abruptly across
the shock surface. VFP simulations have also been used to study this effect [238]. Shock
acceleration simulations were performed in one dimension, where the scattering rate,
shock velocity and magnetic field angle were varied as free parameters. The resulting
asymptotically steady-state solutions confirmed that even in the test particle regime,
large deviations from the standard theory could be achieved. For superluminal shocks,
it was found that there was a general trend of spectral steepening with shock velocity,
as particles are carried downstream on the field lines. At intermediate obliquities, the
acceleration is more efficient due to the combined actions of shock drift and shock
acceleration. The spectrum can in fact flatten in this case, depending on the scattering
rate. The primary reason for the departure from the standard diffusion theory, is the
inability to match the oblique drifts produced at non-parallel shocks, across the fluid
discontinuity in the diffusion approximation. These drifts must therefore persist in the
immediate downstream of the shock, gradually damp towards the asymptotic state. This
damping can lead to a decrease or increase in the isotropic part of the distribution. As
pointed out in [239], the difference between the distribution at the shock and downstream
infinity modifies the power-law spectrum

omf _ 4 {H—f(oo) ] (21)
dinp F0)(re —1)
where 7. is the shock compression ratio. The difference between f(co) and f(0) involves

some, as yet unknown, dependence on shock velocity, obliquity and scattering rate.
Further hybrid simulations are required to investigate this behaviour in a more self-
consistent manner. Preliminary work has already demonstrated that the oblique drifts
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can damp in the upstream in the presence of strong magnetic field amplification [237],
suggesting that the drifts might not be important. However, particle trapping in
magnetic bottlenecks can steepen the spectrum quite considerably [239, 232]. Full
shock simulations are required to make genuine quantitative predictions for observational
signatures.

3.4.5. Semi-analytical calculations and Monte-Carlo approach: magnetic field
amplification and non-linear DSA Although the problem of DSA including efficient
CR back reaction is non-linear some semi-analytical calculations are possible in 1D in
space (and 1D in momentum) [240, 241]. The model involves the conservation laws
of hydrodynamics including the CR pressure coupled to diffusion-convection equation
describing the evolution of CR in the phase space. The solution of the fluid velocity
profile upstream can be found after several iterations adapting the conservation laws
and the solution of the kinetic equation. Recent developments involved the inclusion
of an equation for the resonant waves [242] as well as a far escape boundary upstream
that mimics the energy losses produced by the escape of the highest CR from the shock
precursor [243]. In the same spirit, Monte-Carlo simulations have been developed that
calculate the solutions of the particle distribution [I12]. Here again recent developments
included an equation for the waves that can be resonant or not [200, 244] and the
investigation of the transition towards relativistic shock waves [245].

In particular, the model can reproduce synchrotron structures consistent with the
stripes observed by Chandra in Tycho’s SNR (see figure 1 in [246] for an explanation
of the stripes geometry). These stripes are the most likely results of CR generated
magnetic turbulence at the SNR blast wave (see . The amazingly regular pattern
of these stripes that appear in a number of shock-plasma phenomena must be in ac-
tion simultaneously. The coherent appearance of the X-ray stripes suggests that the
underlying magnetic turbulence is strongly anisotropic. (Isotropic turbulence would not
produce extended coherent structures with thin stripes.) Both the Bell short-wavelength
instability and the long-wavelength instability (see , produce anisotropic turbu-
lence with a prominent growth-rate maximum along the mean ambient magnetic field
direction. The local ambient mean magnetic field geometry determines the orientation
of the stripes and therefore it can be reconstructed with the high resolution X-ray imag-
ing (see figure . The turbulent energy cascading spreads out the peaks in turbulence
power and eliminate the key feature needed to produce an ordered pattern of stripes.
Therefore, such stripes can form if the turbulent cascading along the mean magnetic
field is quenched. Stripe-like structures should form in a section where the local field lies
along the shock surface and where the turbulence cascading is suppressed. The stripe
structure in synchrotron images requires narrow peaks in the magnetic turbulence in a
perpendicular shock that can be understood in the frame of non-linear DSA model. The
estimated maximum energy of the CR protons responsible for the strips is ~ 10 eV.
The model by [246] (see also a recent work by [247]) also predicts a specific X-ray po-
larization pattern of the strips, with a polarized fraction ~ 50%, which can be tested
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Figure 7. Tycho SNR polarized synchrotron X-ray intensity at 5 keV see [246]. The
degree of polarization of the X-ray emission is shown in the color bar. The relatively
high polarization fraction is mainly due to the peaked structure of the magnetic
fluctuation spectrum and the steepness of the distribution of synchrotron emitting
electrons.

with future X-ray polarimeter missions.

Turbulent magnetic fields, with energy densities approaching a substantial fraction
of the shock ram pressure, are a generic ingredient in the efficient DSA mechanism. The
CR-driven instabilities discussed in producing strong fluctuating magnetic fields in
a broad dynamical range are a promising way to provide the required magnetic field
amplification mechanism. The question arose how the strong turbulent fluctuations
affect the observed X-ray images and spectra? The effect of magnetic turbulence on
synchrotron emission images and spectra was addressed in [I71) 248, 249]. Variable
localized structures (dots, clumps and filaments), in which the magnetic field reaches
local high values arise in the random field. The magnetic field concentrations dominate
the synchrotron emission (integrated along the line of sight) from the highest energy
electrons in the cut-off regime of the electron distribution. The resulting image has an
evolving clumpy appearance. The simulated structures resemble those observed in X-
ray images of some young SNRs. The spectral shape of the synchrotron radiation from
the cut-off regime in the electron spectrum is strongly modified by the redistribution
of photons towards the highest energies in a turbulent field compared to emission from
a uniform field of the same magnitude [171, 250]. This effect should be accounted for
estimating of the maximal energies of accelerated electrons.
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3.5. Supernova remnants and the origin of galactic cosmic rays

SNRs are known as possible sources of CRs since long (the main arguments can be found
in the reviews by [123, 251]). Recent observations prove that electrons are accelerated at
the forward shock of the SNR blast waves up to TeV energies (see . Gamma-ray
detection (section either support this conclusion or point towards the acceleration
of a hadronic component that can contribute to the CR spectrum observed on Earth.
But there are not definite observational proof yet that CRs are accelerated in SNRs (see
[252] though).

The theoretical progresses made on the understanding of MFA have led to the
emergence of a scenario of particle acceleration in SNR. The possibility to reach magnetic
strength two orders of magnitude above the mean ISM values should produce higher
energies and help to reach the CR knee at 3 x 10" eV [253]. However the efficiency
of DSA including MFA in the non-linear regime involves complex plasma physics that
require multiple scales and multiple numerical techniques approaches as exposed in §3.4]
In particular, the properties of the self-generated turbulence are important to constraint
the maximum energies [244]. If the main driving process of the MFA is the non-resonant
streaming instability hence the Eq20]can be used inserting numerical parameters typical
for nearby Galactic SNRs where measurements of MFA have been made:

3

t

B = 1013 ( PC; ) % w oV (22)
puZ, In(pumax/mc)

With typical shock velocities on the order of a few thousand km/s (or 10® cm/s), and

age of a few hundred years, we see that even for acceleration efficiencies as large as
P../pu?, = 0.5, the above estimates would imply that these remnants are not currently
accelerating cosmic rays to PeV energies. However, the strong scaling with shock velocity
suggests that younger remnants, particularly those expanding in a dense wind may in
fact be the primary source of cosmic rays above the knee [21, 204, 254]. The models
predict a charge dependent CR knee. A trend that seem to be compatible with the very
last experiments results [255]. If most of the multi-PeV CRs are accelerated in the very
early timescales of the SNR history then their detection at multi-hundred of TeV in
gamma-rays may be difficult even with the next sensitivity improved instruments like
the Cerenkov Telescope Array [256].

Even if one could be more optimistic about the performances of SNRs to produce
high-energy CR up to the knee it remains quite difficult to explain the component

0'7~18 ¢V where the extragalactic contribution takes over

extending up to energies of 1
(see [257]). Onme possibility is that some particular extreme events involving mildly

relativistic flows could produce such highly energetic particles (see .



The microphysics of collisionless shock waves 44

4. Mildly to ultra relativistic shock waves

4.1. Observational clues on the magnetic field up- and downstream of relativistic shock
waves

The afterglow spectra radiated by a population of electrons accelerated at the external
shock of a gamma-ray burst outflow provide one of the best observational probes
of acceleration physics in the ultra-relativistic regime. In the standard scenario
[258, 259, 260, 261, 262, 263, 264]- see also the review [265] and detailed analytical
estimates in [266]— the collisionless relativistic blast wave is formed as the outflow with
bulk Lorentz factor impinges on the circumburst medium, generally considered to be
either the interstellar medium of the host galaxy or the wind of the progenitor star.
Due to the large density contrast between the blast wave and the circumburst medium,
the forward shock propagates with Lorentz factor g, =~ \/ﬁfyej, while the reverse shock
propagates back into the outflow at non- or mildly relativistic velocities. The blast
wave picks up and shock-accelerates the circumburst medium electrons, leading to the
appearance of synchrotron (and possible inverse Compton) spectrum, giving rise to the
so-called “afterglow”.

4.1.1.  The upstream field 1i & Waxman have noted in [14] that X-ray afterglow
observations offer the possibility to probe the magnetic field upstream of the blast
through the time at which the characteristic frequency associated to the electrons of
the maximum Lorentz factor exits the X-ray domain. The maximum Lorentz factor is
determined by the competition between acceleration and losses and the detailed analysis
of [14] indicates that for an upstream magnetic field B ~ 1 uG, a density n ~ 1cm™3, the
maximal frequency falls short of the X-ray domain on a day timescale. The detection of
X-ray afterglows on longer timescales should thus point to amplification of the magnetic
field beyond the interstellar value. In a few cases, their analysis leads to:

B > 200 uGn)/® (23)
which can be rewritten in terms of the upstream magnetization as
oy > 107500 . (24)

This value lies well below the expected value for Weibel turbulence, o, ~ 1072 — 1072,
but well above the typical interstellar magnetization oy ~ 1077,

More recently, [I5] has revisited this constraint by considering the extended GeV
emission seen in a fraction of gamma-ray bursts by the Fermi-LAT instrument. This
extended GeV emission is detected up to 10*s and its main characteristics (spectral
index, flux level and slope of the light curve) strongly point towards synchrotron
emission from the forward shock. Requiring that the afterglow can contribute to energies
> 100 MeV as late as 103s then leads, following an argument similar to the above, to
a bound that is slightly stronger, by a factor of a few to ten in B,, depending on the
value of the downstream magnetic field. Other groups have conducted similar analyses
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and find values in rough agreement with the above, up to some differences in the choice
of the parameters [267, 268]: [267] finds that B ~ 1uG cannot be excluded for GeV
afterglows, however the corresponding density is also much smaller than unity, leading
to a magnetization well in excess of the interstellar value, while [268] finds no strong
evidence for amplification, but using a somewhat unrealistic Bohm assumption for the
acceleration timescale.

In fine these results indicate a magnetic field significantly stronger than the
interstellar value, upstream of a relativistic blast wave. Of course, it is tempting to
attribute this apparent high magnetization to streaming instabilities triggered by the
accelerated particle population penetrating the ambient plasma. However, at the present
time, one cannot exclude that the circumburst medium is strongly magnetized to the
above level. This might happen if, for instance, the gamma-ray burst explodes in a wind
with a sub-equipartition magnetic field: e.g. a magnetic field B ~ 103G (r/10'2 cm) ™"
remains dynamically unimportant in a wind with standard mass loss My, ~ 1077 Mg /yr,
vy ~ 10%km/s [269], but leads to a magnetization o, ~ 107%; such a scenario would
produce radical signatures in the light curves, as discussed in [270], because Fermi
acceleration becomes inefficient at such high magnetization and large Lorentz factors,

see §4.4.1] of this report.

4.1.2. The downstream field The results of [15] depend somewhat on the value of
the downstream magnetic field, which has become more uncertain with recent data.
While early determinations have led to values eg ~ 1072 (with a large uncertainty)
(eg = 0B?/ (1672 nm,c?) gives the equipartition fraction of energy in the magnetic
field, downstream of the shock), e.g. [262, 271, 272, 273], the standard adiabatic
synchrotron interpretation of GeV extended emission seems to indicate low values of
order eg ~ 1075 [274, 275, 267, 276], 277, 278]. As discussed in [279} 280], this anomalous
value of the magnetization may actually point to the decay of the shock-generated Weibel
micro-turbulence, away from the shock front; this issue is also briefly discussed in §4.4.2

While our current understanding of shock formation indeed suggests the existence
of intense turbulence with eg ~ 1072 behind the shock, such turbulence exists on
plasma scales A ~ 10c¢/wpy; and as a consequence, it should decay on some multiples
of A [281]; this decay has been seen in state-of-the-art PIC simulations [282] 283] 284].
Given that the plasma is advected away from the shock at velocity ¢/3, the damping
time 7 is effectively a damping length ¢7/3 measured relatively to the location of the
shock front. Then the question is how to sustain a magnetic turbulence with ez ~ 1072
on the whole width of the blast, which spans some 10° skin depth scales at an observer
timescale tops ~ 10°s [281]? The “decaying micro-turbulence” interpretation of the
low values of €5 derived in GRB afterglows with extended GeV emission offers a simple
solution to this problem [279, 280]. For an order of magnitude estimate, if ep decays
from 1072 in the shock vicinity down to 107% at the back of the blast, on some 108 — 10°
skin depths scales, this suggests that eg o< (zwpi/c)* with a; ~ —0.5, x denoting the
distance to the shock front.
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Interestingly, this scaling agrees with the PIC simulations of [283]. Finally, as
stressed in [280], the advantage of using GRBs with extended emission is to be able to
determine the four afterglow parameters (blast energy, external density, eg and e€,)
using four constraints with four wavebands (radio, optical, X-ray, > 100 MeV); in
contrast, earlier estimates have generally used only three wavebands, implying that
the ep parameter was poorly constrained due to implicit degeneracies in the models.

Beyond shock-generated Weibel turbulence, additional sources may nevertheless
be envisaged downstream of the shock: (1) the interaction of the shock with
inhomogeneities in the circumburst medium may give rise to the Richtmyer-Meshkov
instability, whereby a small scale dynamo effect amplifies the background magnetic field
[285], 286]; (2) a large scale Rayleigh-Taylor instability at the contact discontinuity may
also pollute the shocked circumburst medium with magnetized plasma from the shocked
gamma-ray burst ejecta [287]; (3) recent hydrodynamical simulations of a gamma-ray
burst jet have shown that instabilities propagate in the blast from the boundaries of the
jet, suggesting a possible new source of magnetic field amplification [288]. Whether any
of these instabilities can pump the magnetic field up to a persistent ez ~ 1072 on the
scale of the blast remains an open issue.

4.1.5. Trans-relativistic supernovae Finally, one should point out the recent
measurement, of the magnetic field strength in the blast of a trans-relativistic SNIbc
supernova, SN2009bb [289, 290], leading to values B ~ 1G about 20 days after
explosion! This estimate was obtained through the detection and follow-up of the
synchrotron self-absorption frequency in the radio range, combined with equipartition
arguments between the electrons and the magnetic fields [291].

This measurement is of particular importance in the context of the origin of ultra-
high energy cosmic rays; the simultaneous estimate of the size of the blast and of the
magnetic field indeed allows to estimate the confinement energy of particles in such
trans-relativistic supernovae: Feoyr ~ 6 x 10" eV (Z/26) [290], implying that Fe nuclei
could in principle be accelerated to the relevant energy range if the blast wave is indeed
able to accelerate particles at a Bohm rate (as is required to reach the confinement
limit).

4.2. Theory

4.2.1. Instabilities at relativistic shock waves Instabilities at relativistic shock waves
enter the scene at two stages of the process: the shock formation, and the particle
acceleration.

Shock formation: Collisionless shock formation is likely to arise from the encounter of
two plasma shells. In the fireball scenario for GRB for example, internal shocks results
from the collisions of plasma shells ejected by a central engine. In shocks simulations, the
shock is formed by launching two plasmas against each other [292] 293]. It is important
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to recognize that in the kind of collisionless environment occurring in astrophysical
context the mean free paths involved are so large, that shells should pass through each
other without anything happening. The reason why something happens instead of
nothing in reality or in simulations, is that such counter-streaming configurations are
unstable.

For shocks in pair plasmas, the full unstable spectrum excited as the two plasma
shells overlap, has been analyzed in the unmagnetized regime [294 [74]. A detailed
investigation of the shock formation process, yielding for example to a theoretical
estimate of the shock formation time from first principles, is in development [295], 296].
For a wide range of parameters, the filamentation instability governs the unstable
spectrum (hence the term “Weibel shocks” as the filamentation instability is frequently
called “Weibel” though notable differences exist between these two, see [74] and §3.1.1]).
The technical challenge comes from the fact that the Vlasov/Maxwell kinetic calculations
required to study these collisionless plasmas are quite involved, partly because the
Lorentz factor couples integrations along the 3 momentum dimensions. Also, the leading
instability is likely to be found for any orientation of the perturbation wave vector.
Hence, the search for the most unstable mode demands a scanning of the full unstable
spectrum. For the magnetized case, few such studies are available so far [297) 298], [299].
The formation of a shock in an electron/ion plasma is expected to be qualitatively
different. As the two shells come in contact and overlap, counter-streaming electrons
from each shells go unstable. Electronic instabilities grow, stop and heat the electrons,
and saturate before ions start to react. Therefore, the instabilities triggering the
shock formation are the ones originating from the counter-streaming ions over a bath
of hot electrons. For typical parameters involved in realistic scenarios, the resulting
unstable spectrum has been investigated and gives the ions filamentation instability as
the possible dominant instability [300, B0I]. Yet, the background electronic temperature
remains elusive as simulations indicate it is much higher than a naive estimate assuming
their initial kinetic energy has been transferred to heat [302].

Particle acceleration: Once the shock has been formed, it propagates and accelerates
particle. To this aim, the Fermi mechanism requires an upstream turbulence to scatter
particles back to the shock front. In the seminal papers as [4], such turbulence was
simply assumed. 1t is now understood that this turbulence is generated by the unstable
interaction of the accelerated, or reflected, particles at the shock front, with the upstream
medium (see §3.1.3). The nature of the unstable modes generated ahead of the shock
has been investigated by several authors [303], yielding conditions for these modes to
significantly back-react over the shock [76] or specifying the parameter windows where
Fermi cycles can be closed [304].

4.2.2. Particle transport in relativistic shock waves Particle transport in relativistic
shock environment is strongly constrained by the Lorentz factor of the shock ~g,
especially in the ultra-relativistic limit (75, >> 1). Upstream of the shock reflected
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Figure 8. Left panel: Magnetic field structures around the shock front. The shock
propagates from the left to the right. In the upstream region magnetic disturbances
are anisotropic with coherence length along the shock normal being much larger than
in the transverse one (along the plane of the shock front). Downstream, the turbulence
is compressed at the shock front and magnetic disturbances should be roughly isotropic
with a single coherence length in all directions. Middle panel: wave-frame of magnetic
turbulence downstream. Right panel: wave-frame of upstream turbulence, with non-
zero velocity relative to the shock (illustrated in the particular case of the oblique two-
stream instability (OTSI), see text). Also, vgm (Vu,m) is the velocity of downstream
(upstream) electromagnetic irregularities relative to the upstream (lab) frame.

and first Fermi cycle accelerated particles get a typical energy boost 72 . They move
almost with the shock but by an angle more than ~ 1/, they are caught up by the
shock before to get isotropized in the upstream flow [305]. Consequently, supra-thermal
particles in the shock precursor exhibit a very anisotropic distribution. Downstream,
the flow moves away from the front with the velocity Vi,g = ¢/3 and it must carries
intense turbulence in order to make the Fermi process operative through a very efficient
particle scattering.

The presence of an uniform magnetic field By, frozen in the upstream flow, puts
additional limitation on particle scattering. If strong micro-turbulence is not generated
by plasma instabilities at she shock, particle scattering across the mean field is inhibited
and supra-thermal particles are advected downstream [30, B06]. Recent particle-in-
cell simulations (PIC) [27] and analytical works [304] demonstrate that strong micro-
turbulence is generated only if the upstream magnetization is very weak, i.e 0 << 107*
(see §4.3).

An important point is the natural frame where the particle transport is to be considered
as can be seen in figure [§] Since particles scatter off the magnetic irregularities, both
transport and diffusion processes need to be investigated in the frame where these
disturbances are at rest, i.e. the wave-frame of the turbulence. Downstream of the
shock the turbulence appears to be quasi-static relatively to the shock front position.
Therefore, downstream frame is equivalent to the wave-frame for particle scattering.
Upstream, if intense micro-turbulence is generated, magnetic filaments are not frozen
in the upstream flow and are able to move relative to the shock front along the shock
normal [307].
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At this point we need to define some properties and notations that will be useful
in particle transport studies.

Particle transport generalities: In order to study particle transport, one needs to know
at each shock front side:

e The flow magnetization, i.e. the intensity of Bj.
e The magnetic turbulence rms strength \/m and its coherence length /..
e At a given particle energy F, one defines an effective gyro-radius R, =
E/(e\/B2 4 (0B?)) and a particle reduced rigidity p = R, /(..
Hence, two different regimes of particle scattering can be defined:

e A resonant scattering regime (R, < {.) with turbulence wave-modes that strongly
depend on their turbulence spectrum. For instance, Kolmogorov-type turbulence
leads to (6B?) o k~°/3;

e A non-resonant scattering regime (R, > {.) which is not sensitive to the mode
spectrum, the scattering frequency depending on the inverse of the reduced rigidity
only.

In the case of the weakly magnetized relativistic shock, scattering develops in an intense
micro-turbulence such that the effective Larmor radii of the particles are always larger
than the coherence length, thus only the non-resonant regime has to be considered. This
fact results from both the existence of high-energy particles together with the nature of
plasma instabilities that give rise to turbulent electromagnetic fields of small coherence
length (see . Hence, we are mainly interested in the case p >> 1.

Transport around relativistic shocks: We now consider in some detail how the transport
process operates up- and downstream:

(i) Upstream:

e Supra-thermal particle precursor is highly anisotropic in momenta around the
shock normal: p; ~ py/73. Where “t” and “¢” subscripts define transverse
and longitudinal direction to the shock normal, respectively.

e Generated turbulence is anisotropic too: the most unstable wave-modes have
wave-numbers k; < ki, so the coherence length along the shock normal is much
longer than in transverse direction ({., >> (. ;).

e Upstream turbulent region exhibits filamentary structure resulting in non-zero
phase velocity of electromagnetic disturbances along the shock normal [307].
High Lorentz factors may be reached, comparable to vy, and the acceleration
process is different from the case of frozen-in modes in the upstream flow.

Once the field components are expressed in the wave-frame of the turbulence, the
spatial transport of supra-thermal behaves as a small-angle scattering process: at
each coherence cell a particle is randomly deflected by an angle ¢.,/R, in the
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normal direction and by /.,/R, in the transverse one. The diffusion coefficients
can be expressed as [307]:

Ax? 1 c\?
Dt = <4A;> = gftc (pio ) 5 (25)
C(Axf) Loy
D, = AL o D, . (26)

Here €, is the rms energy in the electromagnetic turbulence [307]. All quantities
with an index 0 are calculated in the mean magnetic field alone. An important
point is that such diffusion is operative when the scattering time is smaller than

tro/vsn- Elsewhere, particles return downstream by regular gyration in the mean
field.

Downstream: There the turbulence appears as static small-scale magnetic
fluctuations (see the middle panel in Fig.. Its coherence scale ¢4 is roughly
isotropic because of shock compression. All particles have R, > (. and one
logically expects the diffusion coefficient to be D = ¢*/(3v,) < E?. Where the
scattering frequency is v = ¢l./ R;. As the downstream medium is magnetized by
the external magnetic field of magnitude ~y, By (generically perpendicular to the
shock normal), then the diffusion coefficients become anisotropic relatively to the
mean field orientation [308]:
2

c
Dy = 27
I =3, (27)
2 v
D= 28
173 v2+ W%,o (28)

When v, < wpp, D, saturates at a constant value and the cross-field diffusion
becomes inefficient to transport the particles to the shock front. Acceleration
process is locked by the effect of finite magnetization at the energy F,,.. such
that vs(Epmes) = wro(Emaez). In the shock rest frame this limit reads as:

dB?
Erer = 20 29
e (29)

If one consider for instance a GRB with a Lorentz factor g, ~ 300 with B2 /47 ~

rms

1072pc? and a magnetization o ~ 1079, Eq29| leads to an energy limit, measured
in the interstellar frame, of 10'°eV. This suggests that, to get the highest possible
energy, the intensity of the micro-turbulent field must compensate the smallness
of the coherence length. The condition for the acceleration process to be efficient
is1 < p<déB/By, Dy ~ Dy. 1If p >> dB/B,y, particles are advected with the
downstream flow and no further acceleration is possible. Evidences for such small-
angle scattering was recently reported in PIC simulations [309], [310] and a similar
energy limitation was found (see §4.4).
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4.8. Simulations of mildly and trans-relativistic shocks

We define in what follows a trans-relativistic shock as one where the typical ion speeds
of the downstream and upstream plasma, which are measured in the reference frame
of the downstream plasma, are a significant fraction of the light speed but where
relativistic mass effects are not yet important for the ion dynamics. The temperatures
of the inflowing upstream electrons are considered to be non-relativistic, but they are
relativistic in the downstream region due to heating at the shock. Some of these hot
downstream electrons may also escape into the upstream plasma and form a relativistic
electron population ahead of the shock.

Electrostatic shocks The larger mobility of the electrons implies that they diffuse more
rapidly than the ions from the dense downstream plasma into the dilute upstream
plasma. A positive net charge develops in the dense plasma and a negative net charge in
the dilute plasma, which are both located close the shock transition layer with its large
plasma density gradient. This space charge results in an electrostatic field. The polarity
of this unipolar electrostatic field is such that it counteracts the outflow of electrons from
the dense plasma and drags electrons from the dilute plasma into the dense one. Since
both processes take place simultaneously, there is a permanent exchange of downstream
and upstream electrons across the shock. The positive potential of the downstream
region relative to the upstream implies that it slows down the upstream ions in the
downstream frame of reference. The potential associated with this electrostatic field is
tied to the electron’s thermal pressure gradient and it is thus determined by the density
jump across the shock and by the electron temperature. A shock is only stable if this
potential is sufficiently strong to slow down the inflowing upstream ions such that their
velocities become comparable to those of the downstream ions after they have crossed
the potential. Both populations can mix in this case and form a single hot ion popula-
tion. Shock stability also requires that the excess thermal pressure of the downstream
plasma is balanced by the ram pressure of the inflowing upstream medium so that the
shock becomes stationary in its rest frame. Otherwise a double layer [311, B12] or a
rarefaction (expansion) wave (see [313] for a review) develops. Yet, a feature of fast
electrostatic shocks is a dense shock-reflected ion beam [314] B15]. The source of this
beam is the partial reflection of incoming upstream ions by the shock potential. The
incoming upstream ions are not mono-energetic. The shock potential may, for example,
adapt to a value that can be overcome by the ions that move towards the shock at
the mean speed of the upstream ions. A thermal velocity spread of the upstream ions
implies in this case that some ions can not cross the shock potential and are reflected
back upstream. The density of the shock-reflected ion beam increases with the shock
Mach number and practically all ions are reflected if the shock Mach number is close to
the stability limit [314].

Nonrelativistic electrostatic shocks are frequently observed in the laboratory
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[316], 317, B18], in space [319] and in particle-in-cell (PIC) and hybrid simulations (see
[320] for the latter). Shocks in simulations are generated either by letting plasma clouds
collide with a wall or with a second plasma cloud [314] 315, 320, [321], 322], by the expan-
sion of a dense into a dilute plasma [323] or by employing an ion beam with a velocity
modulation, which evolves into a shock [324]. The speed of such shocks is limited to
a few times the ion acoustic speed. Collisions of identical plasma clouds at a mildly
relativistic speed do not result in electrostatic shocks if the plasma temperatures are
non-relativistic to start with [325]. The ambipolar electric field is in this case not strong
enough to yield a shock. The result is at least initially a shock-less plasma thermaliza-
tion through beam instabilities.

Electrostatic shocks with higher Mach numbers than a few that move at mildly
relativistic speeds can not be ruled out altogether though. It has been shown (see
[326]) that the maximum Mach number with respect to the ion acoustic speed is of
the order of a few if the shock forms in a spatially uniform plasma. The maximum
Mach number of electrostatic shocks can be raised if the shock forms as a result of
the collision of two different plasma populations, for example between a supernova blast
shell and the interstellar medium. It is in principle possible that stable mildly relativistic
electrostatic shocks exist even if the upstream medium is cool. Electrostatic shocks with
Mach numbers of the order of 100 and speeds of the order of 0.4c¢ have been observed
[327], although under highly idealized simulation conditions.

Unmagnetized shocks remain electrostatic only if the plasma flow speed is low, since
instabilities that yield the growth of magnetic fields tend to grow slowly in this case and
they often saturate at low magnetic amplitudes. Magnetic fields can be generated by
a filamentation instability between the incoming upstream plasma and shock-reflected
particles, provided that the flow speed is large enough to transform ion beam instabilities
from being electrostatic [320] [328] into being electromagnetic [300]. The threshold speed
is however not well known and it is likely to depend on details of the plasma phase space
distribution [329]. If the processes at the shock result in an anisotropic electron velocity
distribution, then the Weibel instability can generate magnetic fields too. Unstable
electron distributions develop in the shock transition layer due to the plasma density
gradient-driven electrostatic field [330, B31].

A recent PIC simulation study [223] confirms that magnetic effects are important
for slow trans-relativistic and initially unmagnetized or parallel shocks. The shock forms
only after the colliding plasmas have been heated up significantly by beam instabilities
and after magnetic fields have grown. This suggests that the initial collision speed in
that simulation has been too high for the formation of a strictly electrostatic shock and
that this shock is mediated by a combination of electrostatic and electromagnetic forces.
Increasing the collision speed to a moderately relativistic ~ 0.9¢ [332],333] already results
in a shock transition layer that is magnetically dominated and filamentary. The shock
structure should thus be strongly dependent on the flow speed in the trans-relativistic
regime. Until now, no systematic laboratory or simulation studies of trans-relativistic
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electron-ion shocks in the intermediate velocity regime and in initially unmagnetized
plasmas exist, primarily because of the long shock formation time and the resulting
high computational cost.

Perpendicular and quasi-perpendicular mildly relativistic shocks Most simulations have
considered a background magnetic field that is stronger than what we find in most
relevant astrophysical regimes such as the interstellar medium. A strong magnetic
field implies that the fast electron plasma oscillations and the slow ion cyclotron
oscillations can be resolved simultaneously at a reasonable computational cost. This
strong background magnetic field typically preserves its spatially uniform structure
perpendicularly to the shock normal during the simulations, because the comparatively
weak magnetic fields generated by plasma instabilities can not modulate it.

As we go to trans-relativistic shocks, the relative speed between the incoming
upstream plasma and the shock-reflected ion beam becomes relativistic. Consequently,
the character of the instability between both counter-streaming ion beams in the
foreshock becomes increasingly magnetic. This has multiple consequences. Electron
surfing acceleration, which requires the transport of electrostatically trapped electrons
across a magnetic field, can be robust against non-planar electric field structures if
electrons have multiple encounters with patchy electrostatic structures [212]. However
if the ion beam instability becomes primarily magnetic this mechanism is supressed [334].
Another consequence of the development of the filamentation instability upstream of the
shock is the growth of filamentary magnetic fields with amplitudes that exceed those of
the uniform background magnetic field [335]. It follows that the shock propagates into a
filamentary rather than into a spatially uniform foreshock magnetic field. In particular
the ion acceleration mechanisms such as the SDA and SSA will be modified if the shock
is trans-relativistic since both require a magnetic field that is uniform perpendicular to
the shock normal. It is up to now unclear for which shock parameter regimes these ion
acceleration mechanisms are efficient.

As we go to mildly relativistic perpendicular shocks, a type of electron acceleration
mechanism sets in, which is not observed in this form and has not been reported to occur
at non-relativistic shocks. This process is known in its basic form as electron acceleration
by a magnetic wall [336]. Consider an electron-ion plasma, which is initially free of any
net charge and current. This plasma moves at a relativistic speed towards a uniform
magnetic field, which is oriented perpendicularly to the plasma flow. The penetration
depth of ions and electrons into this magnetic field differs due to their different Larmor
radii. The charge separation results in the growth of a strong electrostatic field.
Electrons are dragged by this field across the magnetic field and accelerated to a speed,
for which their Larmor radius becomes comparable to that of the ions. This type of
acceleration is also observed when two plasmas, which carry a perpendicular magnetic
field, collide at a moderately relativistic speed [335].
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Quasi-parallel mildly relativistic shocks Trans-relativistic shocks, which are quasi-
parallel relative to the magnetic field far upstream of the shock, have also been
investigated in PIC [337, [338] 339] and hybrid simulation studies [224]. Circularly
polarized electromagnetic waves have been observed with magnetic amplitudes, which
exceed those of the background field by more than one order of magnitude. The
similarity of the wave properties in the PIC and hybrid simulations demonstrates that
these waves are robust against changes in the electron distribution, which are represented
differently in both types of codes. These waves rotate the upstream magnetic field vector
from a quasi-parallel to a quasi-perpendicular configuration close to the shock. The
circular polarization of the wave implies that its magnetic field vector rotates around
the shock normal. The simulation results are supported by analogous observations of
such magnetic structures at the oblique Earth’s bow shock [340]. These structures are
known as Short Large Amplitude Magnetic Structures (SLAMS) and they are supported
by the ions. The ions form a compact beam in phase phase space with a trajectory that
resembles a corkscrew. The axis of the corkscrew is aligned with the direction of the
wave vector and the corkscrew motion involves the two velocity components orthogonal
to that along this axis. A prototype of such a non-linear wave is described in [341].
The emergence of these waves typically coincides in the PIC simulations with the
acceleration of electrons to very high energies. The simultaneous generation of strong
magnetic fields and acceleration of electrons to highly relativistic speeds is important for
astrophysics, because such shocks should emit strong electromagnetic radiation. Two
mechanisms and, possibly, their combination can explain the coincidence of the wave
generation and electron acceleration. The first mechanism attributes the growth of the
strong magneto-wave to a streaming instability. Particles are accelerated by repeated
shock crossings and they reach highly relativistic speeds. Unless the upstream magnetic
field is almost perpendicular, some of these particles can move upstream where they
undergo a non-resonant magnetic instability with the incoming upstream plasma (see
section §3.3.2)). The second mechanism [338] attributes the growth of the magnetic
field to plasma processes at the boundary between the colliding plasmas. The shock
formation and the particle acceleration are here a consequence and not the cause of
the strong initial magneto-wave. Consider two colliding plasma clouds that transport a
magnetic field, which is oriented quasi-parallel to their collision velocity vector. Both
clouds are initially separated in space and share a boundary. The magnetic field is
initially frozen-in in each cloud and the magnetic field is continuous across both clouds.
The relative motion of both clouds implies that they carry a different convective electric
field and V X E # 0 at the contact boundary. A magnetic field thus grows in the interval
where both clouds overlap after the simulation started and it amplifies the perpendicular
component of the magnetic field. This magnetic field is frozen-in in the overlap layer
with a mean speed that is determined by the speed and densities of both plasma clouds
through momentum conservation. The ion beams from both clouds move at a high speed
relative to this magnetic field and are deflected away from the initial collision velocity
vector. The resulting net ion current amplifies the perpendicular magnetic field. The
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Figure 9. Ion phase space distribution in a 0.9¢ mildly relativistic shock: Logarithm
of electron density as a function of specific x-momentum I'v, and x at t = T5. The
forward shock is forming at x=80. Between x=80 and x=130, the incoming ions are
reflected, this region is the foreshock. Between x=60 and x=80, the shock forms a
thermalised downstream region. At this time, the reverse shock is still forming at
x=60 (see [339] for details).

unperturbed ion motion along the collision direction together with the rotation of the
orthogonal velocity vector by the magneto-wave implies that this localized deflection
results in a corkscrew orbit of the ions. The magnetic amplitude grows to a value
that results in the formation of a shock. The now quasi-perpendicular magnetic field
of this wave acts on the incoming upstream plasma like a magnetic wall [342]. The
different penetration lengths of electrons and ions in the wave field introduces a space
charge, which accelerates the electrons to highly relativistic speeds [343], 344] almost
perpendicularly to the collision- and magnetic field direction. This electron beam can
in turn drive instabilities that result in magnetic vortices [339].

For simplicity, many shocks are modeled as symmetric collisions, between identical
plasma species. This assumption is likely to be violated for real interstellar shocks.
Overdense shocks have different properties to shocks with unity density ratio. In
particular, increased particle acceleration has been observed and increased magnetic
field amplification [339], in comparison to shocks in uniform media. A prototypical
asymmetric density plasma protoshock at mildly relativistic speeds is shown in Figure
9] There is forming forward shock at X=80, hot ionized downstream (60 < X < 80),
a shock reflected ion beam (X > 80), and the density ratio is 10. Notably, the reverse
shock is not yet visible in the region X=60.
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4.4. Particle-in-cell simulations: Electron-Positron and Electron-Proton Relativistic
Magnetized Shocks

4.4.1. Particle Acceleration in Relativistic Magnetized Shocks The internal structure
of relativistic shocks and the efficiency of particle acceleration depend on the conditions
of the pre-shock flow, such as bulk velocity, magnetic field strength and orientation.
As found by [27, B09], for highly relativistic flows, the main parameter that controls
the shock physics is the magnetization o (again, the ratio of electromagnetic to kinetic
energy density of the pre-shock medium, see .

Weak magnetization shocks: If ¢ < 1073, shocks are governed by electromagnetic
plasma instabilities (the filamentation or Weibel instability), that generate magnetic
fields stronger than the background field. Such shocks do accelerate particles self-
consistently up to non-thermal energies, and the accelerated particles populate a power-
law tail dN/dE « E~P with slope p ~ 2.5, that contains 3% of particles and 10% of
flow energy [309]. In electron-proton shocks, the acceleration process proceeds similarly
for the two species, since the electrons enter the shock nearly in equipartition with the
ions, as a result of strong pre-heating in the self-generated upstream turbulence. In
both electron-positron and electron-ion shocks, the maximum energy of the accelerated
particles scales in time as €4, o tY/2 ([309], see discussion below). This scaling is
shallower than the so-called (and commonly assumed) Bohm limit €,,,, o ¢, and it
naturally results from the small-scale nature of the Weibel turbulence generated in the
shock layer. In magnetized plasmas (yet with o < 1073), the energy of the accelerated

2 1/4 2
/4 where yom;c

particles increases until it reaches a saturation value €4 /vomic® ~ o~
is the mean energy per particle in the upstream bulk flow (so, 7 is the bulk Lorentz
factor of the upstream flow, as measured in the downstream frame). Further energization
is prevented by the fact that the self-generated turbulence is confined within a finite

region of thickness oc 0~/2 around the shock [309)].

High magnetization shocks: If now o 2> 1073, the shock structure and acceleration
properties depend critically on the inclination angle # between the pre-shock field and
the shock direction of propagation. If the magnetic obliquity is larger than a critical
angle 0. ~ 34° (as measured in the post-shock frame), charged particles would need
to move along the field faster than the speed of light in order to outrun the shock
(“superluminal” configurations). In that view, only “subluminal” shocks (6 < 6..) are
efficient particle accelerators. As illustrated in figure [10] a stream of shock-accelerated
particles propagates ahead of the shock (panel (c), for z 2 725 ¢/wy;), and their counter-
streaming with the incoming flow generates magnetic turbulence in the pre-shock region
(panel (b)). In turn, such waves govern the acceleration process, by providing the
turbulence required for the Fermi mechanism.

The post-shock particle spectrum in subluminal shocks shows a pronounced non-

thermal tail of shock-accelerated particles with a power-law index 2 < p < 3 (panel (d)).
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The tail contains 5% of particles and 20% of flow energy [27]. In contrast, superluminal
shocks (0 2 6.i;) show negligible particle acceleration. Here, due to the lack of significant
self-generated turbulence, charged particles are forced to slide along the background
field lines, whose orientation prohibits repeated crossings of the shock. This inhibits
the Fermi process, and in fact the particle distribution behind superluminal shocks is
purely thermal [27]. The same conclusion holds for both electron-positron and electron-
ion flows. In electron-ion shocks, the incoming electrons are heated up to the ion energy,
due to powerful electromagnetic waves emitted by the shock into the pre-shock medium,
as a result of the synchrotron maser instability [345, 302 27]. Yet, such heating is not
powerful enough to permit efficient injection of electrons into the Fermi acceleration
process at superluminal electron-ion shocks.

Overall, the results of PIC simulations of relativistic shocks imply that non-thermal
particle acceleration only occurs if the pre-shock magnetization is weak (o < 1073, see
the summary sketch in figure , or if the upstream field is nearly aligned with the
shock direction of propagation (i.e., in subluminal shocks). Polarization measurements
of PWNe [346, 347], GRBs and AGN jets [348] suggest that the shocks in these systems
should be appreciably magnetized (¢ 2 0.01) and superluminal, yet they need to be
efficient particle accelerators, in order to explain the prominent non-thermal signatures
of these sources. A possible solution to this discrepancy is proposed below for PWNe

in §4.5

Discussion: issues on acceleration in high magnetization shocks: Despite the apparent
lack of non-thermal particles in PIC simulations of superluminal highly magnetized
shocks, it is still possible to put firm constraints on models of non-thermal emission.
In particular, the strong electron heating observed in electron-ion shocks implies that a
hypothetical power-law tail in the electron spectrum should start from energies higher
than the ion bulk kinetic energy. For models of GRBs and AGN jets that require a power-
law distribution extending down to smaller energies, this would suggest that electron-
positron pairs may be a major component of the flow. Ejections from synchrotron
sources, like the termination shocks of pulsar winds or the jets of active galactic nuclei,
consist mainly of pair plasmas, with a small fraction of protons or heavier ions [349, [350].
It has been shown above that in collisionless shocks, an increase of the ambient magnetic
field changes the dominant acceleration/heating process from Fermi acceleration in the
unmagnetized or weakly magnetized case to magnetic reflection in the case of a strong
perpendicular magnetic field [351]. In a strongly magnetized perpendicular pair shock
non-thermal acceleration is almost completely suppressed [352] 345]. However, if a small
fraction of ions is present and dominant in terms of kinetic energy [353], the lighter
particles can be accelerated efficiently [354) 355, [310].

Positrons and electrons thermalize rapidly during the early stages of shock
formation process, while the ions preserve their beam character over tens of ion plasma
frequencies and are reflected from the shock front. While in non-relativistic shocks the
electrostatic field is responsible for ion reflection [356] [322], in relativistic scenarios the
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electromagnetic fields are more important due to the increased Larmor radius. The

upstream ions can penetrate the shock region and enter the downstream, but they will
eventually be reflected back into the upstream due to the strong field. These oscillations
in the shock front region lead to a compression of particles and a strong overshoot in
the magnetic field [354].

The acceleration process in electron-positron-proton shocks is based on the so-
called synchrotron maser instability [357, 358]. The gyro motion of the ejected plasma
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Figure 10. Internal structure of an electron-ion subluminal shock with ¢ = 0.1 and
6 = 15° [27]. The shock front is located at « ~ 725 c/wp,; (vertical dotted red line in
panel (a)), and it separates the pre-shock region (to its right) from the compressed
post-shock region (to its left). A stream of shock-accelerated ions propagates ahead of
the shock (see the diffuse cloud in panel (c) to the right of the shock, at x 2 725 ¢/wpi).
Their interaction with the pre-shock flow (narrow beam to the right of the shock in
panel (c)) generates magnetic turbulence ahead of the shock (see the transverse non-
resonant waves in panel (b), to the right of the shock). In turn, such waves govern
the process of particle acceleration. In fact, the particle spectrum behind the shock
(solid lines in panel (d); red for ions, blue for electrons) is not compatible with a simple
thermal distribution (dashed lines), but it shows a clear non-thermal tail of high-energy
particles, most notably for ions (red solid line).
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particles in the strong ambient field gives rise to wave emittance and subsequent resonant
absorption. The left-handed polarized waves emitted by the gyrating ions are resonantly
absorbed by the positrons due to the matched rotation direction. Nevertheless, the
circular polarization of the waves also leads to an excitation of the electrons. Up to
20% of the entire positron population was observed to be contained in a non-thermal
tail and the most energetic particles can reach Larmor radii of the order of the shock
thickness. The fraction of wave absorption by ions is small due to their high mass, so
that the ion spectrum stays thermal. The acceleration efficiency and particle spectra
are determined by the ion properties. The fraction of energy in the non-thermal part
of the particle spectrum increases with the ion to electron density and mass ratios, and
the cutoff energy scales with the ion mass ratio [355]. The temporal evolution of the
non-thermal tail behaves according to a power-law, Y4, o t* with 1/3 < a < 1 [310].
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Figure 11. Summary plot of the dominance zone of the main instabilities in relativistic
shocks in terms of upstream magnetization and shock Lorentz factor. Three zones are
clearly identified: a low-magnetization case where Fermi acceleration operates, an
intermediate-magnetization case where no or partial acceleration occurs, and a high-
magnetization case with no Fermi acceleration; see [304].
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The acceleration time can be estimated by (see §3.3):
3 D d / u / /
tacc _ / _]? (/{ (p) + /fd(p )) 7 (30)
Uy —Ud Jp, P Uy Uq

From Bohm diffusion as a standard transport model, a linear scaling v o t,.. is expected

[224]. The reduced powers o < 1 indicate that the process is slowed down by small
wavelength scattering [359, [309], which for highly relativistic velocities scales as y ti2.

The shock formation process and relevant scales are also determined by the actual
constitution of the unperturbed plasma. In the case of highly relativistic upstream fluid

velocities, the shock speed is approximated well by:

(1+§> jh—[g+%(r—1)1ﬁsh—(1—g>zo, (31)

assuming that the species are all thermalized, obeying the pressure-energy relation
p = (I' = 1)e with the adiabatic constant T', and characterized only by the total

Me

-1
)] with electron upstream
m;

magnetization, which is given by o = o, [2 + (1 -
magnetization o, = B?/(4mn.,m.c*y) [345]. An exact expression for the calculation
of the shock speed can be found in [310], taking into account the real shapes of the
non-thermal spectrum and an arbitrary upstream fluid velocity. The deviations from
Eq31] become stronger the lower the upstream magnetic field, but always stay below
10% for standard collisionless shock scenarios [310]. The shock speed increases with
the magnetization and decreases with the ion to electron mass and density ratios due to
their reciprocal dependence on o. At the same time, an increase of the mass and density
ratios leads to larger scales. The shock forms on a larger temporal scale and also the
spatial scales are increased and strong wave generation in the downstream on the scale
of the ion Larmor radius appears, making the shock profile become less smooth [354].

Most of the simulations have been performed in a 1D setup and the question was
raised if the acceleration efficiency was overestimated due to the artificially increased
heating in longitudinal direction [354]. 2D effects were found to play a minor role if the
ambient magnetic field is perpendicular and strong (o 2 0.1), and the final acceleration
spectra show only marginal differences. In parallel and oblique shocks, however, at least
two-dimensional simulations are required to capture the physics. While the positron
spectra are not affected much by the geometry of the magnetic field, the electron spectra
and energy cutoff are very sensitive to the obliquity angle of the field.

4.4.2. Radiation at relativistic shock waves

Radiation Signatures of Relativistic Unmagnetized Shocks As mentioned above,
relativistic unmagnetized shocks (i.e., with ¢ = 0) are governed by the Weibel instability,
which generates small-scale magnetic fluctuations. It has been speculated that emission
from these shocks may occur in the so-called “jitter” regime [360, 27], if the scale A\g
of the turbulence is so small that the wiggler parameter a = qdBAg/mc* < 1, with
synchrotron radiation occurring for a > 1. Here, 0B is the field strength, ¢ and m
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the electron charge and mass, and ¢ the speed of light. Jitter radiation has also been
proposed as a solution for the fact that GRB prompt emission spectra below the peak
frequency are not compatible with the predictions of synchrotron emission at mildly
relativistic shocks (the so-called “line of death” puzzle [361]).

However, recent PIC simulations, which includes an algorithm to extract ab
initio photon spectra, have revealed synthetic spectra that are entirely consistent
with synchrotron radiation in the fields generated by the Weibel instability [348], see
Fig. [12| for an illustration. The so-called “jitter” regime is recovered only by artificially
reducing the strength of the fields, such that the parameter a becomes much smaller
than unity. So, if the GRB prompt emission results from relativistic unmagnetized
shocks, it seems that resorting to the jitter regime is not a viable solution for the
“line of death” puzzle. This can be easily understood on analytical grounds, because
a ~ 3.6 x 102")/5}1613/7272 (Apwpi/c) > 1 in terms of the shock Lorentz factor vg,; one
even expects a > v for all supra-thermal electrons, corresponding to the standard
synchrotron regime [359] 1363, [307].

The small scale nature of the turbulence nevertheless brings in some interesting
radiative signatures. First of all, particle scattering in small scale turbulence is slow,
hence the maximal energy is limited: comparing the scattering timescale tgeae ~
r2/Aspe (in the SRF) to the synchrotron energy loss timescale for electrons leads to

-1/6

a maximal Lorentz factor Ymax ~ (nrime/m,)” ", r. denoting the electron classical

radius [359, 307, B09], or to a maximal synchrotron photon energy
~1/2 1/2
€&y ~ 3GeV 63,12%2}1,2.5”0/ - (32)

The fiducial numerical values refer to the external shock wave of a GRB propagating in
the ISM. Indeed, most high energy photons observed in the extended emission phase of
GRBs have a rest frame energy below the above cut-off; in the present scenario, the few
photons above this limit must therefore originate from IC interactions, see the discussion
in [364].

Secondly, small scale turbulence is expected to decay fast, on multiples of the
plasma skin depth [281] B65]; the PIC simulations of [282, 283] do confirm this decay,
with a roughly power-law behavior on 2> 102*3%; ! timescales. In a decaying turbulence,
electrons of different energies cool in regions of different magnetic field strengths, which
has direct implications for the afterglow spectrum and light curves of gamma-ray bursts
in particular [366], 367, 279]; detailed synchrotron spectra and light curves are provided
in the latter paper for a generic power-law decay and various cooling scenarios. Recent
work [280] further argues that the late time extended emission seen in several gamma-
ray bursts from the radio to the GeV band do point to the decay of micro-turbulence
behind the shock front, with a decay index —0.5 < ap
of comoving time ¢ since injection through the shock.

< —0.4, for eg o t“B in terms

Y
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Figure 12. Ab initio photon spectrum (thick solid lines) from the 2D PIC simulation
of an unmagnetized (i.e., o = 0) shock [362]. Red lines are for head-on emission (along
the shock direction of propagation), blue lines for edge-on emission (along the shock
front). The slope at low frequencies is 2/3 (black long-dashed lines), proving that the
spectra are consistent with synchrotron radiation from a 2D particle distribution (in
3D, the predicted slope of 1/3 is obtained). By separating the relative contribution
of post-shock (thin solid lines) and pre-shock (dotted lines) particles, one sees that
pre-shock particles contribute significantly to the total emission (thick solid lines),
especially at high frequencies. Frequencies are in units of the plasma frequency wp.

4.5. The particular case of relativistic shocks in striped winds

Polarization measurements of PWNe suggest that the pulsar wind termination shock
is highly magnetized and perpendicular (so, superluminal). Based on the PIC results
shown above, particle acceleration via the Fermi process should be inhibited, in contra-
diction with the clear non-thermal signatures of these sources. In the attempt to tackle
this apparent discrepancy, 2D and 3D PIC simulations have recently been performed to
investigate the acceleration efficiency of perpendicular shocks that propagate in high-o
flows with alternating magnetic fields [351]. Here, the assumption is that the pulsar
wind ahead of the termination shock consists of alternating stripes of opposite magnetic
polarity (hereafter, a “striped wind”). For PWNe, this is the configuration expected
around the equatorial plane of the wind, where the sign of the magnetic field alternates
with the pulsar period [360].

At the termination shock, the compression of the flow forces the annihilation of
nearby field lines, a process known as magnetic reconnection. As shown in Fig. [13]
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magnetic reconnection erases the striped structure of the flow (panel (a)), and transfers
all the energy stored in the magnetic fields (panel (d)) to the particles, whose distribu-
tion becomes much hotter behind the shock (see panel (f), for x < 1000). As a result of
field dissipation, the average particle energy increases by a factor of ¢ across the shock,
regardless of the stripe width A\ or the wind magnetization o.

The reconnection process manifests itself as characteristic islands in density (panel
(c)) and magnetic energy (panel (e)), separated by X-points where the magnetic field
lines tear and reconnect. The incoming particles are accelerated by the reconnection
electric field at the X-points and, in the post-shock spectrum, they populate a broad
distribution (red line in panel (g)), extending to much higher energies than expected in
thermal equilibrium (dotted line). The acceleration efficiency reaches nearly 100%, and
the slope of the non-thermal tail is p ~ 1.5 (dashed line in panel (g)), flatter than what
the Fermi process normally gives in relativistic shocks. The particles are accelerated
primarily by the reconnection electric field at the X-points, rather than by bouncing
back and forth across the shock, as in the standard Fermi mechanism [368]. Quite
surprisingly, the Fermi process can still operate along the equatorial plane of the wind,
where the stripes are quasi-symmetric. Here, the highest energy particles accelerated
by the reconnection electric field can escape ahead of the shock, and be injected into
a Fermi-like acceleration cycle. In the post-shock spectrum, they populate a power-
law tail with slope p ~ 2.5, that extends beyond the flat component produced by
reconnection (This additional population of Fermi-accelerated particles is not present
in panel (g) of , since the figure focuses on the characteristic shock structure at
intermediate latitudes away from the wind midplane.). The particle energy spectra
extracted from the simulations can be used directly to interpret the radiative signatures
of PWNe. The radio spectrum of the Crab Nebula, the prototype of the class of PWNe,
requires a population of non-thermal particles with a flat spectral slope (p ~ 1.5),
extending at least across three decades in energy [361]. The particle spectrum should
be steeper at higher energies, with slope p ~ 2.5, to explain the optical and X-ray flux
[369]. One could interpret the optical and X-ray signatures of the Crab, which require
a particle spectrum with p ~ 2.5, as synchrotron emission from the particles that are
Fermi-accelerated close to the equatorial plane of the wind. At face value, the spectral
index required for the radio spectrum of the Crab (p ~ 1.5) could naturally result
from the broad flat component of particles accelerated by the reconnection electric field.
However, the particle spectrum in the simulations approaches the flat tail required by the
observations only when the combination \/(R,0) exceeds a few tens (for smaller values,
the spectrum is a narrow thermal-like distribution). Here, R, is the particle gyration
radius taken in the pre-shock magnetic field. Most theoretical models of the Crab predict
a value of A\/(R,0) that is too small to produce a broad flat tail in the spectrum. If
radio-emitting electrons are accelerated at the termination shock of pulsar winds via
magnetic reconnection, a revision of the existing theories of pulsar magnetospheres is
required [370]. In any case, first-principles PIC simulations provide physically-grounded
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inputs for models of non-thermal emission in PWNe.

4.6. Magnetohydrodynamics

Magnetohydrodynamics (MHD) numerical simulations are the domain of the investi-
gation of large scales (scales comparable to the shock radius) instabilities. These in-
stabilities are relevant for the confinement of the highest particle energies (see also the
corresponding in the non-relativistic shock case). MHD perturbations participate
also to the dynamics of the global flow [288]. Here, more specifically, we discuss the con-
tribution of MHD instabilities to the production of magnetic field in relativistic shocks.
This aspect is of particular importance to explain values of e in GRB (see the discus-
sion in . We first discuss MHD instabilities associated with the presence of CRs
and then pure MHD instabilities.

[306] considered a 1 and 2D analytical analysis of MHD waves evolution in a coupled
MHD and CR fluid system in the CR precursor of highly relativistic perpendicular
shocks. The source of free energy is the charge of CR that stands ahead the shock front,
hence this instability is a particular case of a streaming instability. In this configuration,
the CR charge destabilizes upstream waves through the effect of the electromotive force.
Alfvén waves have been found stable whereas magneto-sonic waves are destabilized. This
solution raises an issue concerning the possibility to reach turbulence levels 6B > By
(By is the background magnetic field) in the upstream medium as magnetic-sonic in-
stabilities are expected to saturate at a level 0B ~ B at least in the linear analysis.
[371] performed 1D relativistic MHD-CR numerical simulations to test the previous an-
alytical calculations. The authors confirmed the stability of Alfvén waves and found
that the magneto-acoustic instability saturates at a moderate level of 6B/By ~ 4 —5 in
the non-linear regime. The density fluctuations ahead the shock front also saturate in
the non-linear regime at a level of dp/py ~ 4 — 5 (po is the ambient upstream density).
This effect can lead to the production of a series of shocks in the CR precursor that
participate to a pre-heating of the medium and a pre-acceleration of the particles. The
instability is also active in the mildly relativistic regime although the growth rate scaling
as (1 — 1/7sn) is reduced in that case.

In the downstream medium [286] have investigated the amplification and the decay
of MHD turbulence excited by the Richtmyer-Meshkov instability (a Rayleigh-Taylor-
type instability) using 3D simulations. This instability is produced by an interaction
between a highly relativistic shock front and ambient density fluctuations. The impulsive
acceleration of the shock passage in a density clump induces the instability. High
values for eg up to 0.1 have been found but they are dependent on the ambient
magnetization. In some cases, the magnetic energy density can grow by at least
two orders of magnitude compared with the magnetic energy just behind the shock
independently of the magnetization. However in the context of gamma-ray bursts a
supplementary mechanism (for instance the above streaming instability) is necessary for
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Figure 13. 2D PIC simulation of a relativistic shock propagating in a striped flow
with magnetization o = 10 and stripe wavelength A = 640d., (d. is the electron
plasma skin depth, see ; see [351] for details. The shock is located at = ~ 950 d,
(vertical dotted red line), and the incoming flow moves from right to left. At the shock,
the striped structure of the magnetic field is erased (panel (a)), the flow compresses
(density in panel (b)), and the field energy (panel (d)) is transferred to the particles
(phase space in panel (f)). The microphysics of magnetic reconnection is revealed by
the islands seen in the 2D plots of density and magnetic energy (panels (c) and (e),
respectively) in a region around the shock. As a result of magnetic reconnection, the
post-shock particle spectrum (red line in panel (g)) is much broader than a thermal
distribution (dotted line), and it approaches a power-law tail with flat slope p ~ 1.5
(dashed line).
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this fluid instability to amplify the magnetic fluctuations with ez as high as 0.1 — 1072.
The turbulence decays with time following a power-law at late stages. [372] investigated
the instability over longer timescales using 3D axisymmetric simulations and were
able to catch the saturation of the magnetic field. The saturation level happens to
depend strongly on the orientation and the strength of the background magnetic field;
the perpendicular configuration with a weak field produce larger enhancements. The
saturated magnetic field energy in the postshock region is found to be in equipartition
with the flow kinetic energy. The fluid instability may also trigger magnetic reconnection
in striped pulsar winds (see . Hence turbulent motions induced by the Richtmeyer-
Meshkov instability may help to dissipate the magnetic field in striped pulsar winds as
been shown by 2D MHD simulations [373].

4.7. On the origin of ultra high energy cosmic rays

The physics of particle acceleration in powerful astrophysical sources is of course central
to the problem of the origin of ultra-high energy cosmic rays (UHECRs). The near
isotropy of the arrival directions of UHECRSs, the difficulty of confining 10%° eV nuclei
in the Galactic magnetic field, the challenge of accelerating particles up to such extreme
energies and the detection of a high energy cut-off at 6 x 10 eV [374] 375l B76] — the
expected location for the Greisen-Zatsepin-Kuzmin cut-off [377, 378] — all point towards
rare and powerful extra-galactic sources.

Recent data have indicated the presence of weak anisotropies in the arrival
directions of the highest energy cosmic rays, although the statistical confidence level
is not yet conclusive [379]. Such anisotropies are indeed expected if the nuclei are light,
due to the small angular deflection in intervening magnetic fields. However, the most
extensive dataset of the Pierre Auger Observatory also suggests that the composition
tends to be dominated by heavier nuclei at energies > 10 eV [380]. This result is still
disputed by other experiments [381], 370], and as of now, the situation remains unclear.

In direct inverse proportion to the extent of firmly established experimental results,
the number of theoretical models is rather large. These models will not be reviewed in
detail here due to lack of space, the reader is referred to [382], [383] for reviews, or
[186, (384, [385), 1386, B87] for discussions on the acceleration issue. A direct application of
the Hillas bound [388] underlines neutron stars [389, 390} 392, 393, 394, 395], gamma-ray
bursts [396], 398, 399, [397, 1400, 401}, [402], 403, 404], powerful AGN [405] [406] or radio-
galaxies [407, 408, 409, 410] and large scale structure accretion shock waves [4111,[412]. In
order to go beyond the Hillas bound, one may assume that the accelerator is embedded
in an outflow of bulk Lorentz I' and that in the comoving frame, acceleration proceeds
at a fraction of the Bohm rate, meaning an acceleration timescale t,.. ~ Aty, with
A = 1. Then, one can derive a lower bound on the magnetic luminosity of the source,
assuming that acceleration indeed produces 10%° eV particles [384) [413], 414 415]: Ly >,
10%Z72A%erg/s. This bound limits the number of possible sources to fast spinning
neutron stars, gamma-ray bursts and the most powerful radio-galaxies (Faranoff-Riley
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II) for 10?°eV protons. For iron-like nuclei, the number of possible sources extends
significantly, down to moderate luminosity AGN and FR I radio-galaxies (i.e. BL Lacs
and TeV blazars when seen head-on), possibly large scale structure shock waves.
Among the possible acceleration mechanisms, shock acceleration plays a special role:
it emerges as a generic and natural consequence of astrophysical outflows, it produces
power laws with differential energy spectrum indices close to —2 and it allows to extract a
significant fraction of the kinetic energy flux flowing into the shock into the non-thermal
hadronic power law, as demonstrated repeatedly in this report. The latter point is of
particular interest, because the UHECR energy input rate ¢ ~ 0.5 x 10* erg/Mpc?/yr
above 10" eV [416], which corresponds to a substantial fraction (Za few %) of the
total source luminosity /output energy. We thus focus on shock acceleration in the rest
of this discussion, and more particularly on relativistic shock acceleration, given that

2 and that most

the acceleration in the non-relativistic limit is suppressed by (¢/vg,)
candidate sources involve relativistic outflows.

In the ultra-relativistic limit, v, G > 1, the physics of shock acceleration is
known to depend sensitively on the degree of magnetization of the ambient medium
(see §4.2.1)). In ideal conditions, one understands that the relativistic Fermi process
takes place provided intense turbulence on spatial scales shorter than a gyration radius
has been excited in the shock precursor. PIC simulations have demonstrated that in
the unmagnetized, or weakly magnetized limit, relativistic shock waves do excite the
filamentation instability, which gives rise to intense turbulence with strength eg ~ 0.1
at the shock front, on scales Asp ~ 10¢/wy; (see §4.4.1). However, particle transport
in short scale turbulence takes place at a slow rate, with typical scattering time
tscatt ™~ ré /Aspc (see . Consequently, Bohm scaling does not apply at high
energies and the ratio of acceleration timescale to gyro-time A ~ 7,/\sp becomes
much larger than unity as energy increases. The maximal energy for nuclei accelerated
at such ultra-relativistic shock waves is then the best of the following two estimates,
depending on how transport operates upstream of the shock front: E,.. ~ ZeByRYs, ~
106 7 By _¢R177sn,2.5 €V, corresponding to rotation in the background magnetic field By;
or Fpax ~ nyshegQ(R/)\)l/Qmpc2 ~ 4x10" Z R14275h72.5n(1)/4 eV, corresponding to small
angle deflection in the self-generated turbulence [305, 417, 307, [418]. The fiducial values
chosen are representative of the external shocks of gamma-ray bursts.

Ultra-relativistic external shocks of gamma-ray bursts cannot push particles up
to 10%° eV, mostly because of the low magnetization of the circumburst medium.
At large magnetizations however, acceleration is likely suppressed, at least in ideal
conditions. The termination shock of the Crab pulsar apparently violates this rule,
since it appears to accelerate electrons up to PeV energies at a Bohm rate. The
spectral energy distribution of the Crab nebula at frequencies above the ultra-violet
range indeed corresponds to an electron injection spectrum oc £~22, in remarkable
agreement with the predictions of test particle Fermi acceleration with isotropic
scattering [419] 14201 [305] 421, 422]. What triggers Fermi acceleration at this termination
shock, whose Lorentz factor v, ~ 10®—10° and magnetization o ~ 1073 —1072 [42] - see



The microphysics of collisionless shock waves 68

also the review [423] — remains the subject of debate. Nevertheless, assuming that nuclei
are injected along with the pairs in the pulsar wind, one could expect such nuclei to be
accelerated up to the confinement energy in the nebula, £ ~ ZeBR ~ 3 x 107 ZeV
for an estimated magnetic field B ~ 300 uG and nebula size R ~ 1pc. This remains
insufficient and, actually, the energy output of Crab-like pulsars is too small to explain
the UHECR flux. If, however, a fraction of neutron stars are born with high angular
velocity, corresponding to 1 — 10 ms periods, their rotational energy reservoir could be
sufficient to account for the observed flux, provided the ions tap a sizable fraction of
it [390]; furthermore, ion acceleration at the termination shock could operate up to
confinement energies of order ~ 10'? — 102 ¢V for protons in such young nebulae [391].

Most scenarios of UHECR acceleration have focused on mildly relativistic shock
waves, with g8 ~ 1, e.g. in gamma-ray burst internal shocks [399, 402 403], at
the reverse shock [424, 405], in blazar internal shocks [425], in radio-galaxy outflows
[408, 1410] and more recently at the external shock of trans-relativistic supernovae
[426], 427, 428, 290, [429], which are generally associated with low luminosity gamma-ray
bursts. The latter form an interesting class of objects, because their high occurence rate,
compared to the long gamma-ray bursts, makes it easier to accomodate the cosmic ray
flux above 10* eV. However, their restricted acceleration capabilities imply that only
heavy nuclei (oxygen to iron) could be produced at ultra-high energies; acceleration of
protons should stop short of 10 eV; see also the discussion in §. for an estimate
of the magnetic field and radius of the blast wave in those objects.

A common and crucial assumption in studies in this field of research is that
acceleration proceeds according to a Bohm scaling in the self-amplified field, i.e. A ~ 1.
Whether this applies remains to be demonstrated by PIC simulations, which so far
indicate relatively inefficient acceleration at mildly relativistic shocks [309]. There
are reasons however to be optimistic [430)}, 307]; in particular, the precursor of mildly
relativistic shock waves should extend on long spatial scales (as compared to ultra-
relativistic shock waves), and thus possibly allow the development of new instabilities.
The investigation of such issues may require the development of new numerical tools
beyond PIC simulations in order to probe the physics of the shock on long spatial and
temporal scales.

5. Laboratory experiments in connection to astrophysics

5.1. Introduction

Advances in the field of high energy-density physics (HEDP) have marched in parallel
with recent progress in astrophysical plasma theory discussed in this review. The
increase in both the experimental capability and availability of modern high-power
plasma devices, has been successfully exploited to tackle problems of astrophysical
relevance, an area commonly referred to as laboratory astrophysics.  While this
field has been around for many years, see for example the many excellent reviews
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[431), 432, 433, 434, 435, 436], its over-lap with the interests of the high-energy
astrophysics community has seen particular rapid growth. Laboratory experiments
continue to provide unique insight into several the physical mechanisms discussed in
this review.

Many fields of experimental physics, such as atomic, nuclear physics, high-energy
particle physics, etc. are directly applicable to astrophysical processes. However, much
of what is done in the field of laboratory astrophysics, involves the scaling of laboratory
experiments to astrophysical phenomena. This relies on the similarity of physical
processes occurring on vastly different scales. For example, in the case of a plasma
jet produced using a Z-pinch device, a typical jet structure might have a spatial extent
of several centimeters [437], as compared with a Herbig-Haro jet from a young stellar
object, which are observed to reach a fraction of a parsec (= 3 x 10'® ¢cm) or more in
length [438]. The fact that any similarity between these two systems, operating on such
different scales can be considered at all, may seem quite surprising to some, but a simple
comparison of the equations that govern their dynamics shows that, subject to certain
conditions, this can be achieved. If both systems are considered from a hydrodynamical
viewpoint, i.e. neglecting magnetic fields for the moment, then writing these equations
in dimensionless form, it follows that the two systems differ only in their numerical
values for the dimensionless quantities, the Reynolds number:

1 v
Re Ul
and the Péclet number:
I x
Pe Ul

where U and ¢ are characteristic velocity and length scales of the system, v the kinematic
viscosity, and x the thermal diffusivity [439]. If both these quantities are large compared
to unity Pe, Re > 1, in the two systems being compared, then they are said to be hydro-
dynamically similar [440), [432], [441], and a simple transformation can be used to relate
the dynamical variables.

The condition, Pe, Re > 1, is easily achieved in astrophysical flows, due to the low
collision rate and large length scales involved. It is also possible to satisfy this condition
in the laboratory using laser produced plasmas or pinch devices. For example, typical
Reynolds numbers in a laser ablated plasma, using 100 Joules of laser energy on a metal
target, can be of the order 10* or larger. It should be noted that, neglecting other
effects this is comparable, or superior, to current state of the art numerical simulations.
Hydrodynamic similarity has been demonstrated in a number of experiments, looking
at the early stages of type II supernovae [442] [432].

Achieving magneto-hydrodynamic similarity, from laboratory to astrophysical
scales, often proves to be more challenging. With the inclusion of magnetic fields,
similarity requires in addition, that the magnetic Reynolds number, Rm, be considerably
larger than unity
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where 7 is the magnetic diffusivity. Again, this number is typically extremely large in
astrophysical systems, but achieving very large magnetic Reynolds numbers in laser/Z-
pinch plasmas is more challenging, with typical values ranging from less than unity, to a
few tens. (We note that considerably higher magnetic Reynolds numbers can be achieved
in magnetic confinement fusion devices, however, since the focus is on shocks, we do
not discuss these further.) The issue of achieving large magnetic Reynolds numbers, is
closely related to the production of a collisionless plasma, since 7 ~ (¢/wpe)?/Te, Where
T. is the Coulomb collision time for electrons. Collisionless plasma physics has been
central to much of this review, and in particular, the physics of collisionless shocks. The
ability to reproduce collisionless shocks under controlled laboratory conditions is highly
desirable, and provides a novel platform for the study of collective plasma effects, and
the interplay between microscopic and macroscopic plasma processes.

Many aspects of such shocks remain to be fully understood, and as discussed in this
review, it continues to be an active field of study. While theory, satellite observations
and numerical simulations have proved invaluable, the advantages of laboratory plasma
experiments are self evident, being unavoidably multi-dimensional, and multi-scale. In
the following, we give a flavour of some of the experiments that are pertinent to the
review. This is by no means an exhaustive review of the field. We hope, nevertheless,
that it gives an introduction to some experiments of interest to non-experts in the high
energy astrophysics community.

5.2. Collisionless Shock FExperiments

The first experiments investigating collisionless shocks in laboratory plasmas dates
back to sixties, using electromagnetic shock-tube or pinch devices, and are reviewed
in [431], [443). While these experiments provided valuable information, their relevance
to astrophysical shocks were limited [431], [444]. Recent years, have seen the use of high-
power lasers, become the primary field for such investigations. This may be largely
attributed to the increase in academic access to high-power laser facilities, such as
the LULI laboratory at Ecole Polytechnique, France, the Vulcan laser at Rutherford
Appleton Laboratories in Oxfordshire, the Jupiter Facility at Lawrence Livermore
National Laboratory or the GEKKO XII laser at Osaka University, Japan. All of these
facilities are capable of providing a total energy of a few hundred to a few thousand
Joules of energy onto a sub mm target, on nanosecond or sub-nanosecond timescales.
Larger facilities, such as Omega (30 kJ) or the National Ignition Facility (= 1 MJ) also
provide limited academic access, with astrophysically relevant investigations making up
a sizeable fraction of such experiments. There are also continuing efforts to exploit pinch
machines, as is being done on MAGPIE [433], as well and large plasma devices (LAPD)
[445], and plasma gun devices [446].

Collisionless shock experiments using laser produced plasmas has itself a long
history. In [447], a collisionless shock was produced by irradiating a solid target mounted
inside a low-density plasma filled pinch device. In [448], the supersonic flow of a laser
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ablated plasma past a stationary obstacle was investigated. Both these experiments
showed good agreement between numerical simulations and experimental results. These
pioneering experiments, largely overlooked for more than a decade, are at last being
developed further, exploiting the increased availability of laser power and improved
diagnostics, provided at the above mentioned facilities. Several recent experiments
[317, 449, 1450] have detailed the formation of collisionless electrostatic shocks (see
94.3)), using a laser driven ablation flow in a low density gas filled target chamber.
An impressive suite of diagnostics provide detailed information on the shock evolution.
Proton imaging [451] [452] is used to image the electromagnetic field structure, and
magnetic induction probes can provide high time resolution measurements of magnetic
fields at a fixed location [453]. At sufficiently high densities, interferometry can be
used to measure density, while Schlieren imaging (a standard optical technique used
in laboratory plasmas to measure variations in the refractive index of the gas). and
streaked optical pyrometry (SOP) can be used to track the shock motion. In addition,
spectrometers can be used to measure the electron temperature. A recent experiment
[454] has coupled a high power laser with the LAPD device, which contains a low
density, magnetised plasma. Exploiting the high reproducibility of the system, this
group has provided convincing evidence of a collisionless magnetosonic shock. Although
the Alfénic Mach numbers of these shocks remain quite modest, they certainly offer an
exciting avenue for astrophysically relevant investigations. The successful generation of
a supercritical collisionless shock opens the possibililty for laboratory investigations of
diffusive shock acceleration [455], particularly with application to supernova studies.

Experiments addressing the formation of unmagnetized shocks have also been
performed. These experimental set-ups for such investigations typically involve the
interpenetration of two ablation flows in vacuum. The first such investigations were
performed by [456, [457]. Two parallel foils were irradiated with 60J of laser energy,
generating two oppositely directed ablation flows, capturing the early stages of shock
formation. Schlieren images showed the formation of small scale features, indicating the
early stages of shock formation. The inclusion of an external magnetic field, was also
demonstrated to introduce strong sub-Larmor scale structure, again indicative of shock
formation. Variations on this method have also shown interesting results. [450] use a
similar set-up, of two oppositely facing foils, and irradiate one of them. The resulting
fast-moving ablated plasma then ‘reflects’ off the opposite foil and a feature is observed
to propagate in the flow.

More recent experiments have taken advantage of the sizeable increase in laser
power, as compared with these early investigations [458, 459, [460]. Using a similar
double foil set-up [456] on the OMEGA and OMEGA-EP lasers, irradiating the foils
with more than a kJ of laser energy, the interpenetration of two ablation flows was
studied. A Thomson scattering probe was used to determine the plasma conditions
in the interaction region, which clearly show the formation of a hot (>keV), dense (~
10'® ¢cm™3) plasma [461]. The proton radiography images [459], show the development
of non-linear structures in the interaction region, however, convincing evidence for shock
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formation has not been found. The Weibel instability, operating between the two
interpenetrating plasma has been suggested as the dominant mechanism, in generating
the features observed in the proton images [460, [462]. These experiments are ongoing.
The successful generation of a collisionless shock via this avenue is eagerly anticipated
by the whole community. It has been suggested that NIF scale laser is required to
produce a fully formed unmagnetized collisionless shock [463].

Until then, there is much that can be studied with magnetized shocks, or indeed
weakly collisional shocks. Recent work by [464], have demonstrated the mechanism
of magnetic field amplification by shock interaction with a clumpy medium, one of
the mechanisms suggested for producing the strong fields at the outer shocks of young
supernova remnants. We are also on the verge of generating neutral electron-positron
pair plasmas in the laboratory. The generation of a neutral pair beam has already
been reported [465], (see also [466]) while the next generation of high intensity lasers,
ELI [467], have already been suggested as potential sources of copious pair production
[468, 469]. Advances such as these will open many opportunities to study such plasmas,
which to date are exclusively found in astrophysical sources.

6. Summary and conclusions

This review provides the reader with an instantaneous view of the field of collisionless
shock microphysics. We first considered the case of non-relativistic shocks. These are
well probed by in-situ satellite measurements in the environment of magnetospheric
and heliospheric shock waves. We discussed several important aspects which control
the shock phenomenon at the smallest scales: shock formation, shock non-stationarity
and their associated instabilities. The non-stationarity has basically two different
origins: self-reformation and emission of non-linear waves that do not include any micro-
instabilities and non-stationary effects connected with micro-instabilities. In natural
plasmas both are inter-connected and can be explored with the help of particle-in-cell
and hybrid numerical techniques. Among the large number of micro-instabilities the
Weibel instability is likely the dominant instability which mediates the shock formation
in an unmagnetized background. We also detailed the non-resonant streaming instability
relevant for astrophysical shocks triggered by a population of energetic particles (that
may become cosmic rays). This instability (both linear and non-linear saturation
stages) has been recently widely investigated by different numerical techniques including
hybrid and PIC-MHD simulations. We discussed three types of shock acceleration
mechanisms: shock drift, shock surfing and diffusive shock acceleration. Especially
SDA has been shown to be potentially active in the process injection of moderately
energetic particles at astrophysical shock fronts. We gave an overview of the multi-
wavelength (radio, optical, X-rays and gamma-rays) observational probes of particle
acceleration in supernova remnant shocks, the favorite sources of galactic cosmic rays.
A particular emphasize has been made on the recent high-angular resolution structures
observed by the X-ray satellite Chandra: X-ray filaments and X-ray stripes. These
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structures can be interpreted as evidences of turbulent motions and magnetic field
amplification. MFA phenomenon is thought to be closely connected to the development
of streaming instabilities even if other ways to amplify the magnetic field exist without
invoking any particle acceleration. If substantial progresses have been made in the
theory of cosmic ray acceleration at supernova remnant shocks yet no definite proof
exists that SNR are the sources of the galactic CRs. Turning to relativistic shocks,
we first gave several observational hints that MFA is also occurring there especially in
shocks associated with the gamma-ray bursts phenomenon. We provided details on the
transport of energetic particles in the turbulence that develops in relativistic flows. This
turbulence is likely different from the NR case because it is anisotropic and restricted to
scales smaller than the particle Larmor radius; it is non-resonant. This produces strong
constraints on the maximum energies we may expect from acceleration in R shocks and
question the sources of extragalactic CRs. Relativistic and mildly-relativistic shocks
have been widely investigated recently in both electron-positron and electron-proton
plasma configurations using PIC simulations. The results point out the importance of
the local magnetization and magnetic field obliquity for particle acceleration efficiency.
In particular high-magnetization shocks do not permit an efficient Fermi acceleration
and alternative scenarios are required to explain the radiation detected from pulsars
and their nebulee. Finally R-MHD simulations are starting to complement the global
picture on the magnetic field expected in R shocks. The last chapter of this review
discussed the importance of the developments realized in laboratory astrophysics which
have investigated the conditions the shock physics can be scaled down to laboratory
scales.
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