
Abstract. Supernovae release extreme amounts of energy and
produce major chemical elements in galaxies. They are extra-
ordinary phenomena that give rise to the emission of neutrinos,
gravitational waves, and broad spectra of electromagnetic ra-
diation, and accelerate particles to ultra-relativistic energies.
Observations of supernovae have led to the discovery of the
accelerated expansion of the Universe and the introduction of
the `dark energy' concept. Recent observations and theoretical
models have revealed diverse supernova-related phenomena, the
diversity resulting from variations both in the energy release
mechanisms and in the properties of circumstellar matter.
Supernova remnants and, in particular, gamma-ray bursts ori-
ginating from compact stellar remnants are among the main
objects of space research programs all over the world. We
review the results of supernova and gamma-ray burst observa-
tions, as well as physical models capable of explaining the
acceleration of nonthermal particles to ultra-relativistic ener-
gies and the amplification of fluctuating magnetic fields in
supernova shells. We also consider the prospects of testing
these models via observations with orbital and ground-based
telescopes.

Keywords: supernova, gamma-ray burst, shock wave, particle
acceleration, cosmic rays

1. Introduction

Supernovae are objects with an extreme energy release that
produce the main chemical elements in galaxies. These
grandiose phenomena are accompanied by emission in a
broad electromagnetic spectrum, neutrinos, gravitational
waves, and the acceleration of nuclei to ultrarelativistic
energies. Presently, observations of type-Ia supernovae
(SNe) offer the possibility of probing the accelerated expan-
sion of the Universe (see, e.g., [1]). The importance of SNe in
the fundamental problem of searching for and determining
the dark energy fraction in the Universe has led to
unprecedented efforts to increase the observational SN
statistics in several projects, including the Palomar Transient
Factory, Dark Energy Survey, and Mobile Astronomical
Network of Robotic Telescopes (MASTER). The Large
Synoptic Survey Telescope (LSST) currently under construc-
tion should in five years be able to detect several thousand
type-Ia SNe at redshifts of about one, as well as to study weak
gravitational lensing effects. The LSST will also detect many
thousands of transients (variable sources with a sharply
increasing flux phase) each night. In the last decade, a
significant increase in the statistics and quality of multi-
wavelength observations of SNe and other transients has
enabled great progress in the understanding of the phenom-
enology and physics of SNe. Modern observations and
theoretical models suggest a rich variety of observational
manifestations of SNe caused by processes of energy release
and different properties of circumstellar matter. Supernova
remnants and gamma-ray bursts related to compact stellar
remnants are in the focus of space research all over the world.
In this paper, we briefly present the results of SN observa-
tions, gamma-ray bursts, and transients, including those
related to the tidal disruption of stars. We discuss physical
models of nonthermal processes in SN shells and prospects of
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probing them with next-generation orbital and ground-based
telescopes.

The observational manifestations of SNe are very rich [2±
4], a fact related to both different mechanisms of the huge
energy release initiating an SN explosion and different
progenitor stars that also determine the peculiarities of the
circumstellar medium. The huge amount of observational
data and large number of theoretical models force us to focus
only on some issues related to nonthermal processes in SNe
and their remnants. We consider classes of objects related to
collapsing type-Ibc Sns, which are apparently related to
recently discovered relativistic SNe. Physical processes in
core-collapse SNe are discussed from the standpoint of the
classical physics of shocks [5, 6], accretion theory [7], cosmic-
ray physics [8], and the rapidly developing models of the
formation and dynamics of collimated outflows from
compact relativistic collapsars and cosmic particle accelera-
tors.

2. Shocks in supernova shells

The dynamics of a shock in the upper atmosphere or a star
strongly depend on the type of the star and its evolution
before the SN explosion. This makes it possible to probe the
stellar structure using observed emission spectra [9, 11]. After
the core collapse, the shock propagates across the star almost
adiabatically. The pressure downstream from the shock front
is mainly determined by radiation, and photons with a mean
free path L can reach the distance cL=vsh upstream from the
shock, where vsh is the shock velocity. The breakout of a
shock with high radiation energy density behind the front
from an optically thick medium in the first minute is expected
to be accompanied by a short and powerful ultraviolet (UV)
and X-ray flash with a luminosity reaching 1045 erg sÿ1. After
this burst, more prolonged intensive UV and optical emission
from the cooling plasma behind the shock should follow (see
review [11]).

Observations of a very short UV±X-ray flash due to the
shock breakout from an optically thick medium represent a
significant issue and are yet to be confirmed. At the same
time, many observations of the radio, optical, and X-ray light
curves on longer time scales are described very successfully
by numerical and analytic models of shock propagation
through external stellar layers and the circumstellar medium
[4, 12, 13]. The motion of a spherical shock and rarefication
shock across the stellar layers with an inhomogeneous density
distribution is accompanied by shock front deceleration in the
inner low-density gradient regions. On the other hand, in the
upper layers of the stellar envelope with a sharp density
decrease, the shock front accelerates [14±20].

Thus, depending on the density distribution in the upper
stellar layers, a kinetic energy distribution of the SN shell over
the ejected matter velocity is formed. The outer parts of the
shell can be accelerated to relativistic velocities. The relativis-
tic acceleration of the SN shells is most effective in stars with
radiative envelopes shining with a luminosity close to the
Eddington limit [20]. Numerical calculations and an approx-
imate expression for the kinetic energy Ek�> Gf bf� of the
fraction of the shell matter propagating with the four-velocity
Gb above a certain valueGf bf are given in [20]. For the density
profile outside the stellar core, rc < r < R,

r�r� � rh

�
R

r
ÿ 1

�n

;

the asymptotic formula for the energy distribution of
nonrelativistic velocities of the ejecta is

Ek�> Gf bf� / �Gf bf�ÿ�5;35gpÿ2�; Gf bf 5 1 ; �1�

whereas for the relativistic ejecta, Gf bf 4 1, the kinetic energy
distribution is flatter:

Ek�> Gf bf� / �Gf bf�ÿ�1:58gpÿ1�; �2�

where gp � �1� 1=n� [20].
Figure 1, taken from [21], shows (red symbols) the result

of observations of some type-Ibc SNe demonstrating good
agreement with formula (1) for n � 3. Statistically, type-Ibc
SNe constitute about 19% of all SNe [22]. Models of the
shock breakout into the circumstellar medium with account
of the contribution of emission from radioactive 56Ni
synthesized during the shock propagation enable a quantita-
tive description of the observed light curves of many
collapsing stars [4, 12, 13]. However, some aspects of the
shock formation during the collapse of massive stars remain
an open issue. Models have been developed in which the
neutrino flux from the collapsing core initiates a shock
propagating outwards into the stellar envelope.

Modern models take General Relativity (GR) effects,
neutrino transfer, deviations from spherical symmetry,
instabilities, and turbulence into account [23±27]. On the
other hand, long gamma-ray bursts (shown in Fig. 1 in
purple), whose origin is related to the core collapses of
massive stars [28, 29], require a very flat energy distribution
over the ejecta velocities. Models of shock acceleration in the
outer parts of the SN shell with a sharp density decrease do
not reproduce the required amount of kinetic energy of the
relativistic ejecta. In alternative models of gamma-ray bursts
and relativistic SNe [30±32], the strong magnetic field of the
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Figure 1. (Color online.) Population of sources with a different distribu-

tion of the kinetic energy on the ejecta four-velocity for three types of

objects related to collapsing supernovae. Profiles of the spatial component

of the ejecta four-velocity for the main Ibc supernovae (SNe Ibc) with

nonrelativistic ejecta are shown in red; profiles for gamma-ray burst

sources (GRBs) with ultrarelativistic jets are shown in blue. The inter-

mediate ejecta profiles (so far scarce due to difficult observations) are

shown in orange (relativistic supernovae (Rel-SNe) SN 2009bb and SN

2012ap without a gamma-ray burst) and in blue (sub-energetic (Sub-E)

gamma-ray bursts). (From paper [21].)
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collapsar is the dominant energy source of the burst and
provides the collimation of the relativistic outflow (see
Section 7 below).

3. Nonthermal processes in supernovae.
Magnetic fields of massive stars and supernovae

When an SN shock transits from the collisional regime to a
collisionless one, nonthermal components with a significant
energy density can be formed. The matter density rb at the
shock breakout with a velocity vsh is related to the breakout
radius as

rb �
cmp

vshsTRb
; �3�

where sT is the Thomson cross section and mp is the proton
mass [33]. For the radius Rb � 1014 cm, the rate of Coulomb
collisions of protons at the shock front in the breakout region
is nCoul � 0:02 vÿ49 Rÿ114 �sÿ1�, much smaller than both the ion
plasma frequency in this region op � �4prc 2=m 2

p �1=2 �
109 v

ÿ1=2
9 R

ÿ1=2
14 �sÿ1� and the ion cyclotron frequency

oB � 6� 103B �sÿ1], if the magnetic field B in the shell
exceeds 1 mG. These estimates suggest that after the shock
breakout, the shock becomes collisionless at distances of the
order of several dozen radii of a blue supergiant progenitor
star or a few radii of a red giant. In Section 5, more detailed
models of the structure of collisionless shocks in a rarefied
plasma are considered.

The propagation of a collisionless shock and the efficiency
of the energetic particle acceleration in the circumstellar
medium of collapsing massive stars are determined by the
mass-loss rate and stellar wind properties, as well as by the
magnetic fields at different stages of the progenitor star
evolution.

Magnetic fields on the surface of hot massive starsÐcore-
collapse SN progenitorsÐplay a significant role in the
dynamics of the intensive stellar winds accelerated by the
radiation of a hot star [34], and the large-scale (dipole)
components also determine the field magnitude in the
extended stellar wind region across which the SN shock
wave propagates. Observations of magnetic fields in stars of
early O and B spectral classes are very complicated. To
determine the strength of large-scale (in particular, dipole)
magnetic fields in hot star atmospheres, sensitive spectro-
polarimeters are used, enabling an estimate of the magnetic
field from observations of the circular polarization and
Zeeman splitting of spectral lines. The extensive observa-
tional program in [35] included the analysis of 4800 spectra
with circular polarization from 560 O and B stars in a wide
range of masses, temperatures, and rotational velocities.
Seven percent of the stars from this set revealed the presence
of large-scale magnetic fields with a strength ranging from
50 G to several kiloGauss.

Observations of theM-giant Betelgeuse (aOri, HD39801)
by the Narval spectropolarimeter [36] enabled the measure-
ment of a significant circular polarization (Stokes para-
meter V ). The corresponding large-scale magnetic field
(averaged over the stellar surface) is of the order of 1 G.
Recent high-precision observations of the 28SiO line by the
ALMA (Atacama Large Millimeter Array) telescope enabled
estimating the equatorial rotational velocity, which turned
out to be rather low: Veq sin i � 5:47� 0:25 km sÿ1 [37]. The
Betelgeuse red giant with the mass 015M� and radius of
around 1000 solar radii is of special interest because it can

explode as a type-IIP or type-IIL SN with a high probability
in the near future. Observational data on the structure of the
magnetic field in stellar winds of massive stars are quite scarce
so far [38]. Magnetohydrodynamic (MHD) modeling [34]
describes the field structure in the anisotropic wind formation
zone at distances of about several stellar radii. Modeling
particle acceleration during SN shock propagation in the
progenitor star wind [39] typically assumes a simplified
magnetic field configuration with the asymptotic dominance
at large distances of a slowly decreasing tangential field
caused by stellar rotation.

Estimates of the magnetic field in SNe and their
remnants can be obtained from observations of radio
emission detected during the first months after an explosion
from several dozen collapsing SNe. The radio spectra of
collapsing type-II and type-Ibc SNe are very different. For
example, type-Ibc SN 1994I demonstrates the radio spectral
index a � 1:22, while the bright type-IIb SN 1993J has
a � 0:81 [40]. Also different is the time evolution of the
brightness temperature of these SNe. The mass-loss rate
from the putative Wolf±Rayet progenitor of SN 1994I, as
derived from observations, is _M010ÿ4M� yrÿ1, while for SN
1993J, _M < 10ÿ5M� yrÿ1 [40]. The origin of SN 1993J is
thought to be related to the explosion of a 15±20M�
supergiant that lost its hydrogen envelope in a close binary
system with a comparable-mass companion. The magnetic
field estimated from radio observations is about 2 G for
SN 1993J (for the shock radius 1:6� 1016 cm) and 2 G for
SN 1994I (for the shock radius 3� 1015 cm). There are
grounds to believe that in type-Ibc SNe, the radio emission is
confined within a thin layer near the external shock, whereas
in type-II SNe with shells mixed due to Rayleigh±Taylor
instabilities, the radio emission region is much broader [41].

Radio light curves frequently exhibit an increasing radio
flux with a subsequent power-law time decrease. To
estimate the magnetic fields from radio light curves of
SNe, the low-frequency absorption mechanism has to be
specified. The free±free optical depth tff in the stellar wind
plasma with a velocity Vw depends on the wind character-
istics: tff / � _M=Vw�2Rÿ3nÿ2:1, which makes it substantial
for stars with powerful mass loss and low-velocity wind,
typical of type-II SN progenitors. In addition, synchrotron
self-absorption can dominate in the formation of radio
spectra from collapsing SNe in the case of fast rarefied stellar
winds from Wolf±Rayet stars [42]. For the synchrotron
self-absorption, the radio flux at a frequency n in the optically
thick part of the spectrum isFn / R 2Bÿ1=2n 5=2, whereas in the
optically thin part, Fn / R 3N0B

�s�1�=2nÿ�sÿ1�=2. Here,
a power-law energy distribution of relativistic electrons is
assumed (/ N0gÿs is the Lorentz factor for electrons). For
radio SNe dominated by synchrotron self-absorption, the
analysis of radio spectra enables estimating the emitting
region radius R at the moment of maximum radio emission.

An analysis of the observed type-Ibc SNe likely
produced by Wolf±Rayet stars suggests the need for an
efficient magnetic field amplification behind the shock front
with a field energy density eB � 0:1 times that of the plasma
behind the shock wave front [43]. Here, the X-ray emission,
also of nonthermal origin, is due to the inverse Compton
scattering of the emission by relativistic electrons. In
Section 4, we discuss observations of magnetic fields from
the interesting class of SNe with relativistic ejecta, and in
Section 5 we consider the magnetic field amplification in
SNe.
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4. Relativistic supernovae

The rich variety of SNe includes a relatively rare group of
objects demonstrating properties intermediate between most
collapsing SNe and sources of gamma-ray bursts. This group
is characterized by relativistic velocities of ejecta. Usually,
these SNe demonstrate light curves and spectra typical of
collapsing type-Ibc SNe but have a relativistic outflow
leading, in particular, to an anomalously high radio luminos-
ity during the first year after the explosion.

Type-Ibc SN 2009bb belongs to this class, having no
associated gamma-ray burst but having a relativistic, possibly
baryonic, matter outflow [21, 44]. SN 2009bb showed an
unusually high radio luminosity for a SN of this type and a
spectrum typical of synchrotron self-absorption with a
relatively low spectral peak frequency. In the first radio
observation at the frequency of 6 GHz, approximately 20 days
after the explosion, a luminosity of 3:6� 1028 erg sÿ1 Hzÿ1

was measured. This is more than an order of magnitude
higher than radio luminosities of typical type-Ibc SNe, but is
comparable to that of gamma-ray burst afterglows at the
corresponding phase. The synchrotron self-absorption model
enabled determining the shock radius R � 4:4� 1016 cm, the
relativistic shock velocity with the Lorentz factor Gsh01:3,
and the energy of the relativistic outflow E � �1:3� 0:1��
1049 erg at the moment of the first radio observation [44].

The possibility of relativistic acceleration of a small
fraction of baryonic matter during the time the shock crossed
the outermost layers of the exploded star with a steeply
decreasing density was discussed in Section 2. However,
Eqns (1) and (2) obtained in [20] simultaneously predict an
anomalously high energy of the nonrelativistic part of the
ejecta (see Fig. 1). Therefore, a collimated energy ejection
from the central compact object can be the possible source of
the ejecta energy in relativistic SNe. In particular, the SN
ejecta velocity distribution with account of the relativistic jets
from the central compact source of various durations (4.0,
7.5, and 15.0 s) for the same total jet energy of 3� 1051 erg
was modeled in [31]. These calculations demonstrate the
absence of a significant energy fraction in the SN ejecta with
bG00:3 for a jet duration of 4.0 s; in this case, the
observational appearances can hardly be distinguished from
the characteristic model properties of the hydrodynamic
collapse of a type-Ibc SN. At the same time, the source
activity over 7.5 s provides a flat energy distribution of the
ejecta four-velocity up to bG01, in agreement with the
expected distribution in SN 2009bb. The central source
activity over 15.0 s extends the flat energy distribution to
bG0100, typical of gamma-ray burst models. The possible
mechanisms of the prolonged activity of the central source
include accretion onto the rotating compact object and
millisecond magnetars. For example, some observational
features of the bright SN 2011kl associated with the ultra-
long gamma-ray burst GRB111209A can be explained by the
magnetar model [45].

Relativistic radio-emitting ejecta were earlier discovered
in the type-Ibc SN 1998bw and, in contrast to the ejecta in SN
2009bb, they were associated with the gamma-ray burst GRB
980425 [46, 47]. The radio flux from SN 1998bw decayed with
time much faster than that from SN 2009bb. Observations of
type-Ic SN 2012ap revealed the presence of mildly relativistic
ejecta not associated with an observed gamma-ray burst but
with a significantly shorter deceleration time than in SN
2009bb [48]. The deceleration of ejecta in the circumbinary

medium is characterized by a power-law exponent m of the
expansion of the external shock: R�t� / tm.

The expansion law significantly varies in different SN
types. It depends on the mass and energy of the ejecta and on
the matter distribution in the surrounding medium. The
matter distribution is determined by the SN progenitor and
properties of the companion star (if in a binary system or in a
compact star cluster). The expansion law at the initial stage
(determined by the ejecta mass) is close to the ballistic one,
until the mass of the material swept up becomes comparable
to that of the ejecta. Radio observations of SN 2012ap
suggested that m � 0:74� 0:08 during the first month of the
expansion. The model of expansion of a relativistic shock [49]
enables estimating the mass-loss rate of the progenitor star as
_M � 6� 10ÿ6M� yrÿ1 [48]. For the nonrelativistic shock, we
obtain _M � 6� 10ÿ5M� yrÿ1 [48]. This interval of mass-loss
rates is typical of Wolf±Rayet stars.

Detailed observations of the light curve of SN 2009bb, in
addition to the energy and expansion velocity of the
relativistic ejecta, allowed estimating the evolution of the
magnetic field behind the shock front using the synchrotron
self-absorption model [50]. The magnetic field was found to
decrease from 570� 48 mG at the shock radius R �
�3:4� 0:3� � 1017 cm to 43� 3 mG at the shock radius
R � �3:4� 0:3� � 1018 cm, which is consistent with the law
B / Rÿ1. It should be borne in mind that the field estimate in
[50] was obtained by assuming the energy equipartition
between the emitting electrons and the magnetic field, which
could have a substantial turbulent component. A magnetic
field strength of the order of 0.5G at a distance of 3� 1017 cm
from the star, obtained in [50], can result from stellar wind
field compression at the shock front. This estimate assumes
the presence of 1 kG and stronger fields on the progenitor star
producing the stellar wind. Another possible scenario is
related to the amplification of fluctuating magnetic fields
due to the conversion of the shock energy into anisotropic
distributions of accelerated relativistic particles that subse-
quently enhance turbulent magnetic fields (see Section 6.1).
Both mechanisms encounter difficulties in attempting to
reproduce highmagnetic fields in SN2009bb estimated in [50].

The plasma number density in a fast spherically sym-
metric wind from a Wolf±Rayet star with a constant mass-
loss rate _M at the distance R17 (in units of 1017 cm) is
n�2 _Mÿ5 Rÿ217 Vÿ1w8 �cmÿ3�. Here, the wind velocity Vw8 is in
units of 103 km sÿ1. In such a wind, the kinetic energy density
in a mildly relativistic shock at the distance R17 enables
magnetic field amplification up to values slightly above 0.1 G
by assuming the effective shock kinetic energy conversion
into the energy of the fluctuatingmagnetic field with eB � 0:1,
which is consistent with the conclusion in [43]. We note that
realistic models should take the anisotropic character of
stellar winds into account, with the possible formation of
equatorial disks.

In Section 5, some possible magnetic field amplification
and particle acceleration mechanisms by both nonrelativistic
and relativistic shock waves are considered.

5. Particle acceleration and magnetic field
amplification in supernova shocks

An important feature of collisionless shocks in cosmic plasma
is the possibility of forming nonthermal particle distributions
near the shock fronts, which can extend to relativistic energies
in the case of SNe. The first studies of the structure of
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collisionless shocks in plasma by R Z Sagdeev carried out
more than 50 years ago suggested an important role of
reflection of particles from strong nonlinear magnetic field
fluctuations responsible for the collisionless dissipation
mechanism in fast shocks [51, 52]. Strong nonlinearity and
the importance of stochasticity in dissipative processes
greatly restrict the applicability of analytic models. The
most detailed description of the microscopic structure of
shocks can be obtained using direct numerical plasma
modeling, in particular, by particle-in-cell (PIC) methods.
This model is the most effective for describing relativistic
shocks [53±55]. On the other hand, the very broad dynamical
range of turbulent fluctuation scales and extended hard
energy spectra of accelerated particles in nonrelativistic
shocks require the development of approximate approaches,
such as hybrid modeling [56] and Monte Carlo simulations
[57, 58].

Models of collisionless shocks in supernovae. Three-dimen-
sional PIC simulations of nonrelativistic shocks in an
electron±ion plasma with the full treatment of electrons and
ions and with a realistic mass ratio mp=me require very large
(and frequently unrealistic) computational resources. In
supersonic baryonic flows, ions mainly contribute to the
momentum±energy flux in front of the shock, and therefore
modeling the shock structure can be performed using a hybrid
PIC approach [52, 59, 60]. The hybrid simulations consider
the full dynamics of ions in self-consistent fields, with
electrons treated as a massless fluid. The self-consistent
electromagnetic fields in the hybrid model are calculated in
the approximation of the electron neutralizing fluid, ignoring
the displacement currents. Therefore, this method is mainly
applicable to nonrelativistic flows, and its application to
relativistic flows requires special conditions. The hybrid
models allow calculating the shock structure on spatial scales
exceeding 104 li, where

li �
��������������
mpc 2

4pnie 2

s
� 2� 107n

ÿ1=2
i �cm� �4�

is the ion inertial length. Here, the electron ne and ion ni
number densities are expressed in cmÿ3.

The algorithm of the hybrid PIC method for shock
modeling reduces to solving the system of equations [59, 60]

drk
dt
� Vk ;

dVk

dt
� Zk

mk
�E� Vk � B� ; �5�

HH� B � J ; �6�
qB
qt
� ÿHH� E ; �7�

E � 1

n
�HH� B� � Bÿ 1

n
�J� B� ; �8�

where rk, Vk, Zk, mk are the coordinates, velocities, charge,
andmass of the kth ions,E andB are the electric andmagnetic
fields, and n and J are the charge density and current of ions.
Equation (8) can be conveniently rewritten in the form

Ek � ÿ 1

n

qPB
jk

qxj
ÿ 1

n
�J� B�k ; �9�

where PB
jk � �B 2=2� djk ÿ BjBk is the magnetic pressure

tensor.
Here and below, all variables are normalized to the

inertial length li, the gyrofrequency Oi, the mass M0, and the
charge of ions Z0 with the smallest space and time scales, as
well as to the mean magnetic field B0 and the unperturbed
plasma density r0. This normalization allows applying the
results to plasmas of various compositions by space±time
rescaling. The charge states of ions are assumed to be constant
at distances of the order of the collisionless shock front width,
i.e., of the order of several dozen ion inertial lengths li, which
is apparently the case in plasmas with the number density less
than 1014 cmÿ3.

In the hybrid PIC equations (4)±(8), electromagnetic fields
and positions of ions are mutually dependent, which renders
the problem self-consistent. Such problems can be conven-
iently solved numerically using the well-known leapfrog
method, which has the second-order precision in time. In
this method, the positions and velocities of particles are
known at a step n, and electromagnetic fields are calculated
at the step n� 1=2.

The modeling requires the shock to be initialized, which is
done by the method of reflection of a supersonic particle flow
from an immobile conducting wall located at x � 0. As a
result, a shock front is formed moving in the positive x
direction. A constant injection of the supersonic flux of
particles with a Maxwellian distribution is performed at the
opposite end of the model space, where an open boundary is
set. Thermal velocities of the injected particles of different
species are usually taken to be the same, i.e., the temperature
ratio of ions is equal to their mass ratio. Periodic boundary
conditions are set along the y and z coordinates.

Calculations using different versions of the method in [52]
showed that in collisionless shocks, the width of the magnetic
field profile in quasi-transverse shocks is much smaller than
� 10li, while in quasi-longitudinal shocks, the shock fronts
are much wider, with the characteristic width 0100li.
Figures 2±4 [59, 60] show the results of a three-dimensional
hybridmodeling of a collisional shock structure with different
magnetic field inclination angles to the shock front normal. A
quasi-longitudinal shock with the Alfv�en Mach number 10.0
propagating in the electron±proton plasma with a small
admixture of oxygen OII ions has inclination angles to the
external magnetic field y � 10� (Fig. 2) and y � 90� (Fig. 4).
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Figure 2. (Color online.) Phase space (x;Vx) of hydrogen ions in a quasi-

parallel shock wave with the Alfv�enic Mach number 10.0, the thermal-to-

magnetic pressure ratio b � 0:002, and themagnetic field inclination to the

shock front y � 10� [60].
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The calculations were performed for an initially cold plasma
with a low thermal-to-magnetic pressure ratio b � 0:02. The
shock propagates along the x axis. The figures show the
projection of the phase space of particles (x;Vx). The
reflecting wall is on the left, and cold supersonic and super-
Alfv�enic ion flows are injected from the right. Figures 2 and 4
show the phase space of protons for different shock inclina-
tion angles, and Fig. 3 for single-ionized oxygen ions in a
longitudinal shock.

The modeling of collisionless shocks in a multi-compo-
nent plasmawith different magnetic field inclination angles to
the shock front normal clearly showed the emergence of a
distinctive precursor, the region before the shock front excited
by the reflected and accelerated particles. Figure 3 suggests
that before the front of a shock with a small inclination angle
y, there is a significant population of energetic heavy particles
of admixed oxygen ions. For the dominating hydrogen ions,
the precursor effect is also seen in Fig. 2, but is less
pronounced. At the same time, the population of energetic
ions in the case of the quasi-transverse shock in Fig. 4 is not
seen. The transverse velocities of the reflected particles of
both sorts exhibit almost harmonic quasi-periodic perturba-
tions in the precursor. Because of the absence of Coulomb
relaxation, the supra-thermal particles in the precursor, are
injected into aFermi acceleration cycle. The energy amplifica-
tion in the Fermi acceleration mechanism is due to multiple

crossing of the shock front by fast supra-thermal particles
involved in the acceleration process [61±64]. Fermi-acceler-
ated high-energy ions and electrons produce a nonthermal
radiation in SN remnants observed from radio to gamma-ray
ranges. They are also cosmic-ray sources.

6. Modeling of supernova shocks
with efficient particle acceleration

In a collisionless plasma, a nonequilibrium distribution of
particles perturbed by a field variation does not relax to the
Maxwellian one at the characteristic time scales of the
process. The slowness of the Coulomb relaxation leads to
the formation of a strongly nonequilibrium distribution with
particle injection into the effective Fermi acceleration region.
In extended SN shocks, this forms particle spectra exhibiting
both quasi-thermal peaks and power-law tails extending to an
energy exceeding the thermal peaks by many orders of
magnitude. Moreover, angular distributions of the acceler-
ated particles have a noticeable anisotropy. Instabilities of a
plasma with anisotropic relativistic components lead to the
effective amplification of magnetic fluctuations both with
resonance wavelengths (close to the gyroradius of the
accelerated particles) and with nonresonance ones (short-
wavelength and long-wavelength) [65±69].

Thus, extended spectra of magnetic fluctuations are
formed with amplitudes exceeding that of the quasi-homo-
geneous initial field. As a result, a significant fraction of the
kinetic energy density of the incident flow can be transformed
into high-energy particle pressure. In turn, high-energy
particles penetrate far into the incident plasma flow. Ponder-
omotive forces caused by the pressure gradient of accelerated
particles slow down the incident plasma flow before the front,
and instabilities related to the anisotropy of supra-thermal
particles can effectively amplify fluctuating magnetic fields in
the shock precursor. The effect of deceleration of the initially
cold super-Alfv�enic flow incident on the shock front in the
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precursor before the viscous jump is illustrated in Fig. 5. The
extended precursor is formed due to the acceleration of
particles escaping into the region before the front, where the
magnetic field is effectively amplified.

An accurate modeling of the structure of a collisionless
shock with the acceleration of nonthermal particles taken
into account requires the use of a self-consistent description
(not restricted by perturbation theory approximations) of
the multi-component system with a wide range of scales of
the relevant physical processes, including strong MHD
turbulence and its dynamics. Indeed, microscopic PIC
modeling requires the resolution of scales Lcell < c=ope

that are shorter than the electron scales le � c=ope, where
ope � �4pnee 2=me�1=2. The time step of the calculation ttstep
should satisfy the condition ttstepope < 1. The modeling of a
flow with a shock modified by nonthermal particles with a
hard energy spectrum extending to Emax should be performed
in a region no smaller in size than the penetration depth of
energetic particles into the shock pre-front, LCR �
D�Emax�=vsh, where D�E� is the diffusion coefficient of
the energetic acceleration particles. A minimal estimate of
LCR assumes that the particle scattering mean free path
should not be smaller than the gyroradius rg, whence
LCR0rg�Emax� c=�3vsh�. Thus, the number of space cells
needed for a full PIC microscopic modeling with the
parameter f � mp=me is

D�Emax�=vsh
c=ope

� 6� 1011
�

Emax

1TeV

��
vsh

1000 km sÿ1

�ÿ1
�
�

B

1 mG

�ÿ1�
ne

cmÿ3

�1=2�
f

1836

�1=2

: �10�

The characteristic time of the Fermi acceleration of particles
by the shock is tacc�Emax� / D�Emax�=v 2

sh. The number of time
steps needed to accelerate a particle to the energy Emax is

tacc�Emax�ope � 6� 1014
�

Emax

1TeV

��
vsh

1000 km sÿ1

�ÿ2
�
�

B

1mG

�ÿ1�
ne

cmÿ3

�1=2�
f

1836

�1=2

: �11�

For nonrelativistic shocks in SN remnants, the computa-
tional resources are highly demanding, even for artificially
diminished f. The use of the hybrid PIC model with a
description of electrons as a fluid and a spatial resolution of
the order of the gyroradius of an ion with the energy Eth

somewhat relaxes these requirements, but still, they can
hardly be achieved at present in three-dimensional calcula-
tions:

D�Emax�=vsh
rg0

� 7� 107
�

Emax

1TeV

�
�
�

vsh

1000 km sÿ1

�ÿ1�
Eth

1 keV

�ÿ1=2
: �12�

In the hybrid model, it is also difficult to include the inverse
electron current, which plays a significant role in the
important Bell instability [66, 68].

Because of the need to perform calculations in a very
broad dynamical range of scales of particle fluctuations and
energies, direct PICmethods do not presently allow the shock
modification by nonthermal particles (i.e., the `macroscopic'
structure of such flows) to be fully taken into account.

Nevertheless, the role of these methods is very important for
understanding micro processes in cosmic plasma.

Presently, there are several approaches to a simplified
description of a multi-component strong shock structure
using different methods of parameterization of the transport
mechanism of high-energy particles in the extended shock
precursor and of the structure of a viscous jump in the
interstellar plasma. The use of the convection±diffusion
transfer equation enables modeling the spectra of particles
accelerated during the propagation of a spherical shock in SN
remnants [70±75]. The diffusion models allow obtaining
nonstationary spectra of accelerated particles with a realistic
description of the SN shell. Such models assume a parameter-
ization of the particle injection law and a simplified descrip-
tion of nonlinear amplification mechanisms of magnetic
fields. Nonlinear Monte Carlo simulations are typically
performed for stationary plane quasi-parallel shocks. How-
ever, they do not require a parameterization of the injection
velocity, enable a more systematic description of nonlinear
effects, and are not restricted by the assumption of the
diffusion transfer of particles (for example, allow super-
diffusion transfer regimes in the turbulence region [58]).
Therefore, the choice of which particular model to use
depends on the specifics of the problem.

Earlier, it was noticed that the interpretation of radio SN
observations suggests a very high magnetic field energy
density behind the shock front. Observations of galactic SN
remnants suggest an effective particle acceleration to energies
above 10 TeV. In what follows, to illustrate the possibility of
the amplification of fluctuating magnetic fields and particle
acceleration to high energies, we briefly present the results of
a nonlinear macroscopic Monte Carlo modeling of collision-
less quasi-longitudinal shocks in a strongly nonequilibrium
turbulent plasma with relativistic components [57, 58, 76±78].
But first, we discuss the amplificationmechanism of magnetic
fluctuations, which plays an important role in themodeling of
nonthermal processes in SN shocks.

6.1 Superadiabatic amplification
of a magnetic field by shocks
The free energy of inhomogeneous anisotropic distributions
of relativistic particles accelerated in the extended precursor
of a strong nonrelativistic shock is the source of a significant
nonadiabatic amplification of magnetic field fluctuations
with a certain wavelength. Relativistic particles can contain
a significant fraction of the kinetic energy of the incident
nonrelativistic plasma flow. The interaction of relativistic
accelerated protons with the incident plasma flow can be
described following [66] by the equation of motion of the
background plasma

r
�
qu
qt
� �uH� u

�
�ÿHP� 1

c
�j� B��e�ni ÿ ne�E�n4u ;

�13�

where u and j are themacroscopic velocity and electric current
of the background plasma. The viscosity n is due to both
collisions and collective plasma processes. Because the Debye
radius of the ensemble of accelerated relativistic particles
exceeds the typical size of the problem, the quasi-neutrality
condition ni � n cr � ne relates the electron and proton
number densities ne and ni in a background plasma with a
low admixture of the energy-containing relativistic compo-
nent n cr. Electric currents of both the background j and
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relativistic J cr plasmas generate a magnetic field in an ideally
conducting medium. In a slow MHD flow, the displacement
current can be disregarded:

rotB � 4p
c
�j� J cr� ; E � ÿ 1

c
�u� B� : �14�

The induction equation then takes the form

qB
qt
� H� �u� B� � nm4B ; �15�

where nm is the magnetic viscosity. If the unperturbed
magnetic field was homogeneous, the current compensation
condition must be satisfied in Eqn (14).

Thus, equation of motion (13) reduces to the form

r
�
qu
qt
� �uH� u

�
� ÿHP� 1

4p
�H� B� � B

ÿ 1

c
�J cr ÿ en cru� � B� n4u : �16�

The relativistic particle current J cr induces an inverse
current in the background plasma [66]. By treating the
relativistic current in Eqn (16) as an external one, Bell carried
out the linear stability analysis of the system with small
perturbations / exp �gt� ikr�, where g is the instability
growth rate. Bell discovered that in a certain region of
parameters, the ponderomotive force acting on the plasma is
dominated by the term with the external current J cr � B=c.
This condition holds for magnetic field fluctuations with
k < k1, where

k1 � 4p
c

J cr
0

B0
: �17�

In systems with a strong relativistic particle current J cr, short-
wavelength fluctuations with wavelengths smaller than the
gyroradius of relativistic protons, rg0k > 1, rapidly grow.

In a cold background plasma with the sound velocity
much lower than the Alfv�en velocity VA (which is usually the
case in SN shocks), the linear growth rate of the Bell
instability in the wavelength range rÿ1g0 < k < k1 can be
represented in the form

g � gmax

kz
k
; �18�

where kz is the projection of the wave vector on the
unperturbed field direction and

gmax � VA

���������������������
k1jkj ÿ k 2

p
: �19�

The cold plasma approximation in Eqn (19) can be used if�
VA

vTi

�2

> k1rg0
VA

c
; �20�

where vTi is the thermal ion velocity.
Unstable Bell modes, unlike Alfv�en waves, have a growth

rate much larger than the real part of the frequency. Another
important feature of these modes is that their kinetic energy
density is higher than the magnetic energy density:��v�k���2 � 1

4pr
k1
jkzj

��b�k���2 ; �21�

where k1 > kz.

If the current is represented as J cr
0 � jD1;0j encrc, where

jD1;0j is the measure of anisotropy of relativistic protons, the
instability condition can be expressed as

jD1;0j > B 2

4pEcr
; �22�

where Ecr is the energy density of relativistic accelerated
particles.

For long-wavelength fluctuations with rg0k < 1, the Bell
instability is absent. This is related to the relativistic particle
current J cr being highly sensitive to magnetic field fluctua-
tions imposed on the system [79]. For long-wavelength
fluctuations, J cr is no longer a constant and externally given
current. For these wavelengths, other instabilities, slower
than the short-wavelength Bell one, arise. On the other
hand, long-wavelength fluctuations with rg0k91 effectively
scatter the most energetic particles in the accelerator and are
therefore important for the formation of spectra of protons
and nuclei [69, 79].

6.2 Maximum energy of ions accelerated
in magnetohydrodynamic flows
In many cases, particle acceleration to relativistic energies
occurs during the interaction with highly conducting MHD
plasma flows, which can be characterized by the Lorentz
factor Gflow and the dimensionless flow velocity bflow. Electric
fields in MHD flows are induced by the plasma motion with
frozen magnetic fields. Despite a rich variety of MHD flows,
including shocks, flows with velocity gradients, and colliding
supersonic flows, some very general estimates of the max-
imum available energy of accelerated particles can be
obtained [80]. These estimates are based on the scarcely
available particle acceleration rate in MHD flows. The
scattering time of a particle ts is limited by the inverse
particle gyrofrequency: ts � Zoÿ1B , where Z5 1. The particle
acceleration time for Fermi acceleration is ta � bÿ2flow ts. The
maximum energy of the accelerated particle can be estimated
from the condition that the time ta�E � is shorter than the
dynamical time of particle retention in the comoving frame.
For a particle with a chargeZ interacting with anMHD flow,
it is possible to estimate the magnetic luminosity LM
determined by the electromagnetic energy flux generated by
an energy source with the collimation angle ym:

LM > 6� 1044 y 2
mb
ÿ1
flowG

2
flowZ

2Zÿ2E 2
20 �erg sÿ1� ; �23�

where E20 is the energy of the accelerated particle in units
1020 eV. We note that according to [80], in the limit ym ! 0,
we have

LM � 1045 Z 2bÿ3flowZ
ÿ2E 2

20 �erg sÿ1� :

Estimate (23) is valid for ions in relatively rarefied flows,
because the particle energy losses were ignored in its
derivation. The magnetic field freezing condition used when
deriving formula (23) is violated in current sheets formed
during the magnetic reconnection process. Particle accelera-
tion during magnetic reconnection is efficient in systems with
a dominating magnetic field energy density [81, 82].

PIC simulations of the particle acceleration by relativistic
shocks [54] demonstrated that in this case, Emax / t 1=2, i.e.,
the acceleration occurs significantly more slowly than
expected in the Bohm diffusion regime corresponding to
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Z � 1. This result is related to the dominance in relativistic
shocks with Gflow 4 1 of short-wavelength Weibel fluctua-
tions, on which the scattering occurs much more slowly than
in the Bohmian regime.

In the case of particle acceleration in SN shocks, Eqn (23)
suggests that mildly relativistic shocks in SNe with
bflowGflow � 1 are optimal to attain the maximum energy for
a given power of the source LM. These flows are realized
in relativistic SNe and in pulsar-wind nebulae with bow
shocks [83]. Below, we present some results of Monte Carlo
modeling of the particle acceleration in these objects.

6.3 Particle acceleration
and magnetic field amplification by nonrelativistic shocks
The strong nonlinear relation among particle injection, the
shock structure, and the magnetic field amplification makes
the Monte Carlo method especially useful. This method
enables an iterative calculation of the shock velocity and the
particle distribution function consistent with the conserva-
tion of mass, momentum, and energy and takes a nonlinear
feedback from accelerated high-energy particles into account.
Figure 6 shows the results of calculations of the macroscopic
structure of an extended front of a strong shock propagating
with a velocity vsh in a turbulent plasma with the number
density n0 in the magnetic fieldB0 � 3 mG for different values
of vsh and n0 shown in the figure. The distance is measured in
units rg0 � mp vsh c=�eB0� [57]. The calculations were per-
formed in the rest frame of the viscous jump for a one-
dimensional flow (particle momenta are here three-dimen-
sional). To take the finite size of the system into account, the
boundary condition of the free particle escape from the
surface located at the distance 106 rg0 from the viscous jump
was set.

Figure 7 shows the conversion efficiency of the energy
density of a plasma flow incident on the front Fp0 � 0:5r0v

2
sh

into the energy density of magnetic fluctuations Pw;2 �
B 2=�8p� calculated by the Monte Carlo method. The
conversion efficiency depends on the shock velocity and
reaches 10% for nonrelativistic waves but can be somewhat
higher (� 18%) for subrelativistic shock velocities. The
calculations were carried out for different models of the
energy transfer across the spectrum of magnetic fluctua-
tions. The results depend on the presence or absence of the
Kolmogorov cascade across the spectrum. But the model
ignores the energy dissipation of turbulent fluctuations. A
strong dissipation of turbulence can significantly alter the
particle and turbulence spectra. In particular, in this regime,
we can expect softer proton spectra than shown in Fig. 7, a
lower compression degree of the plasma, and a smaller
modification of the flow by the escaping cosmic rays than
shown in Fig. 6. The microscopic theory of dissipation of
turbulent fluctuations in a strongly nonlinear regime is as yet
absent, which complicates the construction of more realistic
models of particle acceleration by strong shocks.

In Fig. 6, the maximum energies of protons accelerated by
nonrelativistic shocks in SN remnants are 9100 TeV. An
analysis of the spectra and anisotropy of galactic cosmic rays
suggests the probable contribution from galactic cosmic-ray
sources with energies in excess of 1 PeV. These could be SNe
exploding in compact clusters of massive stars forming a
supersonic wind. The collision of a SN shock with the cluster
wind is illustrated in Fig. 8. The particle acceleration in colliding
supersonic flows allows significantly increasing the maximum
available energies of the accelerated particles [84, 85].
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Figure 6. (Color online.) Spectra and maximum energies of accelerated

particles for different (a) shock velocities vsh, (b) plasma densities n0, and

(c) location of the free-escape boundary LFEB [57]. Shown is a model

distribution function in the phase space (multiplied by p 4) for protons

accelerated by nonrelativistic shocks. The proton distribution function is

calculated in the shock rest frame. The particle spectra exhibit a quasi-

thermal peak and extended piece-wise power-law distributions. The

spectra were calculated using a nonlinear Monte Carlo model that takes

into account the amplification of the fluctuating magnetic field by

instabilities of the anisotropic fast particle distribution in the precursor

and a nonlinearmodification of the plasma velocity profile. The black dots

show the maximum values of the accelerated proton distributions f2.
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Figure 9 shows the model spectra of protons (p), different
kinds of nuclei (n), and electrons (eÿ) (red curve) accelerated
in the collision region of as SN shell with an intense stellar
wind from a young star cluster. The upper black curves show
the spectrum of nuclei in the source, and the lower relatively
narrow curves show the spectra of particles escaping from the
source. A feature of this model is the presence of a hard
spectral tail for particle energies above 10 GeV.

Figure 10 shows the gamma-ray (dashed and dotted
curves) and neutrino (solid curve) spectra formed by
accelerated particles in the collision region of a SN remnant
with an intensive stellar wind from a young star cluster for the
young galactic star cluster Westerlund I (WdI). The emission
spectra are shown for the moment 400 years after the SN
explosion in the WdI cluster [84, 85]. Neutrinos and most of
the gamma quanta are produced by inelastic collisions of the
accelerated protons with the surrounding medium (contribu-
tion to the gamma-ray emission due to Compton scattering of
the accelerated electrons is shown by the dashed curve).
Shown also are the gamma-ray fluxes observed by the

ground-based Cherenkov imaging telescope HESS (High-
Energy Stereoscopic System) and estimates of the high-
energy neutrino fluxes detected by the IceCube neutrino
observatory (from the vicinity of the WdI cluster).

6.4 Particle acceleration and magnetic field amplification
in relativistic supernovae
Radio observations of SN 2009bb discussed in Section 4 [44]
suggest that SN shocks can have mildly relativistic velocities
with bG�1 for several months after the SN explosion. Based
on the discussion in Section 6.2, such objects can be expected
to accelerate particles to energies above 1 PeV. The results of
calculations of proton spectra in a nonlinear Monte Carlo
model with themagnetic turbulence amplification by instabil-
ities of anisotropic distributions of accelerated particles taken
into account are presented in Fig. 11 (the particle spectrum in
the shock is shown in its rest frame) and in Fig. 12 (the
spectrum of escaping particles is shown in the frame of a
remote observer). The calculations assumed that themagnetic
field in the wind of a Wolf±Rayet starÐ the SN progeni-
torÐhas equal regular and random components with a total
amplitude of 0.01G at a distance of 1017 cm from the star. The
turbulent magnetic field behind the shock front with G � 1:5
is about 0.2 G.

7. Gamma-ray bursts
and type-Ic relativistic supernovae

Existing models of gamma-ray bursts assume the presence of
a strongly collimated relativistic outflowwith a Lorentz factor
of the order of 100, in which fast and efficient conversion of
the kinetic or magnetic energy into the observed gamma-ray
radiation occurs [87±89]. Figure 1 shows possible distribu-
tions of the ejecta energy over four-velocities that distinguish
possible emission sources emerging after a massive star
collapse. Gamma-ray bursts shown in purple have a very
flat energy distribution. Relativistic SNe powered by a
prolonged energy release from the central compact source
demonstrate an energy distribution intermediate between
gamma-ray bursts and ordinary type-Ic SNe. Long, rela-
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Figure 8. Geometry of the collision of a supernova shock (right source)
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tively soft gamma-ray bursts can be related to the core
collapses of massive rotating stars, which for some stellar
parameters are not accompanied by the formation of a strong
shock propagating from the star center outwards, as in the
case of type-Ibc SNe [90]. The accretion of matter onto a
rapidly rotating black hole can likely produce collimated
relativistic jets in collapsars [91, 92] with the later generation
of a gamma-ray burst. A stellar collapse in which the
relativistic jet from the central source does not pierce the
stellar envelope can be a source of high-energy neutrinos
without the associated gamma-ray emission [93].

The population of hard gamma-ray bursts with a duration
shorter than 2 s cannot be described by this model. Popular
models of short gamma-ray bursts are based on the idea of
coalescence of a neutron star with another neutron star or a
black hole (although other scenarios of the compact star
coalescence not leading to a gamma-ray burst are possible)
[94±96]. The energy and angular momentum loss due to the
gravitational wave emission enable the formation of a rapidly
spinning black hole with a high accretion rate of matter left
over after the coalescence. The accretion is accompanied by
energy release due to neutrino±antineutrino annihilation or
due tomagneto-rotational effects of accreting black holes [92,
97]. The coalescence is accompanied by an ejection of
neutron-rich matter and active r-nucleosynthesis, which
produces a substantial fraction of the observed stable
isotopes with an atomic number higher than 60. The
relativistic outflows and hypernovae likely played a sig-
nificant role in the nucleosynthesis during the epoch of the
first (Population III) stars [98].

A beautiful confirmation of the above model of short
gamma-ray bursts was obtained by the observation of
gamma-ray emission by the Fermi and INTEGRAL (INTer-
national Gamma-Ray Astrophysical Laboratory) observa-
tories [99, 100] several seconds after the detection of
gravitational waves from the source GW170817 by the
Advanced LIGO (Laser Interferometer Gravitational-wave
Observatory) and Advanced Virgo detectors [101]. In the
compact star coalescence scenario [95], as well as in the model
of tidal disruption of stars by massive black holes [102],
calculations predict the formation of relativistic outflows
with shocks.

Modeling the prompt emission at the initial stage of a
gamma-ray burst requires mechanisms for conversion of the
energy released during the collapse into the observed hard
gamma-ray emission. The conversion mechanisms depend on
the initial magnetization of the relativistic outflow, which can
be conveniently characterized by the parameter

s � Fb

Fp
� B 2

4prc 2G
� B 02

4pr 0c 2
; �24�

where Fb is the electromagnetic energy flux, Fp is the plasma
energy flux, B is the magnetic field strength, and r is the
density of matter (which can be an electron±positron plasma
with baryonic admixture) in the laboratory frame, relative to
which the outflow moves with the Lorentz factor G. The
primed values (B 0 and r 0) aremeasured in the rest frame of the
outflow. The formation of spectra of accelerated particles and
radiation in a magnetized plasma outflow with s > 1 usually
assumes magnetic field dissipation by reconnection mechan-
isms, which have been studied for a long time in modeling
solar flares and flaring phenomena in magnetospheres of
Earth and other planets [82, 103±105], as well as in magnetars
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[106].Magnetic reconnection processes have been studied in a
relativistic plasma, in particular in [81]. Jointly with the Fermi
particle acceleration, these processes can explain the spectra
of gamma-ray bursts and their afterglows [88, 89].

A particular population of transient sources includes tidal
disruptions of stars by massive black holes. A star with mass
M? and radius R? that enters the region within the radius

Rt � R?

�
ZtMBH

M?

�1=3

from a massive black hole with a mass MBH is disrupted by
tidal forces. The parameter Zt depends on the stellar structure.
The tidal disruptions of stars by supermassive black holes
result in the accretion of part of the disrupted star onto the
black hole, which is accompanied by a bright outburst lasting
up to several years. The remaining part of the star (with a
mass comparable to the captured one) is ejected with a
maximum velocity of the order of 104 km sÿ1 [102, 107]. As
shown above, such fast super-Alfv�enic outflows should be
able to accelerate particles to high energies and are non-
thermal emission sources. Presently, these outflows are
considered to be possible sources of ultra-high-energy
neutrinos and cosmic rays [108±110].

The transient source Swift J164449.3+573451 is an
interesting example of the flaring accretion onto a black
hole with a mass of the order of 106 ± 107M�. Radio and
X-ray observations suggest the emergence of a mildly
relativistic outflow related to the accretion of matter from a
star tidally disrupted by a massive black hole [111±113].

A statistical analysis of X-ray sources that demonstrated
more than an order-of-magnitude decrease in flux enabled the
authors of [114] to estimate the rate of stellar tidal disruption
transients by massive black holes. The obtained event rate,
� 3� 10ÿ5 events in one year per galaxy with a redshift
z < 0:18, is in reasonable agreement with events in the
nearby Universe. A new generation of high-sensitivity X-ray
[115, 116] and gamma-ray [117±119] detectors will enable
significant progress in understanding the physics of bright
variable high-energy sources in the coming years.

8. Conclusion

A huge energy release, up to the order of magnitude of the
binding energy of a star, � 1053 erg, occurs in several
seconds during core collapses of massive stars or compact
relativistic binary coalescences with neutron stars. It is
accompanied by powerful broadband electromagnetic emis-
sion, emission of gravitational waves, intensive neutrino
fluxes, and cosmic-ray acceleration. The structure of plasma
outflows with relativistic and nonrelativistic components,
light curves, and spectra of electromagnetic radiation are
determined by the character and duration of the energy
release from the central source.

In particular, in addition to the shock formation, a stellar
core collapse [26] can result in the appearance of a rapidly
rotating central compact objectÐa magnetar or a black
holeÐwhich can provide an important additional energy
release. The interaction of a strongly magnetized relativistic
jet or wind from the central compact source with the stellar
matter and circumstellar shells can be a significant factor
determining the character of the observed light curve and
emission spectra [120]. Later spectral observations of the
supernova remnant allow determining the structure and

composition of the ejectaÐ the matter of the stellar envelope
ejected during a supernova explosion [121].

Radio, optical, and X-ray observations of afterglows
from the source GW 170817/GRB 170812A over more than
250 days after a short gamma-ray burst suggested that the
afterglow spectrum does not visibly change, and the flux
decrease during the first 200 days is related to the geometry of
the expanding outflow [122±124].

The afterglow of the source GW 170817/GRB 170812A
in a broad spectral range covering almost nine decades
(from 1 GHz to 1018 Hz) is well fitted by a single power-law
spectrum with a photon index of about 1.6. The afterglow
of GRB 170817A observed for about one year is apparently
the synchrotron radiation of relativistic electrons and
positrons. The emitting relativistic particle acceleration is
apparently related to a mildly relativistic magnetized plasma
outflow. While detailed calculations of the formation and
evolution of such flow will be performed only in the future,
the observations are consistent with the model of a
structured relativistic jet observed at some angle to the jet
axis [122±127].

Mildly relativistic shocks accompanying the propagation
of the structured jet from GRB 170817A in a rarefied
circumstellar medium can be an effective source of cosmic
rays with energies above 1 PeV. If such collisions occur in the
Galaxy at a rate of 10ÿ5 events per year, their contribution to
the observed cosmic ray spectrum canbe significant, alongwith
that due to relativistic SNe capable of accelerating cosmic rays
to even higher energies of the order of 1018 eV [86].

An estimate of the galactic rate of binary neutron star
coalescences from 5� 10ÿ6 to 5� 10ÿ4 events per year
remains uncertain as yet [128]. The coalescence of the binary
neutron star generated by GW 170817/GRB 170817A
provides optimal conditions to form some heavy elements
by rapid neutron captures (the r-process). In particular, the
authors of [128] estimated, within existing uncertainties, the
respective amounts of gold and europium produced by GW
170817 to be 3±13 and 1±5 Earth masses. Modeling the re-
distribution of the released energy between different compo-
nents of the expanding plasma outflow, electromagnetic field
enhancement, particle acceleration, and emission processes
discussed above enable calculating the time evolution of the
radiation spectra.

Thus, modern-day detailed sigh-sensitivity observations
of sources in a broad electromagnetic spectral range and high-
sensitivity neutrino detectors offer a unique possibility of
testing the source models based on fundamental laws in
extreme natural conditions.
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