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Abstract

Shocks of supernova remnants (SNRs) accelerate charged particles up to
~100TeV range via diffusive shock acceleration (DSA) mechanism. It is
believed that shocks of SNRs are the main contributors to the pool of Galactic
cosmic rays, although it is still under debate whether they can accelerate
particles up to the “knee” energy (10!3eV) or not. In this chapter, we start
with introducing SNRs as likely sources of cosmic rays and the radiation
mechanisms associated with cosmic rays (Section “SNRs as the Origin of
Galactic Cosmic Rays”). In Section “The Mechanism of Diffusive Shock
Acceleration”, we summarize the mechanism for particle acceleration, including
basic diffusive shock acceleration and nonlinear effects, as well as discussing the
injection problem. Section “X-Ray and Gamma-Ray Evidence for Cosmic-Ray
Acceleration” is devoted to the X-ray and gamma-ray observations of nonthermal
emission from SNRs, and what these reveal about the cosmic-ray acceleration
properties of SNRs.

Keywords

Cosmic rays - Supernova remnants - Shocks - Diffusive shock acceleration
(DSA) - Magnetic fields - Synchrotron - Inverse Compton scattering - Pion
decay

Introduction

In a series of seminal papers, Baade and Zwicky hypothesized that the most
luminous novae — which they dubbed “supernovae” — marked the transition of a
massive star into a neutron star. They also made the suggestion that supernovae
(SNe) are responsible for accelerating the highly energetic particles that reach us
from outside the solar system, the so-called cosmic rays (Baade and Zwicky 1934).

Since the 1930s, our understanding of both SNe and cosmic rays have greatly
expanded. We know now that there are both neutron star producing core-collapse
SNe and thermonuclear SNe (Type Ia SNe). It has been established that cosmic rays
consist of 99% of atomic nuclei, with sources in the Milky Way responsible for
proton cosmic rays up to &3 x 1013 eV — below these energies, they are referred
to as Galactic cosmic rays. And likely only above 1017108 eV are cosmic rays
originating from outside the Galaxy. But the idea that SNe are somehow responsible
for most of the Galactic cosmic rays is still a leading hypothesis.

The SN hypothesis for the origin of cosmic rays is supported by the match
between SN energetics and the energy budget required for cosmic-ray production,
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which require that about 5-10% of SN explosion energy is used for acceleration
cosmic rays. However, the main evidence for cosmic-ray acceleration powered by
SNe has been the detection of nonthermal emission from SN remnants (SNRs). In
this chapter, we will review the X-ray and gamma-ray evidence for this hypothesis.
Initially the evidence consisted of the detection of synchrotron radio emission from
SNRs, caused by the presence of relativistic electrons inside SNRs (Shklovsky
1954). Although electrons constitute ~1% of the cosmic rays locally detected, the
synchrotron radiation provided evidence that charged particles have somehow been
accelerated to relativistic energies. The identification of synchrotron radiation from
SNR shells also suggested that cosmic-ray acceleration may be powered by SN
explosions, but that the acceleration itself is occurring around the shocks caused by
the explosion in the first few hundreds to thousands of years after the SN explosion.
A theory for how shocks accelerate charged particles was developed in the late
1970s (Axford et al. 1977; Krymskii 1977; Bell 1978; Blandford and Ostriker 1978)
and is known as diffusive shock acceleration (DSA) or first-order Fermi acceleration
(Malkov and Drury 2001).

The idea that SNRs, rather than SNe, are accelerating cosmic rays received a
major boost due to the discovery of nonthermal X-ray emission from SNRs in 1995
(Koyama et al. 1995) — later followed by the detection of TeV gamma-ray emission
from SNRs (Aharonian et al. 2001, 2004) after some earlier hints at lower gamma-
ray energies (Esposito et al. 1996).

The nonthermal X-ray emission is caused by synchrotron emission from elec-
trons with 210 TeV in energy, and it, therefore, testifies of the ability of shocks
to accelerate charged particles to ultrarelativistic energies. Moreover, since these
electrons radiatively lose their energies with the lifetime of young SNRs, it identifies
the SNR stage, rather than the SN event itself, as the period in which cosmic rays
are accelerated.

The detection of gamma-ray emission in the very-high-energy (VHE) gamma-
ray regime (=100 GeV) confirms the presence of ultrarelativistic particles in SNRs.
In addition, the broadband gamma-ray emission from ~200GeV to 100 TeV
provides evidence that at least in some cases the gamma-ray emission is caused
by relativistic ions. So gamma-ray emission currently provides the best evidence for
the acceleration of atomic nuclei in SNRs — usually referred to as hadronic cosmic
rays — which make up ~99% of the cosmic rays detected locally.

This is not to say that the case for a SNR origin for Galactic cosmic rays has been
settled now. The current evidence does not support the idea that SNRs are capable of
acceleration cosmic rays up to the cosmic-ray “knee” at ~3 x 103 eV. Solving this
puzzle will be a challenge for the next two decades. Three leading ideas currently
exist: (1) perhaps the interpretation of the cosmic-ray “knee” as being the maximum
energy for proton cosmic-ray acceleration needs to be revised; (2) the highest energy
cosmic rays are accelerated in the first year up to 10-100 yr after explosion of all
supernovae; or (3) plasma turbulence in starforming regions powered by SNe and
stellar winds collectively are responsible for the highest energy cosmic rays.

In this chapter, we will focus on nonthermal X-ray and gamma-ray emission from
SNRs and the implications for cosmic-ray acceleration by SNR shocks, but we will
also discuss the need for some alternative ideas, which includes recent evidence
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for PeV cosmic rays in starforming regions (We note that some SNRs contain an
energetic pulsar, which creates a pulsar wind nebula that also emits nonthermal
radiation. Here we concentrate, however, solely on the nonthermal emission from
SNRs shells).

SNRs as the Origin of Galactic Cosmic Rays

Around 1911 Victor Hess (1912) established, using balloon flights, that ionizing
radiation comes from outside the Earth atmosphere. Soon after this “penetrating
radiation” was referred to as “cosmic rays,” a bit of a misnomer as in the 1930s
it became clear that cosmic rays consist of energetic (=0.1 GeV) charged particles
that reach Earth from outside the solar system.

The Cosmic-Ray Spectrum

The cosmic-ray energy spectrum is now well measured from ~10%eV up to
~10%0 ¢V, and the distribution shows a power-law spectrum o E~4, with g ~ 2.7.
However, the spectrum steepens around 3 x 103 eV — a feature known as the
“knee” — and flattens around 3 x 10'8 eV (the “ankle”), around 5 x 10'° eV the
steepens again. For this chapter, we are mainly concerned with the connection
of cosmic rays with energies below the “knee,” as it is thought that the “knee”
corresponds to the maximum energy protons are accelerated to in Galactic cosmic-
ray sources. There is evidence from air-shower measurements that the cosmic-ray
composition becomes heavier above the “knee” (Apel et al. 2011). The “ankle”
then likely marks the division between Galactic cosmic rays and cosmic rays of
extragalactic origin.

So ifindeed SNRs are the main sources of Galactic cosmic rays, they must be able
1o accelerate protons up to the “knee” at 3 x 101> eV — 3 PeV — which is challenging
from a theoretical point of view (Lagage and Cesarsky 1983). Sources of >PeV
cosmic rays are often referred to as PeVatrons. So one of the leading unanswered
questions is whether SNRs are indeed PeVatrons, and if not, what are the Galactic
PeVatrons responsible for cosmic rays up to the “knee”?

The Cosmic-Ray Composition and Leptonic Versus Hadronic
Cosmic Rays

Most cosmic rays (~99%) are protons or heavier atomic nuclei, collectively labeled
as hadronic cosmic rays. Below ~100 GeV, the composition of cosmic rays can
be directly measured using detectors carried aboard balloon flight or satellites.
This shows that the abundance pattern of cosmic-ray particles is similar to the
solar system abundance pattern, except that the odd Z elements, such as boron
(Z = 5), are more abundant than in the solar system, as a result of the breakup
of cosmic-ray nuclei due to collisions with interstellar gas. The ratio between odd
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and even Z elements provides information on the typical path lengths of cosmic-
ray particles from their sources of origin till detection. Moreover, the presence of
radioactive nuclei, such as 19Be, 26Al, 3°Cl, and *Mn, can be used to estimate
the amount of time that cosmic-ray particles spend on average in the Milky Way.
From this it is inferred that cosmic rays with energies around 1 GeV spend about
Tesc 2~ 1.5% 107 yrin the Milky Way, and that they must reside in low density regions
for a large fraction of this time. Given that the cosmic rays are relativistic, the
long escape time suggests that the particles move diffusively through the interstellar
medium (ISM), characterized by a diffusion coefficient D ~ 4 x 1028 cm? s~ 1,
The diffusion coefficient is energy dependent, with a proportionality of oc E®, with
8 ~ 0.3-0.7 (Strong et al. 2007).

The abundance pattern, unfortunately, contains little information about the accel-
eration sites. However, there is evidence for an overabundance of 22Ne (Binns et al.
2005), indicative of stellar-wind enriched material, and for a slight overabundance
of volatile elements, perhaps indicative of dust particles injected preferentially into
the acceleration process (Meyer et al. 1997).

Only ~1% of the Galactic cosmic rays are electrons, and even a smaller part
are positrons — together often labeled “leptonic cosmic rays.” However, electrons,
having a lower inertial mass than hadrons, are radiatively much more efficient than
hadrons. As we will describe in Section “Radiation from Leptonic and Hadronic
Cosmic Rays”, relativistic electrons produce radiation from the radio band to X-rays
in the form of synchrotron radiation, but also produce gamma rays, mostly through
inverse Compton scattering. Hadronic cosmic rays only significantly contribute to
the gamma-ray part of the electromagnetic spectrum, making gamma-ray studies
essential for studying the cosmic-ray acceleration efficiency of SNRs.

The Galactic Cosmic-Ray Energy Budget

Although associating SNRs with Galactic PeVatrons is challenging from both a
theoretical (Lagage and Cesarsky 1983) and observational point of view (as we
will see), the main reason why SNRs and their associated energy source — SN
explosions — are compellingly associated with Galactic cosmic rays is the available
energy budget. The local energy density of cosmic rays is Ue; ~ 1eVem™. If we
approximate the volume of the Galaxy that is occupied by cosmic rays with a thick
disc with radius of ~10 kpc and thickness of 2 kpc, we have a total energy in cosmic
rays of E¢; &~ UV ~ 3 x 10 erg. Since cosmic rays have a typical escape time
from the Galaxy of 15 Myr, the power needed for maintaining the cosmic-ray energy
density in the Galaxy is Eq ~ Eq /Tese & 6 x 10* ergs™!. This compares well
with the total power provided by SN explosions. For two explosions per century, and
10°! erg of explosion energy, we find EsN ~ 6 x 104 ergs~!. So an cosmic-ray
efficiency is needed for ~10%. The total stellar wind power in the Galaxy is less,
and also the rotational energy provided by pulsars is much less if they are born with
initial spin periods Py > 5ms, as seems to be generally the case (e.g., Vink 2020,
Chapter 12).
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Radiation from Leptonic and Hadronic Cosmic Rays

So far we dealt with information about cosmic rays obtained by directly or indirectly
measuring the properties of cosmic rays that reach the solar system. However, for
measuring the properties of cosmic rays in cosmic accelerators, here SNRs, we
rely on the radiation from cosmic rays while still being in their sources. Since the
cosmic-ray spectrum is a nonthermal distribution, the ensuing radiation is often
referred to as “nonthermal radiation.” But it should be noted that the radiation
mechanisms responsible occur irrespective of whether the distribution is thermal
or nonthermal; it is just that certain radiation types are predominantly associated
with nonthermal distributions.

Synchrotron Radiation

Historically the first type of emission that was associated with nonthermal particle
distributions is synchrotron radiation, which was first identified in astrophysical
context in the radio bands (Shklovsky 1954). Synchrotron radiation occurs when
charged particles are forced to helical path following magnetic-field lines, due to
the Lorentz force. The changing electric field associated with the nonlinear part
of the path results in a radiation pattern that is mostly directed in the direction
perpendicular to the magnetic-field direction. The power emitted by a single particle
scales with its mass as m~2, which makes that synchrotron radiation from electrons
is 3 x 10° stronger than from protons. So synchrotron radiation is generally
associated with either electrons or positrons, i.e., leptonic cosmic rays. The typical
frequency at which an electron emits synchrotron radiation is

eBJ_

~ E 2 _ 18 2
Vsyn ~0.29 x 2)/ =18x10°E“B, Hz (1)

mecC

of E \( BL
~0.47 x 10 Hz
1Gev) \ 100 pG

with y and E respectively the Lorentz factor and energy (in erg, unless otherwise
indicated) of the electron, and B the perpendicular component of the magnetic-
field strength. The factor 0.29 introduced corresponds to the peak of the broad
spectral radiation distribution from a monoenergetic electron. This shows that radio
synchrotron radiation around 1 GHz requires the presence of electrons with energies
well in excess of a GeV, for magnetic fields that are typical for the interstellar
medium of ~5 nG.
The radiated power from a single electron can be expressed as

dEN _ 2 8y Us, @
dt 3

with ot = 6.65 x 102> cm? the Thomson cross section, 8 = v/c (electron speed
in units of the speed of light), and Ug = B?/8 the magnetic-field energy density.
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This also sets the timescale for an electron to lose its energy due to synchrotron
radiation:

E
dE/dt

_90mec®) 634 o E N B O\
T 44cB’E BYE S 1 TeV wopc) "
3

The timescale suggests that for radio synchrotron emitting electrons around a few
GeV, radiative losses are not important during typical lifetimes of SNRs (~103 yr).
However, for X-ray synchrotron emitting electrons, which are typically 210 TeV,
radiative losses are important. See Section “Radio and X-Ray Synchrotron”. For
SNRs synchrotron radiation from young SNRs has been detected up to ~150keV
(e.g., The et al. 1996; Green 2015).

For nonthermal distributions of electrons characterized by an energy distribution
of the form N (E)dE «x E~9dE, the resulting synchrotron emissivity spectra have
a power-law distribution of €gyn(v)dv o v™%dv, with @ = (¢ — 1)/2. (Note that in
the radio astronomy literature, the minus sign is often included in the definition of
a.) This relation follows from the factor 32 in (2). In high-energy astrophysics, it
is more common to use the photon number emissivity (n, = €,/hv), resulting in a
power-law index for the photon spectrtumof I' = o + 1 = (¢ + 1)/2.

Synchrotron radiation is intrinsically polarized, with the electric vector of the
polarization being perpendicular to the magnetic-field direction. The maximum
possible polarization fraction from nonthermal electron distribution is

Tsyn ~ '

1
m=2tL @)
a+5/3

corresponding to 69% for @« = 0.5. In reality the polarization fraction is usually
much lower, due to different magnetic-field orientations along the line of sight, or
due to magnetic-field turbulence. Nevertheless, radio synchrotron polarization is
often used to identify radio emission as synchrotron radiation.

Inverse Compton Scattering

The same relativistic electrons that produce synchrotron radiation can also scatter
background photons through inverse Compton scattering. Inverse Compton scatter-
ing can be thought of as Thomson scattering of a photon in the rest frame of the
electron. In this frame, a background photon with energy hvg has a Lorentz boosted
energy of hv' &~ y(hvg) (with some angle dependence). Thomson scattering does
not change the energy of the photon. However, transforming back to the observer
frame results in an additional Lorentz boost, but with an energy distribution that
depends on the scattering angle with respect to the motion of the electron. So the
final scattered photon appears to have an energy of the order of hv” &~ y2hyy (see,
e.g., Vink 2020, for details). As an example, an electron with energy of 1 TeV will
upscatter a typical cosmic microwave background (CMB) photon of 0.0007 eV to
an energy of 2.7 GeV.
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For a single electron, the radiation power is

dE 4 5 4 2
o) =30 hvonrad(vo)dvy = 30TY cUrad, (@)

with Uy,g the radiation energy density. One recognizes here that orcrnr,q(vo) is the
collision rate between electrons and background photons with a frequency vy. Note
that the equation, as written on the right-hand side, is similar to that of synchrotron
radiation, except that the magnetic-field energy density factor Up is replaced by the
radiation energy density — c.f. Eq. 2.

As the peaks of an spectral energy distribution (SED) indicate approximately
how much flux or luminosity is produced as a function of frequency. Therefore,
comparing the peaks in the SED of the synchrotron component (radio to X-rays)
with the SED of gamma-ray inverse Compton scattering provides an estimate of the
ratio of the energy density in background radiation and magnetic field: Psyn/Pic ~
UB/ Urad.

An omnipresent component of the radiation energy density in the Universe is that
associated with the cosmic microwave background (CMB), which is Urad.cMB &
0.26 eV cm 3. In addition, Galactic infrared emission and UV stellar light can have
additional contributions that may be as large as the CMB, depending on the local
environment of a source.

The cross section for inverse Compton scattering is seriously reduced if the
photon energy in the rest frame of the electron approaches or exceeds the rest mass
energy, i.e., hv' = yhvy > mec?. For the scattered photon energy in the frame
of the observer, this means that for hv” > (mecz)z/hvo, the inverse Compton
radiation component is strongly suppressed. This corresponds to Av” = 400 TeV
for the typical CMB photon energy of 0.0007 eV. However, for a typical optical or
UV of around 1 eV, suppression starts already around upscattered photon energies
of 0.2 TeV. This suppression of inverse Compton scattering and related effects are
usually referred to as Klein-Nishina suppression/effects.

Apart from Klein-Nishina effects, the spectral index of the photon spectrum is
similar to that of synchrotron radiation: I" = (¢ + 1)/2.

Nonthermal Bremsstrahlung

Bremsstrahlung (or free-free emission) is the result of the (small) deflection of
a charged particle when it passes close to another charged particle. Since the
deflection depends on the mass of the particle, and electrons are light, usually the
dominant form of bremsstrahlung is electron bremsstrahlung. Often bremsstrahlung
from hot astrophysical plasmas are caused by electrons with a thermal (Maxwellian)
velocity distribution, hence the name thermal bremsstrahlung. The total emissivity
of thermal bremsstrahlung scales as e neinel/ 2. The differential emissivity (i.e.,

per unit energy or frequency) scales as &g, neine_l/ 2 exp (—hv/kTe).
However, particle acceleration also results in a population of nonthermally
distributed electrons. At high energies, these are referred to as leptonic cosmic
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rays. At lower energies, however, nonthermal bremsstrahlung may arise from the
suprathermal electron population that constitutes the injection spectrum of the
electron cosmic rays, or more in general, a nonthermal leftover from collisionless
shock physics. Note that collisionless shocks may not immediately lead to a thermal
distribution of particles.

The suprathermal electrons should give rise to nonthermal, hard X-ray continuum
radiation, best identified above 10 keV. The reason is that the X-ray below 10keV
SNRs is often dominated by thermal radiation processes, be it line emission,
or thermal bremsstrahlung continuum and related processes, such as free-bound
emission. Indeed, Asvarov et al. (1990) argued that the hints of hard X-ray
continuum from young SNRs like Cas A and Tycho are formed by the low-energy
tail of the electron cosmic-ray population. When hard X-ray emission from Cas A
and other young SNRs was firmly established (The et al. 1996; Allen et al. 1997;
Favata et al. 1997), there was a debate about the nature of this emission: was it
nonthermal bremsstrahlung (e.g., Laming 2001) or synchrotron radiation (Allen
et al. 1997; Reynolds 1998)? The latter caused by electrons from near the maximum
of the electron cosmic-ray spectrum (~10-100 TeV). Although the debate has not
been completely settled, the general consensus is that for young SNRs the hard
X-ray emission forms the high-energy tail of the synchrotron component. See, for
example, the discussion on the NuSTAR imaging spectroscopy of the hard X-ray
emission from Cas A (Grefenstette et al. 2015).

One reason why a nonthermal bremsstrahlung interpretation has difficulties is
that Coulomb collisions between the thermal plasma and the suprathermal electrons
result in significant energy exchanges at low electron energies, and it leads to energy
losses for suprathermal electrons. The energy-loss rates scale for nonrelativistic
electrons as dE./dt o npE ~1/2 This means that a nonthermal electron distribution
at the shock front quickly starts losing its lower electron energy part, resulting in an
inverted electron spectrum (Vink 2008). The timescale on which this happens for
electrons below 100keV is T ~ 10! ne I's, which is the timescale applicable to Cas
A. However, for SN1006, with its lower density plasma, nonthermal bremsstrahlung
may be relevant.

Although nonthermal X-ray bremsstrahlung is not discussed so often anymore
for young SNRs, recently evidence based on NuSTAR observations shows that
the hard X-ray emission from SNR W49B is relatively hard, with a power-law
number index of I" =~ 1.4. It likely constitutes a case of nonthermal bremsstrahlung
(Tanaka et al. 2018). This can be verified in the future, as a nonthermal electron
population with energies in the 10-100keV range leaves an imprint on Fe-K line
ratios, which can be measured by the next-generation calorimetric X-ray detectors
on board XRISM and Athena.

Nonthermal bremsstrahlung as an ingredient for the (very) high-energy gamma-
ray emission is less controversial than for the X-ray band. The responsible electrons
(and possibly positrons) are part of the cosmic-ray population and will surely
contribute to the gamma-ray emission. As the emission is caused by electrons,
bremsstrahlung is labeled a leptonic emission component, together with inverse
Compton scattering (Section “Inverse Compton Scattering”). Like the thermal
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bremsstrahlung component, nonthermal bremsstrahlung emissivity scales with den-
sity as €ntpMe,crftp, With ne ¢ referring to the relevant leptonic cosmic-ray density.
This scaling is identical to pion decay emission; see Section ‘“Pion Production and
Decay”. Moreover, inverse Compton radiation is the dominant leptonic gamma-
ray component for densities n, < 240 cm™ (Hinton and Hofmann 2009), even
when only considering the cosmic-microwave background as a source of seed
photons. For modeling the SEDs of SNRs, it is usually assumed that the electron
over proton cosmic-ray number ratio is ne/n, ~ 1/100. In that case, pion decay
dominates the gamma-ray emission above ~100MeV over bremsstrahlung. For
these reasons, nonbremsstrahlung is often neglected when modeling broad spectral
energy distribution in gamma rays: for low densities, inverse Compton scattering
dominates over bremsstrahlung, whereas for high densities, pion decay dominates
over bremsstrahlung.

Pion Production and Decay

The radiation mechanisms discussed above are mostly associated with leptonic
cosmic rays (electrons/positrons). Only one mechanism is associated with hadronic
cosmic rays: pion decay. Pions are the lightest mesons (hadrons with two quarks)
and come in three flavors: 70,7+, and 7. They are produced whenever a hadronic
cosmic-ray particle (usually a proton) collides with target hadron, usually a proton
in the local gas. For the lightest pion, 70 (m 70 ¢? = 135MeV), a threshold energy of
280 MeV for the cosmic-ray proton is needed for the reaction p+ p — p+ p+7°.
For a charged pion, a reaction like p + p — p +n + " is needed. At sufficiently
high energies, multiple pions, and even new protons and neutrons, can be created,
provided nature’s conservation laws, such as energy, momentum, charge, and baryon
number, are obeyed.

Pions are unstable particles and decay into lighter particles and photons:

0 -2y,

at - /fr + v
=
et + Ve + Uy,
T U vy
!
e +Ve+ .
So one of the outcomes of charged pion decay is electron and muon (anti)neutrinos,
which are the particles of interest for high-energy neutrino detectors like IceCube

and the future KM3NeT. No high-energy neutrino signals have yet been detected
from SNRs.
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For this chapter, it is the neutral pion production that is of interest, as neutral
pion decay leads to two photons each with an energy of %mﬂoc2 = 67.5MeV in
the rest frame of the pion. However, a high-energy cosmic ray (£ > 280meV)
will lead to a pion with a considerable kinetic energy. So the gamma-ray photons
from the decay will receive a Lorentz transformation, resulting in a photon energy
of hv = %m”o Yzo(1 £ B0 cos ), with 6 the angle between the pion direction and
the direction of the two decay photons, which move in opposite directions in the
frame of the pion. So each decay results in a low-energy photon — associated with
the minus sign — and a high-energy photon, associated with the plus sign. Details
of the relation between cosmic-ray energy and the expected probability distribution
of the photon energies can be found in, for example, Kafexhiu et al. (2014). On
average the higher energy photon has an energy that is about 10% of the energy of
the cosmic-ray proton. See Fig. 1 for a typical SED for emission caused by hadronic
cosmic rays, including the distribution in energy for protons with a give energy. For
a proton cosmic-ray spectrum of N(E)dE o E~4, the resulting photon spectrum
has a similar spectral index, i.e., I" & g. We expect, therefore, that a gamma-ray
spectrum dominated by pion decay has a spectral index of I" ~ 2.2 (for g = 2.2),
whereas for the inverse Compton spectrum from a population of electrons with the
same spectral index g, the photon spectrum is harder: I = 1.6.

A defining characteristic of a pion decay spectrum is that the spectrum is
symmetric in logarithmic energies around half the rest mass energy of the pion, due
to the + sign in the Lorentz transformation of the two oppositely moving photons. In
an SED, for which the spectrum is multiplied by E2, this results in a characteristic
peak around 100-200 MeV and a sharp cutoff below these energies. This is referred
to as the “pion bump” (see also Fig. 1).

The Mechanism of Diffusive Shock Acceleration
Collisionless Shocks

Particle acceleration appears to be a common byproduct of so-called collisionless
shocks. In collisionless shocks, the changes in thermodynamic properties of the
plasma across the shock boundary are not caused by particle-particle interactions
through Coulomb interactions, but through collective effects — particles are ran-
domly deflected by magnetic-field turbulence and/or electric fields. Collisionless
shocks are common in many astrophysical situations as the densities are low, making
Coulomb interactions rare. The absence of efficient Coulomb interactions does not
allow charged particles that have velocities greatly in access of the local plasma
velocity to redistribute their excess energy to other plasma particles, allowing them
to acquire even more energy. In a collisionless shock, it is also not necessary for the
electrons and ions to equilibrate their temperatures. Apart from these considerations,
the standard Rankine-Hugoniot shock equations can be used, which state that mass,
momentum, and enthalpy flux across the shock boundary are conserved. For a strong
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q = 2.3, Eguupy=300 TeV
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Fig. 1 A model SED for a pion decay gamma-ray spectrum based on the semi-analytical functions
of Kafexhiu et al. (2014). The input proton spectrum is assumed to have a power-law distribution
in momentum n(p)p%pdp x p?p~972, with ¢ = 2.3. The colored lines show the results for
monochromatic “beams” of protons with energies of 1 GeV (red), 1 TeV (green), 10 TeV (blue),
and 1 PeV (cyan). The low-energy cutoff, together with the peak around 5 x 108 eV, is often referred
to as the “pion bump.” (Based on a figure in Vink 2020.)

shock —ie., M = Vi/cs1 = /P1/p1 Vs2 2 5 with ¢g the sound speed in the
unshocked plasma — the post-shock plasma is characterized by

1
XE&Z(V_JF):4(f0ry:5/3), (6)
pt (y—1
3 2
< kT >= B/LVS , @)
1 1
v =—V, = -V, 3
X 4
1 3
Av=vi—uvm=[(1—-—)Vi=-V,, )
X 4

with subscript 1 and 2 indicating upstream (unshocked) and downstream (shocked)
quantities, Vs the magnitude of the shock velocity, v; and v; the plasma velocities in
the frame of the shock (i.e., |[vi| = V;), y the plasma’s adiabatic index, x = p2/p1
the shock compression ratio, and u the average particle mass — u ~ 0.6 for solar
system abundances.
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The strong shock approximation (M = 5) is well justified for young SNRs,
which have V; ~ 1000-7000kms~', even if they are evolving in the hot part
of the interstellar medium, where the typical sound speed is ¢; ~ 10kms™!.
However, once the shock velocity has dropped below ~30kms~!, the strong
shock approximation breaks down, also because the typical turbulent gas motions
are characterized by similar velocities. Shock velocities below 50kms™! occur
typically for SNRs that are several 10,000 years old. Note that for V, < 200kms~!
— typically happening for SNR ages of 5000-20,000 yr — post-shock radiative
cooling becomes important, due to strong optical/UV radiation. This results in very
high shock compression ratios further downstream of the shock, as the plasma tries
to maintain in pressure equilibrium, in the presence of energy losses. The high
shock compression ratios lead to the optical narrow filaments that characterize the
optical emission from middle-aged SNRs like the Cygnus Loop (Veil Nebula) or
Spaghetti Nebula (Simeis 147). For more details on this topics, see this handbook
in » Chap. 99, “Supernova Remnants: Types and Evolution” by A. Bamba and
B. Williams.

Diffusive Shock Acceleration Theory and Its Extensions

Efficient acceleration is likely mostly in young SNRs through the diffusive shock
acceleration (DSA) mechanism (Bell 1978; Axford et al. 1977; Krymskii 1977).
DSA operates on charged particles with energies well above kT>. These particles
have speeds greatly in access of Vi and are elastically scattering due to magnetic-
field irregularities. As a result, they diffusively wander through the plasma, which
brings them every now and then across the shock front. The magnetic-field
irregularities, probably associated with Alfvén or magneto-acoustic waves, are on
average at rest with the local plasma, which moves with v in the unshocked plasma,
and with v, in the shock medium. The assumption is that for nonrelativistic shocks,
the scattering of energetic charge particles makes the velocity distribution isotropic
after a few scatterings. Every time a particle crosses the shock front, it has an excess
velocity of Av with respect to the new frame of reference, and the particle appears
to have an excess energy given by a Lorentz boost (E — E’). If we take the particle
speed to be relativistic (v ~ ¢), the Lorentz boost of E' = I'(E — Av/c cos 0), with
a nonrelativistic boost I" & 1, the gain in energy is

Av 2V 1
—cos 6 %g— 1——). (10)

<AE>~
A\l e c X

E

A full cycle, in which the particle crosses from downstream to upstream and back,
provides twice this energy. Since the energy gain is proportional to the energy itself,
the energy of a charged particle grows exponentially with the number K of shock
crossing cycles:


https://doi.org/10.1007/978-981-19-6960-7_88
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with Eq some initial energy.

On the other hand, once particles are too far removed from the shock front
downstream of the shock, they are unlikely to recross the shock front again. Once
this is the case, the final energy is frozen in, and the particle is said to have escaped
downstream — upstream escape is unlikely as the plasma will eventually be swept
up by the shock. However, at very high energies, upstream escape can and probably
does occur. The chance of escaping downstream during one shock cycle depends on
the ratio between the plasma velocity v, and the particle velocity (assumed to be ¢):

1V
Pee =42 = 4— =%, (12)
c X ¢

with the factor 4 arising from averaging over the angle of particle velocity with
respect to the shock. So if inject Ny particles with energy E( into the DSA process,
after K full cycles, the number of particles has been reduced to

N(E > Eg) = No(1 — Pesc)® (13)
with Ex given by (11) The combination of exponential growth in energy with an

exponential decay in the number of particles that are still participating in the DSA
process leads to a power-law distribution:

dN(E
NG Ey = ce—r+ 5 INE) _ g (14)
dE
with
2
qz—X+1=2(foer4). (15)
=

Note that another way to derive this result is based on phase-space (momentum-
space) conservation in the absence of collisions (Blandford and Ostriker 1978;
Drury 1983), which gives a momentum distribution of

N(p)np?dp o« p~12dp, (16)

which is identical to N(E) o« E~4, but does not require the relativistic approxi-
mation £ = |p|c and indicates that the expected cosmic ray is characterized by
a power-law distribution in momentum. This means that a gradial flattening of the
energy distribution is expected at particle energies E < m p,ecz.

The prediction of DSA of power-law distribution in energy with slope g = 2 —
for £ > mp,ec2 — matches well with the average radio spectral index of « = 0.5
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for SNRs, given that for synchrotron radiation, the relation between the particle
index for the electron energy distribution and radio spectral index is @ = (g — 1) /2.
Moreover, the spectral index for cosmic rays in the galaxy is steeper than the source
spectrum due to the energy-dependent diffusion coefficient for cosmic rays, leading
to energy-dependent escape of cosmic rays from the galaxy. The relation is g =
Gsource 1 8, with § as defined above.

Acceleration Timescales and Maximum Energies

It can be shown that for steady-state, plane parallel shock, the particle distribution
as a function of space coordinate z is

n(z, p) =no(p) expl—|zl/ laitr,1 (p)] for z > 0 (17)
n(z, p) =no(p) forz <0, (18)

with the shock moving in the positive z-direction, and with lgifr(p) = D1(p)/v1 =
Di(p)/Vs. Here D1(p) = %Amfpvcr is the diffusion coefficient in the unshocked
(upstream) medium. Here v, is the particle speed (for simplicity we take it to be ¢
and assume particles are relativistic), and A the typical scattering length scale of
the particles (mean free path). This shows that there are always accelerated particles
in front of the shock, with a length scale that depends on the momentum/energy of
the particles. These particles are referred to as the cosmic-ray shock precursor.

The shortest scattering length scale possible is of the order of the gyroradius
of the particle Ay 2 pc/eB, and is often parameterized as Anfp = npc/eB ~
nE/eZB, with n = 1 referred to as Bohm diffusion (Z is the charge). Also
downstream there is a typical length scale over which particles are still able to
diffusive back to the shock front: lgif2(p) = Da(p)/v2 ~ nceE /vyeB.

The timescale in which particles are typically scattered back over the shock front
on either side of the shock is 112 = lgiff,1,2/vcr. From this one can derive the
time it takes for particle to perform a full acceleration cycle t = 11 + 12, and
the acceleration rate can be derived from

dE _ AE 3%E _v-vwn E 19)
dt — nu+mn 4(D, DY\ 3 (D D)
() (%+%)

The acceleration time to go from an energy Eg to E is then

3 E /Dy D)\ dE’
face = / <— + —) - 20)
v —v2 Jg, \ V1 v/ E

The relation between v; and v, depends on the compression ratio x, whereas the
magnetic-field compression ratio, xg, depends on the orientation of the magnetic
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field and is one for parallel magnetic fields and x for perpendicular magnetic fields.
Ignoring that n may also differ at either side of the shock, but parametrizing the
diffusion coefficient as

bl E 7" ¢E 21
1= 3nmax E eZB, ,

one can derive the following approximation for the acceleration time scale to some
maximum energy Epax:

X

face ™ 101477max < Emax ) ( Vs )2( B )1 (1 + )?(_B) (ﬁ) yr.
(22)

Zs \1014ev 5000 kms—! 10pnG 8/3

This shows that E,x o '7;1;}1;(3 1 Vs2tacc. The numerical values also show that it is
quite challenging for SNRs to accelerate particles up to the cosmic-ray “knee” at
3 x 103 eV. First of all, at an age of ~1000 yr, the shock velocity of most SNRs
will have dropped to below 5000 kms~!. One could also question how realistic it
is that nmax = 1, which is the minimum value possible (corresponding to Bohm
diffusion). The only way to allow acceleration up to the “knee” is if the shock
speeds can be higher, which happens in the very early phases of SNR evolution, or if
B > 101G, i.e., much higher than the typical interstellar magnetic-field strength.
Amplification of the magnetic fields near SNR shocks is theoretically possible, and
one often invoked process is the Bell mechanism (Bell 2004), in which the currents
driven by cosmic-ray streaming in the upstream magnetic fields lead to a plasma
instability that amplifies the magnetic field.

The Effects of Radiative Losses and Cosmic-Ray Escape on the
Maximum Energy

According to (22), the maximum energy particle can be accelerated to is limited by
time. However, there are several other constraining elements. First of all, electrons
radiate quite efficiently due to synchrotron radiation and inverse Compton scattering
(Section “Radiation from Leptonic and Hadronic Cosmic Rays”). We can estimate
the maximum energy of electrons in the presence of radiative losses by equating
(22) with the synchrotron radiation loss time (2), which gives

_ B, \ 7' Vs
E ~~ 42n7 ! — = ) TeV, 23
e,max = %M (100 [LG) 5000kms—1) " ¢ @3)
where we used now the downstream magnetic-field B, = xpxp. Interestingly,

converting this maximum energy to the typical synchrotron photon energy gives a
value that no longer depends on the magnetic-field strength (Aharonian and Atoyan
1999):



101 Nonthermal Processes and Particle Acceleration in Supernova Remnants 3513
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Synchrotron spectra for which the cutoff energy is determined by radiative losses are
called loss-limited spectra, whereas if it is determined by the available acceleration
time, the spectra are called age-limited spectra. In general, it is now expected that
most historical SNRs have loss-limited X-ray synchrotron spectra. But reality is
more complex, as shown in a study of the X-ray synchrotron spectra from Tycho’s
SNR (Lopez et al. 2015).

Apart from available time and radiative losses, the maximum acceleration energy
can also be limited by escape, i.e., at very high energies, the particles are no longer
expected to return back from the upstream region to the shock.

We can estimate the upstream escape by first calculating the maximum size of
the cosmic-ray precursor length scale (Vink 2020), from the fact that fg,r > facc:

D;? Laife 1
tsnr > tace > 8— = 8—1 —.
Vs Vs

(25
The factor 8 incorporates the effects of magnetic-field compression at the shock in
a conservative sense. Since we can generically approximate Vg = mRg/ sy, With
m = 1 indicating free-expansion and m = 2/5 the Sedov-Taylor expansion, we find
that the precursor length scale is constraint to

laifr.1 < %RS < 12.5%R. (26)

We can also turn this around: as soon as the precursor length scale lgitr 1 = D1/ Vs
becomes larger than the limit in (26), the highest energy particles start escaping.
Equation (21) shows that this may happen if the upstream magnetic-field strength is
declining, but also if the diffusion length scale becomes larger as a function of time
due to the deceleration of the shock with time.

The equations on maximum energy discussed so far assume that the shock
velocity is more or less constant, which is fine as long as the acceleration time
is short with respect to the age of the SNR. However, treating the shock velocity
dynamically, one can also derive a maximum energy independent on escape (see
Vink 2020, for a derivation):

71631 R% t 2m—1
Emax ~ 0.03p7 1 —m—2 | — , (27)
c 00 1o

where the shock radius as a function of age is approximated by R = Ro(t/tp)™.
What is interesting here is that for m > 1/2 the maximum energy will always
increase with time for a constant or increasing By, whereas for m < 1/2 the
maximum energy is in fact decreasing with time.
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Nonlinear Cosmic-Ray Acceleration

In the standard theory of DSA, usually referred to as the test-particle approach, the
shock structure is determined by the standard Rankine-Hugoniot shock equations.
However, if a substantial fraction of the available shock energy flux (% 00 VS3) is
used to accelerate particles, the shock structure itself will change, which in turn will
change the particle acceleration properties (Eichler 1979). The theory describing
this is nonlinear diffusive shock acceleration (non-linear DSA).

The change itself comes about by the substantial pressure imposed by the
shock precursor (Section “Acceleration Timescales and Maximum Energies”) on
the plasma upstream of the shock, due to the fact that the cosmic-ray particles
scatter off the magnetic-field irregularities thereby on average pushing the plasma
away from the shock. This results in the plasma being forced to move before the
shock arrives and is accompanied by a pre-compression of the plasma. This is a
consequence of particle-flux conservation, which implies povy = pjvy, with po,
vo the plasma density and velocity (in the frame of the shock) far upstream of the
precursor, and pg, v; the same quantities somewhere in the precursor. The length
scale of the precursor depends on the energy of the particles under consideration
(17), as laifr,1 is energy-dependent: within the precursor, the cosmic-ray pressure
increases toward the shock, and hence also the precursor compression builds up.
The implication is that as the actual shock arrives (often called the subshock), the
plasma is already moving with |vi| = |vo/x1 < |Vs|, with x1 = p1/po = vo/v1
the compression ratio in the precursor. Also the gas pressure is higher than far
upstream due to adiabatic compression and perhaps additional heating mechanisms
(P > Poxl_y). Since the sonic Mach number is given by M? = pv?/P, we have
M} = piv}/P < pov(z)xl_yH/Po = ngl_yH, with y the gas-adiabatic index.
The lower Mach number at the (sub)shock or gas shock results in a lower plasma
temperature.

Another consequence is that the DSA process itself needs to be modified: the
lowest energy cosmic rays do not diffuse far into the precursor and sample a lower
contrast in shock difference across the shock (Av = |v; — v3]), whereas only
the highest energy particles sample the full velocity difference (Av = |vg — v2]).
The result is that the momentum distribution of accelerated particles is no longer
a power-law distribution, as indicated by (15), but is concave (e.g., Ellison et al.
2000; Blasi et al. 2005). The total compression ratio of the shock (it = x1x2) can
in principle be much larger than the canonical value of 4, and the asymptotic value
of ¢ = 1.5 (Malkov and Drury 2001) rather than the canonical g = 2.

Over the last decade, however, it has become clear that the effects of nonlinear
DSA are not as extreme as once predicted. What appears to hold it in check is
another cosmic-ray feedback effect (e.g., Vladimirov et al. 2008; Caprioli and
Spitkovsky 2014): magnetic-field amplification. This prevents too much of the
precursor compression.
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The Injection Problem

The theory of DSA assumes a population of particles that are elastically scattering
and moving fast enough to be able to scatter from the shocked medium, back
upstream to the unshocked medium (or the precursor). The theory DSA does
not explain how these particles acquired enough energy to start participating in
the DSA process, i.e., it assumes there is a population of suprathermal particles
which form the seed population of DSA accelerated particles. Early ideas on this
“injection problem” assumed that the seed particles were just the high-velocity
outliers from a thermal (Maxwellian) distribution (N(E) o E!/2 exp(—E/kT)),
with E > 3kT. However, SNR shocks are collisionless shocks, and it is not a priori
clear whether the shock-heated particles even have a Maxwellian distribution. A
more recent idea about the injection focuses on the phenomenology of collisionless
shocks as seen in particle-in-cell (PIC) calculations, and in situ measurements of
interplanetary shocks. These show that instead of immediately shock-heating the
incoming particles, collisionless shocks reflect a fraction of the incoming particles
back upstream, which interact with the unshocked particles. Some of these reflected
particles may cross the shock and be reflected again. According to PIC simulations
(Caprioli et al. 2015), these particles are the ones that form the seed particles for
DSA.

These seed particles are of observational interest as well, as suprathermal
particles may have an effect on the Ha line width for non-radiative, or Balmer-
dominated, shocks (Nikoli¢ et al. 2013), and they may give rise to measurable
suprathermal bremsstrahlung (Asvarov et al. 1990). In fact, this was once taken
as an alternative explanation for hard X-ray emission from young SNRs (Asvarov
et al. 1990; Favata et al. 1997), and it is also thought to be the cause of hard X-
ray emission from W49B (Tanaka et al. 2018). Note, however, that due to Coulomb
collisions, the initial spectrum of the seed particles may be substantially altered
further downstream (Vink 2008). Hard X-ray emission from these seed particles is
clearly a matter that needs further study, as it provides a glimpse into the initial
stages of cosmic-ray acceleration by SNRs.

X-Ray and Gamma-Ray Evidence for Cosmic-Ray Acceleration
Radio and X-Ray Synchrotron

Traditionally SNRs are identified from other shell-type objects, such as HII regions,
through their polarized radio emission and steep spectra in the 10’—10'! Hz band.
These characteristics identify the emission as being caused by synchrotron radiation
from nonthermal electrons with energies of around a few GeV. See Eq.(1). See
Dubner and Giacani (2015) for a review on radio observations of SNRs.
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Since the typical radio spectral index is ¢ ~ 0.5 (Green 2019), the index of the
particle distribution of accelerated electrons can be estimated as g ~ 2, which is
consistent with the DSA theory.

The first discovery of synchrotron X-rays from shells of SNRs was found in
shells of SN 1006 (Koyama et al. 1995), which provided the first evidence of
accelerated electrons up to energies of several TeV. Currently around ten young
SNRs with synchrotron X-rays are listed. Interestingly, many of these SNRs have
faint or no thermal X-rays (Koyama et al. 1997; Tsunemi et al. 1999; Bamba et al.
2000, 2001, 2012; Yamaguchi et al. 2004; Reynolds et al. 2008), implying that the
ambient density of these SNRs is lower than ordinal SNRs with thermal X-rays.
The reason may be that X-ray synchrotron radiation requires a high shock speed
(Eq. 24), which is more easily maintained over durations of a thousand year for low
ambient densities.

The steepening of the synchrotron spectrum corresponding to the cutoff energy
of the nonthermal electron distribution is often occurring in the soft X-ray band
(Bamba et al. 2008, for example). The cutoff photon energy is proportional to the
square of the maximum electron energy and magnetic-field strength (see Eq. (1)),
and measuring the cutoff leads us to understanding these physical parameters.
Assuming the magnetic field of ~10wG, the maximum energy of electrons is
derived to be ~10-100 TeV, which is one or two orders below the “knee” energy. In
the case of a loss-limited spectrum, the photon energy corresponding to the cutoff
energy is independent of the magnetic field and only depends on the turbulence
parameter n and shock velocity; see Eq. 24. Since for several young SNRs the shock
velocity has been measured, one can infer from the detection of X-ray synchrotron
radiation that the magnetic-field turbulence must be high, < 5, suggesting that the
diffusion of 10-100 TeV electrons is close to the Bohm limit (Section “Acceleration
Timescales and Maximum Energies”).

In general it is assumed that the synchrotron emission originates from electron
populations accelerated at the forward shock. The reason is that the forward shock
velocity is a high Mach number shock for a relatively long time (~10* yr) and that
the plasma entering the shock should have typical magnetic-field strength of the
order of the average Galactic magnetic field (B ~ 5 1G). However, there is clear
evidence that part of the plasma immediately downstream of the reverse shock of
Cas A is emitting X-ray synchrotron radiation (Helder and Vink 2008; Uchiyama
and Aharonian 2008). The implication is also that the bright radio shell of this
remnant has electron populations likely accelerated by the reverse shock. Cas A is
rather unique in this sense, perhaps because the reverse shock has an inward motion
on the western side of Cas A (Sato et al. 2018; Vink et al. 2022a), which makes for
a head-on collision between the inward motion of the reverse shock and expanding
unshocked ejecta. However, for a few other SNRs, synchrotron emission from the
reverse shock has also been suggested, such as G1.8+0.9 (Brose et al. 2019), RCW
86/SN 185 (Rho et al. 2002), and possibly RX J1713.7-3946 (Zirakashvili and
Aharonian 2010).
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GeV-TeV Gamma Rays

The first firm detection of gamma rays from the shells of SNRs was in 2004 by the
atmospheric Cherenkov gamma-ray telescope H.E.S.S. (Aharonian et al. 2004) in
the very-high-energy (VHE) gamma-ray band (Fig. 2). Later, Fermi detected several
SNRs in the high-energy (HE) — or GeV — band. Currently more than 30 SNRs
are detected in the GeV and/or VHE gamma-ray bands (Acero et al. 2016). In the
HE and VHE bands, there are mainly two emission mechanisms from accelerated
particles, inverse Compton scattering and 7° decay emission (Section “Radiation
from Leptonic and Hadronic Cosmic Rays”). Distinguishing between the leptonic
(inverse Compton) and hadronic scenarios (z° decay) is mainly done with HE
band spectra, since a simple leptonic scenario reproduces hard gamma-ray emission
with photon index I = 1.6 as described in Section “Radiation from Leptonic
and Hadronic Cosmic Rays”, whereas the hadronic scenario requires rather flat
spectra (I ~ 2.2) with the low-energy cutoff around 100 MeV (the pion bump,
Section “Pion Production and Decay”).

A typical case for the leptonic scenario is SN 1006 (Acero et al. 2010), and for
the hadronic scenario, W44 provide a good example (Abdo et al. 2010a; Giuliani
et al. 2011). On the other hand, there are both leptonic and hadronic components in
many SNR cases, and it makes difficult to resolve them. Molecular or atomic cloud

17 h 15 min 17 h 11 min

Fig. 2 TeV image of the supernova remnant RX J1713—3946 taken by H.E.S.S. (Aharonian et al.
2004)
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Fig. 3 Spectral energy diagram (SED) showing the spectral characteristics of various SNRs that
are bright in gamma rays. Most of these SNRs have a spectral index around I ~ 2 below 0.1 TeV,
but an exception is RX J1713—3946. The relatively old SNR Puppis A shows a cutoff around
0.1 TeV, but the other SNRs have spectra steepening above ~1TeV. (Figure reproduced from
H.E.S.S. Collaboration 2021)

observations are another key, since we can measure the density and total amount
of target protons. RX J1713—3946, due its gamma-ray brightness a key target to
study particle acceleration, shows a similar morphology in VHE gamma rays and
proton column density, which is a strong evidence of hadronic origin (Fukui et al.
2012). However, its rather hard gamma-ray spectrum — I" =~ 1.5 (Abdo et al. 2011;
H.E.S.S. Collaboration et al. 2018) — suggests a leptonic origin (Ellison et al. 2012),
although more complex multi-zone hadronic models, which include dense clumps,
can fit the spectrum as well (Inoue et al. 2012; Gabici and Aharonian 2014). See
Fig. 3 for a comparison of several gamma-ray luminous SNRs.

The future Cherenkov Telescope Array (CTA) will provide VHE gamma-ray
maps of fainter SNRs with better spatial resolution and sensitivity. Comparing them
with those in synchrotron X-rays (as the electron tracer) and proton column density,
more detailed study will be available on leptonic and hadronic components (Acero
et al. 2017). In addition, we may be able to observe haloes around SNRs from
cosmic rays that have escape the vicinity of the SNR shocks.

Measurements of the Cosmic-Ray Acceleration Efficiency

The total fraction of the supernova explosion energy that is transferred to cosmic
rays is still an open issue. To explain the Galactic cosmic-ray energy budget,
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Fig. 4 Chandra view of
SN1006. White and thin rim
represents synchrotron
X-rays, whereas red inside
thermal plasma. (Credit:
NASA/CXC/Middlebury
College/F.Winkler)

5%—10% of the canonical 10°! erg explosion energy has to be channeled to hadronic
cosmic rays.

The first evidence for efficient electron acceleration comes from Chandra
X-ray observations. Chandra discovered that synchrotron X-ray emission is confined
to thin filaments — 10'7—5 x 10'7 cm — near the shocks of young SNRs, such as
Cas A and SN1006 as shown in Fig. 4 (Vink and Laming 2003; Bamba et al. 2003,
2005). Thin filaments imply that electrons are trapped near the shock fronts during
a radiative loss timescale, due to strong and turbulent magnetic fields. The strong
magnetic-field turbulence is probably a result of the interaction of cosmic rays with
the plasma in the cosmic-ray shock precursor, as described in Section “Nonlinear
Cosmic-Ray Acceleration”. So the magnetic fields are both an ingredient for and a
result of efficient cosmic-ray acceleration.

Chandra also discovered that some synchrotron filaments and knots are time
variable with the timescale of ~1 yr (Uchiyama et al. 2007; Uchiyama and
Aharonian 2008; Okuno et al. 2020; Matsuda et al. 2020). The flux decline implies
fast synchrotron losses, which also implies fast acceleration, in order for the
electrons to reach these high energy in the presence of strong radiative losses. The
expected magnetic-field strengths are up to a few 100 wG, although there is still
many uncertainty on the topology of the magnetic fields.

Efficient (nonlinear) acceleration results in deviation of the particle spectrum
from a pure power law (Section “Nonlinear Cosmic-Ray Acceleration”), which
should be reflected in thethe wide-band synchrotron spectrum. Vink et al. (2006)
measured a spectral bending of the broad, radio-to-X-ray, synchrotron spectrum of
the young SNR RCW 86, which implies that the acceleration in this SNR is efficient.
Similar effects have been reported for SN1006 and Cas A (Allen et al. 2008;
Domcek et al. 2021), which suggests that the efficient acceleration of electrons is
common in young SNRs.
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The efficiency of hadronic cosmic-ray acceleration cannot be measured directly
with X-rays. As discussed in Section “Pion Production and Decay”, protons
interacting with the interstellar medium emit ~GeV gamma-rays via pion decay.
Thus, the luminosity in the gamma-ray band reflects the total energy of accelerated
protons, although inverse Compton emission from accelerated electrons contam-
inates in some cases. Typical luminosities in the gamma-ray band are roughly
1033-10% ergs™! (Acero et al. 2016), and the expected proton energy content
is ~10%-10% ergs, 1%—10% of the 10°! erg explosion energy. One of the most
luminous SNRs in the GeV and TeV band is N 132D in the Large Magellanic Cloud
(Ackermann et al. 2016; H.E.S.S. Collaboration et al. 2015), implying N 132D is
one of the most efficient proton accelerators. Given the absence of synchrotron
X-ray emission (Bamba et al. 2018) and the broadband spectral shape, the GeV-
TeV gamma-ray emission is best explained with a hadronic gamma-ray model,
with an inferred energy in cosmic-ray protons of ~10°0 erg, which is 10% of the
canonical SN explosion energy (Bamba et al. 2018; H.E.S.S. Collaboration 2021).
This implies that N 132D is an efficient accelerator and/or the explosion energy is
larger than 10°! erg.

Evidence or Lack of Evidence for PeVatrons

Up to now there is no evidence that some SNRs are PeVatrons. The current
maximum energy of accelerated particles can be estimated from the cutoff of
gamma-ray emission. Considering particle escape, younger SNRs should have
higher cutoff. Acero et al. (2016) showed that younger SNRs have harder emission
in the GeV band (Figure 16 in Acero et al. 2016), although the scatter is very
large. One of the youngest (~2000 years old) and brightest gamma-ray SNRs,
RX J1713.7—3946, has the cutoff of 3—-17 TeV depending on the cutoff models
(H.E.S.S. Collaboration et al. 2018). This leads the cutoff of proton energy of less
than 100 TeV, indicating that RX J1713.7—3946 does not contain PeV protons, but
it may have contained them in the past. The TeV gamma-ray emission extends
significantly beyond the synchrotron X-ray emitting shell, implying that protons
start escaping from the acceleration site, whereas electrons emitting synchrotron
X-ray cannot escape due to the synchrotron cooling. Thus, we need even younger
samples. Cas A is the best target with ~400 years old, which is also bright in gamma
rays. The spectral break is ~0.2-3 TeV depending on the observations and spectral
models (Ahnen et al. 2017; Abeysekara et al. 2020) — implying that Cas A does not
contribute cosmic rays in the PeV range.

Even younger samples, G1.9+0.3 (~100 years old, Reynolds et al. 2008) or
SN 1987A (~40 years old), are too distant to detect high-energy gamma-rays
with the present very high-energy gamma-ray telescopes. Future observations may
conclude this problem with these objects.

Interestingly, the aforementioned efficient accelerator, N 132D, shows no evi-
dence for a break in its VHE gamma-ray spectrum — at least up to 8 TeV (H.E.S.S.
Collaboration 2021) — implying a proton cutoff energy above 45 TeV; see the SED
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of N132D in Fig. 3. This is quite remarkable as N 132D is much older (2500 yr)
than Cas A, which has a cutoff below 3 TeV.

It is, therefore, likely that other than age, there are other factors determining
the maximum acceleration energy, and subsequent escape of these highest energy
cosmic rays.

It has long been argued that the highest energy Galactic cosmic rays may come
from a subset of SNRs, those interacting with the dense winds of their progenitors,
and that the maximum energy is reached within a few years after the SN explosion
(Ptuskin and Zirakashvili 2003; Cardillo et al. 2015; Marcowith et al. 2018). At the
same time, there is evidence based on the cosmic-ray spectrum itself that protons
may already deviate from a power-law distribution well before the “knee” (Lipari
and Vernetto 2020). This could indicate that only a subset of SNe/SNRs are capable
of accelerating up to the “knee.”

Galactic PeVatrons do exist, as evidenced by the detection of PeV photons
from Galactic plane regions by LHAASO (Aharonian et al. 2021). One of the
PeVatrons is the Crab Nebula, likely a leptonic cosmic-ray source. Other PeVatrons
are associated with star forming regions, but the LHAASO angular resolution is
too low to identify individual sources within them. Alternatively, collective effects
from fast stellar winds and SNe could create an environment sustained acceleration
within superbubbles, i.e., the highly energetic, high pressure regions created by the
collective effects of SN explosions and fast stellar winds. Superbubble acceleration
provides an alternative model for the origin of PeV cosmic rays (Bykov and
Fleishman 1992; Parizot et al. 2004).

Evidence for Low-Energy Cosmic Rays

Synchrotron, inverse Compton, and pion decay emissions origin from particles
accelerated well into the relativistic regime. On the other hand, there is only a little
observation evidence for the low-energy particles that have just been injected into
the DSA process. Nevertheless, these low-energy cosmic rays may be important for
the overall nonthermal energy budget of SNRs.

Low-energy protons with energies around ~MeV interact with neutral iron in
the interstellar medium and result in characteristic X-ray line emission at 6.4 keV
(Lodders 2003; Dogiel et al. 2011; Tatischeff et al. 2012). Thus, 6.4keV line
emission should be a good indicator of ~MeV protons, although the expected
surface brightness is very low. XIS onboard Suzaku has a low and stable background
level, and discovered the 6.4keV line from shock-cloud interacting regions of
several SNRs (Nobukawa et al. 2015, 2018; Bamba et al. 2018), which is the
first observational clue for sub-relativistic protons. The proton energy density is
estimated to be >10-100 eV cm~3, which is more than ten times higher than that in
the ambient interstellar medium.

Electrons just injected have suprathermal energies. In the case that their density
is high enough, they emit nonthermal bremsstrahlung in the hard X-ray band
(Section “Nonthermal Bremsstrahlung”). W49B is the only target from which
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nonthermal bremsstrahlung from suprathermal electrons have been found (Tanaka
et al. 2018), which is the first clue of electrons that have just been injected into
the DSA process. More samples with better statistics will be needed to compare to
cosmic-ray injection theories.

Cosmic-Ray Escape from Acceleration Sites

Accelerated particles should escape from the shock front in order to become
Galactic cosmic rays. Recent observations revealed some clues for particle escape.

Accelerated electrons are trapped in the shock region; thus, synchrotron X-rays
are a good indicator of the shock front. H.E.S.S. found that the VHE gamma rays in
one region of RX J1713—-3946 are also emitted from a region significantly outside
the shock, as marked synchrotron X-rays (H.E.S.S. Collaboration et al. 2018),
implying that the detected cosmic rays have already started to escape from the shock.

GeV spectra of middle-aged SNRs are rather soft with the cutoff of around
10GeV (Abdo et al. 2010a), which is much smaller than the “knee” energy. This
is because that higher energy particles have already escaped from the acceleration
site. The cutoff energy becomes smaller as SNRs ages older (Acero et al. 2016; Zeng
etal. 2019; Suzuki et al. 2020). This means that particles with higher energies escape
the shock earlier and low-energy particles still remain close to the acceleration sites.

Among the bright GeV SNRs is the mixed-morphology SNR W28. This SNR is
also detected in VHE gamma rays, but one of the surprises is that two VHE sources
are not coincident with the SNR, but with nearby molecular clouds (Aharonian et al.
2008), which suggests that these clouds are illuminated by hadronic cosmic rays
which escaped the SNR.

Particles after the escape diffuse into the interstellar medium. When they
encounter dense material, they emit gamma rays via 7° decay. Such gamma-ray
emitting clouds are found in the vicinity of several SNRs (Abdo et al. 2010b;
Uchiyama et al. 2012).

Polarimetry and Magnetic-Field Turbulence and Topology

As described in Section “The Effects of Radiative Losses and Cosmic-Ray Escape
on the Maximum Energy”, the emission of X-ray synchrotron by young SNRs
requires a turbulent magnetic field in the unshocked medium; see Eq.24. Indeed,
radio polarimetric observations of young SNRs show a low polarization fraction of
5-10% (Dickel and Jones 1990). Another characteristic of young SNRs, as revealed
by radio polarimetry, is that the magnetic-field topology shows a preferentially
radial direction of the magnetic field, whereas older SNRs show a preferentially
tangential magnetic-field orientation (Milne and Dickel 1975). The latter can
be easily understood, as shock compression of the magnetic field enhances the
tangential component.
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The radial magnetic-field orientation is not well understood, but most theories
invoke radial stretching of magnetic fields due to hydrodynamical instabilities such
as Rayleigh-Taylor instabilities at the SNR contact discontinuity (Gull 1973; Jun
and Norman 1996), or Richtmyer-Meshkov instabilities (Inoue et al. 2013) near
the forward shock. The former should result in radial magnetic field further away
from the shock front. Alternatively, the radial magnetic-field orientation may be
an artifact of the acceleration process, if electrons are preferentially accelerated
wherever the magnetic field is parallel to the shock normal, biasing the polarization
measurements to certain pockets of plasma with a radial magnetic-field direction
(West et al. 2017).

Up to now, these polarimetric measurements were confined to radio synchrotron
radiation, and a few cases in the infrared (e.g., Jones et al. 2003). With the launch of
the NASA/ASI Imaging X-ray Polarimetric Explorer (IXPE Weisskopf et al. 2022),
the magnetic-field topology in young SNRs can also be explored in X-rays. This is
of interest because, as we explained above, X-ray synchrotron emission comes from
aregion very close to the shock front. Moreover, magnetic-field turbulence on a long
length scale could leave pockets of plasma with a particular polarization mode, and a
high (up to 40%) polarization fraction (Bykov et al. 2020). However, the presence of
these high polarized regions depends on the spectrum of magnetic-field turbulence,
and whether close to the shock the compression imparted a preferred magnetic-field
orientation.

At the time of this writing, observations of only one SNR, Cas A, have been
reported (Vink et al. 2022b). Surprisingly, it shows a polarization fraction as low, or
even lower, as in the radio (<4%), and an overall radial magnetic-field structure. The
latter implies that whatever is responsible for the overall radially oriented magnetic-
field structure in Cas A must already have created this pattern within the ~10'7 cm
wide X-ray synchrotron rims.

Planned, future observations by IXPE of other SNRs will tell whether Cas A is
peculiar, or whether these findings also apply to Tycho’s SNR and SN 1006.

Concluding Remarks

In this chapter, we introduced the basic X-ray and gamma-ray radiation processes
related to the nonthermal particle distributions (i.e., cosmic rays) in SNRs. SNRs are
the most plausibly the dominant sources of Galactic cosmic rays, from an energy
budget point of view, but, as we showed, SNRs also show ample observational
evidence for being sites of cosmic-ray acceleration, based on radio, X-ray, and
gamma-ray observations. As we have shown, only gamma-ray radiation can be used
to directly probe the hadronic cosmic-ray populations inside SNRs. On the other
hand, X-ray synchrotron emission from electrons (leptonic cosmic rays) provides
unequivocal proof that SNR shocks are the sites of active cosmic-ray acceleration.
Despite the overwhelming evidence for cosmic-ray acceleration by SNRs, there
is no evidence yet that SNRs are accelerating cosmic rays up to, or beyond, the
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“knee” at 3 x 1019 eV. In other words, SNRs do not seem to be PeVatrons. The
highest energy cosmic rays leave SNRs, while SNRs are still relatively young
(<2000 yr), as is also evidence by gamma-ray observations. But even young SNRs
contain cosmic-ray particles only with energies below ~100 TeV. The escape of the
highest energy particles at a young age suggests that perhaps the highest energy
Galactic cosmic rays originate from the very early stages of SNR development,
from a subset of SNRs. On the other hand, competing theories are that stellar
superbubbles, or pulsars, are responsible for the acceleration of particles up to, or
beyond, the “knee.” SNRs are still an important, or even dominant, contributor to
the energization of superbubbles, but the highly turbulent plasma in superbubbles,
confining cosmic rays for millions of years, may be a site for further acceleration of
seed cosmic-ray particles originating from SNRs and colliding stellar winds.

On the other hand, recent studies of the cosmic-ray spectrum at Earth itself
suggest that the composition and spectral shape of the cosmic-ray spectrum around
the “knee” is more complex than was assumed until recently, leaving room for
cosmic-ray contributions from a mix of SNRs and other (related?) sources.

A number of new X-ray and gamma-ray observing facilities will likely shed
further light on the cosmic-ray acceleration properties of SNRs, their cosmic-ray
energy budgets, and the role of SNRs in acceleration particles up to the “knee.”
The recently launched IXPE satellite is carrying out a program to measure the
polarization signatures of X-ray synchrotron radiation, which will inform us on
the magnetic-field turbulence and magnetic-field topology near SNR shocks, both
of which are important ingredients for the DSA process. XRISM (Tashiro et al.
2020) (to be launched in 2023) and Athena (Barret et al. 2018) (to be launched
beyond 2032) will employ X-ray micro-calorimeters with high spectral resolution,
which will enable us to precisely measure the plasma conditions (electron and
ion temperatures) in the downstream regions of shock, which will lead to a better
understanding of the energy fraction transferred to accelerated particles instead of
to the heating of the plasma.

Future gamma-ray facilities such as the next-generation imaging atmospheric
telescope array CTA (Cherenkov Telescope Array Consortium et al. 2019) (oper-
ational sometime around 2027), and the water Cherenkov telescope LHAASO (di
Sciascio and Lhaaso Collaboration 2016), will be able to make deeper probes of
the gamma-ray source populations in the Milky Way and the Magellanic Clouds.
LHAASO, which is already partially completed, is in particular very sensitive above
100 TeV, which is excellently suited to find Galactic PeVatrons. The first detections
(Aharonian et al. 2021) show the association of the highest energy gamma-ray
photons with pulsars and star forming regions. It is still being debated whether the
pulsars are purely leptonic cosmic-ray sources, or also sites hadronic acceleration.
As for the starforming regions, here LHAASO lacks the angular resolution to
determine whether the region as a whole is a PeVatron — in accordance with the
superbubble theory about the origin of cosmic rays — or whether there are PeVatrons
located in these regions, which could include SNRs. CTA is a pointed observatory,
and will be sensitive to photon energies of ~200 TeV, but with an angular resolution
of 1-3’ above 1TeV. So it will be excellently suited to pinpoint the sources of
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hadronic cosmic rays, even in crowded starforming regions. Moreover, its large
effective area is also well suited for transient gamma-ray sources, which can be
used to search for gamma-ray emission from nearby extragalactic supernovae up to
a year after explosion (c.f. H.E.S.S. Collaboration et al. 2019).

References

A.A. Abdo et al., Fermi-lat discovery of GeV gamma-ray emission from the young supernova
remnant Cassiopeia A. ApJ 710, L92-1.97 (2010a)

A.A. Abdo et al., Fermi large area telescope observations of the supernova remnant W28 (G6.4-
0.1). ApJ 718(1), 348-356 (2010b)

A.A. Abdo et al., Observations of the young supernova remnant RX J1713.7-3946 with the fermi
large area telescope. ApJ 734(1), 28 (2011)

A.U. Abeysekara et al., Evidence for proton acceleration up to TeV energies based on VERITAS
and fermi-LAT observations of the Cas A SNR. ApJ 894(1), 51 (2020)

F. Acero et al. (H.E.S.S. Collaboration), First detection of VHE y-rays from SN 1006 by HESS.
A&A 516, A62 (2010)

F. Acero et al., The first fermi LAT supernova remnant catalog. ApJS 224, 8 (2016)

F. Acero et al., Prospects for Cherenkov telescope array observations of the young supernova
remnant RX J1713.7-3946. ApJ 840(2), 74 (2017)

M. Ackermann et al., Deep view of the Large Magellanic Cloud with six years of Fermi-LAT
observations. A&A 586, A71 (2016)

F.A. Aharonian, A.M. Atoyan, On the origin of TeV radiation of SN 1006. A&A 351, 330-340
(1999)

A. Aharonian, F. Akhperjanian, J. Barrio et al., Evidence for TeV gamma ray emission from
Cassiopeia A. A&A 370, 112-120 (2001)

F.A. Aharonian et al., High-energy particle acceleration in the shell of a supernova remnant. Nature
432, 75-77 (2004)

F. Aharonian et al., Discovery of very high energy gamma-ray emission coincident with molecular
clouds in the W 28 (G6.4-0.1) field. A&A 481, 401-410 (2008)

F.A. Aharonian, Q. An, Z. Cao et al., Ultrahigh-energy photons up to 1.4 petaelectronvolts from
12 gamma-ray Galactic sources. Nature 594, 33-36 (2021)

M.L. Ahnen et al., A cut-off in the TeV gamma-ray spectrum of the SNR Cassiopeia A. MNRAS
472(3), 29562962 (2017)

G.E. Allen et al., Evidence of X-ray synchrotron emission from electrons accelerated to 40 TeV in
the supernova remnant Cassiopeia A. ApJ 487, L97-L100 (1997)

G.E. Allen, J.C. Houck, S.J. Sturner, Evidence of a curved synchrotron spectrum in the supernova
remnant SN 1006. ApJ 683, 773-785 (2008)

W.D. Apel, J.C. Arteaga-Velazquez, K. Bekk, M. Bertaina, J. Bliimer et al., Kneelike structure in
the spectrum of the heavy component of cosmic rays observed with KASCADE-Grande. Phys.
Rev. Lett. 107(17), 171104 (2011)

A.L Asvarov, O.H. Guseinov, FK. Kasumov, V.A. Dogel’, The hard X-ray emission of the young
supernova remnants. A&A 229, 196-200 (1990)

W.I. Axford, E. Leer, G. Skadron, The acceleration of cosmic rays by shock waves, in International
Cosmic Ray Conference, vol. 11 (1977), pp. 132—+

W. Baade, F. Zwicky, Cosmic rays from super-novae. Proc. Natl. Acad. Sci. 20(5), 259-263 (1934)

A. Bamba, K. Koyama, H. Tomida, Discovery of non-thermal X-rays from the shell of RCW 86.
PASJ 52, 1157-1163 (2000)

A. Bamba, M. Ueno, K. Koyama, S. Yamauchi, A diffuse X-ray source, AX J1843.8-0352:
association with the radio complex G28.6-0.1 and identification of a new supernova remnant.
PASJ 53(4), L21-L.24 (2001)



3526 J.Vink and A. Bamba

A. Bamba, R. Yamazaki, M. Ueno, K. Koyama, Small-scale structure of the SN 1006 shock with
Chandra observations. ApJ 589, 827-837 (2003)

A. Bamba, R. Yamazaki, T. Yoshida, T. Terasawa, K. Koyama, A spatial and spectral study of
nonthermal filaments in historical supernova remnants: observational results with Chandra. ApJ
621, 793-802 (2005)

A. Bamba, Y. Fukazawa, J.S. Hiraga, J.P. Hughes, H. Katagiri et al., Suzaku wide-band observa-
tions of SN1006. PASJ 60, S153-S162 (2008)

A. Bamba, G. Piihlhofer, F. Acero, D. Klochkov, W. Tian, R. Yamazaki, Z. Li, D. Horns, K. Kosack,
N. Komin, Suzaku observations of the non-thermal supernova remnant HESS J1731-347. ApJ
756, 149 (2012)

A. Bamba, Y. Ohira, R. Yamazaki, M. Sawada, Y. Terada et al., The transition from young to
middle-aged supernova remnants: thermal and nonthermal aspects of SNR N132D. ApJ 854(1),
71 (2018)

D. Barret, T. Lam Trong, J.-W. den Herder, L. Piro, M. Cappi, J. Houvelin, R. Kelley et al., The
ATHENA X-ray integral field unit (X-IFU), in Space Telescopes and Instrumentation 2018:
Ultraviolet to Gamma Ray, ed. by J.-W.A. den Herder, S. Nikzad, K. Nakazawa. Society
of Photo-Optical Instrumentation Engineers (SPIE) Conference Series, vol. 10699 (2018),
p. 106991G

A.R. Bell, The acceleration of cosmic rays in shock fronts. . MNRAS 182, 147-156 (1978)

A.R. Bell, Turbulent amplification of magnetic field and diffusive shock acceleration of cosmic
rays. MNRAS 353, 550-558 (2004)

W.R. Binns, M.E. Wiedenbeck, M. Arnould, A.C. Cummings, J.S. George, S. Goriely, M.H. Israel,
R.A. Leske, R.A. Mewaldt, G. Meynet, L.M. Scott, E.C. Stone, T.T. von Rosenvinge, Cosmic-
ray neon, wolf-rayet stars, and the superbubble origin of galactic cosmic rays. ApJ 634, 351-364
(2005)

R.D. Blandford, J.P. Ostriker, Particle acceleration by astrophysical shocks. ApJ 221, L29-1.32
(1978)

P. Blasi, S. Gabici, G. Vannoni, On the role of injection in kinetic approaches to non-linear particle
acceleration at non-relativistic shock waves. MNRAS 361, 907-918 (2005)

R. Brose, I. Sushch, M. Pohl, K.J. Luken, M.D. Filipovi¢, R. Lin, Nonthermal emission from
the reverse shock of the youngest Galactic supernova remnant G1.9+0.3. A&A 627, A166
(2019)

A.M. Bykov, G.D. Fleishman, On non-thermal particle generation in superbubbles. MNRAS 255,
269-275 (1992)

AM. Bykov, Y.A. Uvarov, P. Slane, D.C. Ellison, Uncovering magnetic turbulence in young
supernova remnants with polarized X-ray imaging. ApJ 899(2), 142 (2020)

D. Caprioli, A. Spitkovsky, Simulations of ion acceleration at non-relativistic shocks. I. Accelera-
tion efficiency. ApJ 783(2), 91 (2014)

D. Caprioli, A.-R. Pop, A. Spitkovsky, Simulations and theory of ion injection at non-relativistic
collisionless shocks. ApJ 798, L28 (2015)

M. Cardillo, E. Amato, P. Blasi, On the cosmic ray spectrum from type II supernovae expanding
in their red giant presupernova wind. Astropart. Phys. 69, 1-10 (2015)

Cherenkov Telescope Array Consortium, B.S. Acharya et al., Science with the Cherenkov
Telescope Array (2019)

J.R. Dickel, E.M. Jones, Magnetic fields in young supernova remnants, in Galactic and Intergalac-
tic Magnetic Fields, ed. by R. Beck, R. Wielebinski, P.P. Kronberg. IAU Symposium, vol. 140
(1990), p. 81

G. di Sciascio, Lhaaso Collaboration, The LHAASO experiment: from gamma-ray astronomy to
cosmic rays. Nucl. Part. Phys. Proc. 279-281, 166—173 (2016)

V. Dogiel, D. Chernyshov, K. Koyama, M. Nobukawa, K.-S. Cheng, K-shell emission of neutral
iron line from sagittarius B2 excited by subrelativistic protons. PASJ 63, 535 (2011)

V. Domcek, J. Vink, J.V. Hernandez Santisteban, T. DeLaney, P. Zhou, Mapping the spectral index
of Cassiopeia A: evidence for flattening from radio to infrared. MNRAS 502(1), 1026-1040
(2021)



101 Nonthermal Processes and Particle Acceleration in Supernova Remnants 3527

L.O. Drury, An introduction to the theory of diffusive shock acceleration of energetic particles in
tenuous plasmas. Rep. Progress Phys. 46, 973—-1027 (1983)

G. Dubner, E. Giacani, Radio emission from supernova remnants. A&A Rev. 23, 3 (2015)

D. Eichler, Particle acceleration in collisionless shocks — regulated injection and high efficiency.
ApJ 229, 419-423 (1979)

D.C. Ellison, E.G. Berezhko, M.G. Baring, Nonlinear shock acceleration and photon emission in
supernova remnants. ApJ 540(1), 292-307 (2000)

D.C. Ellison, P. Slane, D.J. Patnaude, A.M. Bykov, Core-collapse model of broadband emission
from SNR RX J1713.7-3946 with thermal X-rays and gamma rays from escaping cosmic rays.
ApJ 744(1), 39 (2012)

J.A. Esposito, S.D. Hunter, G. Kanbach, P. Sreekumar, EGRET observations of radio-bright
supernova remnants. ApJ 461, 820—+ (1996)

F. Favata et al., The broad-band X-ray spectrum of the Cas A supernova remnant as seen by the
BeppoSAX observatory. A&A 324, L49-1.52 (1997)

Y. Fukui, H. Sano, J. Sato, K. Torii, H. Horachi et al., A detailed study of the molecular and atomic
gas toward the y-ray supernova remnant RX J1713.7-3946: spatial TeV y-ray and interstellar
medium gas correspondence. ApJ 746, 82 (2012)

S. Gabici, F.A. Aharonian, Hadronic gamma-rays from RX J1713.7-3946? MNRAS 445, L70-L73
(2014)

A. Giuliani, M. Cardillo, M. Tavani, Y. Fukui, S. Yoshiike et al., Neutral pion emission from
accelerated protons in the supernova remnant W44. ApJ 742, L30 (2011)

D.A. Green, Constraints on the distribution of supernova remnants with Galactocentric radius.
MNRAS 454, 1517-1524 (2015)

D.A. Green, A revised catalogue of 294 Galactic supernova remnants. J. Astrophys. Astron. 40(4),
36 (2019)

B.W. Grefenstette et al., Locating the most energetic electrons in Cassiopeia A. ApJ 802, 15 (2015)

S.F. Gull, A numerical model of the structure and evolution of young supernovaremnants. MNRAS
161, 47-69 (1973)

E.A. Helder, J. Vink, Characterizing the nonthermal emission of Cassiopeia A. ApJ 686, 1094—
1102 (2008)

V.E. Hess, Uber ber Beobachtungen der durchdringenden Strahlung bei sieben Freiballonfahrten.
Physik. Zeitschr. 13, 1084 (1912)

H.E.S.S. Collaboration, H. Abdalla et al., LMC N132D: A mature supernova remnant with a
power-law spectrum extending beyond 8 TeV, A&A 655, 7 (2021)

H.E.S.S. Collaboration, A. Abramowski et al., The exceptionally powerful TeV y-ray emitters in
the Large Magellanic Cloud. Science 347(6220), 406—412 (2015)

H.E.S.S. Collaboration, H. Abdalla et al., H.E.S.S. observations of RX J1713.7-3946 with
improved angular and spectral resolution: evidence for gamma-ray emission extending beyond
the X-ray emitting shell. A&A 612, A6 (2018)

H.E.S.S. Collaboration, H. Abdalla et al., Upper limits on very-high-energy gamma-ray emission
from core-collapse supernovae observed with H.E.S.S. A&A 626, A57 (2019)

J.A. Hinton, W. Hofmann, Teraelectronvolt astronomy. ARAA 47, 523-565 (2009)

T. Inoue, R. Yamazaki, S.-I. Inutsuka, Y. Fukui, Toward understanding the cosmic-ray acceleration
at young supernova remnants interacting with interstellar clouds: possible applications to RX
J1713.7-3946. ApJ 744, 71 (2012)

T. Inoue, J. Shimoda, Y. Ohira, R. Yamazaki, The origin of radially aligned magnetic fields in
young supernova remnants. ApJ 772(2), L20 (2013)

T.J. Jones, L. Rudnick, T. DeLaney, J. Bowden, The identification of infrared synchrotron radiation
from Cassiopeia A. ApJ 587, 227 (2003)

B.-1. Jun, M.L. Norman, On the origin of radial magnetic fields in young supernova remnants. ApJ
472, 245—+ (1996)

E. Kafexhiu, F. Aharonian, A.M. Taylor, G.S. Vila, Parametrization of gamma-ray production cross
sections for pp interactions in a broad proton energy range from the kinematic threshold to PeV
energies. Phys. Rev. D 90(12), 123014 (2014)



3528 J.Vink and A. Bamba

K. Koyama et al., Evidence for shock acceleration of high-energy electrons in the supernova
remnant SN 1006. Nature 378, 255—+ (1995)

K. Koyama, K. Kinugasa, K. Matsuzaki, M. Nishiuchi, M. Sugizaki, K. Torii, S. Yamauchi,
B. Aschenbach, Discovery of non-thermal X-rays from the northwest shell of the new SNR
RX J1713.7-3946. PASJ 49, L7-L11 (1997)

G.F. Krymskii, A regular mechanism for the acceleration of charged particles on the front of a
shock wave. Akademiia Nauk SSSR Doklady 234, 1306-1308 (1977)

P.O. Lagage, C.J. Cesarsky, The maximum energy of cosmic rays accelerated by supernova shocks.
A&A 125, 249-257 (1983)

J.M. Laming, Accelerated electrons in Cassiopeia A: an explanation for the hard X-ray tail. ApJ
546, 1149-1158 (2001)

P. Lipari, S. Vernetto, The shape of the cosmic ray proton spectrum. Astropart. Phys. 120, 102441
(2020)

K. Lodders, Solar system abundances and condensation temperatures of the elements. ApJ 591(2),
1220-1247 (2003)

L.A. Lopez et al., A spatially resolved study of the synchrotron emission and titanium in Tycho’s
supernova remnant using NuSTAR. ApJ 814, 132 (2015

M.A. Malkov, L. Drury, Nonlinear theory of diffusive acceleration of particles by shock waves .
Rep. Prog. Phys. 64, 429-481 (2001)

A. Marcowith, V.V. Dwarkadas, M. Renaud, V. Tatischeft, G. Giacinti, Core-collapse supernovae
as cosmic ray sources. MNRAS 479(4), 4470-4485 (2018)

M. Matsuda, T. Tanaka, H. Uchida, Y. Amano, T.G. Tsuru, Temporal and spatial variation of
synchrotron X-ray stripes in Tycho’s supernova remnant. PASJ 72(5), 85 (2020)

J.-P. Meyer, L.O. Drury, D.C. Ellison, Galactic cosmic rays from supernova remnants. I. A cosmic-
ray composition controlled by volatility and mass-to-charge ratio. ApJ 487, 182-196 (1997)
D.K. Milne, J.R. Dickel, 5 GHz polarization observations of 33 galactic radio sources. Aust. J.

Phys. 28, 209-230 (1975)

S. Nikoli¢, G. van de Ven, K. Heng, D. Kupko, B. Husemann, J.C. Raymond, J.P. Hughes,
J. Falcon-Barroso, An integral view of fast shocks around supernova 1006. Science 340, 45-48
(2013)

K.K. Nobukawa, M. Nobukawa, H. Uchiyama, T.G. Tsuru, K. Torii, T. Tanaka, D.O. Chernyshov,
Y. Fukui, V.A. Dogiel, K. Koyama, Enhancement of the 6.4 keV line in the inner galactic ridge:
proton-induced fluorescence? ApJ 807(1), L10 (2015)

K.K. Nobukawa, M. Nobukawa, K. Koyama, S. Yamauchi, H. Uchiyama, H. Okon, T. Tanaka,
H. Uchida, T.G. Tsuru, Evidence for a neutral iron line generated by MeV protons from
supernova remnants interacting with molecular clouds. ApJ 854(2), 87 (2018)

T. Okuno, T. Tanaka, H. Uchida, F.A. Aharonian, Y. Uchiyama, T.G. Tsuru, M. Matsuda, Time
variability of nonthermal X-ray stripes in Tycho’s supernova remnant with Chandra. ApJ 894(1),
50 (2020)

E. Parizot, A. Marcowith, E. van der Swaluw, A.M. Bykov, V. Tatischeff, Superbubbles and
energetic particles in the Galaxy. I. Collective effects of particle acceleration. A&A 424, 747—
760 (2004)

V.S. Ptuskin, V.N. Zirakashvili, Limits on diffusive shock acceleration in supernova remnants in
the presence of cosmic-ray streaming instability and wave dissipation. A&A 403, 1-10 (2003)

S.P. Reynolds, Models of synchrotron X-rays from shell supernova remnants. ApJ 493, 375—+
(1998)

S.P. Reynolds, K.J. Borkowski, D.A. Green, U. Hwang, 1. Harrus, R. Petre, The youngest galactic
supernova remnant: G1.9+0.3. ApJ 680, L41-L44 (2008)

J. Rho, K.K. Dyer, K.J. Borkowski, S.P. Reynolds, X-ray synchrotron-emitting Fe-rich ejecta in
supernova remnant RCW 86. ApJ 581, 1116-1131 (2002)

T. Sato, S. Katsuda, M. Morii et al., X-ray measurements of the particle acceleration properties at
inward shocks in Cassiopeia A. ApJ 853(1), 46 (2018)

J.S. Shklovsky, Supernovae as a Source of Cosmic Rays, in Liege International Astrophysical
Colloquia, vol. 5. (1954), p. 515



101 Nonthermal Processes and Particle Acceleration in Supernova Remnants 3529

A.W. Strong, I.V. Moskalenko, V.S. Ptuskin, Cosmic-ray propagation and interactions in the
galaxy. Annu. Rev. Nucl. Part. Sci. 57, 285-327 (2007)

H. Suzuki, A. Bamba, R. Yamazaki, Y. Ohira, Study on the escape timescale of high-energy
particles from supernova remnants through thermal X-ray properties. PASJ 72(5), 72 (2020)

T. Tanaka, H. Yamaguchi, D.R. Wik, F.A. Aharonian, A. Bamba et al., NuSTAR detection of
nonthermal bremsstrahlung from the supernova remnant W49B. ApJ 866(2), L26 (2018)

M. Tashiro, H. Maejima, K. Toda, R. Kelley, L. Reichenthal et al., Status of x-ray imaging and
spectroscopy mission (XRISM), in Society of Photo-Optical Instrumentation Engineers (SPIE)
Conference Series, vol. 11444 (2020), p. 1144422

V. Tatischeff, A. Decourchelle, G. Maurin, Nonthermal X-rays from low-energy cosmic rays:
application to the 6.4 keV line emission from the Arches cluster region. A&A 546, A88 (2012)

L.-S. The et al., CGRO/OSSE observations of the Cassiopeia A SNR. A&AS 120, C357+ (1996)

H. Tsunemi, E. Miyata, B. Aschenbach, Spectroscopic study of the Vela-Shrapnel. PASJ 51, 711—+
(1999)

Y. Uchiyama, F.A. Aharonian, Fast variability of nonthermal X-ray emission in Cassiopeia A:
probing electron acceleration in reverse-shocked ejecta. ApJ 677, L105-L108 (2008)

Y. Uchiyama, F.A. Aharonian, T. Tanaka, T. Takahashi, Y. Maeda, Extremely fast acceleration of
cosmic rays in a supernova remnant. Nature 449, 576-578 (2007)

Y. Uchiyama, S. Funk, H. Katagiri, J. Katsuta, M. Lemoine-Goumard, H. Tajima, T. Tanaka,
D.F. Torres, Fermi large area telescope discovery of GeV gamma-ray emission from the vicinity
of SNR W44. ApJ 749(2), L35 (2012)

J. Vink, Non-thermal bremsstrahlung from supernova remnants and the effect of Coulomb losses.
A&A 486, 837-841 (2008)

J. Vink, Physics and Evolution of Supernova Remnants. Astronomy and Astrophysics Library
(Springer International Publishing, Springer Nature Switzerland (2020)

J. Vink, J.M. Laming, On the magnetic fields and particle acceleration in Cassiopeia A. ApJ 584,
758-769 (2003)

J. Vink, J. Bleeker, K. van der Heyden, A. Bykov, A. Bamba, R. Yamazaki, The X-ray synchrotron
emission of RCW 86 and the implications for its age. ApJ 648, L33-L37 (2006)

J. Vink, D.J. Patnaude, D. Castro, The forward and reverse shock dynamics of Cassiopeia A. ApJ
929(1), 57 (2022a)

J. Vink, D. Prokhorov, R. Ferrazzoli, P. Slane, P. Zhou et al., X-ray polarization detection of
Cassiopeia A with IXPE. ApJ, 938, 40 (2022) arXiv e-prints, arXiv:2206.06713 (2022b)

A.E. Vladimirov, A.M. Bykov, D.C. Ellison, Turbulence dissipation and particle injection in
nonlinear diffusive shock acceleration with magnetic field amplification. ApJ 688, 1084—1101
(2008)

M.C. Weisskopf, P. Soffitta, L. Baldini, B.D. Ramsey, S.L. O’Dell et al., The imaging X-ray
polarimetry explorer (IXPE): pre-launch. J. Astron. Telescopes Instrum. Syst. 8(2), 026002
(2022)

J.L. West, T. Jaffe, G. Ferrand, S. Safi-Harb, B.M. Gaensler, When disorder looks like order: a new
model to explain radial magnetic fields in young supernova remnants. ApJ 849, L22 (2017)

H. Yamaguchi, M. Ueno, K. Koyama, A. Bamba, S. Yamauchi, XMM-newton observations of
G32.45+0.1 and G38.55+0.0: diffuse hard X-ray sources found by the ASCA galactic plane
survey. PASJ 56, 1059-1065 (2004)

H. Zeng, Y. Xin, S. Liu, Evolution of high-energy particle distribution in supernova remnants. ApJ
874(1), 50 (2019)

V.N. Zirakashvili, F.A. Aharonian, Nonthermal radiation of young supernova remnants: the case
of RX J1713.7-3946. ApJ 708, 965-980 (2010)



	101 Nonthermal Processes and Particle Acceleration in Supernova Remnants
	Contents
	Introduction
	SNRs as the Origin of Galactic Cosmic Rays
	The Cosmic-Ray Spectrum
	The Cosmic-Ray Composition and Leptonic Versus Hadronic Cosmic Rays
	The Galactic Cosmic-Ray Energy Budget
	Radiation from Leptonic and Hadronic Cosmic Rays
	Synchrotron Radiation
	Inverse Compton Scattering
	Nonthermal Bremsstrahlung
	Pion Production and Decay


	The Mechanism of Diffusive Shock Acceleration
	Collisionless Shocks
	Diffusive Shock Acceleration Theory and Its Extensions
	Acceleration Timescales and Maximum Energies
	The Effects of Radiative Losses and Cosmic-Ray Escape on the Maximum Energy
	Nonlinear Cosmic-Ray Acceleration
	The Injection Problem

	X-Ray and Gamma-Ray Evidence for Cosmic-Ray Acceleration
	Radio and X-Ray Synchrotron
	GeV-TeV Gamma Rays
	Measurements of the Cosmic-Ray Acceleration Efficiency
	Evidence or Lack of Evidence for PeVatrons
	Evidence for Low-Energy Cosmic Rays
	Cosmic-Ray Escape from Acceleration Sites
	Polarimetry and Magnetic-Field Turbulence and Topology

	Concluding Remarks
	References


