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Abstract

Energetic particles are an essential component in supernova remnants (SNRs). Non-thermal particle acceleration in supernova

shocks is expected to be an efficient process at different evolutional stages of SNRs. Non-linear wave–particle interactions being the

governing process of the SNR collisionless shock formation are responsible for both shock heating and compression of the thermal

gas as well as for creation of energetic particle population. The gas temperature behind such a shock could depart strongly from that

predicted by the standard Rankine–Hugoniot law. We overview current models of collisionless supernova shocks with an emphasis

on their confrontation with observed multi-wavelength spectra of SNRs from the radio to c-rays. Simple scaling relations for post-

shock ion temperature in the shocks with efficient particle acceleration are presented. A special attention is paid to the connections

with high resolution SNR spectra currently obtained with XMM-Newton and Chandra. We discuss X-ray line emission from fast

moving supernova ejecta fragments, arguing that they could contribute substantially to the observed line emission of the galactic

ridge. We also consider the non-thermal appearance of SNRs interacting with molecular clouds.

� 2003 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction: SNR collisionless shocks overview

The physical processes of relaxation of highly non-

equilibrium flows of matter and energy released by a

supernova (SN) explosion are of a fundamental impor-

tance in modeling the evolution of supernova remnants

and studies of energy and chemical budgets of galaxies.

Collisionless shock waves created after the explosive
release of energy and matter are the main plasma heat-

ing agent and also serve as an universal source of en-

ergetic charged particles and radiation.

Modern high resolution SNR observations in radio,

IR, optical, UV, and X-ray bands serve as probes to

study the complex processes in the SNR shocks. Radio

observations of electron synchrotron emission were the

first clear sign of the presence of GeV regime relativistic
electrons (positrons) in the shell-type SNRs. The rela-

tivistic particles are most probably related to the shock

compression/acceleration processes.
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Direct study of collisionless shock waves in labora-

tory is an extremely difficult task. Most of the experi-

mental data on the collisionless shock physics are

coming from space experiments. There are direct ob-

servational data on the shock wave structure in the in-

terplanetary medium with clear evidences for ion and

electron acceleration by the shocks (e.g., Tsurutani and

Lin, 1985).
Computer simulations of the full structure of colli-

sionless shock waves should describe the kinetics of

multi-species particle flows and magneto-hydrodynamic

(MHD) waves in the strongly coupled system. The

problem is multi-scale. It requires a simultaneous

treatment of both ‘‘microscopic’’ structure of a sub-

shock at the thermal particle gyroradii scale where the

injection process is thought to occur, and an extended
‘‘macroscopic’’ shock precursor due to energetic parti-

cles. The precursor scale is typically �106 times of the

microscopic scale of the subshock transition region.

Hybrid code modeling, that interprets protons as

particles and electrons as a liquid, has made it possible

to describe some important features of the (sub)shock

waves on the microscopic scale. In the strong enough
ved.
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collisionless shocks (typically of a Mach number above a

few) resistivity cannot provide energy dissipation fast

enough to create a standard shock transition (e.g.,

Kennel et al., 1985) on a microscopic scale. Ion insta-

bilities are important in such shocks that are called

supercritical.
At the microscopic scale the front of a supercritical

shock wave is a transition region occupied by magnetic

field fluctuations of an amplitude dB=B � 1 and char-

acteristic frequencies about the ion gyro-frequency.

Generation of the fluctuations is due to instabilities in

the interpenetrating multi-flow ion movements. The

width of the transition region of a quasi-longitudinal

shock wave reaches several dozen ion inertial lengths
(defined as li ¼ c=xpi, where xpi is the ion plasma fre-

quency). The transition region of a quasi-perpendicular

shock is somewhat narrower. The wave generation ef-

fects at the microscopic scale have been studied in some

detail by hybrid code simulations (e.g., Krauss-Varban,

1995; Quest, 1988). The large-amplitude magnetic field

fluctuation in the shock transition region was directly

measured in the interplanetary medium (see e.g., Kan
et al., 1991).

The reflected ions with a gyro-radius exceeding the

width of the shock transition region can be then effi-

ciently accelerated, via the Fermi mechanism, by con-

verging plasma fluxes carrying MHD fluctuations. The

efficiency of the upstream plasma flow energy conver-

sion into non-thermal particles could be high enough

providing a hard spectrum of non-thermal particles up
to some maximal energy eI. If the efficiency of ram

energy transfer to the high energy particles is high en-

ough, an extended shock precursor appears due to the

incoming plasma flow deceleration by the fast particle

pressure. The precursor scale is of the order of (c=vsh) kI
– orders of magnitude larger than the width of the shock

transition region. Here, kI is the maximal mean free

path of a particle in the energy-containing part of the
spectrum and vsh is the shock velocity.

The large scale (macroscopic) structure of the colli-

sionless shock can be modeled by two-fluid approach

with a kinetic description of non-thermal particles (see

e.g., Blandford and Eichler, 1987; Malkov and Drury,

2001 for a review) or by a Monte Carlo method (e.g.,

Jones and Ellison, 1991). In both methods some suitable

parameterization of particle scattering process must be
postulated a priori. It has been shown that the front of a

strong collisionless shock wave consists of an extended

precursor and a viscous velocity discontinuity (sub-

shock) of a local Mach number which is smaller than the

total Mach number of the shock wave. The compression

of matter at the subshock can be much lower than the

total compression of the medium in the shock wave with

allowance for high compression in the precursor. We
shall refer such shocks later as CR-modified. Long be-

fore the first results describing the structure of a colli-
sionless MHD shock wave modified by the pressure of

cosmic ray (CR) particles were obtained, physical

models of collisional shock waves were used in multi-

liquid radiative gas dynamics. These models had

predicted the structure of strong shock waves with a

precursor.
Electron kinetics in collisionless shocks is very im-

portant because most of the observable emission comes

from the electrons. Cargill and Papadopoulos (1988)

modeled non-adiabatic electron heating in a strong

quasi-transverse shock wave by the hybrid code method.

The calculations showed the heating to be highly effi-

cient. However, non-thermal electron distributions

cannot be directly studied by the hybrid code method.
Electrons with gyroradii larger than the front width

are efficiently accelerated by the first order Fermi

mechanism in the vicinity of a collisionless shock wave.

However, a non-relativistic electron must have an en-

ergy about mp=me times higher than that of a respective

proton to be scattered by MHD waves generated by ions

and thus injected into the Fermi acceleration mecha-

nism. That is the problem of electron injection. Being
faster, resonant wave–particle interactions usually as-

sume some quasi-linear (small-amplitude) plasma

waves. If the local Mach number Ms of the incoming

flow in a strong shock wave exceeds
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mp=me

p
, the

thermal electron distribution becomes highly anisotropic

and high frequency whistler type mode generation effects

could become important. Levinson (1996) performed a

detailed study of resonant electron acceleration by the
whistler mode for fast MHD shock waves. The two-

stream instability generation of low-hybrid waves was

suggested by Laming (2001), Shapiro et al. (2001), and

Vaisberg et al. (1983) to model particle acceleration at

perpendicular shocks. It was considered by Laming

(2001) as the ejecta heating agent for Cas A.

Strong shocks, however, are thought to transfer the

ram kinetic energy of the flow into large amplitude non-
linear waves. The thermal electron velocities in the am-

bient medium are higher than the shock speed if the

shock Mach number Ms <
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mp=me

p
, allowing for

nearly isotropic angular distribution of the electrons.

Non-resonant interactions of these electrons with large-

amplitude turbulent fluctuations in the shock transition

region could result in collisionless heating and pre-

acceleration of the electrons (Bykov and Uvarov, 1999).
The presence of large-amplitude waves in the shock

transition region erodes many of the differences between

quasi-parallel and transverse shocks, providing the

electron injection mechanism to be similar for these

shocks.

An exact modeling of the collisionless shock structure

with account of the non-thermal particle acceleration

effect requires a non-perturbative self-consistent de-
scription of a multi-component and multi-scale system

including the strong MHD-turbulence dynamics. That
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modeling is not feasible at the moment. We can use,

however, some simplified description of a strong shock,

with an appropriate parameterization of governing pa-

rameters which are: (a) the non-thermal particle diffu-

sion coefficients; (b) the ion injection rate; and (c) the

maximum momentum of accelerated particles. Then
some predicted observable characteristics of the SNR

shocks can be confronted against observational data.

We shall discuss first the effects of plasma heating by

modified shocks and then some specific predictions for

non-thermal emission from SNRs.
2. Plasma heating by collisionless shocks in SNRs

The Alfven Mach number of a shock is determined by

Ma ¼ vshð4pqaÞ
1=2

=B � 460 vs8 n1=2a =B�6; ð1Þ
where na is the ionized ambient gas number density

measured in cm�3, B�6 is the local magnetic field just

before the shock measured in lG and vs8 is the shock

velocity in 108 cm s�1.

The sonic Mach number for a shock propagating in a

plasma of the standard abundance is

Ms � 85 vs8½T4ð1þ feiÞ��1=2
; ð2Þ

where T4 is the plasma ion temperature measured in 104

K and fei ¼ Te=Ti. In general, for the processes in the

precursor and viscous velocity jump of an MHD colli-

sionless shock wave no equilibration between electrons
and ions should be assumed (e.g., Raymond, 2001).

Both cases of fei � 1 and fei > 1 could be relevant to the

SNR systems under consideration. The photoionized

gas at the radiative precursor of a fast shock is assumed

to have Te � ð1–2Þ � 104 K and fei J 1. On the other

hand, plasma heating due to MHD waves dissipation in

the vicinity of the viscous subshock mostly heats the

ions, providing fei < 1. It is worth to recall that
the plasma parameter b ¼ M2

a=M
2
s is also the ratio of

the thermal and magnetic pressures.

The compression ratio and the gas heating in a single-

fluid adiabatic quasi-parallel shock of the Mach number

Ms are determined by the standard Rankine–Hugoniot

relations (e.g., Draine and McKee, 1993)

R ¼ qð2Þ

qð1Þ ¼
ðcg þ 1ÞM2

s

ðcg � 1ÞM2
s þ 2

; ð3Þ

T ð2Þ

T ð1Þ ¼
½2cgM2

s � ðcg � 1Þ�½ðcg � 1ÞM2
s þ 2�

ðcg þ 1Þ2M2
s

; ð4Þ

where cg is the gas adiabatic exponent. For the strong

shock limit where Ms � 1 and Ma � 1 we have

T ð2Þ
i � 2

ðcg � 1Þ
ðcg þ 1Þ2

lv2sh ¼ 1:38� 107 v2s8 ðKÞ; ð5Þ
for any magnetic field inclination. The mass per particle

l was assumed to be ½1:4=2:3�mH in the numerical

estimation.
3. Plasma heating by CR-modified MHD shocks

However, for the collisionless and radiative shock

waves shock relaxation processes are multi-fluid. For

strong collisionless shocks in a magnetized plasma the

non-thermal particle acceleration effect is expected to be

efficient and a significant fraction of the ram pressure

could be transferred into the high energy particles (ions

only for the non-relativistic shocks). The shock transi-
tion of a strong shock of the total Mach number

Ms � 1 is broadened because of the upstream gas de-

celeration by the non-thermal particle pressure gradient

ahead of the viscous gas subshock of the modest Mach

number Msub � 3 (see for a review Blandford and

Eichler, 1987; Jones and Ellison, 1991; Malkov and

Drury, 2001).

The total compression ratio Rt of a strong MHD
shock modified by an efficient non-thermal particle ac-

celeration can be estimated as

Rt ¼
cþ 1

c�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2ðc2 � 1ÞQesc=qav

3
sh

p ; ð6Þ

assuming that the energy density in the shock upstream

is dominated by the ram pressure and that the CR es-

cape is through the cut-off momentum regime (e.g.,

Malkov and Drury, 2001). Here, Qesc is the energy flux

carried away by escaping non-thermal particles and c is
the effective adiabatic exponent. The distribution func-

tion of non-thermal particles and the bulk flow profile in

the shock upstream region are sensitive to the total

compression ratio Rt. Thus, the exact calculation of the

escape flux Qesc can be performed only in fully non-

linear kinetic simulations. Nevertheless, some approxi-

mate iterative approach can be used to make the

distribution function consistent with the shock com-
pression. The subshock is the standard gas viscous

shock with the compression ratio given by Eq. (3) for

Ms ¼ Msub. For that simplified steady state model of a

strong CR-modified shock the downstream ion tem-

perature T ð2Þ
i can be estimated for the shock of a given

velocity if Rt and Rsub are known:

T ð2Þ
i � /ðMsubÞ

lv2sh
cgR2

t ðvshÞ
;

where /ðMsubÞ ¼
2cgM

2
sub � ðcg � 1Þ

ðcg � 1ÞM2
sub þ 2

: ð7Þ

Single fluid strong shock heating represents the limit

Msub ¼ Ms � 1, since there is no precursor in that case.

Using Eq. (3) in the strong shock limit one can see that

Eq. (7) reproduces the standard result given by Eq. (5).
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The compression ratio Rt ! ðcg þ 1Þ=ðcg � 1Þ does not

depend on the shock velocity in the single-fluid system.

This is not the case in the multi-fluid shocks where the

total compression ratio depends on the shock velocity

and could be higher than that in the single-fluid case.

That would imply generally lower post-shock ion tem-
peratures for the strong multi-fluid shock of the same

velocity and could be tested observationally.

Consider multi-fluid CR-modified strong shocks. The

gas heating mechanism in a CR-modified shock pre-

cursor must be specified in the simplified two-fluid ap-

proach, providing the connection between the total

compression Rt and the gas subshock Mach number

Msub.
The gas heating mechanism in the modified shock

precursor is still under debate (e.g., Malkov and Drury,

2001) and is usually postulated in shock modeling.

There are extensive simulations of the models with adi-

abatic heating of the shock precursor (e.g., Kang et al.,

2002). The Alfven waves dissipation mechanism was

suggested by McKenzie and V€olk (1982). The turbulent

gas heating due to acoustic instability wave dissipation

could be more efficient, however, if the acoustic insta-

bility develops (e.g., Malkov and Drury, 2001).

The subshock has Msub J 3 in the most of the sim-

ulated strong shocks with adiabatic heating of the pre-

cursor. The result is not too sensitive to the ion injection

rate if the rate exceeds some threshold to provide the

shock modification by the accelerated ions. The scaling

Msub � 2:9M0:13
s was obtained by Kang et al. (2002).

They also found that Rt / M3=4
s is a reasonably good

approximation for the two-fluid time-dependent simu-

lations of a CR-modified shock with adiabatic precur-

sor. However, if the precursor heating due to Alfven

waves dissipation or the acoustic wave instability is ef-

fective then for the plasma compression in the shock

precursor could become less efficient.

Notice that the approximations for the shock com-
pression and heating given above were obtained within a

simplified two-fluid steady-state approach where the

Bohm-like diffusion model was postulated. The possi-

bility of a shock acoustic instability development is still

an open question. It requires a dedicated study of the

connection between the diffusion coefficient and the lo-

cal flow parameters. Recent detailed numerical studies

of the unsteady CR-modified shocks by Kang et al.
(2002) a priori assumed the spatial dependence of the

diffusion coefficient kðp; xÞ / n�1ðxÞ to prevent the

acoustic instability. The gas heating due to acoustic in-

stability waves or Alfven waves dissipation would

change their results.

A very modest heating rate is expected in the case of

adiabatic plasma compression in the precursor. That

could be the case for very high Alfven Mach number
shocks 1 � M2

s � Ma (i.e., 1 � Ms �
ffiffiffi
b

p
) where the

Alfven wave dissipation is not efficient and the acoustic
wave instability does not develop. The total compression

ratio is Rt � M3=4
s (e.g., Blandford and Eichler, 1987).

Then the downstream ion temperature for the case of a

weak magnetic field (and Msub � 3) can be estimated

from:

T ð2Þ=T ð1Þ � 2:2
ffiffiffiffiffiffiffi
Ms

p
ð1þ feiÞ�1

: ð8Þ
The latter case of Ms �

ffiffiffi
b

p
is not very realistic for the

strong galactic SNR shocks, since that would require the
plasma parameter bJ 100, while we typically expect

b � 1 in the ambient interstellar medium. Note that the

same temperature scaling T ð2Þ=T ð1Þ /
ffiffiffiffiffiffiffi
Ms

p
is appropri-

ate for strong radiative shocks (see e.g., Bouquet et al.,

2000).

Under an assumption that the main heating mecha-

nism of the gas in the precursor region is due to Alfven

waves dissipation, a simple asymptotical estimation for
the total compression of the shock Rt � 1:5M3=8

a was

presented by Berezhko and Ellison (1999). The estima-

tion is valid under the condition of M2
s � Ma � 1 in

the far upstream flow. One may then obtain the ion

temperature just behind the strong modified shock with

the preshock heating due to Alfven wave dissipation

(Bykov, 2002) from Eq. (7):

T ð2Þ
6 � 0:32/ðMsubÞv5=4s8 n�3=8

a B3=4
�6 ð1þ feiÞ�1

: ð9Þ
The ion temperature is measured in 106 K. Eq. (9) is

valid under the conditions of Ms � 1 and Ms �
ffiffiffi
b

p
in

the far upstream flow. We have 0:32/ð3Þ � 1:2 for

cg ¼ 5=3.
An important distinctive feature of the strong

CR-modified shock with gas heating by Alfven wave

dissipation [given by Eq. (9)] is the dependence of the

post-shock temperature on the number density and

magnetic field of the incoming plasma /ðB= ffiffiffi
n

p Þ3=4. One

may also note a remarkable difference between the sin-
gle-fluid shock heating given by Eq. (4), where T ð2Þ / v2sh
forM2

s � 1, and those for the CR dominated multi-fluid

strong shocks, Eqs. (8) and (9), where T ð2Þ / vash with

a6 1:25. The predictions are testable with high resolu-

tion SNR observations. In case of high enough efficiency

of the turbulent heating of gas due to the acoustic in-

stability of a strong shock the index a may exceed 1.25

being closer to the single-fluid limit. That is about the ion
temperature. However, the X-ray and multi-wavelength

spectra depend in large on the electron distribution.

The initial electron temperature just in the shock

downstream depends on the collisionless electron heat-

ing (see e.g., Bykov and Uvarov, 1999; Cargill and

Papadopoulos, 1988; Laming, 2001). Non-resonant in-

teractions of the electrons with strong non-linear fluc-

tuations generated by kinetic instabilities of the ions in
the transition region inside the shock front may play the

main role in the heating and pre-acceleration of the

electrons, as it was shown in the model by Bykov and

Uvarov (1999). They calculated the electron energy
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spectrum in the vicinity of the shock waves and showed

that the heating and pre-acceleration of the electrons

occur on a scale of the order of several hundred ion

inertial lengths in the vicinity of the viscous disconti-

nuity. Although the electron distribution function is

significantly non-equilibrium near the shock front, its
low energy part can be approximated by a Maxwellian

distribution. The effective electron temperature just be-

hind the front, obtained in this manner, increases with

the shock wave velocity as Te / vbsh with b6 2. They also

showed that if the electron transport in the shock tran-

sition region is due to turbulent advection by strong

vortex fluctuations on the ion inertial length scale, then

the non-resonant electron heating is rather slow (i.e.,
b6 0:5), but the electrons are still injecting into the

diffusive Fermi acceleration. The highly developed vor-

tex-type turbulence is expected to be in the transition

regions of very strong shocks. That would imply that the

initial Te=Ti / vðb�aÞ
sh just behind the transition region

would decrease with the shock velocity for Ms � 1.
4. Optical diagnostics of shocked gas

The ratio Te=Ti in a thin layer (typically <1017 cm)

just behind a shock can be tested using the optical di-
agnostics of broad and narrow Balmer lines in the case

of a non-radiative shock propagating through partially

ionized medium (e.g., Chevalier and Raymond, 1978;

Raymond, 2001). High resolution HST SNR images

make that approach very attractive. A simple scaling

Te=Ti / v�1
sh was obtained by Ghavamian et al. (2001)

from optical observations of SN1006, Tycho, Kepler,

RCW86, and Cygnus Loop. The scaling is generally
consistent with the interplanetary shock data compiled

by Schwartz et al. (1988). The degree of electron–ion

equilibration in collisionless shock is found to be a de-

clining function of shock speed. In the case of strong

vortex-type turbulence in the shock transition region

ða� bÞ � 1 is generally consistent with the Alfven

heating case described.

It is worth to have in mind, however, that the effect of
non-thermal particle acceleration on the total compres-

sion ratio of a non-radiative shock propagating through

a partially ionized medium could be lower than that in a

fully ionized ambient gas. The reason is that MHD wave

damping in the partially ionized far upstream region

limits maximal energies of accelerated particles. The

limits imposed on the diffusive shock acceleration of

particles due to ion-neutral MHD wave damping have
been discussed by Drury et al. (1996). They considered

the spectra of Alfven waves driven by instabilities of

shock accelerated ions in a partially ionized plasma and

obtained the upper cut-off energy of a proton due to ion-

neutral wave damping as
Em 6 v3s7T
�0:4
4 n�1

n n0:5i PCR
�1 GeV; ð10Þ

where nn is the neutral particle density, ni is the ion

density (both are measured in cm�3), and PCR
�1 is the

total particle pressure normalized to 10% of the shock

ram pressure. That results in a reduction of the energy

flux carried away by escaping non-thermal particles as

given by Eq. (6) if the particle injection rate is the same.

The value Qesc depends on the cut-off energy of escaping

fast particles which is lower in partially ionized media.

Since the cut-off energy Em / v3sh one may expect that a

strong shock of a velocity J 100 km s�1 (e.g., Cygnus
Loop SNR) would have the compression ratio and the

mean post-shock temperature close to that given by

the Rankine–Hugoniot relations Eq. (5), while faster

shocks of J1000 km s�1 (SN1006, Tycho) could be

strongly CR-modified and might have reduced mean

temperatures.

The electron and ion temperatures eventually equili-

brate in the much thicker post-shock layer due to
Coulomb collisions. The complete e–i Coulomb equili-

bration requires the system age tJ 1010 T 3=2
6 =nðsÞ,

where the post-shock density n is measured in cm�3 (see

e.g., Mewe, 1990 for a review). A natural way to study

the heating of the post-shock gas in SNRs is X-ray

observations.
5. X-ray emission of shocked gas

Early SNR X-ray observations were used to constrain

the electron temperatures behind the strong shocks. It is

not an easy task, however, to derive a reliable estimation

of the shocked gas temperature from spatially unre-

solved SNR spectra. Hot gas behind the blast wave,

heated ejecta material of a complex morphology, emis-
sion of energetic non-thermal particles (bremsstrahlung,

synchrotron, and inverse Compton) and compact ob-

jects (e.g., pulsar wind nebula) altogether contribute to

an unresolved SNR spectrum. Modern X-ray telescopes

aboard Chandra and XMM-Newton provide high qual-

ity images of SNRs and high resolution spectra up to

10 keV. That allows studies of a few arcsecond scale

structures in SNRs. With that high resolution observa-
tions of galactic SNRs it is possible to distinguish the

contributions of shocked ambient gas behind the blast

wave from that of the shocked ejecta material.

High resolution observations of Cas A have been

recently performed with Chandra by Gotthelf et al.

(2001) and XMM-Newton by Bleeker et al. (2001) and

Willingale et al. (2002). The observations revealed the

forward shock with a thin wisp of X-ray emission likely
due to shocked interstellar gas of estimated temperature

T ¼ 2:0� 0:5 keV ðnt6 1010:8�0:2 cm�3 s) with an addi-

tional hard component (Gotthelf et al., 2001). The for-

ward shock velocity estimation 3500–4500 km s�1 was



A.M. Bykov / Advances in Space Research 33 (2004) 366–375 371
given by Willingale et al. (2002). For a low electron

equilibration case ðfei K 0:1Þ the derived temperature is

consistent with gas heating by a shock of a compression

ratio Rt � 4 (a single-fluid or a CR-modified shock with

acoustic instability heating). The case of a CR-modified

shock with Alfven wave dissipation propagating
through an ambient medium of n � 0:1 cm�3 and

magnetic field BJ 3 lG would be consistent with the

Cas A data if a moderate electron equilibration

(fei � 0:3) is allowed. A CR modified shock with adia-

batic gas heating in the precursor is not consistent with

the Cas A data which is not surprising since Ms �
ffiffiffi
b

p
.

The Chandra spectrum of the outer rim of Cas A studied

by Gotthelf et al. (2001) is dominated by power-law
emission component. Synchrotron emission of shock

accelerated electrons could contribute there as it is be-

lieved to be the case in SN1006 (Koyama et al., 1995;

Reynolds, 1998). For Cas A, however, no direct radio

counterpart has been found by Gotthelf et al. (2001)

making the synchrotron contribution somewhat prob-

lematic. Moreover, the XMM-Newton study of hard X-

ray continuum of Cas A by Bleeker et al. (2001) found
that the hard emission is spread over the whole remnant.

Bremsstrahlung emission of accelerated electrons was

considered as a possible mechanism for the hard emis-

sion origin. The non-thermal bremsstrahlung origin of

Cas A hard emission requires an energy input of �1040

erg s�1 (e.g., Laming, 2001). Magnetic reconnection

effects inside the remnant can play a role in the origin of

that hard X-ray emission component.
There is a possible evidence for a CR-modified shock

in X-ray data. Chandra observations of 1E0102.2-7219 a

SNR in the Small Magellanic Cloud by Hughes et al.

(2000) revealed a low gas temperature (K keV) behind

the forward shock wave of estimated velocity �6000 km

s�1. The observations could be understood if a signifi-

cant fraction of the shock ram energy went into cosmic

rays (Decourchelle et al., 2000; Hughes et al., 2000). A
keV-regime ion temperature is expected behind the

shock of �6000 km s�1 from Eq. (9) assuming a lG
scale ambient magnetic field. If confirmed, that would

provide an interesting case of a multi-fluid SNR shock.

A few arcsecond angular resolution attainable with

Chandra and XMM-Newton telescopes allows a spectral

study of fast moving supernova ejecta fragments. They

were first discovered long ago as a fast moving optical
and radio knots in Cas A. A distinctive feature of the

optical knots in Cas A was their high enrichment with

oxygen and some other SN nucleosynthesis products

(e.g., Chevalier and Kirshner, 1978).
6. X-ray line emission of supernova ejecta fragments

X-ray knots were discovered with ROSAT in the Vela

SNR by Aschenbach et al. (1995) as �shrapnels�, boo-
merang structures outside of the main shell. High-

resolution Chandra observations of shrapnel A reported

by Miyata et al. (2001) revealed a head-tail structure of

the apparent size 80:4� 40:1 ð0:6� 0:3 pc at 250 pc dis-

tance). They estimated the gas pressure in the head to be

roughly 10 times higher than that in the tail and Te � 0:5
keV. The oxygen abundance was 0:34þ0:12

�0:08 of the solar

value, while that of Si was estimated as 3þ2
�1 times of the

solar.

Clumpy structure of X-ray line emission is rather a

common feature of high resolution SNR observations.

Willingale et al. (2002) found an emission component in

Cas A that is probably due to heating of ejecta clumps

sweeping up the ambient gas. They also note that the
observed Fe–K line emission is confined to two large

clumps. A localized region of 6.4 keV emission indicat-

ing the presence of Fe XVII or lower ionization states

was found in the supernova remnant RCW 86 with

ASCA instrument by Vink et al. (1997). The clumpy

emission structure is also seen in the XMM-Newton

images of Tycho (Decourchelle et al., 2001).

Fast moving isolated fragments of a supernova ejecta
composed of heavy elements should be sources of Ka X-

ray line emission of the nuclear-processed products of

the SN. Supersonic motion of the knots in the intercloud

medium results in a bow-shock/knot-shock structure

creation. Fast non-thermal particles accelerated by

Fermi mechanism in the MHD collisionless shocks

diffuse through a cold metallic knot, suffering from

Coulomb losses and producing the X-ray emission. The
X-ray emission from fast moving knots of masses

Mk 6 10�2M	, containing Mi 6 10�3M	 of any metal

impurities like Si, S, Ar, Ca, Fe was modeled by Bykov

(2002). The distribution of accelerated electrons was

simulated using a kinetic description of charged particles

interacting with strong CR-modified MHD shock. Non-

linear effects of shock modification by the non-thermal

particles pressure were accounted for. There are a
number of predictions of the model.

Energetic (MeV-regime) particles accelerated at the

fragment bow shock have high penetrating ability and

irradiate both hot gas and cold metal rich matter of the

fragment. A wide range of ionization states of K-shell

line emitting ions is resulting and it cannot be repro-

duced by thermal plasma. In particular, the 6.4 keV iron

line emission is expected from SN fragments interacting
with molecular clouds, and may account for ‘‘iron line

clumps’’ recently observed with Chandra in the Galactic

Center region by Bamba et al. (2002). Another possible

source of the 6.4 keV iron line emission is a molecular

cloud irradiated by a powerful hard X-ray source pro-

ducing fluorescent X-ray lines as an X-ray reflection

nebula (Sunyaev et al., 1993).

The Ka line emission is most prominent for the knots
propagating through dense molecular clouds. In that

case the X-ray line spectrum of an ejecta fragment is
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dominated by the low ionization states of the ions. For

instance, the line emission was simulated for a fast

ðvk J 1000 km s�1) compact knot of a radius

R � 3� 1016 cm and mass Mk � 10�3M	, containing

MFe � 10�4M	. The knot was propagating through a

molecular cloud of a density na � 103 cm�3. The simu-
lated metal line luminosities are Lx J 1031 erg s�1. High

resolution XMM-Newton and Chandra observations are

able to detect the Ka and Kb line emission from the

knots at distances up to a few kpcs. The bow shock of a

fragment propagating through a dense cloud should be a

radiative wave with prominent infrared and optical

emission. The lifetime of such a knot in a molecular

cloud (�100 years) is rather short.
The knots propagating through tenuous interstellar

matter are of a lower surface brightness, but long-lived.

X-ray line spectra with higher ionization states of the

ions are expected in that case.

A fast fragment of a scale J 1017 cm and of the mass

10�3M	, entering a molecular clump will have qa=qk J 1

and a strong shock would be driven into the metal-rich

fragment. Ion acceleration time to K 100 MeV/nucl at
the strong internal shock of ejecta fragment would be

below a year. The composition of the accelerated ions

must be highly metal-rich. Such a fragment should be a

source of c-ray lines and a source also of light and other

elements of a spallogenic origin produced by accelerated

ion interactions with the metal-rich knot. It would be

seen as a bright transient source. c-ray line sources of

Lc K 1034 erg s�1 could be observed from nearby mo-
lecular clouds with SN activity (e.g., Vela, Orion, etc.).

An ensemble of unresolved sources from dense molec-

ular clouds in the central regions of the Galaxy could

contribute to diffuse c-ray line emission. There is an

evidence for some broad spectral excesses found by

GRO COMPTEL in the galactic inner radian (Bloemen

et al., 1997). Forthcoming INTEGRAL observations of

diffuse emission would help to resolve the issue.
Optical depth effect due to resonant scattering is im-

portant for K-shell lines. Compact dense knots could be

opaque for some X-ray lines and that is important for

the interpretation of their abundances. In the case of the

Vela fragment A, the Chandra line spectrum obtained by

Miyata et al. (2001) can be reproduced in the model

where the optical depth effect is taken into account for

an oxygen dominated fragment of a mass �10�2M	,
containing about �10�3M	 of silicon (Bykov, 2002).

There are a number of factors limiting the fast ejecta

fragment lifetime. A fast moving knot is decelerating

due to the interaction with the ambient gas. The decel-

eration time of a knot of velocity vk and radius Rk can be

estimated as sd � Mk=ðqavkpR2
kÞ. The knot hydrody-

namical crushing effects could have shorter timescale, of

the order of time for an internal shock to cross the knot.
However, if a significant fraction of a knot bow shock

ram pressure is transferred to high energy particles the
post-shock gas pressure drops down /R�1
t ðvshÞ: The

internal shock is slower in that case and the knot sta-

bility conditions are affected also. That is especially

important for the lifetime estimations of fast knots

propagating through a rarefied ambient medium. The

Vela shrapnel A has a lifetime of about 104 years con-
sistent with the deceleration time of an ejecta fragment

of 0.3 pc scale and Mk � 10�2M	, propagating through

an ambient medium of a density �0.1 cm�3. A SN

fragment could have even longer lifetime of J 105 years

in a tenuous interstellar medium of a density K 0.01

cm�3. Assuming the SN rate about 0.03 yr�1 for the

Milky Way one may expect an instantaneous contribu-

tion from the ensemble of numerous fast moving frag-
ments of �3000 SNe in the rarefied medium.

The ensemble of unresolved SN ejecta fragments

could provide a diffuse iron line luminosity Lx J 1036 erg

s�1. The X-ray lines contributed by fast SN ejecta

fragments to the galactic ridge emission are broad be-

cause of rather high fragment velocities vk J 103 km s�1.

Analysis of ASCA observations of the Galactic ridge

emission by Tanaka (2002) revealed broad He-like and
H-like iron K-lines, corresponding to a velocity disper-

sion of a few thousand km s�1.
7. Non-thermal emission of SNRs in molecular cloud

Massive stars that are the likely progenitors of core

collapsed supernovae are expected to be spatially cor-
related with molecular clouds. An interaction of a SNR

with a molecular cloud is expected to manifest itself by a

number of spectacular appearances in a wide range of

wavelengths from radio to c-rays.
Non-thermal emission from an SNR is a signature of

the presence of accelerated particles that has important

implications to the cosmic ray origin problem. Sub-

stantial efforts to detect c-ray emission of cosmic rays
from SNRs have been undertaken by Compton GRO.

EGRET CGRO has detected four extended c-ray sources
(Esposito et al., 1996) that are candidates to be identified

with SNRs (IC443, c-Cyg, W28, W44), though some of

many unidentified EGRET sources might be as well re-

lated to SNRs. The remnants that are likely candidates

to be c-ray sources in CGRO EGRET observations show

evidences for interaction with molecular gas. Positive
excesses of both 3–10 and 10–30 MeV-regimes emission

were found recently on the IC 443 position by Bronsveld

et al. (2002). They analyzed CGRO COMPTEL deep

exposure of the Galactic Anti-Centre region. The sig-

nificance of the apparent excesses depends on the Ga-

lactic diffuse emission model and it is reaching more

than 3r for 3–10 MeV-regime. The GeV regime CGRO

EGRET spectrum of index �2.0, if extrapolated down to
about 3 MeV, appears to be consistent with the CGRO

COMPTEL data (Bronsveld et al., 2002). Upper limits
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from CGRO OSSE observations reported by Sturner

et al. (1997) also constrain the emission below MeV-

regime.

When c-ray emission was apparently detected from

SNRs by CGRO, it was realized that the c-ray spectrum

could not be fitted by a pure pion decay spectrum and
some other component was needed (Esposito et al.,

1996; Gaisser et al., 1998; Sturner et al., 1997). In ad-

dition to the pion decays (see e.g., Drury et al., 1994),

the relevant processes are bremsstrahlung emission of

relativistic electrons and inverse Compton emission.

Gaisser et al. (1998) modeled these processes in detail in

order to fit the observed c-ray spectra of the remnants

IC 443 and c-Cygni. They assumed acceleration to a
power law spectrum in the shock front and determined

the spectral index, electron to proton ratio, and the

upper energy cutoff.

The evolution of the relativistic component in a

supernova remnant has been modeled by a number of

groups. They used Sedov–Taylor adiabatic shock dy-

namics in a homogeneous medium. Sturner et al.

(1997) assumed particle acceleration in the shock front
with an E�2 energy spectrum and followed the evo-

lution of the particle spectrum. They modeled non-

thermal emission from IC 443 as synchrotron emission

in the radio and bremsstrahlung in c-rays. de Jager

and Mastichiadis (1997) dealt with the same processes

in W44, as well as inverse Compton emission. They

noted that the observed radio spectrum is flatter than

would be expected from shock acceleration of newly
injected particles and suggested that the particles

originated from a pulsar in the supernova remnant.

Baring et al. (1999) presented calculations of the

broad-band emission from non-linear shock models of
Fig. 1. Broadband mFm spectrum of the shell of IC 443 (distance 1.5 kpc) calc

shock by Bykov et al. (2000). The shock velocity is 150 km s�1, the interclu

chrotron spectra are given for different possible values of the magnetic field in

the top to the bottom curves. Radio observations data of IC 443 on the left

frequency band where submillimetre polarimetric observations of the shell wit

dashed curves are corresponding to different possible values of the stochastic F

(for low background model) are taken from Bronsveld et al. (2002). The obs

source 3EG J0617+2238. Upper limits for c-rays P 300 GeV are from Whip
shell-type SNRs. They used a Monte Carlo simulation

of the particle acceleration taking into account the

non-linear shock structure.

Observations of the optical/IR emission spectra of IC

443 indicate the presence of radiative shock and a dif-

ferent model is needed. Hydrodynamical modeling of a
SNR interacting with a molecular cloud has been re-

cently performed by Chevalier (1999). The remnants

evolve in the inter-clump medium of a molecular cloud.

The non-thermal multi-wavelength spectrum of a SNR

interacting with a molecular cloud was studied by Bykov

et al. (2000). To simulate the spectra of non-thermal

electrons in the SNR shell they solved a kinetic equation

for the distribution function of the electrons, accounting
for injection, diffusive transport, advection, the first and

the second order Fermi acceleration and synchrotron

and the Coulomb losses. There are three zones in the

inhomogeneous model: the pre-shock region, the shock

transition region, and the post-shock flow, from where

most of the non-thermal emission of shock-accelerated

particles originates.

The propagation of a radiative shock wave through
a molecular cloud leads to a substantial non-thermal

emission both in hard X-rays and in c-rays. The

complex structure of a molecular cloud consisting of

dense massive clumps embedded in the interclump

medium could result in localized sources of hard X-

ray/c-ray emission correlated with both bright molec-

ular emission (Bykov et al., 2000). It has been shown

that hard X-ray and c-ray emission structure should
consist of an extended shell-like structure (appearing

also in radio as a shell of relatively flat spectrum)

related to the radiative shock and localized sources

corresponding to shocked molecular clumps. The
ulated from a model of non-thermal electron production by a radiative

mp number density is 25 cm�3. Left panel: The simulated radio syn-

the radiative shell. The magnetic field values are 100, 60 and 6 lG from

panel are from Erickson and Mahoney (1985). We indicated also the

h the SCUBA camera of the JCMT are possible. Right panel: Solid and

ermi acceleration in the post-shock region. COMPTEL data on IC 443

ervational data points are from Esposito et al. (1996) for the EGRET

ple observations of IC 443 by Buckley et al. (1998).
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shocked clumps would have a (sub)parsec scales and

emit very hard X-ray continuum spectra. Potential

candidate sources were found in IC443 (Bocchino and

Bykov, 2003) and in c-Cygni (Uchiyama et al., 2002).

High resolution spectra are required, however, to

distinguish between the shocked clump and fast
moving ejecta fragments discussed above.

The extended shell of IC443 has been well studied in

radiowaves since the 1960s (e.g., Erickson and Ma-

honey, 1985). Relativistic electrons responsible for the

observed synchrotron radio emission of the shell can be

accelerated by the forward shock and produce sub-

stantial c-ray emission with photon energies above

MeV. It has been shown by Bykov et al. (2000) that the
c-ray emission above 100 MeV observed by EGRET is

consistent with that of relativistic bremsstrahlung of the

radio-emitting electrons (see the right panel of Fig. 1).

The spectrum of c-ray emission of the shell depends also

on the second order Fermi acceleration by MHD tur-

bulence in the post-shock layer. That is illustrated on the

right panel of Fig. 1 where two curves correspond to two

possible regimes of stochastic acceleration. In that
respect MeV-regime emission is crucial to distinguish

between physically plausible models of particle acceler-

ation by radiative shocks. The MeV-regime continuum

emission is most likely produced by an energetic leptons

(bremsstrahlung or an extended inverse Compton com-

ponents). Thus, the MeV spectrum could help to esti-

mate the leptonic contribution to higher energies

constraining the nucleonic component of SNR energetic
particles.

In the case of IC 443 there are a number of sources

potentially contributing to the observed c-ray emission.

These are: the SN extended shell seen in the radio, the

pulsar wind nebula with hard core emission appeared in

the XMM-Newton spectrum (Bocchino and Bykov,

2001), shocked clumps and molecular gas irradiated by

accelerated particles. Maximum-likelihood analysis of
the EGRET data must account for all the possible

contributions but not just for a single point-like source

pattern. That analysis is necessary to constrain the lep-

tonic and nucleonic energetic particle components. It

would require a few arcmin scale angular resolution.

Hard X-ray and c-ray observations of the sources with

INTEGRAL and GLAST would help to resolve the

contributions.
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