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The Theory of Particle Acceleration in Astrophysical Objects
Containing Shock Waves and Turbulent Plasma Motions*

A.M. Bykov and L.N. Toptyghin

Department of Theoretical Physics, M.I. Kalinin Polytechnical Institute, 195251, Leningrad USSR

Abstract. The theory of fast charged particle acceleration by
an ensemble of large-scale plasma motions with randomly
distributed shock waves (i.e. supersonic turbulence) is devel-
oped. We have considered the effect of suprathermal particle
acceleration in a compressible plasma with “frozen in” mag-
netic field and turbulent motions of different scales. The
kinetic equation in the diffusion approach and diffusion coef-
ficients in momentum space which describe the fast particle
acceleration effect are obtained. There is a second order effect
of Fermi acceleration in statistically uniform (non-expanding)
systems with supersonic turbulence, although a single shock
front leads to first order Fermi acceleration. This result is
connected with the cancelation of the first order acceleration
effect of shock fronts by particle deceleration in rarefaction
waves between shocks.

The gain times for this acceleration mechanism are esti-
mated. In some cases particle acceleration by supersonic tur-
bulence is able to exceed the adiabatic deceleration losses.
Some observational evidence and theoretical speculations rel-
evant to the existence of supersonic turbulence in extragalactic
radio sources, the interstellar medium, supernovae remnants
and the solar wind are discussed briefly. We consider also
some plausible applications of this acceleration mechanism.

Key words: Particle acceleration - Shock waves — Astrophysi-
cal supersonic turbulence

Introduction

There are several interesting works devoted to the problem of
fast particle acceleration by astrophysical shock waves (Ax-
ford et al. 1977; Krymskiy 1977; Bell 1978; Blandford and
Ostriker 1978). It has been shows that a strong plane shock
wave propagating through turbulent plasma accelerates sup-
rathermal particles and a power-law spectrum for the fast
particles with a universal exponent is created for a wide
range of initial parameters. The multiple interaction of fast
particles with the shock front is provided by particle scatter-
ing on both turbulent plasma motions and “self-excited”
magnetohydrodynamic waves. On the other hand there are
many astrophysical objects where the existence of large scale

* Paper presented at the Workshop on Acceleration of Particles by
Shock Waves, 7-9 October 1980
Max-Planck-Institut fir Aeronomie, Lindau, Federal Republic of
Germany

turbulent plasma motions with shock waves seems highly
likely. As we shall show below, the existence of supersonic
turbulence is plausible for the jet models of extended radio
sources, shock waves, overlapping regions in interstellar me-
dium, young and old supernova remnants and for stars with
strong stellar winds. Our goal is now to study the accele-
ration of fast particles by supersonic turbulence with shock
waves.

The Acceleration Mechanism

Let us consider fast charged particle interaction with an en-
semble of randomly distributed shock waves and turbulent
large-scale plasma motions with a “frozen-in” magnetic field.
We use the following scale separation: large-scale plasma
motions have scale L> A, where A is the fast particle scatter-
ing length. In our case scale L has an order of magnitude
equal to the mean distance between shock fronts. We shall
assume the presence of the regular magnetic field B, and
small-scale subsonic turbulence which provides fast particle
scattering between shock fronts. The acceleration of fast par-
ticles by small scale subsonic turbulence has been studied in
detail (see Tverskoy 1967; Toptyghin 1973), and we do not
discuss it in this article. In this section we also suggest the
following relations between the space scale sizes: Ro> L3> A
>R, > where R, is the system scale size, R, are the gyro-
radii of fast particles in the mean magnetic field B, and ¢ is
the characteristic width of the shock front. Under these as-
sumptions the kinetics of fast particles can be described in
terms of a distribution function in the diffusion approach
N(r,p,t). The N(r,p,t) evolution between shock fronts is de-
scribed by the transport equation in a strong magnetic field
(see Bykov and Toptyghin, 1980)

ON 0 ON ON pONOU,
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where y,, is the space diffusion tensor, Ul(r,?) is the large-
scale plasma motion velocity field. It should be noted that, in
the case of weak magnetic fields (R;> [, where I in a small
scale turbulence correlation length) the transport equation
has same form (1) (Dolginov and Toptyghin 1966) but there
are differences in expressions for fast particle currents. Since
the transport equation (1) on a shock wave surface a priori is
invalid, it is necessary to include the boundary conditions for
the fast particle distribution functions into the expression.
These boundary conditions for the case of the plane oblique
shock wave have been obtained by means of direct micro-
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scopic calculation by Vasiljev et al. (1978) and Bykov and
Toptyghin (1980). This calculation takes into account the
main processes on a shock wave surface: fast particle re-
flection and passage and the shock front’s electric field (see
for more detailed discussion the review by Toptyghin, 1980).
The boundary condition calculation mentioned above is valid

U .
only under the assumption 7<a<1 where o is an angle

between magnetic field and shock waves surface S and these
conditions have the form:

N,=N, ()
i - )
r ory
n(UD—U®) oN
=3 'y ®

on S, where indices 1 and 2 are connected with upstream and
downstream regions respectively, n is the shock surface nor-
mal vector. It should be noted that the boundary conditions,
Egs. (2), (3) may be generalized for all a. In fact, these con-

. T, .
ditions have the same form for oc=§, in this case the mag-

netic field jump and electric field are absent. Thus for oc=£,
N,=N, and condition (3) may be obtained from the fast
particle current continuity condition. In the general case the
boundary condition (3) may be obtained from the fast particle
continuity law in the form of the transport equation (1), b
integrating Eq. (1) over a small interval in the vicinity of the
shock surface around a direction normal to it, under the
assumption that Eq. 2 is valid. But the validity of (2) is

proved for the limiting cases a<1 and a—»%. Fast particle

acceleration is described by the right-hand term of Eq. (3), the
magnetic field geometry (angles o, ,) being included in the
space diffusion coefficients y*?. We note also that in the

n .
case azE, the acceleration effect takes place due to a scatter-

ing center velocity jump on the shock surface (i.e. first order
Fermi-type acceleration). In the case a<1 the shock front
electric field acceleration (with "account taken of multiple
particle-front interaction) dominates. For arbitrary « both
Fermi-type acceleration and fast particle acceleration by the
shock electric field take place but their contribution is de-
scribed by Eq. (3). In order to include the conditions (2) and
(3) into the transport equation (1) we must consider the fast
particle distribution function N as a continuous function on
the shock surface, but the diffusion tensor y,,, velocity field

. T ON )
U(r, t) and fast particle diffusion current Xaﬂ——a as a discon-
¥,

tinous functions with finite jumps on the shock surfaces.
(Hence their space argument derivatives are singular func-
tions.) Now, we can consider fast particle acceleration by
supersonic turbulence in terms of the transport equation. The
distribution function N oscilations correlates with the ran-
dom velocity field U(r,t) and we must average N over the
large scale motions. The method of averaging depends on the

. . UL = .
value of a dimensionless parameter B=ﬁ=—d, where 1, is
2 T,

the characteristic diffusion time t,=—, 7, is the characteristic

. . L . .
convective time scale rc=E. If the fast particle scattering

length A is high enough that f<1, then we can use the
quasilinear approach (Vedenov et al. 1962) for the averaging
of the transport equation (1).

Let us separate out the slowly changing and the fast
oscillating parts of the distribution function N -

N=F+N, F=(N), (N>=0, N<F )

where { > denotes averaging over the ensemble of the large
scale turbulent motions. After substituting expression (4) for
N into Eq. (1) and averaging it over the ensemble we obtain

g Va5 S G DS
where (¥, is the average space diffusion tensor, U, is the
average velocity field and (7; 2“=<g—%> is the average diver-
gence of the velocity field. It should be noted that in a
statistically uniform nonexpanding system U, and aalij’

should vanish. In other cases the corresponding terms in Eq.
(5) describe the adiabatic deceleration (for expanding systems
such as jets, supernova shells, stellar wind) or the first order
particle acceleration (e.g. for accreting systems) and the con-
vective transport. The effect of particle acceleration by super-
sonic turbulence is described by the fast particle momentum-
space diffusion coefficient D:

——j< Y, t)—"( )>G(r,r’,t,t’)dr’dt (6)

Where G(r,r',t,t) is the Green’s function of the space dif-
fusion equation.

For the isotropic turbulent velocity field we have the
correlation function in the form of a Fourier transform:

CU(r, 1) Uy(r', )
- [A(K, 0)6,5+B(x, 7) ";‘(f"] " e )

where t=t—t, x=r—r', A(x,1), B(k,1) are coefficients which
depend on the spectrum of the turbulence.

We then obtain for the momentum-space diffusion coef-
ficient:

2
D~ ;’—X [ LA(x, 0) + B(x, 0)] dx

or

DNUffp ®)
9X

YA
UZ; has an order of magnitude equal to (U?*) and 1~

Now we consider the case when > 1, which is realized
for small enough fast particle scattering length A. Under this
condition the convective term in Eq. (1) dominates and the
diffusion term can be neglected. Thus Eq. (1) reduces to

ON__,ON_paN oy, .
ot *ar, 30p or, ©)

Equation (9) can be averaged directly by means of the
method which is used in invariant perturbation theory in
quantum electrodynamics (Abrikosov et al. 1962). We reduce
the transport Eq. (9) to the integral equation:

p@

N(r,p,r>=—§dr[ L

0

+ UL, r)air] N(r, p 1)+ N(r, p.0). (10)
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The iteration solution of (10) has the form:

U, p @ 0
3o Uaa—]}N(r,p,O) (11)

where T is the “chronological ordering” operator. Since

{N(r,p,0)) =N(r, p,0)=F(r,p,0)

we obtain

F(r,p,1)

=<Texp{—id -

For the isotropic velocity field ((U,(r, t)) =0) with Gauss dis-
tribution of amplitudes we can average the operator in ex-
pression (12) using the following relations:

<T1J1[ "13’66 FUrT )ai]>
e
<[5 ”(,,366+Uﬁ(r )aﬂ]> (13

for n=2x, and it drops to zero for n=2x+1. Y is the sum

N(r,p,t)=Texp{—idt[
0

oU,p 0 a
21 Far, p, 0).
ar. 36p+U"6ra:|}> *.p,0)

p 0 0
o) 5yt U |

{p}
over the manifold of permutations {p} of the natural numbers
{L,2,...,n}

ou, oy,
<Ua(l', ‘Ci) a‘ra(rv ‘Cj)> = <Uu(l', Ti) 5}("9 rj)> =
« B

Since we have no vectors in our problem after averaging (B,
is the pseudovector).

(U0 %) Uyl ) =gl =) (19
(e D5 r>>

ra
(Ut )= s =), (13

Carrying out the calculations and taking into account (13),
(14), (15) we obtain:

F(r,p,1)

1 ! 0? 1% 0 0
= Z . . —T)———+~-— —p*— | F(r,p,0
exP{L{dT‘gdt’ [(ﬁ“”(‘c' ©) or, or, +9 p? 6pp 6p]} (.. 0)

or in standard form: (16)
OF 9 0 1 0 _ ,0F
oo g Pt Dy 17
5t Bra Xaﬂarﬂ + pZ ap p ap ( )
where

t
Xa,,=j (U, ) Ug(r, e —1)>dt (18)

U, ou

Dip )——5< a—"( t—r)>dr. 19)

The estimates of (18) and (19) under general assumptions
about supersonic turbulence statistical properties give us
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,<U%
or

Xz<U2> Tcar? zp rcor (20)

L . L .
where Teor ¥ 18 the correlation time for large scale motions.

: U
Finally we have y~ UL, ngzpz

U p?
D(P)——9X‘—‘~ 21)

We can now summarize the results for particle acceleration
by large-scale supersonic turbulence in systems with strong
scattering of fast particles by small scale turbulence (A <L).

1) We have the second order Fermi acceleration effect

2 9X
with fast particl tim —
o st particle gain time t, R <U2>
2) The acceleration effect is connected with compression

see Egs. (8) and

£=0, it drops to zero.

a

3) The momentum space diffusion coefficient D(p)
Up? . . . . .
=< 9>p is a continuous function of the dimensionless pa-
X
rameter f=—

YA’
4) This acceleration effect is able to exceed the adiabatic
deceleration losses of fast particles for an expanding system
since e.g. for f>1

LU LU
T, T N
« 7L R,
and t; '>1;;! because L<R,.

Next we consider fast particle acceleration by supersonic
turbulence with weak scattering of fact particles by small-
scale subsonic turbulence between shocks ie. the case A> L.
Gurevich and Rumyantsev (1973) were the first to consider
this model. The isotropic distribution of fast particles takes
place only on a scale >L; it is produced by means of in-
teraction of fast particles with randomly distributed weak
shocks (4B <B). In accordance with their reasoning we can
describe fast particles by an isotropic distribution function
F(r,p,t) over the system scale R,. The F(r,p,t) evolution is
described by the transport Eq. (5) We now estimate the space
and momentum-space diffusion coefficients for the particle
acceleration by statistically uniform (nonexpanding) systems
with weak shocks and large scale motions under conditions L

S A4 ..
<A<R,. We define the scattering time as ‘Cs=?; it is clear

l
that 7! is proportional to {(E>)» (where Fm=;V><AB is the

magnetic force) since <{F,>=0. On the other hand particle
acceleration takes place due to the action of the stochastic
electric field with electric force

Fe=—§U><(BO+AB)

and thus

i SFD_YUD B}
¢ T (Fiy A Y?P (4B*)’

(22)
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Let us estimate the fast particle scattering length A in this
case. The fast particle pitch angle 6 change on the single
. — 4B
weak shock front is AS:B—.
)
Since the sign of A9 is stochastic, the mean change {49)

1
will be equal to unity only after N z——_gg interactions of the
A4

fast particle with weak shocks. If the mean distance between
random distributed shock waves is L then we obtain A~NL

B3
o~ > L.
{4B%)
Thus in accordance with (22) we can write
U* U;
-1 — _sh
“EYL T @3

BZ
where Uz=<U?» <Al;)2>

locity. Finally we have

is the mean square weak shock ve-

BZ 2,2

XYL ——— d D(p)~
X aBs on (p)
1.e. the second order Fermi acceleration effect. Particles acce-
leration by an ensemble of weak shock fronts under the
condition A>L has been considered by Gurevich and
Rumyantsev (1973, 1978). They have obtained the following
estimate for the fast particle gain time

(1 _Un 4B
“ 4L B,

(24)

(25)

This estimate (25) differs from our estimate (23) since they
have obtained the first order Fermi acceleration effect. We
believe this difference is due to the incorrect allowance for
rarefaction waves between shock fronts made by Gurevich
and Rumyantsev. It should be noted that in all cases which
we describe above the second order Fermi acceleration takes
place for the fast particle acceleration by supersonic turbu-
lence in statistically uniform, nonexpanding systems. This fact
is connected with complete cancellation of the first order
particle acceleration effect (which takes place on a single
shock front in a turbulent medium) by adiabatic losses in
rarefaction waves between shocks. The presence of such rar-
efaction waves is necessary for nonexpanding (or nonconverg-
ing) systems.

Discussion and Some Astrophysical Applications

In this paragraph we briefly discuss some problems which are
connected with supersonic turbulence development and fast
particle acceleration in astrophysical objects (see also Bykov
and Toptyghin 1981).

The Extragalactic Radio Sources

There is an attractive theory for the explanation of extended
radiogalaxy structure - the beam model (Blandford and Rees
1978). It was proposed that collimated supersonic flow from
the active nuclei of galaxies provides, by means of interaction
with large plasma clouds, the observed structure of extended
radio sources. This model is a plausible explanation of the
radio and optical structure of the jet in M 87 (see the optical
Knots model by Blandford and Konigl 1979) and the struc-
ture of the galactic stellar object with peculiar line emission -
SS433 (Begelman et al. 1980). In such systems the develop-

ment of supersonic turbulence takes place on the interaction
surfaces of supersonic jets and plasma clouds (e.g. supernova
shells). The presence of jet inhomogeneities (sound and en-
tropy waves, etc.) leads naturally to a rising of shock waves
by means of breaking (Rees 1978) and interaction of these
waves with the cloud’s bow shock continuously generates the
supersonic turbulence within the cloud’s surface layer. The
small-scale subsonic turbulence would be generated by means
of interaction of linear magnetohydrodynamic waves with the
bow shock. Thus such systems may effectively re-accelerate
the fast particles associated with a strong bow shock.

Cosmic Ray Acceleration in the Interstellar Medium

One of the main problems in the theory of the origin of
cosmic rays is whether most cosmic rays are accelerated in
localized sources or in the interstellar medium (ISM). It
seems highly likely that a fast particle acceleration mecha-
nism by large-scale plasma motions and shock waves plays
an important role for both classes of models since most of the
available energy storage is in large-scale plasma motions. A
detailed model of cosmic rays re-acceleration by single shock
waves in the extended envelopes of supernovae remnants has
been considered recently by Blandford and Ostriker (1980).
Models of cosmic ray acceleration in OB stars shells and
supernovae remnants in dense clouds have been discussed by
Volk (1981).

We now consider cosmic ray acceleration by ISM turbu-
lence. There is much observational evidence for the existence
of large-scale turbulence in the ISM. A study of interstellar
motions by Larson (1981) showed that the velocity dispersion
¢ in molecular clouds follows an approximate power-law
dependence o=1.1(L)*3®km/s where L is the scale size of the
observed region measured in pc. Such dependence holds for
0.1 <L <100pc. It is suggested that the observed motions are
all part of a common hierarchy of interstellar turbulence.
Large-scale fluctuations (L~ 100pc) of the interstellar mag-
netic field were reviewed by Heiles (1976). It seems highly
likely that large-scale ISM turbulence sources are shearing
flows from differential rotation of galactic gas with spiral
shock waves and nonstationary phenomena such as super-
novae explosions etc. The essential point is that the ISM gas
energy budget is regulated by supernova shock-wave propa-
gation through the inhomogeneous ISM. Supernovae ex-
plosions produce an interconnecting “tunnel” system in the
ISM (see review by McCray and Snow 1979). Large-scale
turbulence with randomly distributed shocks in the ISM tun-
nels, probably with coronal gas, is developed due to strong
shock wave interactions with ISM inhomogenuities. In fact
the shock wave interaction with randomly distributed clouds
leads to secondary shock production. Small-amplitude hy-
dromagnetic waves (e.g. generated by cosmic ray streaming
instability) are amplified by strong shock waves (McKenzie
and Westphal 1970). Hydromagnetic waves with wavelengths
4<10'7cm are collisionless in the ISM coronal gas phase
and thus their damping is anisotropic. However, energy trans-
fer between the different scales due to nonlinear decay is
faster then collisionless wave damping for scales

L 1/4 YZ 3/8
=oft) ()
r; E

where r, and Y, are the thermal ion gyroradius and velocity

respectively, E is energy per unit mass for the main scale L of
turbulence (Foote and Kulsrud 1979). Thus nonlinear decay



of the regular large scale motions leads to turbulence for-
mation in the tunnels with coronal gas. The inertial range of
such turbulence is 10'2cm<$1<53-102%cm, velocity for the
main scale of this turbulence U(L)~100km/s. The speed of
sound for hot coronal gas with (n, T)~(3-10~3cm~3, 10°°K)
is C;~100km/s.

We now consider cosmic ray acceleration by large-scale
turbulence in the large coherent structures of ISM-tunnels.
The main features considered in the model are enumerated
below:

1) Cosmic ray acceleration for both primary and second-
ary nuclei takes place in the ISM tunnels.

2) Primary cosmic ray nuclei are injected with energy
€,;<10%ev by shock waves directly from a thermal pool.
Interstellar grains should be destroyed by shock waves or a
betatron mechanism since heavy elements are depleted in the
ISM (Eichler, 1980).

3) Secondary nuclei are produced by means of interaction
of primary nuclei in the ISM molecular clouds. They are then
injected into the acceleration regime within the tunnels.

Cosmic ray acceleration in the tunnel is described by Eq.
(5), but we now consider steady state, statistically uniform tur-
bulence with U,=0 and divU,=0. We include a source term
S(p) into the transport equation:

0 OF 1 0 OoF

— —+— —p*D——=S(p).

o, lap? or, T 7 app 3 () (26)
In accordance with the consideration, detailed above fast
particle diffusion and acceleration are determined by the dim-

. UL . . .
entionless parameter B:YZ For relativistic particles there is

an energy dependence of scattering length A(e)~&?~" where v
is the small-scale turbulence spectral index (Toptyghin 1973).
Unfortunately the spectral index v for ISM turbulence is
unknown. But if the same value holds for hot ISM gas that is
appropriate for molecular clouds ie. v=1.76 then A(e) ~&°2%.

. L . .
We can estimate T) from the observed anisotropy of cosmic
€

rays since for tunnels L SR, (here R, is a minimum scale size
of a tunnel which has an elongated form). Thus we find

L L
ZU>104 for e~10°ev and —):103 for £¢<10*%ev. There-
P

fore we have B 1 for e<10'®ev and the turbulent diffusion

regime is realized with large-scale diffusion coefficient y~ UL
2

U
and D(p):pg—L within the tunnel’s inner region. For primary
nuclei we can introduce a source term of the form S(p)
=So(p)0(l —L) where S,(p) is an arbitrary function of mo-

inj
mentum p which is determined by the concrete form of the
inj ~

injection mechanism, p,,;=—" with g, <$10%ev.
c

Then accelerated primary nuclei spectrum can be obtained
from Eq. (26):

P2F(p)~So(pin) P "
o 1+ 9+9(L )2 7
"= b 4 Ro . 27)

This power-law spectrum of primary nuclei extends over an
energy range of at least 10° ev<g<10!®ev with spectral index
y,=2.85 for L=R,. For ¢210'®, B<1 and we have a particle
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YA(p)

acceleration - diffusion regime with y=~
2

9 1)
trum for £>10'%ev would be determined by the small-scale
turbulence spectral index v since A(p)~p?~*. Let us now
consider the spectrum of secondary nuclei in this model. The
matter traversed by primary nuclei during the acceleration
time 7, is determined by pct,~3-107%g/cm?.

This value is too small for secondary nuclei generation in
the tenuous tunnels gas. Therefore we assume that secondary
nuclei production takes place in dense phases of the ISM e.g.
in molecular clouds with (n,T)~(103cm~3, 10K).

A key feature of this assumption is that a large fraction of
ISM mass is in the molecular clouds and it is important for
our model that active star formation probably takes place at
the outer edges of molecular clouds. In order to determine the
source term of transport Eq. (26) for the secondary nuclei we
have to find the primary nuclei spectrum in the molecular
cloud, since the secondary nuclei production cross-section is
nearly energy independent above ¢>10°ev. The primary nu-
clei spectrum within the scatter free molecular cloud may be
found by means of an extension of the spectrum (27) with
account taken of the boundary layer between the tunnel and
the molecular cloud, it’s likely scale size ~ 10pc. Fast particle
leakage from the tunnel is determined by an ordinary dif-
fusion contrary to turbulent diffusion within the inner tunnel
region. Since the fast particle scattering length A is energy
dependent, we have a declination of the primary nuclei spec-
trum in the molecular cloud and therefore the secondary
nuclei source term has the form

S(p)=S,p=*? (28)

and D(p)

(see Eq. (8)). The declination of the cosmic ray spec-

where

Y=y 14

It should be noted that, in contrast to primary nuclei spec-
trum formation, the secondary nuclei source term determines
the spectral index of accelerated secondary nuclei over the

whole range of observed energies of the secondary cosmic
rays. Therefore, for accelerated secondary nuclei we have:

Pze(P)“’Sz'p_yz- (29)

Thus the observed primary to secondary energy dependence
ratio can be explained in our model if

A~2(2—v)=~0.5 for 10°<e<10!tev.

Finally it should be noted that further development of our
understanding of ISM turbulence structure and investigations
of y ray production in molecular clouds would make possible
a more quantitative development of the model outlined here.
It is also important to consider the injection problem in more
detail.

Acknowledgement. We are indebted to Dr. V.S. Ptuskin for discussion
on some problems considered in the last section of our paper.

References

Abrikosov, A.A., Gorkov, L.P., Dzyaloshinskiy, I.E.: Quantum fields
theory methods in statistical physics. Moskov: Nauka 1962

Axford, W.I, Leer, E., Scadron, G.: Acceleration of cosmic rays at
shock fronts. In: Proc. 15-th ICCR, vol. 2, p. 273, Bulgarian Aca-
demy of Sciences 1977



226

Begelman, M.C,, Sarasin, C.L., Hatchett, S.P., McKee, C.F., Arons, J.:
Beam models for SS433. Astrophys. J. 238, 722-730, 1980

Bell, A.R.: The acceleration of cosmic rays in shock fronts. Monthly
Notices R. Astron. Soc. 182, 147-156, 1978

Blandford, R.D., Konigl, A.: A model for the Knots in the M87 Jet.
Astrophys. Lett. 20, 15-21, 1979

Blandford, R.D., Ostriker, J.P.: Particle acceleration by astrophysical
shocks. Astrophys. J. 221, L29-132, 1978

Blandford, R.D., Ostriker, J.P.: Supernova shock acceleration of cos-
mic rays in the Galaxy. Astrophys. J. 237, 793-808, 1980

Blandford, R.D., Rees, M.J.: Extended and compact extragalactic
radio sources: Interpretation and theory. Physica Scripta 17, 265-
279, 1978

Bykov, A.M., Toptyghin, IN.: Scattering and transport of fast par-
ticles in strong magnetic field. Geomagn. Aeron. 20, 177-182,
1980

Bykov, A.M., Toptyghin, I.N.: Cosmic ray acceleration in the sources
by supersonic turbulence Izvestia Akad. Nauk SSSR, ser. fiz. 45,
474-485, 1981

Dolginov, A.Z., Toptyghin, I.N.: Multiple scattering of particles in a
magnetic field with random inhomogenuities. Soviet J. Exp.
Theor. Phys. 51, 1771-1780, 1966

Eichler, D.: Basic inconsistencies in models of interstellar cosmic-ray
acceleration. Astrophys. J. 237, 809-813, 1980

Foote, E. A, Kulsrud, R.M.: Hydromagnetic waves in high f plasmas.
Astrophys. J. 233, 302-316, 1979

Gurevich, L.E,, Rumyantsev, A.A.: The cosmic rays of superhigh
energies. Astrophys. Space Sci. 22, 79-85, 1973

Gurevich, L.E., Rumyantsev, A.A.: Kinetics of relativistic particles
generation in supernovae bursts. Pisma v Astron. J. 4, 505-508,
1978

Heiles, C.: The interstellar magnetic field. Annual Rev. Astron. As-
trophys. 14, 1-22, 1976

Krymskiy, G.F.: The regular mechanism of charged particles accele-
ration by shock front. Doklady Akad. Nauk SSSR 234, 1306-
1309, 1977

Larson, R.B.: Turbulence and star formation in molecular clouds.
Monthly Notices R. Astron. Soc. 194, 809-826, 1981

McCray, R., Snow, T.P.: The violent interstellar medium. Annual
Rev. Astron. Astrophys. 17, 213-240, 1979

McKenzie, J.F., Westphal, K.O.: Interaction of hydromagnetic waves
with hydromagnetic shocks. Phys. Fluids 13, 630-640, 1970

Rees, M.J.: The M87 jet: internal shocks in a plasma beam? Monthly
Notices R. Astron. Soc. 184, 61-65, 1978

Toptyghin, LN.: Fast particles interaction with magnetihydrody-
namics turbulence. Astrophys. Space Sci. 20, 329-350, 1973

Toptyghin, LN.: Acceleration of particles by shocks in a cosmic
plasma. Space Sci. Rev. 26, 157-213, 1980

Tverskoy, B.A.: On the theory of turbulent acceleration of charged
particles. Soviet J. Exp. Theor. Phys. 53, 1417-1426, 1967

Vasiljev, V.N,, Toptyghin, I.LN., Chirkov, A.G.: Fast particles in-
teraction with shock front in the turbulent medium. Geomagn.
Aeron. 18, 415-420, 1978

Vedenov, A.A,, Velikhov, E.P., Sagdeev, R.Z.: Quasilinear theory of
plasma oscillations, Nucl. Fusion Suppl. 2, 465-485, 1962

Volk, H.J.: Shock acceleration in lossy media and diffuse gamma-ray
sources. Max-Plank-institute fiir Kernphysik. Heidelberg, Preprint
1981

Received January 22, 1981, Revised version November 9, 1981
and January 25, 1982
Accepted January 28, 1982



