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INTRODUCTION

J.HE main problem of astrophysics is the analysis of
the emission spectra of celestial bodies. The develop-
ment of this problem as an independent discipline, and
its further development, were therefore very closely
connected with progress in atomic physics, without
which the interpretation of the optical spectra, and at
times also the radio spectra, is inconceivable. The term
"astrophysics based on atomic theory" was at one time
very widely used.

Recently, however, especially in connection with the
vigorous development of radioastronomy, a new branch
of physics, namely plasma research, has been of in-
creasing importance in astrophysics. One can even
speak of "astrophysics based on plasma theory." There
is every reason for expecting certain problems in plas-
ma physics to find more ready application in astrophys-
ics than in terrestrial laboratories. In fact, cosmic
plasma can be regarded as: more " p u r e " (smaller in-
fluence of the admixture of neutral atoms), more homo-
geneous (the spatial inhomogeneity scales are larger by
many orders of magnitude than the Larmor radii and
wavelengths), more varied in its properties (e.g., it fre-
quently contains admixtures of epithermal and even rel-
ativistic particles), etc., than the " ter res t r ia l " plasma.
All this means that many problems in plasma physics,
which are under terrestrial conditions only of certain
theoretical interest, can find a concrete application in
astrophysics. In this connection we wish to draw a cer-
tain historical analogy. Many atomic phenomena were
first observed under cosmic conditions, and their study
was continued in terrestrial laboratories only later, and
not in all cases at that (the Fraunhofer spectrum, for-
bidden transitions of "coronium" and "nebulium").

From the theoretical point of view, likewise, certain
problems of astrophysics preceded the " ter res t r ia l "
problems (the ionization-equilibrium equation, the
radiation-transport equation). The same pertains to
a considerable degree to plasma physics. In spite of
the important role of plasma in astrophysics, many
possibilities afforded by modern plasma theory are
hardly ever used by astrophysicists. This is probably
connected with the fact that the astrophysicists are
"scared" by the complicated relations of the theoret-
ical papers on plasma, and frequently by the non-
obvious nature of the plasma phenomena. To enable
astrophysicists to become acquainted with certain prob-
lems of plasma theory, we shall attempt in the present
review to develop the physical principles and present
convenient formulas for the description of one of the
most important (from the point of view of astrophysics)
sections of modern plasma physics. There are many
problems in plasma physics that should attract the at-
tention of astrophysicists, but for the interpretation of

the spectra of celestial bodies it is probably most im-
portant to consider the problem of conversion of plasma
waves into electromagnetic ones.

Radioastronomic observations have shown that cos-
mic sources contain very intense radiation mechanisms,
which do not always lend themselves to reduction to the
already known and simple mechanisms of bremsstrahl-
ung (electron-ion collisions, cyclotron and synchrotron
mechanisms). On the other hand, plasma in general and
cosmic plasma in particular are very easily excited and
enter a turbulent state. The energy density of turbulent
plasma pulsations can be quite large, and its conversion
into electromagnetic waves can serve as a powerful
source of radiation in a wide frequency interval. These
plasma radiation mechanisms are the subject of the
present review.

1. FORMULATION OF THE PROBLEM IN THE THEORY
OF PLASMA RADIATION MECHANISMS

By virtue of some instability (one of the best known
mechanisms is two-stream instability), plasma waves
of various types can be excited in a plasma, namely:
electron (or Langmuir) waves with frequency close to

/ (l.D

where n e is the electron density; electron plasma waves
with frequency close to gyrofrequency

< 0 № = - etf (1.2)

(where H is the external magnetic field; to this end it is
necessary to satisfy the condition wfje ^ woe)> i ° n plas-
ma waves with frequency uoi - w 0e(me/m i) 1^ 2; i ° n acous-
tic waves (ws = kc s , c | = T e/mi) with frequency much
smaller than woi (ion waves can be excited only in a non-
isothermal plasma, when the electron temperature T e

is much higher than the ion temperature Ti —by at least
a factor of three); Alfven and magnetosonic waves with
frequency smaller than wHi = wHeme/mi> whistlers with
frequencies com 3> ^ <§; o>HeJ a n d longitudinal ion waves
with frequency on the order of wui-

Figure 1 summarizes the results of investigations of
the spectra of plasma and electromagnetic waves in the
case of greatest interest for astrophysical applications,

-C ( s e e reviews
[28-30:l

).
In a homogeneous plasma, in the linear approxima-

tion, these waves, and also electromagnetic radiation,
are the so-called normal waves, propagating indepen-
dently of one another and not interacting with one an-
other. In the nonlinear approximation, however, (or else
in an inhomogeneous medium), interaction sets in, ac-
companied by exchange of energy both between waves of
the same type but with different wave numbers, and be-
tween waves of different types. This means that if suf-
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FIG. 1. Dispersion curves of plasma-turbulence waves. Here k>jje ^
W o e j Ca >̂ Cs> t[ j e pa rentheses contain spectra at 8 -»• ir/2, where 0 is the
angle between k and H.

f i c i en t ly i n t e n s e w a v e s of a t l e a s t o n e t ype a r e e x c i t e d
in t h e p l a s m a fo r s o m e r e a s o n , t h e m u t u a l e x c h a n g e of
e n e r g y can u l t i m a t e l y l e a d to r a d i a t i o n of e l e c t r o m a g -
n e t i c w a v e s , wh ich l e a v e t he p l a s m a and wh ich a r e o b -
s e r v e d in t he f o r m of v e r y p o w e r f u l r a d i o e m i s s i o n . A
s p e c i a l r o l e in t he r a d i a t i o n p r o c e s s i s p l a y e d b y h i g h -
f r e q u e n c y e l e c t r o n i c o s c i l l a t i o n s , bu t in t he p r e s e n c e
of f a s t ( s a y , r e l a t i v i s t i c ) p a r t i c l e s t he l o w - f r e q u e n c y
o n e s can a l s o b e t r a n s f o r m e d into r a d i a t i o n .

T h u s , a d e t a i l e d a n a l y s i s of the p l a s m a r a d i a t i o n
m e c h a n i s m s s h o u l d i nc lude both a n i n v e s t i g a t i o n of t he
e x c i t a t i o n of v a r i o u s t y p e s of w a v e s , and the t r a n s f o r -
m a t i o n ( c o n v e r s i o n ) of t he p l a s m a t u r b u l e n c e in to e l e c -
t r o m a g n e t i c w a v e s . The f i r s t p a r t of t h i s p r o b l e m —
e x c i t a t i o n a n d e s t a b l i s h m e n t of the s p e c t r u m of p l a s m a
t u r b u l e n c e — w i l l no t b e c o n s i d e r e d h e r e . On the one
hand , t h i s c a l l s fo r a m o r e s p e c i f i c f o r m u l a t i o n of t h e
p r o b l e m , in the s e n s e t h a t a p l a s m a t u r b u l e n c e i s e x -
c i t e d in d i f f e r e n t m a n n e r s in d i f f e r e n t t y p e s of i n s t a -
b i l i t i e s . On the o t h e r h a n d , m a n y p r o p e r t i e s of p l a s m a
t u r b u l e n c e d e p e n d on v a r i o u s c o n c r e t e p r o p e r t i e s of
t h e p l a s m a of t he o b j e c t . An e x a m p l e of s u c h a c o n c r e t e
c a l c u l a t i o n (with a l l o w a n c e for c o n v e r s i o n ) i s c o n t a i n e d
in t l J . P r o b l e m s of p l a s m a t u r b u l e n c e a r e d i s c u s s e d in
t h e r e v i e w s [27>7>31>32\ w e s h a l l a s s u m e h e r e t h a t , a s a
r e s u l t of c e r t a i n c a u s e s , t u r b u l e n c e d e v e l o p s in t he
g iven p l a s m a a t d i f f e r e n t t y p e s of p l a s m a w a v e s , and
t h a t the e n e r g y d e n s i t y of the p l a s m a t u r b u l e n c e and i t s
d i s t r i b u t i o n o v e r t he s p e c t r u m of t he wave n u m b e r s of
t h e p l a s m a p u l s a t i o n s a r e s p e c i f i e d .

A p l a s m a t u r b u l e n c e of t ype a c a n b e s p e c i f i e d e i t h e r
in t e r m s of t h e F o u r i e r c o m p o n e n t

E", M = EJ6 (<o - co" (k)) + Ela
k6 (a, + co<* (~k))

of t he e l e c t r i c f ie ld of the t u r b u l e n t p u l s a t i o n s Ej?, d e -
f ined by

( 1 . 3 )

( w h e r e k i s t h e w a v e v e c t o r o f t h e p l a s m a p u l s a t i o n s a n d

o ) a ( k ) i s t h e d i s p e r s i o n c u r v e ) , o r e l s e i n t e r m s o f t h e

d e n s i t y o f t h e n u m b e r o f q u a n t a p e r u n i t p h a s e v o l u m e

" • * >

w h e r e t he d i e l e c t r i c c o n s t a n t fo r the w a v e s a i s

E« (k, (o) = ^ (kak) (kaj) + aJ, 4E« (k, to) ak,.,-, (1.5)

a^ i s t he un i t v e c t o r of p o l a r i z a t i o n of the w a v e a, s a t i s -
fying the n o r m a l i z a t i o n cond i t ion (aj^a^) = 1.

N o t i c e a b l e c o n v e r s i o n wi l l t a k e p l a c e p r i n c i p a l l y in
the c a s e of d e v e l o p e d t u r b u l e n c e . Such t u r b u l e n c e , a s a
r u l e , w i l l l e a d to i s o t r o p i c d i s t r i b u t i o n of the w a v e v e c -
t o r s (if t h e in f luence of t he e x t e r n a l m a g n e t i c f ie ld i s
i n s i g n i f i c a n t ) . I t c a n t h e r e f o r e b e a s s u m e d , wi th su f f i -
c i e n t a c c u r a c y for a s t r o p h y s i c a l a p p l i c a t i o n s , t h a t t he
p l a s m a t u r b u l e n c e i s i s o t r o p i c wi th a s p e c t r a l funct ion
F a ( k ) t h a t d e p e n d s on ly on the a b s o l u t e v a l u e of t he w a v e
n u m b e r . I n c i d e n t a l l y , t o s i m p l i f y t he f o r m u l a s , we s h a l l
u s e in t he p r e s e n t s e c t i o n and in t he two fol lowing o n e s
the quan t i t y W P — t h e t u r b u l e n c e e n e r g y d e n s i t y p e r uni t
p h a s e v o l u m e . We h a v e the fo l lowing r e l a t i o n s :

= 4^ \ \ ^ \ \ ^ ^ H l - ) \ " ^ - = ^ k ) A * W • (1.6)

W e s h a l l h e n c e f o r t h a s s u m e t h a t the funct ion F a ( k ) i s
s p e c i f i e d .

L e t u s t u r n to the o t h e r s i d e of t he p r o b l e m — c o n v e r -
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s i o n o f t h e p l a s m a - t u r b u l e n c e w a v e s i n t o e l e c t r o m a g -

n e t i c r a d i a t i o n . T h i s p r o b l e m w a s f i r s t f o r m u l a t e d a n d

i n v e s t i g a t e d b y V . L . G i n z b u r g a n d V . V . Z h e l e z n y a k o v

( s e e iZi, w h e r e t h e e a r l i e r r e f e r e n c e s a r e a l s o c i t e d ) .

T h e p r o b l e m w a s s u b s e q u e n t l y i n v e s t i g a t e d b y o t h e r s . C 3"8 J

A c c o r d i n g t o C 2 ] , t w o t y p e s o f c o n v e r s i o n o f p l a s m a

w a v e s i n t o e l e c t r o m a g n e t i c o n e s a r e p o s s i b l e : r e g u l a r

c o n v e r s i o n i n a s m o o t h l y - i n h o m o g e n e o u s m e d i u m , a n d

s c a t t e r i n g b y e l e c t r o n - d e n s i t y f l u c t u a t i o n s . I n f a c t , b o t h

t h e s m o o t h i n h o m o g e n e i t y o f t h e m e d i u m a n d t h e f l u c t u -

a t i o n s i n t h e d i s t r i b u t i o n o f t h e p a r a m e t e r s a l t e r t h e

c o n d i t i o n s f o r t h e p r o p a g a t i o n o f t h e w a v e s , w h i c h c e a s e

t o b e s t r i c t l y i n d e p e n d e n t , a n d c o n s e q u e n t l y c a n i n t e r a c t

w i t h o n e a n o t h e r . I n t h e c a s e o f p r o p a g a t i o n i n a

s r n o o t h l y - i n h o m o g e n e o u s m e d i u m , t h e c o n v e r s i o n c o -

e f f i c i e n t i s i n g e n e r a l p r o p o r t i o n a l t o t h e r a t i o o f t h e

w a v e l e n g t h A. t o t h e c h a r a c t e r i s t i c d i m e n s i o n L o f t h e

i n h o m o g e n e i t y . : 5 ] T h e r e a r e a l s o m o r e f a v o r a b l e c a s e s

— c o n v e r s i o n i n t h o s e p l a s m a r e g i o n s , w h e r e t h e g e o -

m e t r i c a l - o p t i c s c o n d i t i o n i s v i o l a t e d , f o r e x a m p l e w h e r e

e —• 0. In this case, a transformation coefficient on the
order of (A./L)2^3 can be obtained.IZ1 Under cosmic con-
ditions, the ratio \ / L is always very small, and it can
be assumed that, with the exception of very special
cases, regular conversion does not play a noticeable
role under astrophysical conditions.

Conversion in scattering of plasma waves by electron-
density fluctuations corresponds to Rayleigh scattering
(with conservation of the frequency) or to Raman scat-
tering (with addition of the plasma-wave and density-
fluctuation frequencies). The order ofmagnitude of
these effects is determined by the Thomson scattering
cross section:

8a t e2 \ 2 w%e /•* n\
i r « e = - o - - = - 3 " " " = « „ „ , 4 • \ 1 - ' )

The conversion coefficients contain, besides erf, also
factors that depend on the phase velocities of the waves
and on the thermal velocities of the electrons, and are
different for Rayleigh and Raman scattering.

In scattering by electron-density fluctuations, the
very same mechanisms can be described also in the
language of the theory of nonlinear effects in a plasma.
Rayleigh scattering by thermal fluctuations of the elec-
tron density is none other than nonlinear scattering of
plasma waves by polarization charges produced by the
motion of thermal ions in the plasma. Raman scatter-
ing is the process of coalescence of plasma waves with
the waves of thermal fluctuations of the electron den-
sity."'83 By using the methods of nonlinear plasma
theory it is much easier to calculate not only the spon-
taneous conversion, but also the induced conversion
(including the absorption of electromagnetic waves as
the latter are reconverted into plasma waves). These
effects, which are not considered in C2"4;6:l

) change in
general the entire picture of the conversion of plasma
waves into electromagnetic waves under cosmic condi-
tions. The recently developed methods of nonlinear
plasma theory make it possible to consider conversion
occurring upon scattering by epithermal particles,
wherein high frequencies are radiated, and also upon
coalescence and decay of various types of waves exist-
ing in a plasma. This makes it possible to expand
greatly our knowledge of plasma mechanisms, by in-

creasing the ranges of the radiated frequencies and the
radiation powers as a result of the use of induced mech-
anisms. It must be emphasized that the neglect of in-
duced mechanisms can lead in general to wrong results.

We consider in the present paper the conversion of
plasma waves into electromagnetic waves by the meth-
ods of the theory of nonlinear processes in a plasma. t7 '8]

Many of the results are published for the first time. But
even in those cases when already known relations are ob-
tained, the methods of nonlinear theory make it possible
to visualize more clearly the limitations imposed on the
previously derived corresponding formulas. Of particu-
lar significance in astrophysics are fast particles, and
especially relativistic ones. Therefore special attention
is paid to effects of conversion on relativistic electrons
and ions.

2. EMISSION COEFFICIENTS OF PLASMA MECHA-
NISMS

The emission coefficients in conversion of plasma
waves into electromagnetic waves are best calculated
with the aid of the nonlinear-current conductivity ten-
sor. ll'ai The gist of this method is as follows.

Assume that waves of type alt a2,... propagate in a
homogeneous plasma (not necessarily isotropic). The
Fourier component of the current excited by these waves,
accurate to terms quadratic in the electric field, can be
written in the form

h,*«=*oli(k,t»)E?<ka-t.j\%ai (2.1)

;1:i,Ml,«2= 2 jj 's'w(k. "•>< ki. <•),; k2, co2) Ef?kiai

X £f,2ka01s6 (k — kj — kj) 8((o — to, — co2) dkt tfco, dk,dv>2, (2.2)

where oij is the tensor of the linear conductivity of the
plasma, and Sij^ is the tensor of the nonlinear conduc-
tivity. To describe the conversion of waves a ; and a2

into a wave a, it is sufficient to find the power Q of
wave a radiated by the part of the current (2.2) excited
by waves a1 and a2 .

In astrophysics one usually determines the spectral
intensity of the radiation per unit frequency interval.
The corresponding expression for the emission coeffi-
cient (i.e., the energy per unit frequency interval gen-
erated in a unit volume and in a unit solid angle) is

dk
• (2n)»

l a , a — - / . = / , , D i G , ( 2 . 3 )

Si i s t h e s o l i d a n g l e o f t h e v e c t o r k .

I n ( 2 . 3 ) , k i s a f u n c t i o n o f fi a n d u>, o b t a i n e d f r o m

w = w a ( k , SI). W e o b t a i n

T

6 ( m - c » a i ( k , ) - c o g = ( k 2 ) ) W'fi Wg

L ^ T t o " ( < ° 2 s ) J m a ( 1 0 L ' 5 ~ a m < < ° 2 ' ! ! ) J M a 2 ( k )

( 2 . 4 )

W h e n « ! = a 2 i t i s n e c e s s a r y t o r e p l a c e t h e c o e f f i c i e n t 1 6

i n ( 2 . 4 ) b y 8 . W e s h a l l u s e t h i s g e n e r a l f o r m u l a t o d e t e r -

m i n e t h e e m i s s i o n c o e f f i c i e n t s o f t h e p l a s m a m e c h a n i s m s

i n t h o s e c a s e s w h e n t h e c o n v e r s i o n o c c u r s u p o n c o a l e s -

c e n c e o f p l a s m a w a v e s .

A n o t h e r c o n v e r s i o n m e c h a n i s m i s c o n n e c t e d w i t h t h e
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scattering of plasma waves by polarization charges and
the plasma particles themselves.m In fact, a charged
particle (whether an electron or an ion) moving in a
plasma produces a polarization charge moving with the
same velocity. The field produced by the polarization
charge can correspond to one of two fields of the non-
linear current (2.2). The radiation of the wave a by the
current (2.2) then corresponds to the conversion a ^ a :

*kkh-W«*ai>l*w (2.5)

where fp(p) is the distribution function of the momenta
of the charges, normalized to a unit phase volume, i.e.,

where
ticles,

is the concentration of the corresponding par-

,y(k, k,)8(o)—k.v) = to, k-, to., k,, to,) £?, w_, B_,
(2.6)

is the field produced by the uniformly moving1,K,(JO
charge. (For a derivation of (2.6) see m.)

If the polarization charges are produced by nonrela-
tivistic electrons, then the effect of nonlinear scatter-
ing by these charges is of the same order as the usual
Compton scattering by the electrons themselves, and
both scattering effects partially cancel each o ther . m

In this case it is necessary to add to the definition of
Aij in (2.21) one more term describing the Compton
scattering. The effect of this compensation is discussed
in detail in C1O] (see also isl). The relative contribution
to the radiation of that region in which the compensation
takes place is small. Frequently, therefore, it is neces-
sary only to know the regions of kx in which there is no
compensation, and to make use of (2.5).

Thus, to find the emission coefficient in the plasma
mechanisms it remains to determine only the nonlinear
conductivity—the tensor Sty. In the simplest case of an
isotropic plasma without a magnetic field, neglecting
thermal motion of the electrons and ions (i.e., in the
hydrodynamic approximation), we have [8]

In the presence of external magnetic fields it is possible
to obtain a simple expression for Sty, provided one of
the frequencies is large, w » o>He> ^oe, kvTe:

c
^ J 4jime<o

^ to

«. (k2, co2)-

0)2

(2.8)

The index " e " of the dielectric tensor denotes here that
e? should be taken to mean only that part of the dielec-
tric constant, which is produced by the electrons. In the
final expression, it is necessary to take the half-sum

ls (k <°; k <> k JSCk® k o; k «>] (2.9)k2, co2; k,,

which will be borne in mind throughout.
The relations presented in this section make it pos-

sible to calculate the emission coefficients for different
plasma mechanisms—conversion of plasma waves of
different types into electromagnetic waves upon scatter-
ing by charged particles, and also coalescence of differ-
ent waves of plasma turbulence. Concrete expressions
which make it possible to calculate the emission coeffi-
cients for the various cases will be given in subsequent
sections.

3. INDUCED CONVERSION OF PLASMA WAVES INTO
ELECTROMAGNETIC ONES

The formulas obtained above describe the spontane-
ous mechanism of radiation upon conversion. Yet, as
is well known from general radiation theory, each spon-
taneous process should correspond to an induced pro-
cess, which can lead to both absorption and induced
emission. Obviously, the same should take place also
in the conversion of plasma waves into electromagnetic
ones.

Induced conversion is accompanied by stimulated
emission of a transverse under the influence of an in-
cident transverse wave having the same values of k and
w as the radiated transverse wave. Induced absorption
of electromagnetic waves is the inverse process—trans-
formation of an electromagnetic wave into a plasma
wave.

The effects of induced conversion, which are well
known in the theory of nonlinear processes in plasma,
have been frequently disregarded in astrophysical ap-
plications of plasma mechanisms of radiation. Yet al-
lowance for these effects can greatly alter (and in many
cases radically) the entire picture of the phenomena
occurring in some cosmic source.

One of the principal features of induced conversion
is the possibility of buildup of a radiation wave in the
case when the induced radiation prevails over the ab-
sorption. In this case an appreciable fraction of the
energy of the plasma waves can be converted into elec-
tromagnetic radiation. It can be assumed that in power-
ful sources of cosmic radio emission the mechanism is
precisely the buildup produced by induced conversion.
On the other hand, if absorption predominates over in-
duced emission, the effectiveness of the spontaneous
conversion mechanism is limited and the power of this
radiation cannot grow beyond a definite limit with sim-
ple increase of the density of the plasma waves.

All these considerations will be discussed in detail
subsequently, and estimates will be presented for vari-
ous astrophysical objects. For the present, we present
only the formulas that make it possible to calculate the
induced conversion processes.

Formula (2.4) determines the spontaneous electro-
magnetic radiation produced upon coalescence of two
plasma waves with kx and k2. This formula is valid only
when the number of electromagnetic waves is sufficiently
small (the criterion of smallness will be derived later
from a comparison of the optical thickness for the con-
version processes with the coefficients of spontaneous
emission).

In (2.4) the quantity | E^1!2 I E^2 |2 is proportional, in
accordance with (1.4) and (1.6), to the product NP^NJ?2.
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When induced conversion is taken into account, this
quantity should be replaced by the sum

A similar replacement follows from the condition of the
balance between the numbers of the different waves . m

It follows directly from (3.1) that upon coalescence of
two plasma waves the induced conversion leads only to
absorption of electromagnetic waves (since the last two
terms in (3.1) are negative). In this process one elec-
tromagnetic wave with wave vector k breaks up into two
plasma waves kx and k2, such that k = ki + k2 and w = wi
+ w2. The induced conversion of the plasma waves of
different types can, generally speaking, lead to a build-
up of waves, which arises in the case when besides the
process ax + a2 — a the process a1 — a + a2 is also
allowed by the conservation laws. For the latter process
we have in lieu of (3.1)

We introduce the coefficient of induced conversion
^(k, a>), which assumes positive values if absorption
takes place, and negative values if the radiation field
builds up. In order to bring this quantity in correspond-
ence with the absorption coefficient used in astrophys-
ics, which is calculated per unit length, we write

ind. conv.
(3.3)

w h e r e v g i s t h e g r o u p v e l o c i t y of t h e e l e c t r o m a g n e t i c

t r a n s v e r s e w a v e s , w h i c h d e p e n d s u s u a l l y o n l y o n | k |

= w / c , N k i s t h e n u m b e r of q u a n t a p e r u n i t p h a s e v o l -

u m e of t h e e l e c t r o m a g n e t i c w a v e s , a n d 8 N k / a t | m c j . C o n v

i s t h e c h a n g e i n t h e n u m b e r of t h e s e q u a n t a a s a r e s u l t

of i n d u c e d c o n v e r s i o n .

It f o l l o w s f r o m ( 3 . 1 ) a n d ( 3 . 2 ) t h a t t o d e t e r m i n e t h e

c o e f f i c i e n t o f i n d u c e d c o n v e r s i o n i t i s n e c e s s a r y t o l e a v e

o u t o n e of t h e f a c t o r s | E ^ 1 1 2 f r o m f o r m u l a ( 2 . 5 ) , w h i c h

m u s t b e r e p l a c e d b y a f a c t o r d e s c r i b i n g t h e t r a n s i t i o n

f r o m | E ^ 2 | 2 t o N ^ 2 . It i s n e c e s s a r y t o d i s t i n g u i s h b e -

t w e e n e f f e c t s r e s u l t i n g f r o m t h e c o a l e s c e n c e of i d e n t i c a l

t u r b u l e n t p u l s a t i o n s (ax = a2) a n d d i f f e r e n t o n e s , a n d a l s o

t h e c a s e w h e n o n e t y p e of t u r b u l e n t p u l s a t i o n s a x i s e x -

c i t e d i n t h e p l a s m a , a n d w h e n s e v e r a l t y p e s a r e e x c i t e d

( e . g . , t w o a x a n d a2). If o n e t y p e of p u l s a t i o n s i s e x c i t e d ,

t h e n i n a c c o r d a n c e w i t h ( 3 . 1 ) t h e a b s o r p t i o n w i l l b e d e -

t e r m i n e d b y - 2 N ] { N ^ ! l . A s a r e s u l t w e o b t a i n f o r t h e a b -

s o r p t i o n c o e f f i c i e n t a v e r a g e d o v e r t h e p o l a r i z a t i o n s

H(k, 0)) = Hi(2rt)4 (kl)oittMk-k1)

8(M(k)-G)a"(k,)—wai(k —k̂

L * " - U H M ) L cto - U . ( k _ k l ) ( 3 . 4 )

T h e f o r e g o i n g f o r m u l a s a r e v a l i d w h e n t h e p r o c e s s e s

of the type + a2 a and a + a2 (ax ^ a2) do
not occur in the transverse-wave frequency interval
under consideration. We note that these processes must
be taken into account even if only one type of turbulent
pulsations, say au is excited. The spontaneous process
a1 + a2 —- a does not occur in this case, as can be seen
directly from (3.1). However, the induced process is

possible and yields an absorption -N^N^1 . At the same
time, the process (3.2) leads to a buildup of transverse
waves (+N£iN£). The latter process has a somewhat
different probability than the former. This difference,
however, reduces only to a change of the signs of the 6
functions reflecting the laws of conservation of energy
and momentum of the quanta upon coalescence. Indeed,
the process ax — a + az differs from a i + a2 — a only
in that the wave az is not absorbed but is emitted. It is
therefore necessary to reverse the signs of w2 and k2.
We obtain in lieu of (3.4)

16 (2n)" I W' (k,) [ai(k)-q)'" (k,)]

L * o * ' J ^ . | k ) - . . 1 M (3 .5 )

F o r m u l a ( 3 . 5 ) i s t r a n s f o r m e d i n s u c h a w a y a s t o i m p l y

d i r e c t l y t h e i m p o r t a n t c o n c l u s i o n t h a t t r a n s v e r s e w a v e s

a r e b u i l t u p , w i t h f r e q u e n c i e s l o w e r t h a n t h e f r e q u e n c i e s

o f t h e t u r b u l e n t p u l s a t i o n s , a n d w a v e s w i t h f r e q u e n c i e s

h i g h e r t h a n t h o s e of t h e t u r b u l e n t p u l s a t i o n s a r e a t t e n u -

a t e d . In e a c h of t h e s e t w o c a s e s , o n l y o n e of t h e 6 f u n c -

t i o n s " w o r k s . "

If t w o t y p e s of t u r b u l e n c e a r e e x c i t e d , t h e n i t i s n e c -

e s s a r y t o t a k e i n t o a c c o u n t a l s o t h e p r o c e s s e s a2 —• a

+ « ! . C o n c r e t e f o r m u l a s w i l l b e g i v e n i n s u b s e q u e n t

s e c t i o n s .

T h e c o e f f i c i e n t o f i n d u c e d c o n v e r s i o n in s c a t t e r i n g

b y p a r t i c l e s i s d e t e r m i n e d i n a s o m e w h a t d i f f e r e n t m a n -

n e r . In t h i s c a s e i t i s n e c e s s a r y t o c o m p a r e t h e n u m -

b e r s of p a r t i c l e s w i t h m o m e n t a p a n d p + R (k - k i ) ,

w h e r e H (k - k j i s t h e c h a n g e of t h e m o m e n t u m of t h e

p a r t i c l e s f r o m w h i c h t h e p l a s m a w a v e i s s c a t t e r e d . A s -

s u m i n g t h a t K ( k - k ! ) < p , t h e e q u a t i o n f o r t h e b a l a n c e

of t h e n u m b e r of w a v e s c a n b e o b t a i n e d b y r e p l a c i n g t h e

d i s t r i b u t i o n f u n c t i o n f $ b y t h e q u a n t i t y

T h e c o n v e r s i o n s i g n ( e m i s s i o n o r a b s o r p t i o n ) d e p e n d s
h e r e o n t h e s i g n of t h e s c a l a r p r o d u c t ( k - k l ) ( 3 / 9 p ) . A s
b e f o r e , u s i n g ( 3 . 3 ) a n d t a k i n g ( 2 . 5 ) i n t o a c c o u n t , w e o b -
t a i n f o r t h e a b s o r p t i o n c o e f f i c i e n t a v e r a g e d o v e r t h e
p o l a r i z a t i o n s :

2(2n)» P [kAP 5(o)(k) —co^fki) —(k —k,)v)k, „,)=?£& m

L *o 'Jco(k)La) am Jmoi(kl)

x»(k —k,)- dp
(2n)»

• ( 3 . 6 )

In r a d i o a s t r o n o m i c a l m e a s u r e m e n t s o n e u s e s t h e

d e f i n i t i o n of t h e b r i g h t n e s s t e m p e r a t u r e m o r e f r e q u e n t l y

t h a n t h e s p e c t r a l i n t e n s i t y o f r a d i a t i o n . W e s h a l l t h e r e -

f o r e p r e s e n t h e r e f o r m u l a s d e s c r i b i n g t h e r a d i a t i o n

p o w e r i n t e r m s o f t h e s o - c a l l e d e f f e c t i v e t e m p e r a t u r e s

If t h e r e i s n o s c a t t e r i n g of t h e r a d i a t i o n i n t h e m e -
d i u m , t h e n t h e b r i g h t n e s s t e m p e r a t u r e i n t h e a b s e n c e
of b u i l d u p i s

/O O \
J- b — * _ff i1 e "*" i, \v*^i
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where L is the dimension of the medium in which the
conversion takes place. It follows therefore that Teff
determines the maximum brightness temperature that
can be obtained in spontaneous conversion.

Thus, the mechanism of spontaneous conversion is
best characterized not by the emission coefficient, but
by the effective temperature and the absorption coeffi-
cient: the former parameter determines the maximum
possible radiation, and the latter the condition under
which this radiation can be obtained.

In the case when induced radiation prevails, we get
in lieu of (3.8) Tb = Teff ( e M L _ i) , and the limit of the
plasma-wave conversions is imposed by the density of
the plasma energy, if the conversion occurs by scatter-
ing from the thermal particles. The limiting effective
temperature is determined in this case both by the total
density of the plasma energy WQl, and by the minimum
wave number k ^ m of the turbulent pulsations or by the
minimum wave number of the transverse waves. We
have, for example, ior Langmuir waves

1 eff 3̂ » (3.9)

As is well known, nonlinear interactions between Lang-
muir waves are accompanied by transfer of the wave
energy into the region of higher phase velocities, i.e.,
smaller wave numbers. This means that the lower limit
of the wave numbers of the plasma turbulence is deter-
mined only by the geometry of the medium and by the
conditions of emergence of the radiation. The effective
temperature can be quite high in this case.

If the conversion occurs as a result of scattering by
epithermal or relativistic particles, then the energy of
the electromagnetic waves is drawn mainly from the
particle energy. The effective temperature can be in
this case of the same order as the energy of the radi-
ating particles, and hence also large. On the other hand,
if the radiating particles are accelerated by the plasma
turbulence,l132 then the effective temperature is deter-
mined in this case, too, in final analysis, by the energy
density of the plasma turbulence.

The buildup and consequently generation of powerful
radiation is possible only when the coefficient of in-
duced radiation (j.(k, a>) has a larger absolute magnitude
than /J.(W), the coefficient of the true absorption in the
medium. If the latter is determined by the bremsstrahl-
ung mechanism, then

A
4n(2n)" (3.10)

where vfe = V T e /m e is the thermal velocity of the
electrons, D = vxe/woe is the Debye radius, and A is
the Coulomb logarithm. Under cosmic conditions A
= 40-70, and therefore the numerical factor A/47r(27r)1/2

can be omitted. Thus, in order for electromagnetic
waves to be built up in the course of the conversion, the
density of the energy of the plasma waves should be
such that fiT(w) <C I ii(k, w)|.

For each concrete mechanism of conversion of plas-
ma waves into electromagnetic ones, we shall present
the values of the radiation coefficient, the coefficient of
induced conversion (absorption and emission), and
where necessary the value of the effective temperature.
The formulas will be presented in a form most conve-

nient for use in the interpretation of the observed data
on cosmic radio sources.

4. CLASSIFICATION OF PLASMA MECHANISMS IN
ACCORD WITH THE EMISSION FREQUENCIES

To simplify the exposition, we present here a clas-
sification of plasma mechanisms in accordance with the
type of nonlinear processes and in accordance with the
frequencies radiated by these mechanisms.

It is convenient to bear in mind in this case the
graphical representation of the spectra of the plasma
waves for the typical astrophysical conditions ojue
< Woe (see Fig. 1; if H2/8ff » n e T e , then wRe
~ (vTe/c)woe <C wHe). The condition wHe <C woe as-
sumed in Fig. 1 may be violated in a number of astro-
physical objects (e.g., on the sun or elsewhere). In this
case the corresponding plot of Fig. 1 cannot be used.
The parentheses in Fig. 1 show the types of spectra
that occur in the limiting case when the wave propa-
gates at an angle close to 90° to the direction of the
magnetic field.

a) Emission at a Frequency Close to woe

In the transformation of Langmuir plasma waves
into electromagnetic waves as a result of scattering by
thermal ions or electrons, radiation is generated in the
frequency interval

O)0e s£ (4.1)

where Vp is the phase velocity of the plasma waves.
Since vp should be larger than vTe by at least a factor
of three, the interval of the frequencies emitted in this
case does not exceed woe/6.

Electromagnetic waves with frequency close to Woe
can be generated by coalescence of Langmuir waves
(frequency or) with ion-plasma or ion-acoustic waves.
Since the frequency of the plasma wave of these types
is either smaller than or equal to a>oi = a>oe(me/mi)I/2>
it follows that the electromagnetic radiation generated
by such a mechanism, which has a frequency w' + woi
= o)oe + woi, likewise does not go beyond the interval
(4.1). Ion-plasma and ion-acoustic waves can be ex-
cited only in a non-isothermal plasma, when Te >̂ 3T^
(here Tj is the ion temperature). Also possible are
processes in which plasma waves coalesce with whis-
t lers, which can exist also in an isothermal plasma.
Since the maximum whistler frequency is of the order
a>He> the emitted frequencies will be of the order of w'
+ WHe> which in a weak magnetic field also corresponds
to emission at frequencies close to w^. Coalescence
with low-frequency hydrodynamic oscillations, particu-
larly Alfven waves, yields frequencies not larger than
wl + WHi> i-e-i a l s o m the interval (4.1). The case of a
strong magnetic field is discussed later.

b) Emission at Frequencies Close to
Magnetic Field

(in a Weak

Coalescence of two plasma waves with frequencies
~ woe yields one electromagnetic wave with frequency
~2woe. This mechanism has no competition on the part
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of the conversion mechanisms in scattering by particles.
However, there is no induced emission here (only ab-
sorption), and therefore, other conditions being equal,
the effectiveness of the conversion at frequencies 2u)oe

may be lower than at frequencies w^. The width of the
frequency interval is here likewise of the order of
(1/3-1/5) Woe.

radiation at sufficiently high frequencies, but require
the presence of plasma turbulence with small phase ve-
locities. Yet it is known that nonlinear interaction of
plasma waves is accompanied by an increase of the
phase velocities. Incidentally, if the plasma particle
having velocity distribution function is anisotropic, then
the phase velocities can also decrease.

c) Emission at Frequencies Close to

If the plasma is in a strong magnetic field, so that
'''He ^ uoe> then the plasma waves can be excited both
at frequencies close to o>ne and at frequencies of the
order of w' « w^ cosiV In either case, conversion of
these plasma waves into electromagnetic waves is pos-
sible as a result of scattering by thermal ions and elec-
trons .

The dispersion curve for plasma waves with frequen-
cy close to wjje is given by

where vp = wneAi is, as before, the phase velocity, and
^ is the angle between the vector kL and the direction of
the external magnetic field. Formula (4.2) is valid if all
the terms in the square bracket are noticeably smaller
than unity. It follows from (4.2), however, that the width
of the frequency interval of the generated radiation can
be in this case relatively larger than in the case of radi-
ation at frequencies w^, and can be in principle com-
parable with WHe- A characteristic feature of conver-
sion at frequencies of the order of wfje i s the ^act that
the refractive index of the generated electromagnetic
waves is close here to unity, and therefore there are no
difficulties with the emergence of the radiation from the
medium.

d) Emission at Frequencies of the Order of 2wHe a n d

Coalescence of plasma waves of the wue branch with
one another and of plasma waves of the wjje branch with
the u>ge branch leads to emission of electromagnetic
waves at frequencies 2a>He a n d «He + woe- This mecha-
nism is analogous to the mechanism of emission at fre-
quencies 2(1)06. For the process wHe + woe> buildup is
possible. Coalescence of the wave (4.2) with other low-
frequency waves is also possible.

e) Emission at Frequencies Exceeding w^ or wjje

If the conversion occurs by scattering of plasma
waves from epithermal nonrelativistic particles, whose
velocity greatly exceeds the velocity of the plasma
waves, then the generated radiation has a frequency
close to

01 = O>0(, + k,V = . (4.3)

where v is the velocity of the particle (by definition
v <gc c). The interval of the radiated frequencies is de-
termined by the velocity distribution of the epithermal
particles, and can in principle greatly exceed a>oe and

The indicated mechanisms make it possible to obtain

f) Emission at Very High Frequencies

Conversion of the plasma waves in scattering by
relativistic particles is accompanied by a considerable
increase of the frequency:

Mof-'-(k|V)
1--lco.,o'

»<2o) H e ( l - - - -—) (-^-r) • (4.4)

In t he g e n e r a l c a s e p u l s a t i o n s of v e r y low f r e q u e n c i e s ,
and even h y d r o d y n a m i c o n e s , c a n b e c o n v e r t e d on r e l a -
t i v i s t i c p a r t i c l e s , s i n c e fo r t h e i r c a s e we a l w a y s h a v e
Vp < c and w ra 2 w a i ( c / v p ) ( S / m q C 2 ) 2 ; h e r e 8 i s the
e n e r g y of t he p a r t i c l e s wi th m a s s m q . If 8 ^> m q c 2 ,
t h e n t h e i n c r e a s e of t he f r e q u e n c y c a n b e s o l a r g e , t h a t
even s c a t t e r i n g of i o n - a c o u s t i c and h y d r o m a g n e t i c w a v e s
l e a d s to g e n e r a t i o n of an e l e c t r o m a g n e t i c wave wi th a
f r e q u e n c y e x c e e d i n g w ^ , c a p a b l e of e m e r g i n g f r o m the
m e d i u m .

T h e c o n v e r s i o n m e c h a n i s m s no ted in i t e m s e ) and f)
c a n l e a d to i nduced r a d i a t i o n , if the d i s t r i b u t i o n f u n c -
t i o n s of t he e p i t h e r m a l and r e l a t i v i s t i c p a r t i c l e s a r e
a n i s o t r o p i c (with the p l a s m a t u r b u l e n c e i s o t r o p i c ) .

T h u s , we s e e t h a t t he p l a s m a m e c h a n i s m s m a k e i t
p o s s i b l e to ob t a in e l e c t r o m a g n e t i c r a d i a t i o n of p r a c -
t i c a l l y any f r e q u e n c y , if t he cond i t i ons a r e s u i t a b l y
c h o s e n . The fac t t ha t in m a n y c a s e s i nduced r a d i a t i o n
i s p o s s i b l e h e r e , a l l o w s u s to i n t e r p r e t v e r y p o w e r f u l
s o u r c e s w h i l e m a k i n g r e l a t i v e l y m o d e s t d e m a n d s c o n -
c e r n i n g the p h y s i c a l c o n d i t i o n s in t h e s e o b j e c t s . We
s h a l l p r e s e n t be low f o r m u l a s for the c a l c u l a t i o n of the
p l a s m a m e c h a n i s m s of r a d i a t i o n no t in the o r d e r of
t h e i r f r e q u e n c i e s , a s in t he p r e s e n t s e c t i o n , b u t in a c -
c o r d a n c e wi th t h e s e q u e n c e of t he c o n v e r s i o n m e c h a -
n i s m s t h e m s e l v e s .

5. CONVERSION OF PLASMA WAVES INTO ELECTRO-
MAGNETIC WAVES UPON SCATTERING BY THER-
MAL IONS AND ELECTRONS IN AN ISOTROPIC
PLASMA

The best known and the frequently used conversion
mechanism is scattering by thermal par t ides . C2'6~8'14:l

As already noted, scattering by thermal ions is equiva-
lent to scattering by thermal fluctuations of the elec-
tron concentration.

We shall consider first the conversion of plasma
waves into electromagnetic waves by scattering from
polarization charges produced by the motion of ions
with charge Ze in an isotropic plasma (wHe = 0)> and
we shall assume the velocity distribution function of
these ions to be Maxwellian. Using the general method
described in Sees. 2 and 3, we obtain the following ex-
pression for the emission coefficient:
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/ = —-

where n z is the ion concentration, and vp i is the t h e r -
mal velocity of the ions. The index I denotes that we
are considering Langmuir p lasma waves, whose f re-
quency is

(5.2)

For the electromagnetic waves we have

co* № = < + **>. (5.3)

We confine ourselves h e r e to the case of isotropic t u r -
bulence; it is then possible to assume that [k x k j j 2

= k 2 k 2 / 3 . Recognizing also that k < k i (this follows
from (5.2) and (5.3)), we get

6(2n)b : ) T (5.4)

At a specified spectra l function of the plasma turbu-
lence, the integral can be easi ly calculated. In par t icu-
lar, assuming that the scatter ing is by thermal protons
(Z = 1, n z = n e ) , and assuming that the maximum of the
energy density of the p lasma turbulence occurs at a def-
inite value of the phase velocity Vp0, we obtain for the
total emission coefficient (integrated over the frequen-
cies) in an isotropic p lasma

/ = in \ Iadti>; (5.5)

which coincides with the well-known express ion for the
conversion coefficient in scatter ing by thermal fluctua-
tions .

Thus, the known coefficient of conversion by s c a t t e r -
ing at the frequency u>oe i s valid, generally speaking,
for the case of a monochromatic turbulence and d e t e r -
mines only the total radiation. Formula (5.4) is valid
for any plasma-turbulence energy distribution function
with respect to the wave numbers , and makes it p o s -
sible to calculate the spectra l distribution of the con-
verted radiation.

The coefficient of induced conversion is s imi lar ly
calculated in accordance with the general method of
Sees. 2 and 3. For an isotropic turbulence we get

( < • > ) = -

( 5 . 6 )

I t f o l l o w s t h e r e f o r e i n a c c o r d a n c e w i t h t h e k n o w n r e -

s u l t s ( s e e l l > a i ) t h a t i n t h e s c a t t e r i n g o f i s o t r o p i c p l a s -

m a w a v e s b y i s o t r o p i c a l l y d i s t r i b u t e d p a r t i c l e s , t h e

b u i l d u p o f t h e r a d i a t i o n (i±{u>) < 0 ) o c c u r s o n l y f o r c o n -

v e r s i o n i n w h i c h t h e f r e q u e n c y i s d e c r e a s e d (a> < w ' ) .

I n t h i s c a s e b u i l d u p i s p o s s i b l e o n l y f o r s u c h p l a s m a -

t u r b u l e n c e s p e c t r a , f o r w h i c h t h e i n t e g r a l ( 5 . 6 ) , w i t h

a l l o w a n c e f o r ( 5 . 2 ) , i s n e g a t i v e f o r a t l e a s t s o m e i n t e r -

v a l o f t h e f r e q u e n c i e s w . T h i s o c c u r s , f o r e x a m p l e ,

w h e n t h e w a v e n u m b e r s o f t h e p l a s m a t u r b u l e n c e a r e

b o u n d e d f r o m b e l o w .

L e t u s c o n s i d e r f i r s t t h e r e g i o n o f i n d u c e d a b s o r p -

t i o n w > w ' ( k j . I f F ^ k J d o e s n o t c h a n g e h e r e v e r y

a b r u p t l y , t h e n t h e i n t e g r a l ( 5 . 6 ) c a n b e r e a d i l y e s t i -

m a t e d :

IX (to) : (5.7)

In par t icular , for scatter ing by protons in an i sother-
mal p lasma (Tj = Ti = T, n e = nz, z = 1) we have

12 vgn,T
(n/3)1

12
(5.8)

where (vp) is a certa in average phase velocity of the
plasma waves (here v g = c/iTvTe/vp).

Comparison with (3.10) gives a condition under which
the inverse conversion of the electromagnetic waves
into p lasma waves exceeds the true bremsst rahlung
absorption:

3A
1 / 2 n 2

(5.9)

Finally, est imating the integral in (5.4) in exactly the
same manner as in (5.6), we obtain for the effective
temperature

eff
(5.10)

We emphasize once more that the spontaneous conver-
sion cannot give a brightness temperature larger than
(5.10).

We now consider induced radiation—the buildup of
the radiation field at frequencies smal le r than uL We
assume first that the greater p a r t of the energy in the
spectra l distribution of the p lasma turbulence falls to
wave numbers close to a certain value k 1 ; 0 . Then, if

(5.11)

then the width of the frequency interval in which the
buildup takes place is of the same o r d e r a s vxik 1 ) 0 . The
buildup coefficient is also determined by formulas (5.7)
and (5.8), but with the negative sign. For example, for
an i sothermal hydrogen p lasma

\l (
W 3 ) 1 / 2

(5.12)

The same condition (5.9) determines the possibility of
a buildup with allowance for t rue absorption.

When the inequality opposite to (5.11) holds, i .e.,
when v x i S> 3vje/2Vp, the width of the frequency inter-
val is smal le r , since w is limited on the low-frequency
side by Woe (or even by a somewhat larger value); here

a n d t h e c o e f f i c i e n t o f i n d u c e d c o n v e r s i o n f o r a n i s o t h e r -

m a l h y d r o g e n p l a s m a i s

( 5 . 1 3 )

8 nemecuTj < f p )

W e s h a l l c o n t i n u e a d i s c u s s i o n o f t h e s e f o r m u l a s i n

S e c . 1 2 .

C o n v e r s i o n i n s c a t t e r i n g o f p l a s m a w a v e s b y t h e r m a l

e l e c t r o n s w i l l n o t b e d i s c u s s e d i n d e t a i l . A s a l r e a d y

n o t e d , t h e n o n l i n e a r s c a t t e r i n g b y t h e p o l a r i z a t i o n

c h a r g e a n d t h e C o m p t o n s c a t t e r i n g b y t h e e l e c t r o n i t -

s e l f a r e p a r t l y c a n c e l e d o u t h e r e . H o w e v e r , t h i s c a n -

c e l a t i o n i s v i o l a t e d , f o r e x a m p l e , i f t h e c h a n g e o f t h e

f r e q u e n c y i n t h e c o n v e r s i o n i s s m a l l ( | w - w ' I < J C k i V T i ) -

I n t h i s c a s e t h e n o n l i n e a r s c a t t e r i n g p r e d o m i n a t e s o v e r

t h e C o m p t o n s c a t t e r i n g , a n d i t i s p o s s i b l e t o u s e f o r t h e
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calculation of all the coefficients the formulas (5.1)-
(5.4) and (5.5), in which vTi should be replaced by VTe-
Recognizing that the interval of the converted frequen-
cies is the same here as in the case of scattering by
ions, we find that the coefficients of emission and of
induced conversion are smaller by the factors v ^ e / v ^
and VTeTe/vTiTi, respectively.

The effective radiation temperature in spontaneous
conversion is determined by the same formula (5.10),
in which Tj should be replaced by Te . Therefore con-
version in scattering by thermal electrons must be
taken into account in a strongly non-isothermal plasma
when Te £ Ti (mi/me)1/2.

According to the formulas presented above, for con-
version in scattering by thermal ions the probability of
the change of the frequency by an amount Aw larger than
vxik ~ woevTi/vp. decreases exponentially with increas-
ing |Aw|. In the case of scattering by electrons, the ex-
ponential decrease begins at considerably larger change
of frequency: | Aw | > vxe k ~ ^oeVTeAp- Therefore in
the frequency variation interval

£ i L « i ^ i c ^ L (5.14)

ma waves at frequencies wije, but the increment is al-
ready smaller :C9:

the scattering by electrons, although greatly weakened
by the compensation, prevails over scattering by ions.
The spontaneous-radiation and induced-conversion co-
efficients are in this case smaller by another factor
mi/me than in the case of conversion with change of
frequency by Aw

6. CONVERSION OF PLASMA WAVES INTO ELECTRO-
MAGNETIC WAVES AT THE GYROFREQUENCY

IN SCATTERING BY THERMAL IONS

In a plasma with a strong magnetic field (wne ^ ^o
electron plasma waves are excited on two branches of
the dispersion curves: one with frequency close to

(a more complete dispersion relation is given by (4.2))
and the other at a frequency close to woe cos ^ j here ^
is the angle between the wave vector of the plasma wave
kx and the external magnetic field H. The conversion of
the first branch of the plasma waves into electromag-
netic waves can yield radiation at frequencies of order
Wjje. In : i4J, where this problem was first considered,
it was assumed that the probability of conversion at
frequencies wue *s °f the same order as at frequencies
w^. A direct calculation of the conversion coefficients
was carried out in this case in [9]. However, before
presenting the results of calculations of the conversion
at the frequencies wjje>

 w e n o t e the following.
As is well known, when a beam of fast electrons

passes through an isotropic plasma without a magnetic
field, plasma waves are excited in it at a frequency
woe, with increment

2_ I s 1
S I i I 1

where n s is the concentration of the particles in the
beam, and v s and Avs are their average velocity and
the velocity spread. In a plasma with a magnetic field,
under the condition wpie 3> woe> the beam excites plas-

Y = < (6.1)

where rfj is the angle between the direction of the grow-
ing plasma wave and the direction of the external mag-
netic field. It follows from (6.1) that in a strong mag-
netic field (wHe 3> woe) the buildup increment of the
plasma waves at frequencies of order wjje is in general
small, and a large plasma-turbulence energy density
can be obtained here only in the case of a sufficiently
intense beam.

We now turn to the conversion of plasma waves at
the frequency WHe (the corresponding parameters of
the plasma turbulence will be denoted by the index h).

In the previously derived formulas for scattering by
particles it was assumed that the particles move in
straight lines. In the case of an external magnetic field
it is necessary, in general, to take into account the he-
lical motion of the particles, when their Larmor radius
is smaller than the plasma wavelength. As a result, the
expressions obtained under the assumption of linear
particle motion are valid if the ion velocities satisfy
the inequality

1
" » T ~ -

(6.2)

where Vp are the phase velocities of the plasma waves.
For thermal ions, the condition (6.2) is equivalent to the
requirement vp <C Vmi/me VTe (at Ti = Te). If the phase
velocities are larger, then it is necessary to take into
account the magnetization of the ions. In the case of
scattering by electrons, the condition (6.2) assumes the
form v ^> Vp, and therefore for thermal electrons the
magnetization must always be taken into account in this
case.

Another feature is connected with the fact that the
emission and induced-conversion coefficients depend in
this case on the angle ti> between the wave vector of the
electromagnetic wave and the direction of the external
magnetic field.

We note finally that for a quasilongitudinal propaga-
tion of the electromagnetic waves in a magnetoactive
plasma, the refractive index is

H2 (co) = 1 — (6.3)

and if w « WHe ̂  woe> then n2(w) « 1, with the exception
of the case of the extraordinary wave traveling strictly
along the field. We can therefore assume here vg RJ c.

An analysis of the general formulas of Sees. 2 and 3
shows that in those cases when the magnetization of the
ions can be neglected, the formulas for the coefficients
of spontaneous and induced conversion turn out to be the
same as (5.4) and (5.6), in which it is only necessary to
add the factor (1 + cos2^)/2 and to replace w'(ki) by
wh(k!), where wh(kx) is now defined by (4.2), and not by
(5.2) as in the case of conversion at frequencies close
to Woe- Since no lower limit is now imposed by the re -
fractive index on the frequency of the converted radia-
tion, the conversion takes place in the frequency interval

= | co - co" (k,) | < •1&' (6-4)
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where, as before, (v p) is the average phase velocity of
the plasma waves. When Aw < 0 we have wave buildup,
and at Aw > 0 absorption, the increment or decrement
having the same absolute magnitude:

H- (») : ±-

In particular, for a hydrogen isothermal plasma

1/2
12

(6.5)

(6.6)

In the case of spontaneous radiation, the effective
temperature is defined as before by formula (5.10).

Thus, the coefficients of induced conversion at fre-
quencies wHe> other conditions being equal, are smaller
by a factor wHeA^oe than the corresponding conversion
coefficients at the frequencies w^. The coefficients of
spontaneous conversion at the frequency wjje, however,
are larger by a factor wHe/woe (owing to the presence
of the additional term k2 in (5.1)).

In real astrophysical condition we have most fre-
quently «He ^ woe- K the opposite inequality is satis-
fied, then usually WHe is n ° t much larger than w^.
Therefore the conversion coefficients at both ojjje and
Woe, or more accurately, when woe and wHe are com-
parable, become approximately of the same order at
frequencies

V
(6.7)

Consequently, the considered conversion mechanism
at a>oe ~ wHe c a n result in continuous radiation in a
wide frequency interval, comparable with w^ and wjje

themselves. It is important to emphasize that there is
a much greater field here for induced radiation, since
the difference I w - wMk^l is not limited to the small
quantity | woe - w*(ki)l-

As already noted, conversion on electrons or ions,
in the case of large plasma-wave phase velocities, de-
pends on the helical motion of the scattering particles.
This problem is also considered in ial.

Finally, we note that buildup at frequencies close
to wHe is possible only if the coefficient of the true
gyroresonance absorption at these frequencies is no-
ticeably smaller than (6.5) or (6.6). In order of magni-
tude, the coefficient of gyroresonance absorption for
ordinary waves, at frequencies close to WHe a n d 2wHe,
is approximately the same:.[2]

g (coHe (6.8)

in the frequency interval Aw/wHe ~ VTe/c- Recognizing
that the conversion does not occur exactly at the fre-
quency wHe> but at the frequency

we find that gyroresonance absorption can be significant
only if the inequality

^ (6.9)

is fulfilled. Under cosmic conditions, the magnetic field
is rarely so strong.

But even in this region, its magnitude can be made
sufficiently small by decreasing the angle ^. Comparing
(6.8) and (6.6), we obtain the conditions under which gy-
roresonance absorption can be neglected:

Wh »neTe^ sin4 (6.10)

It follows from this, incidentally, that the growth of the
radiation field at frequencies close to wjje leads to gen-
eration of predominantly directed radiation of the ordi-
nary wave.

7. CONVERSION OF PLASMA WAVES INTO ELECTRO-
MAGNETIC WAVES IN SCATTERING BY EPITHER-
MAL NONRELATTVISTIC IONS

There are grounds for expecting to find frequently in
a plasma an admixture of epithermal particles, the ve-
locity of which exceeds vpi or even vj;e, but is much
lower than that of light. The estimatedC15] relative con-
centration of such particles in interstellar space and in
nebulas is of the order of 10"7. Recent space-rocket r e -
search has revealed the presence of a large number of
epithermal particles in interplanetary space.

As already noted (Sec. 4), conversion of epithermal
particles leads to generation of radiation with frequen-
cies

co-co^kO + M,, (7.1)

where Wi(kJ is the frequency of the plasma waves and
Vq is the velocity of the particle. For example, if Uj
s» Woe, then the frequency w turns out to be in the inter-
val from Woe to Woe[l + (vq/vp)]. Thus, this mechanisms
can yield a continuous radiation spectrum in a suffi-
ciently broad frequency interval, provided the phase ve-
locities of the plasma waves are small.

If the plasma turbulence is isotropic and the distri-
bution of the epithermal-particle velocities is also iso-
tropic, then such a radiation mechanism can only be
spontaneous. It is easy to see that in this case the ef-
fective radiation temperature is of the order of the av-
erage energy of the epithermal particles: Teff = niq(vq),
where mq is the particle mass. Strictly speaking, the
effective temperature depends also on the radiation fre-
quency. In fact, let us assume w 3> woe> then w
= kxvq cos t>. If, in addition, the particle spectrum de-
creases with increasing energy, then Teff is determined
by the minimum vq, which for a specified w corresponds
to cos $ = 1, i.e.,

Thus, a ,
reff-"Vp(~7J (7.2)

and Teff increases rapidly with frequency. It should be
borne in mind that the latter formula holds only if ju.
> /XT a nd vq < c.

The coefficient of induced conversion (absorption)
can be readily determined by a general method in the
same manner as in Sec. 5 for conversion on thermal
ions. Inasmuch as the velocity distribution function of
the epithermal particles is unknown in any case, we
confine ourselves only to an estimate of the absorption
coefficient in the case of inverse conversion on ions.
We present here the result for the case when the num-
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ber of ions decreases sufficiently rapidly with energy,
and the effect of absorption is determined by the ions
with the minimum velocity vq = v m i n , capable of taking
part in the conversion processes:

(i: n\mqcvl
I M0<! \ 5
\ 0) / (7.3)

e we have here Vp RS woe/ki. On the
a>He> i-e., a strong magnetic field is

A i s i n ^ a n d

In the case a>i « W
other hand, if w1 »
present, then vp =

is the number of ions taking part in the process. The
dependence of the absorption coefficient on the frequen-
cy is determined, strictly speaking, both by the plasma-
turbulence spectrum and by the velocity distribution of
the epithermal particles. It is easy to see that when kx
increases w m m = cu/^ decreases, i.e., nq increases,
and consequently the principal role is assumed by the
maximal kj excited in the plasma-turbulence spectrum.
At kx « k m a x « Wge/vxe; the value of iu(a>) in a strong
magnetic field on the wjje branch is smaller by a factor
oJHe/woe than on the a;^ branch in a weak magnetic field.
We note that for the electrons the result for Teff can be
obtained from the same formula as for ions, and is
therefore smaller by a factor mj/me. However, the in-
crement or the absolute magnitude of the radiation in-
tensity are influenced by compensation effects, and the
estimate differs from (7.3). For w1 RJ U^ we have

and for wx R; wHe (<̂ He ^ woe) we obtain in (7.4) an ad-
ditional factor (woe/wHe)2-

As already noted, in the case of an isotropic velocity
distribution of the epithermal particles, only spontane-
ous radiation takes place and reaches saturation as a
result of self-absorption. However, if the epithermal
particles form a beam or are anistropically distributed,
we get here, besides the spontaneous radiation, also a
buildup of radiation. Assume that all the particles of
this beam have the same velocity v s (both in magnitude
and in direction). We then obtain for the coefficient of
induced radiation, in the case of scattering by an elec-
tron beam

, 2jl»,<, _ J£|L \ [(COS2 # __ Sin2 ft )2 _.. 2 COS4 ft,] WL -̂LL ,
ntmecvgvs to2 J v ' l klC

(7.5)
where til1 is the angle between the direction of motion of
the beam and the wave vector of the plasma turbulence.
For an isotropic plasma turbulence we have

k,c 0)2 '

where vg , as before, is the group velocity of the elec-
tromagnetic waves. Similar formulas can be obtained
for ion beams, the increment being of the order of (7.3).
We recall that an appreciable increase of the frequency
compared with w0 occurs only under the condition u>oeAi
<C v s . It must be borne in mind, however, that owing to
the nonlinear interaction the phase velocities of the
plasma-turbulence waves increase on the average. But

in the presence of anisotropy (at least in the presence
of this beam), a decrease of the phase velocities of the
plasma waves is also possible, so that one cannot ex-
clude the possibility that a sufficiently intense nonrela-
tivistic beam of electrons or ions can generate and build
up in a plasma radiation in a frequency interval of the
order of a>oevs/vxe-

8. CONVERSION IN COMPTON SCATTERING OF PLAS-
MA WAVES BY RELATIVISTIC ELECTRONS

Even more effective (from the point of view of in-
creasing the frequency) is the conversion occurring
upon scattering by relativistic electrons. Since, in ac-
cord with (2.12), the condition

(o — co, (k,) = (k — k,) v (8.1)

should be satisfied in the case of scattering, it follows
that, recognizing that OJ = k/n(w), where n(w) is the re -
fractive index, and that V K C ,

kv
1 n (co) cos

(8.2)

If the second term in the denominator of (8.2) can be
neglected, then

(8.3)

where ui1 should be taken to mean uige, wHe; or a>oi, de-
pending on the type of plasma turbulence. The second
term in the denominator of (8.2) is small if

CO,
(8.4)

This condition is always satisfied for relativistic parti-
cles if Vp ^C c and Wj = woe. On the other hand, if Wj is
quite small and VpWoe/cWi > 1, then we obtain from (8.3)
a condition that limits from below the energy of those
particles, conversion on which yields electromagnetic
radiation capable of emerging from the medium

^ I "P 0>Qg \ '/
2

a condition which is certainly satisfied if (8.4) holds. If
w <g[ WoeS/nigC2, then the frequency of the converted
radiation is

">~-m,ikl)~- (8.5)
Radiation at this frequency can emerge from the me-
dium only if the frequency of the plasma-turbulence
waves is sufficiently low (UgQVn/^iC > 1; for example,
<ji\ « woi, or even Alfven and other hydromagnetic
waves). On the other hand, the condition u>
<gC Woe^/meC2, under which (8.5) is valid, assumes the
form (8.4). Thus, if woeVp/wiC > 1, then only electrons
of sufficiently high energies radiate, and the radiation
frequency is limited from below by the condition (8.5)
((8.5) is the minimum radiated frequency). For relativ-
istic electrons, the coefficient of Compton scattering is
much larger than the coefficient of nonlinear scattering
by the polarization charge. We therefore neglect here
the nonlinear-scattering effect. The second-rank tensor
Aij for Compton scattering is given in :8]. Contracting
it with respect to one index with the wave vector of the



PLASMA RADIATION MECHANISMS IN ASTROPHYSICS 53

plasma turbulence, we obtain the current conductivity
vector of the Compton scattering of the plasma waves
by relativistic electrons

A = -^~4^rr~u^fikw' ^v [ ( k k l ' " ~ c " 2 l ° ( k » v ) ! - • " k l | 0 ) ~ ~ ( k v W - ( 8 - 6 )

T h i s v e c t o r c o i n c i d e s , a p a r t f r o m a n u m e r i c a l f a c t o r ,

w i t h t h e v e c t o r )3 o b t a i n e d i n : i 0 ] , a l s o f o r C o m p t o n

s c a t t e r i n g b y r e l a t i v i s t i c e l e c t r o n s . S u b s t i t u t i n g ( 8 . 6 )

i n ( 2 . 5 ) , w e o b t a i n t h e r a d i a t i o n c o e f f i c i e n t f o r c o n v e r -

s i o n i n s c a t t e r i n g b y r e l a t i v i s t i c e l e c t r o n s . T h e p l a s m a

t u r b u l e n c e w i l l b e a s s u m e d , a s b e f o r e , i s o t r o p i c . F o r

t h e p a r t i c l e - v e l o c i t y d i s t r i b u t i o n f u n c t i o n s w e c h o o s e

s e v e r a l a p p r o x i m a t i n g e x p r e s s i o n s , s i n c e i t s t r u e f o r m

i s n o t k n o w n e x a c t l y u n d e r c o s m i c c o n d i t i o n s .

1) I s o t r o p i c v e l o c i t y d i s t r i b u t i o n . H e r e t h e d i s t r i b u -

t i o n f u n c t i o n d e p e n d s o n t h e p a r t i c l e e n e r g y ( £ = c p ) .

T h e n u m b e r of r e l a t i v i s t i c e l e c t r o n s p e r u n i t v o l u m e

w i t h e n e r g y f r o m £ t o £ + d £ w i l l b e d e n o t e d b y

Jn{g)=ia¥-"-jo(t)d?. ( 8 . 7 )

F o r f o ( £ ) o n e f r e q u e n t l y c h o o s e s t h e p o w e r - l a w f u n c t i o n

_5± (8.8)

In place of the index a, we shall use below also the in-
dex y = a-2. The total number of electrons with energy
exceeding a certain value £0 will be

•i.iK,, (8.9)

2 ) B e a m o f r e l a t i v i s t i c e l e c t r o n s m o v i n g i n t h e s a m e

d i r e c t i o n . T h e n u m b e r o f p a r t i c l e s w i t h m o m e n t u m v e c -

t o r i n t h e i n t e r v a l f r o m p t o p + d p i s

< / « ( [ > ) - / • (!'n) 6 ( P . ) < / i > n ^ . ( 8 . 1 0 )

w h e r e P n i s t h e m o m e n t u m c o m p o n e n t a l o n g t h e b e a m ,

a n d p x i s p e r p e n d i c u l a r t o t h e b e a m . A s s u m i n g t h a t

f i ( P l l ) i s a p o w e r - l a w f u n c t i o n , f i ( p n ) = K,_Z-a ( s i n c e p n

= £ / c ) , w e h a v e f o r t h e n u m b e r o f p a r t i c l e s w i t h e n e r g y

l a r g e r t h a n £ x

„ , > ? , ) - . — J j — . . ( 8 . 1 1 )

W e n o t e i n c i d e n t a l l y t h a t i n o r d e r t o o b t a i n a b u i l d u p

o f t h e r a d i a t i o n f i e l d , i t i s n o t a t a l l e s s e n t i a l t h a t t h e

e n e r g y s p e c t r u m o f t h e r e l a t i v i s t i c p a r t i c l e s h a v e a

s t e e p c u t - o f f s o m e p l a c e o n t h e l o w - e n e r g y s i d e . I t c a n

g o o v e r s m o o t h l y i n t o t h e e n e r g y s p e c t r u m o f t h e e p i -

t h e r m a l p a r t i c l e s , a n d t h e n a l s o o f t h e t h e r m a l p a r t i c l e s .

3 ) I n s o m e c a s e s i t i s a l s o p o s s i b l e t o o b t a i n n o t t o o

c o m p l i c a t e d f o r m u l a s f o r a n a n i s o t r o p i c p a r t i c l e v e l o c -

i t y d i s t r i b u t i o n i n t h e f o r m

s r p ] , ( 8 . 1 2 )

where f0( £) is the isotropic distribution and f) (£) also
depends only on the particle energy, and <p is the angle
between the particle velocity vector and a certain pre-
ferred direction, say, the line of sight to the observer.
The indicated choice of formulas describing the veloc-
ity distribution of the relativistic particles makes it
possible to obtain not very complicated formulas, suit-
able for an analysis of all the cases of conversion that
can be encountered at the present time in astrophysical
problems.

02

025

FIG. 2. The function $(£, q) vs. the parameter q at different values
of the energy. The presence of two maxima corresponds to the combina-
tion of Compton and nonlinear scattering. The numbers at the curves
determine the values of 7 = &/mec

2.

Using (8.6) and the particle distribution functions
presented above, we can easily determine from formu-
las (2.11) and (3.6) the parameters of the plasma mech-
anisms of radiation due to conversion in scattering by
relativistic electrons. We present only the final ex-
pressions for Vp <IC c.

a) Spontaneous Conversion of Plasma Waves on Aniso-
tropically Distributed Relativistic Electrons

The radiation coefficient is

q)F,(kl)dk!. (8.13)

where the dimensionless function *(£, q) depends on the
energy and on the dimensionless parameter

05 C — V

k\ cv
(8.14)

Plots of the function $(£, q) for different values of £
are given in Fig. 2, which is taken from cio:l, where the
conversion of plasma waves on relativistic electrons
was calculated for the first time. It should be noted
that at low energies, the compensation of the Compton
and nonlinear scattering is important, and therefore
Fig. 2 presents the functions *(£, q) with allowance
for this effect.

The following analytic expression was obtained for
the function *(°°, q) in the case of ultrarelativistic
particles :[10J

(11 (00, q) •-. - |- q {(1 - q)» - 3q* (1 - q -\- In q)}. ( 8 . 1 5 )

T h e f u n c t i o n # ( ° ° , q ) h a s a m a x i m u m a t q = 0 . 3 0 ( q < 1 ) .

T h i s m e a n s t h a t i n s c a t t e r i n g b y e l e c t r o n s o f d e f i n i t e

e n e r g y £ , t h e l a r g e s t c o n t r i b u t i o n t o t h e c o n v e r s i o n o f

p l a s m a w a v e s i n t o e l e c t r o m a g n e t i c w a v e s w i t h a g i v e n

f r e q u e n c y w i s m a d e b y p l a s m a w a v e s w i t h w a v e n u m -

b e r s

* ' a > 1 - 5 v ( J ! * L ) - ( 8 . 1 6 )

U n l i k e t h e s y n c h r o t r o n m e c h a n i s m , w h e r e t h e r a d i a -

t i o n s p e c t r u m i s d e t e r m i n e d i n p r a c t i c e o n l y b y t h e e n -

e r g y d i s t r i b u t i o n o f t h e e l e c t r o n s , t h e r a d i a t i o n s p e c -

t r u m d e p e n d s h e r e b o t h o n t h e e l e c t r o n e n e r g y d i s t r i -

b u t i o n a n d o n t h e d i s t r i b u t i o n o f t h e p h a s e v e l o c i t i e s o f

t h e p l a s m a w a v e s . F r o m t h e p o i n t o f v i e w o f t h e i n t e r -

p r e t a t i o n o f t h e r a d i o e m i s s i o n o f c o s m i c s o u r c e s , t h i s

c i r c u m s t a n c e h a s a n i m p o r t a n t a d v a n t a g e . A p p a r e n t l y ,
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under cosmic conditions the energy distribution function
of the nonrelativistic electrons cannot vary rapidly. In
addition, this function has, as a rule, a smooth charac-
ter. Therefore, certain rapidly changing singularities
of the spectrum of a number of cosmic sources, the in-
terpretation of which in the framework of the synchro-
tron mechanism calls for equally rapid and abrupt
changes of the electron-energy distribution function,
can be interpreted in this case as being due to the
change of spectrum of the plasma turbulence even in
the case of a stationary distribution function of the rel-
ativistic-electron energies.

Further transformations consist of substituting the
expressions (8.8), (8.9), and (8.15) in (8.13) and evalu-
ating the integrals. This can be easily done, but in or-
der not to write out here the complicated expressions,
we present a formula for the radiation intensity at fre-
quencies u! satisfying the condition that the value of £
from (8.15) lies, for all the plasma-turbulence wave
numbers, in the energy interval £0 < 8 < °°, for which
the energy spectrum of the particles (8.8) is defined.
We then obtain

> - b (°> «o V 2c 1 2 P dkt I %„

(8.17)

where the numerical factor is

If the indicated condition is not satisfied (w is too
small), then the radiation spectrum in this frequency
region is determined either by the distribution of the
particles of lower energy, or decreases sufficiently
rapidly in accordance with the dependence of *(°°, q)
on q and with the plasma-turbulence spectrum. For-
mula (8.17) shows that here, too, the radiation spectrum
has a power-law character. In this case, too, as in the
case of synchrotron radiation, the exponent in the spec-
trum (the spectral index) equals ( a - 3 ) / 2 = ( y - l ) / 2 .

Incidentally, the frequency of the plasma waves is
not determined in (8.17) and (8.18). These formulas are
valid both for conversion of waves with kL » Uoe/vp, and
for the conversion of plasma waves with kx « wjje/vp.
Therefore in a magnetoactive plasma with plasma tur-
bulence, the relativistic electron radiates "twice":
synchrotron radiation at the frequency

(8.19)

and plasma-mechanism radiation at the frequency

if » o r

if a>ne 3> w,^. The relative intensity of the two mecha-
nisms is of the order of the ratio of the densities of the
magnetic and plasma energies, multiplied by c/(vp).

Thus, the conversion of plasma waves on isotropic
relativistic electrons is of interest, from the astro-
physical point of view, principally because in the case

of a low-temperature plasma with plasma turbulence at
low phase velocities it can lead to generation of high-
frequency radiation. Another important factor is the
possibility of radiation in a plasma without a magnetic
field. In all other cases this mechanism is less effec-
tive than the synchrotron mechanism, since it still r e -
quires excitation of intense plasma turbulence.

Induced conversion on isotropically distributed rela-
tivistic electrons leads only to the absorption of elec-
tromagnetic waves. The corresponding absorption co-
efficient is calculated by means of the formula

M I *<* i)f(k)t < 8 2 1)

For ultrarelativistic particles we have

i% +1ln 9»' (8.22)

where q is defined as before by (8.14). We shall not
stop to analyze these formulas. For a rough estimate
of JH(W) we can use the well known relation

- • 2 J I 2 - 2 n 2 .

b) Induced Conversion of Plasma Waves on a Beam
of Relativistic Electrons

Whereas the conversion of plasma waves on isotrop-
ically distributed relativistic electrons, as shown above,
does not offer special advantages compared with the
usual synchrotron mechanism, in the case of scattering
by an anisotropic beam the situation is radically altered.
The point is that a possibility arises of obtaining in-
duced conversion, i.e., buildup of the radiation field.

We recall that for synchronous buildup it is necessary
to have a sufficiently high plasma concentration,atl and
in this case the buildup is possible in any case at rela-
tively low frequencies

(
0,24

(8.23)

Scattering of plasma waves by a beam of relativistic
particles is capable of yielding buildup at very high
frequencies

and calls in this case for a much lower concentration of
either relativistic particles or plasma electrons.U7] To
be sure, it is necessary to have here plasma turbulence
and anisotropy of the relativistic-particle velocities.

The radiation and induced-conversion coefficients
are calculated as before in accordance with the general
formulas, with allowance for (8.6) and for the anisotropic
distribution function. Unfortunately, however, in the gen-
eral case it is practically impossible to average [k x A]2

over the angles. The case of induced conversion by rel-
ativistic beams was considered in aei using a general
expression for the plasma-turbulence waves. We pre-
sent here simpler and more convenient formulas for
the calculation of induced conversion of an isotropic
plasma turbulence, first for the case of scattering by
a beam of electrons with a distribution function (8.10)
and (8.11), followed by the corresponding formulas for
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the case of the distribution function (8.12). We shall not
calculate the coefficient of spontaneous radiation, for
if necessary it can be estimated by means of formula
(8.17). The main interesting feature of our problem is
the possible buildup of radiation at high frequencies.

Substituting (8.10) and (8.6) in the general expression
for the induced radiation and expanding [kx A]2 in pow-
ers of the angle & between the line of sight (vector k)
and the beam direction (vector v), we obtain after aver-
aging with the aid of a 6-function with respect to the
angle between kx and v

FIG. 3. Approximate plot of the coef-
ficient of induced radiation (absorption) as
a function of the angle i? in scattering of
isotropic plasma waves by a monoenergetic
beam of relativistic electrons.

1/9"

Let us consider the dependence of the coefficient of
induced conversion on the angle 4. For electromagnetic
waves traveling strictly along the beam (i? = 0) we have,
after integrating by parts,

follows from (8.2) that the lower limit of the obtained
frequencies under the considered conditions (1 ^> i?
3> mec2/£!) is 2ck2max/t>. Therefore, denoting by vp0

the phase velocity of the plasma waves at a maximum
energy of the turbulent pulsation, and assuming that the
spectrum of the wave numbers of the plasma turbulence
is not too broad, we find that the radiation frequency at
which induced buildup conversion takes place is

2c (8.29)

~'rWei- \~w) The induced conversion coefficient is in this case
k l > ^ m (8.25)

These waves always attenuate. Formula (8.25) is ap-
proximately valid so long as £ < mec2/E.

For the case mec2/£ <C ^ <C 1, we have from (8.24)
(also after integrating by parts)

(co, , (%) d%

In this case we have buildup of the radiation field. With
increasing angle •&, the increment decreases and be-
comes minimal at tf = 7r/2. For the latter case we have
directly from the exact expression

An approximate dependence of /j.(w, t>) on the angle is
shown in Fig. 3.

In the calculation of the integrals with respect to en-
ergy in (8.26)-(8.27) it must be borne in mind that the
coefficients of induced conversion are determined from
the specified direction, i.e., from the specified value of
the angle t>. Therefore, in order that radiation in a
given direction be built up at a frequency u>, it is im-
portant that the scattering take place from all electrons
with energy larger than Cji « mec

a/<i*. The minimum ra-
diation frequencies are limited by the condition u>
< 2ckx max/1*2) where kx m a x is the maximum value of
the wave numbers of the plasma turbulence.

Using (8.11) and assuming that <? > mec
2/£i» where

£j is the lower limit of the energy spectrum of the rela-
tivistic electrons, we obtain from (8.26)

1«c2 "I

(8.28)

The upper limit of the spectrum of induced conversion,
as already noted, is 2ckx max1'2- <->n the other hand, it

The smaller $, the larger the frequency, but on the
other hand the smaller the radiation-field buildup co-
efficients, both as a result of the factor i? and as a re -
sult of the decrease of the number of electrons capable
of leading to conversion at the given frequency.

Formula (8.30) makes it possible to estimate readily
the possibility of induced conversion in all astrophysical
applications of interest.

c) An Analytic Formula for the Conversion Coefficients
Can Be Obtained Also in the Case of the Distribution
Function (8.12)

We have for the induced-radiation coefficient

where the function $2( S, q) in the case when £ ^> m ec2

is

IMS. «) = 4- {(2 + 3ri cos <p) ( l -g

— 3(1 — . (8.32)

The function TJ can also depend here on the energy. If
we assume r\ = const and assume expression (8.8) for
fo( £), we obtain

where the function b2(a, ip) is given by

-h5a:> + 2a i-2)}. (8.34)
Formulas (8.33) and (8.34) are valid under the same
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conditions as formulas (8.17)-(8.19). Buildup of the
radiation field is obtained here when J\ > 2/3 and q> < 0.
This formula can be used to estimate the buildup of the
radiation field in the case of weak anisotropy. In this
case, however, the buildup of the radiation field occurs
mainly at lower frequencies and in directions opposite
to the direction of motion of the weakly anisotropic
beam.

Certain considerations regarding the application of
the formulas obtained in this section will be given in
Sec. 12.

9. CONVERSION OF PLASMA WAVES INTO ELECTRO-
MAGNETIC WAVES IN NONLINEAR SCATTERING
BY RELATIVISTIC IONS

Apparently, under cosmic conditions the number of
relativistic protons exceeds the number of relativistic
electrons. Consequently, (at least in certain cases), the
conversion occurring during scattering by the polariza-
tion charge of relativistic protons, which is also accom-
panied by an increase of frequency, may turn out to be
appreciable.

So long as the energy of the relativistic ion is smaller
than

the nonlinear scattering predominates. The conductivity
vector for this case was obtained in u°2. We present
directly the final expression for the coefficient of in-
duced radiation in the case of isotropic turbulence and
isotropic velocity distribution of the relativistic ionsC25:

M<o, k)=-±
inl

S,SM=ln.

, , 1 0 ,k* w2ei G) 0(0

- —1,
* *• "^ (9.2)

The lower limit of integration with respect to energy is
determined by the same relation u> = - kx •
v/( l - (v/c) cos i>), and consequently the minimal energy
of the relativistic ion capable of converting a plasma
wave into an electromagnetic wave with given frequency
co is

(9.3)
'2k,

We shall calculate the integral with respect to energy
in (9.2) for the power-law spectrum (8.8) and (8.9), it
being assumed that £min from (9.2) is larger than £0—
the lower limit of the energy spectrum of the relativis-
tic ions at a given w and at all values of the wave num-
bers of the plasma waves containing an appreciable
fraction of the plasma-turbulence energy; we obtain

(a— l)Zaci)Oe la
' 8a(o+l) \ • (9.4)

We must emphasize the rapid decrease of the coeffi-
cient of induced conversion (absorption) with increasing
frequency—approximately like <x)"(at8'/2, which leads in
the case of a « 4 (the case most frequently encountered
under cosmic conditions) to a frequency dependence n

~ w~s. In our case, therefore, it is difficult to obtain no-
ticeable conversion at high frequencies.

Formula (9.4) determines the absorption that takes
place in a plasma with isotropic turbulence and with iso-
tropically distributed relativistic ions. If the relativistic
ions form an anisotropic particle beam, then induced
buildup is also possible.

To estimate the buildup increment at a given fre-
quency, we can also use formula (9.4). If the beam-
particle energy spectrum is unknown, then for the
roughest estimate we can assume a » 3 and take n
(£ > £o) simply to mean the total number of relativis-
tic ions. Leaving out also the numerical factor, we ob-
tain for the increment of buildup at the frequency u>

C0)3 (9.5)

The effect decreases rapidly in this case with increas-
ing frequency.

Thus, conversion on relativistic ions, if the number
of the latter is sufficient, can yield both spontaneous
and induced radiation (i.e., buildup in the case of an
anisotropic distribution of the relativistic-ion velocity),
but predominantly at low frequencies. Incidentally, if
the plasma is low-temperature and dense (large woe
and small Vp0), a noticeable effect on high frequencies
is also quite feasible.

10. CONVERSION OF LOW FREQUENCY PLASMA
WAVES INTO ELECTROMAGNETIC WAVES IN
SCATTERING BY EPITHERMAL AND RELATIV-
ISTIC PARTICLES

It was already noted that the increase of frequency
in scattering by epithermal and relativistic particles
can cause the conversion of even very low-frequency
ion-plasma, ion-acoustic, Alfven, and magnetosonic
waves into electromagnetic waves to generate radiation
in the frequency region where the plasma is transpar-
ent. We consider here this problem very briefly.

The scattering of ion-plasma and ion-acoustic longi-
tudinal waves by relativistic electrons is described by
the same relations as the scattering of electron-plasma
waves, which was considered in detail in Sec. 8. It is
only necessary to take kx to mean the wave numbers of
the corresponding turbulence. We note that in ion-
plasma waves kj can be even larger, by a factor
V T e /Ti (compared with the Langmuir waves), and
consequently the frequency of the converted radiation
increases additionally by the same factor.

The effect of conversion in scattering of ion-acoustic
waves is probably small, since the radiation coefficient
decreases with the frequency of the ion-acoustic waves
o)s like o>s/a>oi compared with the scattering of ion-
plasma waves, and the frequency ws in turn decreases
as a result of the nonlinear wave interaction.

Incidentally, in the scattering of ion-acoustic waves
by nonrelativistic (but epithermal) particles, an appre-
ciable increase of the cross section takes place. There-
fore, if the phase velocities of the ion-acoustic waves
are so small that u> w o>sv/vp (where v is the velocity
of the scattering particles) falls in the region of trans-
parency of the plasma, then noticeable conversion can
be expected.
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We p r e s e n t h e r e a f o r m u l a for t he c a l c u l a t i o n of t he
coef f i c i en t of i nduced r a d i a t i o n (buildup if t h e r e i s a n i s o -
t r o p y in the v e l o c i t y d i s t r i b u t i o n of the e p i t h e r m a l e l e c -
t r o n s , o r a b s o r p t i o n in t he c a s e of i s o t r o p y of the e p i -
t h e r m a l e l e c t r o n s ) for t he c a s e of an i s o t r o p i c i o n -
a c o u s t i c t u r b u l e n c e wi th e n e r g y d e n s i t y W s and a v e r a g e
w a v e p h a s e v e l o c i t y v s ( c lo se to t he v e l o c i t y of s o u n d ) :

H (K>) — + —t̂ —a— — —- n \v > — ''si < 11U. 1)

where n (v > w/ws -Vg) is the number of epithermal
electrons with velocity v larger than wv s/w s .

In scattering by epithermal ions, it is necessary to
replace m e in the denominator of (10.1) by m^, and n
(>v) should be taken to mean accordingly the number
of epithermal ions with velocities larger than vsa>/ws.

For conversion in scattering of ion-acoustic waves
by relativistic ions, we get in place of (10.1)

where now n (£ > Co) is the number of relativistic ions
with energy larger than the specified value £0. The con-
version in scattering of ion-acoustic waves by relativis-
tic electrons (Compton scattering), and also effects of
conversion of Alfven and magnetosonic waves in scatter-
ing by electrons and ions, have not yet been considered.

11. CONVERSION IN COALESCENCE AND DECAY OF
PLASMA WAVES

In Sees. 5-10 we considered a group of plasma radi-
ation mechanisms connected with the conversion of
plasma waves upon scattering by particles. We now
consider a second group of plasma radiation mecha-
nisms, connected with nonlinear processes of decay
and coalescence of waves.

The theory of these processes, including those that
lead to generation of electromagnetic radiation, has
been considered in great detail in reviews and mono-
graphs. We therefore confine ourselves here only to a
brief summary of the formulas useful for astrophysics,
all the more since the method of obtaining these formu-
las has already been described in Sees. 2-4.

First, however, we must make a number of general
remarks. In coalescence of two plasma-turbulence
waves of the same type, having small phase velocities
Vp <C c, electromagnetic radiation is generated only if
their wave vectors are opposite in direction. If Vp ^> c
for one of the waves, then for the other wave we must
have Vp = c / / 3 " . The coalescence of two waves of the
same type with wave velocities V p > c cannot generate
electromagnetic radiation.

Induced processes of nonlinear interaction of two
plasma waves of the same type with an electromagnetic
wave lead only to the absorption of the electromagnetic
waves, but a nonlinear interaction of different waves
can lead to a buildup of the radiation field. We now pro-
ceed to concrete formulas.

a) Coalescence of Two Langmuir Plasma Waves at Fre-
quencies w^, with Generation of Electromagnetic
Radiation at Frequency 2woe

This process was considered many times within the
framework of the theory of scattering by thermal fluc-

t u a t i o n s ( s e e , e . g . , C2J) and wi th in t he f r a m e w o r k of t he
t h e o r y of n o n l i n e a r p r o c e s s e s . : 3 ' 7 ' 8 ] F o r the t o t a l r a d i -
a t ion coef f ic ien t in the c a s e of an i s o t r o p i c p l a s m a t u r -
b u l e n c e we h a v e

for kx ^> OJ/C. An estimate of the radiation coefficient
in terms of <Vp) (the average phase velocity of the
plasma waves) yields

l (11.2)

The wid th of t he e l e c t r o m a g n e t i c - r a d i a t i o n s p e c t r u m
i s d e t e r m i n e d p r i m a r i l y b y the wid th of t he p l a s m a -
wave s p e c t r u m .

b) Spontaneous E m i s s i o n in the C o a l e s c e n c e of Lang-
muir and Ion-p lasma or Ion-acoust ic Waves

T h i s p r o c e s s w a s a l s o c o n s i d e r e d m a n y t i m e s bo th
wi th in the f r a m e w o r k of the t h e o r y of n o n l i n e a r p r o -
c e s s e s " ' 8 ' 1 and in R a m a n s c a t t e r i n g of i o n - p l a s m a
w a v e s b y t h e r m a l f l u c t u a t i o n s . : i 9 ] An a p p r o x i m a t e e s -
t i m a t e of the t o t a l r a d i a t i o n coef f ic ien t y i e l d s

1 <•<*<*
( 1 1 . 3 )

h e r e v p i s , a s b e f o r e , t h e p h a s e v e l o c i t y o f t h e e l e c t r o n i c

p l a s m a w a v e s .

c ) S p o n t a n e o u s R a d i a t i o n U p o n C o a l e s c e n c e o f E l e c t r o n i c

P l a s m a W a v e s a t F r e q u e n c i e s a > H e l n a P l a s m a w i t h a

S t r o n g M a g n e t i c F i e l d
1

"

T h e t o t a l r e f l e c t i o n c o e f f i c i e n t i s

n ( k 0

F r o m t h i s we ge t the e s t i m a t e

( 1 1 . 4 )

( 1 1 . 5 )

As b e f o r e , we a s s u m e h e r e t h a t Vp <C c , bu t t he f o r m u l a
i s v a l i d , in o r d e r of m a g n i t u d e , a l s o when Vp « c .

d) Induced Convers ion (Absorption) in the Decay of an
E l e c t r o m a g n e t i c Wave with w » 2 0 ^ Into Two Lang-
muir Waves

The m e t h o d for c a l c u l a t i n g s u c h p r o c e s s e s i s d e -
s c r i b e d in S e c . 3 . S ince t h i s p r o b l e m h a s no t ye t b e e n
c o n s i d e r e d c o n c r e t e l y , we p r e s e n t h e r e m o r e d e t a i l e d
r e l a t i o n s . The 6- funct ion e n t e r i n g in (3.4) g i v e s the
c o n n e c t i o n b e t w e e n t h e wave n u m b e r s of the e l e c t r o -
m a g n e t i c and p l a s m a w a v e s :

- 6 ( o ) - 2 c o 0 t . - 3 i 4 ^ ) • (11.6)

C o n s e q u e n t l y , r a d i a t i o n a t t he f r e q u e n c y a> i s a b s o r b e d
by the p l a s m a w a v e s wi th w a v e n u m b e r s k j
= ( l / Z T v T e ) [ ^oe (w - 2o>oe)]1 / 2 . C a l c u l a t i n g now the
coef f i c i en t of i nduced c o n v e r s i o n ( a b s o r p t i o n ) , w e ge t

' 9V.3 (11.7)
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At a specified distribution of the wave numbers of the
plasma turbulence, formula (11.7) determines com-
pletely the absorption coefficient at all frequencies.

We now find the effective radiation temperature for
conversion in coalescence. Inasmuch as above we de-
termined not Iw but the total radiation coefficient I
= 47r/la;dct), it is necessary, when substituting in (3.7),
to use 47r//i(w)do) in place of i±(w) (a value 5w^/c2 can
be used for k2). Ultimately we get

9 V3
IOOJI <u-2

(11.8)

Going over to plasma-turbulence phase velocities and
using the estimate

0) — 2a0e

we obtain

(11.9)

(11.10)

where D = vxeAte i s the Debye radius.
Formulas (11.7) and (11.10) make it possible to cal-

culate Raman scattering of plasma waves with allowance
for their absorption. For estimates, F;(kJ can be re -
placed by W^/Aki, where Aki is the interval of the
plasma-turbulence wave numbers. Assuming Aki « kx

V- (") « n^r „> W • ( 1 1 - 1 1 )

The applicability of these formulas is discussed in
Sec. 12.

e) Buildup of Electromagnetic Waves at Frequency w^
as a Result of a Decay into Plasma and Langmuir
Waves and into Ion-acoustic Waves (The Process
I —t +s)

This nonlinear process is also considered in detail
in 17>S}, An electromagnetic wave with frequency some-
what higher than ui^ decays into a plasma wave with
lower frequency and into an ion-acoustic wave. The
process can occur only in a non-isothermal plasma.
An estimate of the coefficient of induced radiation gives

_ _ _ _
Comparison with (5.7) shows that in a strongly non-iso-
thermal plasma this process can compete with buildup
in scattering by ions.

12. PLASMA MECHANISMS OF RADIO EMISSION IN
RADIO ASTRONOMY

Up to now, relatively few papers were published de-
voted to the use of plasma radiation mechanisms for the
interpretation of radio astronomical observation data.
Without claiming completeness, we note here only the
main trends of the already developed concepts concern-
ing cosmic plasma radiation mechanisms, and indicate
the possibilities of further investigations based on the
theory developed in the preceding sections.

It must be emphasized here that an analysis of the

"operation" of a plasma radiation mechanism under
various conditions must of necessity be based on a dis-
cussion of as complete a volume of observational infor-
mation as possible. This cannot be done within the
framework of the present review, so that we shall fre-
quently have to confine ourselves only to the general
description.

a) Plasma Radiation Mechanisms on the Sun

The first historically, and so far still the most im-
portant applications of plasma mechanisms of radiation
were devoted to the interpretation of the sporadic radio
emission from the sun. It was observed almost imme-
diately that the intensity of this radiation is in many
cases much larger than the thermal limit that follows
from the theory of bremsstrahlung. And although in
many cases it was possible, at least qualitatively, to
make use of the synchrotron mechanism, it became
clear that new concepts are necessary concerning the
nature of the sporadic radiation of the sun.

From many considerations, both theoretical and
based on the interpretation of the observations, it can
be regarded as proved that various types of plasma in-
stabilities frequently developed in the plasma of the
solar corona (particle beams, shock waves). These lead
to the appearance of rather intense plasma turbulence
in the solar corona at different frequencies.C1'2'18'2C]

The conversion of plasma turbulence in the solar
corona into radio waves indeed explains most of the
phenomena in the sporadic radio emission of the sun.
An investigation of this conversion was initiated by
V. L. Ginzburg and V. V. Zheleznyakov.1'2'' According
to them, three types of conversions are significant in
the solar corona: regular conversion on smooth inhomo-
geneities of the solar-corona plasma, conversion in
Rayleigh scattering of plasma waves by thermal fluc-
tuations of the electron density (in the language of non-
linear plasma theory—conversion upon scattering by
thermal ions), and conversion in Raman scattering,
also by thermal fluctuations of the electron density
(coalescence of the plasma turbulence wave with the
plasma wave of thermal fluctuations). In all the cases
under consideration, the probability of conversion (the
ratio of the flux of the electromagnetic waves to the
flux of the plasma waves) is of the order of 10~7-10~5.

To interpret the observed data on the sporadic radi-
ation of the sun, the energy density of the plasma waves
was chosen such as to ensure the observed radio emis-
sion flux at the value of the conversion coefficient given
above. On the other hand, knowing the energy density of
the plasma turbulence, it is also possible to estimate
the characteristics of the instability (e.g., the concen-
tration of the particles in the beam). Of course, it is
necessary to explain here also other and more subtle
characteristics of the sporadic radiation of the sun
(polarization, directivity, frequency drift, complicated
structure of the frequency spectrum). We are unable
to discuss these questions within the framework of the
present review, and note only the main difficulties and
shortcomings of such investigations.

It must be emphasized first that so far we have con-
sidered principally the direct spontaneous conversion
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of plasma waves into electromagnetic ones. It was as -
sumed that any radio-emission intensity can be inter-
preted by simply assuming a large energy density of
the plasma waves. This is obviously not the case. If
we remain within the framework of spontaneous con-
version then, as already emphasized in Sec. 3, the
brightness temperature of the radio emission cannot
exceed a definite limit.

It was shown in Sec. 5 that in scattering by thermal
ions (this is the main conversion mechanism under the
conditions of the solar corona) the limit of the bright-
ness temperature of the spontaneous emission is

[eff :109' (12.1)

The plasma-turbulence energy should then exceed
(ix £ 10"9 cm"1)

W >.2O- ; 3- io-i» erg/cm3 (12.2)

which is eight orders of magnitude larger than the den-
sity of the thermal energy in the plasma nT (but not of
the thermal energy of the plasma waves). No increase
in the density of the plasma energy in excess of the
limit (12.2) can increase the brightness temperature
above (12.1), provided of course we stay within the
framework of the spontaneous mechanism.

Actually, in many cases the brightness temperature
of individual phenomena in the sporadic radiation of the
sun does not exceed 109 deg. But a larger brightness
temperature, which reaches sometimes values on the
order of 1015 deg, is observed sufficiently frequently.
It is obvious that in these cases buildup takes place in
induced radiation.

But it is clear even without these remarks that in-
duced radiation should prevail over spontaneous radia-
tion as soon as the energy density of the plasma pulsa-
tions becomes larger than the limit (12.2), which is
much higher than the energy density of the thermal
pulsations of the plasma waves. To be sure, with in-
creasing growth of the phase velocities of the plasma
waves, more and more of the energy of the plasma
waves is pumped over into the region of frequencies
that are very close to woe, which in turn decreases also
the frequency interval in which induced radiation takes
place. Nevertheless, at least at the initial stage of de-
velopment of the turbulence, the induced radiation
should be very effective.

Strictly speaking, in investigations of induced radia-
tion it is impossible to regard the energy density of
plasma waves as independent of the energy density of
the electromagnetic radiation, since constant energy
exchange takes place between the plasma waves and the
electromagnetic waves, as soon as these energy densi-
ties become quantities of the same order.

This means that in such an investigation of induced
conversion it is necessary to solve the self-consistent
problem of excitation of plasma turbulence and of the
transfer of its energy to the electromagnetic radiation.
An example of such a formulation and solution of the
problem is given in C11, which contains formulations
and solutions of the kinetic equations describing the
excitation of a plasma turbulence by a two-stream in-
stability, the redistribution of energy along the spectrum
of the plasma waves, and mutual conversion of plasma
and electromagnetic waves.

1
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u-S /^^"^

_ '/u-0

FIG. 4. Spectra of plasma (left) and electromagnetic (right) turbul-
ence energy excited by a beam of particles in a plasma. The abscissas
x/x0 and y/x0 represent the ratio of the wave numbers k' and kl respec-
tively of the longitudinal and transverse waves to coos /vs — the wave
number of the waves excited directly by the beam. The ordinates are
the dimensionless spectral energy dnesities, i// is the ratio of the spectral
density of the plasma waves to W0vs/cooe, and { is the ratio of the spec-
tral density of the electromagnetic waves to Wovs/cjoe, where

Different curves correspond to spectra produced at different times t
following the start of the turbulence excitation, u = 27t, and 7 is the
increment of the two-stream instability.

This calculation is described in detail in ['] •

An electronic-computer solution of these kinetic
equations yielded the spectra of the plasma turbulence
and of the electromagnetic radiation during various in-
stants of time; these are shown in Fig. 4. The charac-
teristic time of development of the spectra is deter-
mined both by the increment of the two-stream insta-
bility and by the time of energy redistribution over the
spectrum.

It is seen from Fig. 4 that the transfer of energy
into the region of very large phase velocities leads, on
the one hand, to a decrease in the radiation emerging
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from the medium, and on the other hand stabilizes the
beam, stopping the further generation of the plasma
waves. In final analysis, however, the turbulence at-
tenuates also in the region k —- 0, owing to the influence
of the collisions, making it possible for the plasma in-
stability to become replenished at a phase velocity
close to the beam velocity. Such bursts, which are
superimposed on each other and have a characteristic
period on the order of the time of electron-ion colli-
sions, are actually observed in different types of spo-
radic radiation from the sun.

The maximum density of both the plasma and elec-
tromagnetic energy attained in this process is of the
order of

W « W (12.3)

where n s is the concentration of the electrons in the
beam that produces the plasma turbulence; v s is the
velocity of the beam, and Avs is the dispersion of the
beam particle velocities. Assuming Te « 106 deg
(10~10 erg) and (N s /Av sf » 10, we find that even a flux
with a concentration on the order of 10 cm"3 produces
an electromagnetic-energy density on the order of 10"8

erg/cm3. According to (3.4), this energy density at
kmin *= woe/c corresponds to an effective temperature
on the order of 1016-1017 deg.

Of course, this estimate shows only that, on the one
hand, allowance for induced radiation in the analysis of
the sporadic radiation is absolutely essential, and on
the other hand this effect eliminates also many difficul-
ties in the modern interpretation of phenomena of the
sporadic radiation of the sun. In particular, the fore-
going example makes it possible to reconcile the high
intensity of the solar-radiation bursts with the small
number of electrons emitted thereby, as recorded by
space rockets.

One more difficulty in modern theoretical notions
concerning the sporadic radiation from the sun is as
follows. According to the so-called plasma hypothesis,
which is the basis for the entire theory (employed
above), the sporadic radiation is generated at the plas-
ma frequency w^ or 2^^ in the corresponding region
of the corona. However, observations of the localiza-
tion of the sources of the sporadic radio emission of
the sun shows that as a rule their frequency exceeds
uigQ for that region of the corona in which the sources
are located. It can be assumed, of course, that the
electron beams pass, for example, through a denser
region (corona beam). The increase of the concentra-
tion can be attributed also to the passage of shock
waves. Nevertheless, the frequency increase is so
appreciable, that this effect cannot be explained by
simply assuming that the plasma density is high.

This problem can be resolved within the framework
of the plasma radiation mechanisms described here by
assuming that the conversion of the plasma waves into
electromagnetic ones occurs on ions or electrons of the
same beam that produces the plasma turbulence. Since
the particle velocity distribution is not isotropic, in-
duced conversion with increase of frequency takes place
here.

Such an assumption, however, contains one singular-
ity. According to the results of Sec. 7, a noticeable in-

crease of the frequency in scattering by epithermal
(but nonrelativistic) particles takes place only when
the phase velocities of the plasma waves are noticeably
smaller than the velocities of the scattering particles.
Yet the beam itself builds up plasma waves with a phase
velocity equal to the beam velocity, and scattering by
thermal ions can only increase the phase velocities.

This difficulty can be circumvented by taking into
account the fact that when the plasma waves are redis-
tributed in a non-isotropic medium (and the beam pro-
duces anisotropy of the particle-velocity distribution
in the main plasma, too) the phase velocities of the
plasma waves can also decrease. Of course, a detailed
calculation of the excitation of the plasma waves in a
plasma with a beam is necessary, with allowance for
the influence of the beam on the redistribution of the
plasma waves over their spectrum both in the direction
of higher and in the direction of lower wave numbers;
it is possible, however, to obtain here conditions under
which the phase velocities decrease.

The conversion of plasma waves with small phase
velocities in scattering by beam electrons leads to ra-
diation of high frequencies. The buildup coefficient is
given by the formula (7.7), which can be written in the
form

(12.4)

since v s /vp = w/woe- Assuming w ss 4woe and |U.(w)
« 10"10 cm"1, we obtain the condition for the buildup

>3-10-5 erg/sec (12.5)

at ne « 108 cm"3 it is difficult to satisfy this condition,
but at n e RJ 107 cm"3 (the more rarefied regions of the
corona) we have nsW' *£ 10 erg/cm6. If we assume that
the plasma-wave energy density generated by the beam
is determined as before by (12.3), we get from this n s
» 10* cm"3 and Ŵ  «s 10"3 erg/cm3 (at a thermal energy
density also neT s» 10"3 erg/cm3). Generally speaking,
this is possible, although the concentration of the par-
ticles in the beam is too high.

We emphasize once more that we have noted here
only the feasibility, in principle, of increasing the fre-
quency in conversion by fast particles. It is possible
that a more complete analysis will either worsen the
conditions and make this effect nonrealistic as applied
to the sporadic radiation of the sun, or, to the contrary,
will facilitate the conditions under which the effect
under consideration is possible.

In concluding this section we make one more remark.
The mechanisms explaining the sporadic radiation of
the sun were used, with some modifications, also to in-
terpret the sporadic radiation of Jupi term or the very
low-frequency radiation generated in the earth's mag-
netosphere. Since in either case the concentration of
the free electrons is low and the magnetic field, to the
contrary, may be sufficiently large, it is probable here
that a>He 3> <^oe> anc* the plasma waves are excited at
the gyrofrequencies. Therefore, to analyze the conver-
sion of these waves into electromagnetic waves it is
necessary to use the results of Sec. 6.

Obviously, induced conversion should predominate
here, too (especially for Jupiter, where the effective
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temperature should be very low, since the ion temper-
ature is also low). According to (6.6) we have for the
buildup coefficient

(<•>) I - HT (12.6)

Assuming p. > 10 cm" , H = 15 Oe, and T = 3 x 10
erg (180°), we find the energy density of the p lasma
waves in the atmosphere of Jupiter , during the burs t s
of its radiation, should be Wh :> 3 x 10"12 e rg / cm 3 . If
the p lasma turbulence is produced by a beam, then,
taking (6.1) into account, we obtain in lieu of (11.3)

W « Wh
~nj. (12.7)

This yields n s ^ 0.3 (wHe/woe)2 cm' 3 . It is difficult to
say anything definite concerning the concentration of
epithermal par t ic les in the atmosphere of Jupi ter . In-
cidentally, the p lasma turbulence is most likely excited
here by shock waves. [ 2 '2 1 J

b) Plasma Radiation Mechanisms in Quasars

Among the many problems that quasars have posed
in modern as t rophysics , there is also the problem of
interpreting the rapid variabili ty of the radio emission
in the cm and even in the mm bands.

The problem consists in the following. In some
quasars (and possibly in many of them) the radio e m i s -
sion in the mil l imeter and centimeter bands changes by
a factor of severa l t imes within severa l months. This
means that the radiating region cannot have optical d i -
mensions la rger than this period, i .e. , on the order of
3 x 1017 cm. On the other hand, their radiation intensity
in this same band is so large that it corresponds to an
electromagnetic energy density up to 1 e r g / c m 3 (bright-
ness tempera ture on the order of 1015 and even 1017deg).

Disregarding for the time being the explanation of
the variabil i ty of the radiation, we note the following.
If the radiation mechanism is spontaneous, then the en-
ergy of the radiating par t ic les should be of the order of
1 0 u - 1 0 1 3 eV and higher. On the other hand, synchrotron
radiation of such electrons falls in the mil l imeter band
(let alone the cent imeter band) only if the magnetic field
intensity is of the order of 3 x 10"8 Oe, which is little
likely. In addition, too many relat ivis t ic par t ic les a r e
needed to produce an optical thickness comparable with
unity.

The combination of an anomalously weak magnetic field
with an equally anomalous large number of relat ivis t ic
electrons of tremendous energy makes the hypothesis
of spontaneous synchrotron radiation unacceptable. [ 1 4 :

In [14J it was proposed to interpret the radio emission
of variable quasars as being due to conversion of p l a s -
ma waves into electromagnetic ones at gyrofrequencies.
Inasmuch as the frequencies a r e very high, it is n e c e s -
sa ry to assume a strong magnetic field (H « 200 Oe).
In that paper , only spontaneous conversion was consid-
ered; obviously that cannot explain in any manner the
tremendous brightness tempera ture , since the limit of
the effective tempera ture is TfVp/vTi « 108 deg (in
quasa r s , probably, T^ « 104 deg).

Of course , induced conversion at the gyrofrequencies
is possible . In fact, assuming in (11.6) p. ~k, 10~17 cm"1,
T « 10"12 e rg , and H « 200 Oe, we find that the optical

thickness of the medium exceeds unity already at an en-
ergy Wn ^ 2 x 10"18 e rg / cm 3 . But the difference between
the obtained value of Wh and the observed density of the
electromagnetic energy is too high here to obtain con-
sistent values . For such a turbulence to be excited by
a par t ic le beam it is necessary , according to (11.7), to
have a par t ic le concentration n s ss 108 (wHe/woe)2 cm"3,
which is likewise excluded.

A much more effective mechanism is that of synchro-
tron instabilityC16:l—induced radiation at the frequency
(8.23). The advantages of this mechanism a re de te r -
mined by the fact that it does not call for the presence
of plasma turbulence and anisotropy in the distribution
of the re la t iv is t ic-par t ic le velocit ies. But it st i l l has
considerable shortcomings. F i r s t , buildup at mm and
cm wavelengths requi res either a very large concentra-
tion of the main p lasma (and consequently a high p lasma
tempera ture , for otherwise the bremsstrahlung absorp-
tion coefficient is large), or else a very weak magnetic
field. A large number of relat ivist ic electrons is r e -
quired to make the optical thickness in the buildup r e -
gion comparable with unity, namely

5cooc ) >JJT ( "^7 ; ~30lT< (12.8)

where L is the dimension of the medium. [23J For a typi-
cal variable quasar n e re 108 cm"3, H re 6 x 10"2 Oe, and
n (>450 MeV) re 2.5 x 107 cm"3. These values a re suffi-
ciently la rge . A more favorable combination of values
is no « 109 cm"3, H re 0.6 Oe, and n (> 150 MeV)
re 10 cm"3. But even under these conditions the fast-
part ic le concentration is too high.

From our point of view the most effective mecha-
nism for the interpretation of the radio emission of a
variable quasar is induced conversion of p lasma waves
into electromagnetic waves scat tered by a beam of r e l -
ativistic electrons (Sec. 8). To est imate the effect, we
shall use formulas (8.29) and (8.30).

We assume the following values of the p a r a m e t e r s .
Let n e re 10 s cm"3; then w^
era te a frequency u> re 1011 sec
radiation at an angle »» re 0.5V c /v p . If c re vp, then £
re 6°. Putting in (8.30) a = 4 and I /u. I -> 10" cm"1, we get

and to gen-
c"1 it is necessa ry to have

3= 10-2 e r g / c m 3 (12.9)

The energy density of the p lasma oscil lations probably
does not exceed the density of the thermal energy, i .e. ,
WZ < n e T re 10"4 e rg /cm 8 . Therefore ~ 1 0 2 e lectrons
with very low energy on the order of 107 eV in 1 cm3

suffice to ensure buildup of the radiation field in in-
duced conversion on relat ivis t ic e lec t rons . These va l -
ues can be improved further by assuming that the phase
velocity of the plasma waves is much smal ler than the
velocity of light. Finally, if the p lasma tempera ture in
the region of generation of the p lasma radiation exceeds
104 deg (which is perfectly feasible), then w ' can be in-
creased and accordingly the concentration of the r e l a -
tivistic par t ic les can be decreased.

The main purpose of the foregoing r e m a r k s was to
point out the importance of p lasma radiation mecha-
nisms for the interpretation of phenomena in quasa r s .
Of course , we must have a comprehensive account of
all the observational data, and also a solution of the
theoretical self-consistent problem of excitation of
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plasma turbulence by a relativistic beam with allow-
ance for conversion on the particles of the beam itself.

In conclusion, it remains to note once more that in
this section we touched upon only certain problems in-
volving the application of plasma radiation mechanisms
in astrophysics. We can mention also the small-size
source in the Crab nebula, exploding stars, etc. Finally,
an important factor in plasma mechanisms is their con-
nection with the plasma scattering of electromagnetic
waves. C24>22]

c) Problems of Using Plasma Radiation Mechanisms
in Astrophysics

Mention should be made perhaps of a number of
problems arising when plasma radiation mechanisms
are employed. First, there is no doubt that plasma tur-
bulence, just as synchrotron radiation for relativistic
electrons, leads to power-law emission spectra if the
spectra of the relativistic electrons are power-law, and
the connection between the exponent in the energy spec-
trum and the spectral index is the same as for synchro-
tron radiation. It is of interest also to compare the
electron energy loss in the plasma radiation mecha-
nisms and in synchrotron radiation. The sum of these
losses is of the form

1 _ _ L _ ^ L [ _ x p ) (12 10)

It can thus be stated that plasma turbulence plays the
role of a certain effective magnetic field. The radiation
is possible also at H = 0. An important question, how-
ever, is why relativistic electrons must have a power-
law spectrum. This problem is apparently connected
with the mechanisms whereby the relativistic electrons
are accelerated. An important role in this problem is
played by plasma turbulence.C13] At the same time, such
a turbulence can be excited by intense radio emission
generated by relativistic electrons. Thus, the circle
closes, as it were, and it becomes possible to formulate
and solve a self-consistent problem concerning the dis-
tribution of relativistic electrons and the electromag-
netic radiation excited by them. Apparently a solution
of this problem could yield information concerning the
parameter 8TTW/H2 in various radio sources given the
spectral index of their radio emission/333 Since the
magnetic field can be estimated independently, it be-
comes possible by the same token to estimate such an
important parameter as the energy density of the plas-
ma turbulence.

Second, plasma mechanisms, which can easily ex-
plain the rapid variability of the radio emission from
a number of sources, when applied to stationary radi-
ating sources raise the question of the nature of such
a stationary behavior. Apparently, such a stationary
behavior, if it exists at all, can be analogous to the
stationary turbulence which calls for a continuous flow
of energy over the spectrum. Apparently a situation is
possible wherein the principal mechanism of turbulence
dissipation is the conversion of the turbulent energy
into electromagnetic radiation. Such a possibility ex-
ists in a strong magnetic field u>ne ^> w^.

Third, finally, for a more complete understanding of
the nature of plasma mechanisms, it is important to
clarify the question of the distribution of the turbulent

energy over the wave numbers of the turbulent pulsa-
tions. An example of such a calculation is given in C283.
The mechanism for establishing a stationary turbulence
spectrum in a plasma has many features in common
with the mechanism of stationary turbulence in liquids.
It is connected with the generation of oscillations in one
region of wave numbers of the turbulent pulsations,
their transfer to another region of wave numbers, where
they are annihilated as a result of various dissipation
mechanisms.C263

It can be assumed that the solution of the mentioned
problems will yield additional information for the in-
terpretation of the radiation of cosmic objects, and also
information concerning the character of plasma turbu-
lence under cosmic conditions.

Note added in proof. In :343 we derived a formula,
which is convenient for estimates but is quite rough,
and which makes it possible to estimate the buildup of
electromagnetic waves (the maser effect) in a turbulent
plasma, using only the observed value of the electro-
magnetic-radiation energy density. The estimates show
that, by using only the observational data, it is possible
to ascertain the presence of a maser effect in conver-
sion of plasma waves on relativistic electrons in qua-
sars and in other objects having a large radiation power.

In :33] is contained a calculation of the effects of con-
version on relativistic electrons in waves with vp 3> c
(in the present review, vp <C c). In this case the radia-
tion spectrum ceases to depend on the turbulence dis-
tribution over the wave numbers. The total electron en-
ergy loss is determined by (12.10), where W is the total
turbulence energy, including vp <̂C c and Vp > c. A dis-
tribution of turbulent pulsations with a maximum at vp
3> c is possible, in accordance with C263, when the tur-
bulence is intense.
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