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Summary. The paper is devoted to the theory of type II solar
radiobursts caused by collisonless shock waves propagating in the
coronal plasma. The model developed is based on the theory of
collisionless shock waves, which predicts that a small fraction of
ionsis reflected from the shock front. Thision beam is unstable and
can drive low-frequency waves (wy; < @ < wy,) Which, as shown in
this paper, are quickly absorbed by the magnetized electrons of the
background plasma, leading to the formation of nonmaxwellian
electron tails. When entering the cold background plasma, these
hot electrons, in turn, drive high frequency Langmuir oscillations
with w ~w,, up to the high level W, /nyT,~107°-10"*. The
conversion of plasma waves into electromagnetic waves is caused
by the induced scattering of plasma waves of ions (0 *w,,) or by
merging of two Langmuir waves (0 x2w,,).

The role of nonlinear processes is studied. The brightness
temperature calculated from the theory, T, ~ 10*! K, appears to be
in very good agreement with observations.
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1. Introduction

It is generally agreed that the solar radiobursts of spectral type 11
are generated by the passage outward through the solar corona of

fast-mode MHD shock waves which originate in relatively intense -

solar flares and which, at any given height in the solar corona,
excite radioemission of the appropriate plasma frequency (Wild
and Smerd, 1972; McLean and Nelson, 1977; McLean, 1980).

Estimates of the velocities of the shocks, made from the
frequency drift-rate of the type II bursts, in conjunction with
appropriate models for the electron densities, generally give
velocities of about thousands kilometers per second (Maxwell and
Thompson, 1962; Maxwell and Dryer, 1981).

Nevertheless, despite the fact that the connection between solar
radiobursts of the second type and shocks has become evident, the
details of burst generation are not clear yet.

One of the possible means of burst generation by collisionless
shock waves moving across the magnetic field was proposed by
Pikelner and Gintzburg (1963) and developed by Zaitsev (1977); it
is connected with the Buneman instability developing at the shock
front. This instability is due to the relative motions of ions and
electrons. However, the plasma waves excited have low frequen-

Send offprint requests to: V.V. Krasnosel’skikh

cies. The rising of the plasma wave frequency needs subsequent
induced scattering on nonthermal electrons that leads to the
broadening of the spectrum up to 2w, and to its isotropisation.
So the transformation of plasma waves into electromagnetic ones
gives use to the radioemission in a wide frequency band w,, = w
< 2w, . The harmonic structure of the emission spectrum can be
obtained only in the case when the plasma wave spectrum is
isotropic and has two maxima with respect to k: one in the region
of plasma wave pumping and the second in the region of
dissipation due to the radiation losses.

Lampe and Papadopoulos (1977) proposed that type II
emission can be associated with acceleration of electrons by lower
hybrid waves followed by nonlinear conversion. The lower hybrid
waves were assumed to be generated by a current driven instability
in the shock front.

However, the mechanisms proposed are not general. In
particular, they do not describe adequately an analogy between
type III and type II bursts, which is often observed (the example is
the herringbone structure). The type III radiobursts, as it is well
known, are produced by fast electron streams propagating along
the magnetic field lines (Ginzburg and Zheleznyakov, 1958). From
the analogy between the components of the second type bursts and
the type III bursts one can suppose that typell bursts are also
generated by streams of accelerated electrons (McLean and
Nelson, 1977). Note that the intense streams of ions and electrons
and waves driven by them are very often observed near the Earth’s
bow shock (Eastman et al., 1981; Anderson et al., 1981). It is natural
to connect the radioemission of the coronal shock with the fluxes of
the electrons as the most general and effective way of direct
generation of plasma waves (Langmuir oscillations).

In this case the key questions are those of the effective electron
acceleration and of the transformation of electron energy into
electromagnetic radiation. As it is known, the radioemission of the
type II bursts may be very strong [T, ~10*'K (Nelson and
Robinson, 1975)].

In our opinion, the approach which makes it possible to answer
these questions is that proposed by Papadopoulos (1981) and
Vaisberg et al. (1983) for the Earth’s bow shock. Its main features
are the following:

The ions, accelerated during the reflection from the front of the
quasiperpendicular shock wave, form the beam which advances
almost perpendicular to the external magnetic field. It is widely
known that such an ion beam can easily drive low-frequency
oscillations (wy; € ® <wy, <w,,) With wavevectors almost nor-
mal to the magnetic field. The magnetized electrons may absorb
these oscillations due to the resonance w =k,v,. As a result the
non-maxwellian “tail” of the electron distribution function grows.
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Entering the background plasma, non-maxwellian electrons form
the beam, which effectively drives the Langmuir oscillations at the
local plasma frequency w,. In this case the emission of
electromagnetic wave with w=w,, is due to the merging of
Langmuir and low-frequency waves, the emission of harmonics —
due to the coalescence of two Langmuir waves.

In our paper this process is studied in more detail in connection
with the acceleration of the electrons at the front of a shock wave
traverse by the Solar corona and the generation of type II solar
radioemission.

2. The acceleration of electrons of the front of the shock

1. The general theoretical picture of quasiperpendicular collision-
less shock waves shows that in the plasma stream moving towards
the shock there is a small fraction of ions with energies too small to
overcome the potential barrier of the shock (Sagdeev, 1964;
Biskamp, 1973). When the Mach number, i.e. the ratio of the
velocity v, with which the plasma flows through the front of the
shock to the Alfven velocity v, = (H?/4nn;m;)'/* reaches some
critical value, M =v,/v,> M, ~2, the potential barrier which
decelerates the ions in the shock equals the energy of the ions in the
incoming stream.

In this case the shock wave overturns because of the reflection
of the ions; the flow of the ions becomes multistreaming and the
structure of the shock becomes nonlaminar. Now there is no full
theoretical description of the turbulent shock wave structure.
Nevertheless, one can state that the number of the reflected ions for
M < 10+ 12 is relatively small and they form an ion beam in the
foreshock region. In the frame of reference moving with the
running stream the velocity of such a beam is v, ~ 2v,, its density is
n, < (0.1 + 0.3) n,, the density of the background plasma. These
estimates are confirmed both by numerous observations in situ
near the Earth’s bow shock (Russel and Hoppe, 1983; Gosling,
1983) and computer simulations of collisionless shock waves
(Leroy et al., 1981, 1982; Shodura, 1975).

The reflected ions are turned by the magnetic field, face the
shock front again and move with the background plasma through
the shock (there is no secondary reflection). The presence of the
reflected ions in the foreshock region leads to the formation of the
so called “forerunner” or “pedestal” of the shock. The thickness of
this region d is of the order of vy/wy;. It is this region, in which
there is a small preliminary deceleration of plasma flow, that the
increase of the density and of the magnetic field and the
acceleration of the electrons take place. We shall consider the
mechanism of this acceleration in connexion with the waves driven
by an ion beam.

Dealing with the mean parameters of plasma in solar corona,
let us suppose the following inequalities are valid: wy, < ®,,, B.,;
=8nny(T,,T;)/H* <1. Here H is the strength of the magnetic
field, n, is the background plasma density, T,, T; are the electron
and ion temperatures, w,, = (4nne’/m,)"* and wy, =(eH/m,c) are
respectively the plasma frequency and cyclotron frequency. The
low density ion beam (m,/n, <1) with small thermal spread
(4vy, <v,) moves almost perpendicular to the magnetic field and
hence can effectively interact with low-frequency plasma oscil-
lations, which have wavevectors almost perpendicular to the
magnetic field lines. If the electrons are magnetized and ions are
not, wyy; <o <oy, one can easily write the following dispersion
relation for non-potential waves

2
N Wite cos® 0
= o 1
@ 1+ w2, [k*c? <”+ 1+w§e/k2c2> @

Here u=m,/m; is the electron to ion mass ratio,
cos’0=kZ/k* <1, H=He,. For w,/k*c* <1 (1) describes the
low-hybrid oscillations, while for w2,/k? ¢* > 1 it is relevant for fast
magnetosonic and whistler waves.

Note that it is necessary to consider only waves with k,d
~ kv,Joy; > 1, because the ion beam exist only in a region of finite
thickness d ~ v,/wy; . So the ions are automatically unmagnetized.

The oscillations described by (1) are unstable in the presence of
an ion beam (Mikhailovskii, 1974). They grow with a rate:

_ ) ] Ime
HETY W2 1+ i Jk*c?
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To calculate this rate we suppose that the ion beam distribution
function is Maxwellian:

S@)=mn, [(27"5)1/24‘%]_3 exp [— (v — v,)%/2(dv,)?).

Hence
w? of
Ime = — pe_ . . .9
me U nok? [ 6(w k o)k %
0 n_,,.a)ﬁe'(k'vb—a))
T ny k2 (k- Avy)?

~exp [ (k- v, — ©)*/2k* (4v,)*].

One can argue that cos = k, /k is to be determined in an optimal
way: kv,cos@p —w ~4v,, so Ime reaches its maximum value:

Ime=rn .2
k@) mo’
Finally,
2
- T HWHe ”b/no (2)

T2 By 1+0ikE
The growth of oscillations resonant with an ion beam is in
principle, limited a) by convection of waves through the shock
front; b) by the energy losses due to the resonance with the
electrons, w = k,v,, and their acceleration and c) by the nonlinear
effects. We shall suppose that the quasi-static amplitudes of the
waves, are small and neglect their nonlinear interaction (see
discussion below).

In such a case the excitation of waves by an ion beam upstream,
the relaxation of the beam and the quasilinear acceleration of
electrons are described by the following system of equations
(Vaisberg et al., 1983):

(v, — o) aix EZ=2E2 3,47+ 7); (€)
v %er%c [v—voxH]‘Zij
ﬁn(%i>zj%k~%'i—'zé(w—k‘v)k'gj—j; 6]
v; sin 0o %” <mi>2 I (Z:z])c3 567 K +k5>5k2 2)?
- 6(w —k,v,) gfj—"’ )]

z

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://ads.ari.uni-heidelberg.de/abs/1985A%26A...149..323K

FTI8LARA - CI497 “37Z3K0

V.V. Krasnosel’skikh et al.:

These equations are valid in the frame of reference moving with the
shock wave. Here 0, is the angle between the magnetic field vector

and the normal to the wave front, i.e. the angle between H and x -

axis, v, = dw/0k. The LHS of (3) describes the convection of
oscillations from the region of interaction, while the RHS of (3)
deals with generation of low-frequency waves by an ion beam (y,),
their damping due to the resonant interaction with the electrons
(y.) and the ions of the back-ground plasma (y;).

To analyze (3)-(5) one can make some simplifications. First,
one can suppose that the part of the beam energy transmitted to the
waves is small and does not affect the relaxation of the ion beam
described by Eq. (4). This assumption is confirmed by the
observations near the Earth’s bow shock and the computer
simulations mentioned above and is in good agreement with the
results obtained below.

Second, since the electrons are magnetized, their transversal
energy does not change and a one-dimensional distribution
function is enough to describe the behaviour of the electrons:
F(v,)= n dv} f,(v,,v,). With this simplification the damping rate
of waves due to the Cherenkov resonance with the electrons is

2 -3
n wHe oF
= 1
T30 % < = 2) 30, |s,= ok, ©
and the velocity of resonant electrons is
w?, w?,
ey EE L AEs
P\k) a4 @/ costO (1+ ok /k* )

The third, and last, simplification is due to the fact that the term
describing the wave convection is small in comparison with
Vp: Uy =Mv >0, ~v4, and the LHS of (3) is

OE}?

(vo—v)) 5 & 2 B} maoy B} ®
Here o <1 and we use the estimate 8/0x ~ d ™! ~ wy;/v,. Compar-
ing (8) with y, EZ one can conclude that the convection is important
only for long wavelength oscillations for which y, < wy; or (for

simplicity it is assumed that cos?0 < u)

2, @ . 1
oy 1+k 3wl
k 1/2
LT - ©
(1 +k*wl,)? [an 2
ny \dv,

V n, 1
The important parameter —< A) ~—2 .~ connected with the

Av, n, P
convection, determines, in particular, the threshold of the ion
beam instability. Since the LHS of (9) is less than 3/8 for all k,
for the instability to occur it is necessary to fulfill the condition
2
T (Aﬁz——) > 2 u. For ny/ny > 10~ B this inequality is satisfied and
b

one can take the convection into account only in the small part of
phase volume occupied by the oscillations. The energy of these
waves is small too. So the energy of the ion beam which is
transferred to the waves, is mainly absorbed by the electrons. As a
result, strong electron acceleration along the magnetic field lines
will occur and F(v,) will have a non-maxwellian ““tail”.

In the rest of the paper we shall describe this process in detail.
The scheme of the solution is the following. Balancing y, + 7y, ~0
[Eq. (3)] one can find the fraction of electrons accelerated and
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determine F(v,) such that the energy lost by an ion beam is
absorbed by the electrons. Note that, when solving Eq. (3), we do
not take into account the finite size of the system, while the wave
convection is considered in a simplified way, see e.g. (8). Knowing
F(v,), one can determine the wave spectrum and estimate if the
relaxation of an ion beam is important.

In that part of phase space (k, , k,) where E? = 0 it follows from
(3) that

2 2 2 ,2\3
oF > ,u Wy, 14 k*c
" ov, k2c? w?,
ny v\ 1 o
== ——— - — .
no \4dv,) 1+ k*c*w?, )

In the rest of phase space the LHS of (10) is negative, because the
waves should damp. Taking into account (2) and (6), (10) can be
written as

(10)

Vb + Ve — dwy; 0. 11)

Note that resonance condition (7) and dispersion relation (1) allow
us to find cos 6 and w as functions of k, v,, so that the RHS of Eq.
(11) depends upon both independent variables. The exact equality
takes place only for a single k =k, ., for which the RHS of (11)
reaches its maximum. The waves with another k are damped, i.e.
the spectrum of the oscillations is streamer-type and the energy is
concentrated in a narrow band near the line k£ = k_,, on the phase
plane (k,, k,).

Now our aim is to find the maximum of RHS of (11) for a given
electron velocity v, . For this purpose find w = w(k, v,), excluding
cosf:

14 k2 c2[o?,
(U + 2k (A + K2 o) — (w3 uvd)

and substitute w into Eq. (11). To simplify the formula let us
introduce

o? = pof,: (12)

v k?c? _ v\
u=ﬂ1/2_z;é= a—M <AA>
Uy wpe Uy

and write down (11) in a form

F 1/2 1 2 1 3 1 1/2

LOF P (1Y [ e[ 1R EPE
T ou vy £ 14 u

We are interested in the region of superthermal velocities v, > 2vy,

ie w*>4uvk /vA—4ﬂe Hence, if §, is not too small, one can
neglect the term with %~ 2 in (11'). Then the maximum of the RHS

of (11)isreached foré =¢, = (— ﬂ) < 1andit does not depend

on u. It implies that the distribution function of the accelerated
electrons is linear:

2
B v vy — 0,
F _ . .
v.)= (A”b)2 v}

552 o
We do not dwell upon the dependence of £, upon the parameters
for the convenience and the compactness of formulac. When

B.<1/4 ]/ pla, &, slightly depends upon u for small velocities.
Although this dependence &, (u) is easy to find and determines the
deviation of F(v,) from the linear law, this effect proved to be
insignificant and we shall ignore it.

For small velocities v, =v, ~(2 + 3) vy, the distribution fun-
ction of the accelerated electrons merges with the thermal electron
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distribution function, which is supposed to be Maxwellian
(v, >v,):
1 2
Fo =t 1o L ORL0] (13)

Svi ng é*

]/ 2rvg,

Before we find the maximum velocity v, of the accelerated
electrons, the analysis of a streamer-type spectrum is in order.
As mentioned above, the waves are concentrated near the line

b=k, (k,) = 2
frequency ¢

VE,=k, ~const on a phase plane. Their

[ uokl, T A
w_[l—(vif*/ﬂvf):l Fhvaom |

is practically constant for about the whole spectrum, where

2

v . .\
vf»—”éi. As it follows from the resonant condition, w

u

= kv, cos @, the streamer consists of two straight lines on (k,, k,)
making angles + ¢, with k, axis. Here
kx Uy
COSQP, = 5 &
TR

To find the wave spectrum one can rewrite Eq. (5) in the form

o, ct;s@o Fv,)

(e o vf,.l d*k, 9
‘”(E) aT[v_ s Voo B a, F(”)]

using the fact that the spectrum is of the streaming-type. For
2

simplicity we shall consider only the region v? > U—"fi which is
u

(14

most important for the following. One can obtain from (7) that
2
cos? 0 ~ Z—; £, - Substituting (13) into (14) one find after integration

d*k in6 2 Ve
L E2= " sz 0 <&> v [v,(v,—v,)dv,

!(2n)2

ndv; e

2 m;n, v

. Uy
~AnpPPE]? sinb, <7> 3

4
(e L (20 ke 15
<kzc> k, <1 3 v, k) (135
The density of the wave energy is
dk 2\ . d%k, E}
(142 ) oy
2n v:)° (2n)* 8=
1 . -2
= 5 (1E)*% sinf, - m';—"”" (16)

Knowing the wave intensity one can easily find the change of the
velocity spread in the beam, é(4v,). In agreement with (4),

I/D/wHi’

where the diffusion coefficient D is determined by the waves
e \? . dk
D =
" < ) Tany
=472 £ 2'
m;

3(4v,) = Y/ Ddv, ~ a7

- cos? 9 E26(w — k- v)

(v4/03) m

1 18
(1= (g/v,)*1* kv, as)

The assumption that the change of the growth rate of the ion beam
small and that the energy of the beam is transmitted to the electrons
is fulfilled if 6(4v,) < Av, or, as it follows from (16)—(18), if

ﬂvh <(Avb)zvb . Ofe . 8

w2 T 05 wi, &}*sinb,

(19)

To find v, it is necessary to balance the energy fluxes, i.e. the energy
flux lost by the ion beam must be equal to the energy flux gained by
the accelerated electrons:

d(nym;v3) = nymv §(Av,) =sinb, [nom,v3 F(v,)dv,. (20)
From (12), (17), and (18) it follows that

1/2 14 4
”"" =10&34 (sinf,) /4 < ) <"—”> 1)
v% Ope v, v,

Note that the maximum velocity of the accelerated electrons
does not depend explicitly upon the density of the ion beam.
However, n,/n, determines £, . For example, for shock waves with
M=~xM,=2, §;~107", 6, ~ 107", my/ng ~ 1072, w2, /w, =900,

1 1
(4v,)* /vy ~ B; one can find from Eq. (9) that £1/2 i3 and after

substitution in (21) obtain

2
m, v ~(1 +2)U—A mez£>Te
H Be

so the electrons are accelerated up to superthermal velocities
(B. ~ B; ~1071). In accordance with (16), the level of turbulence
appears to be:

3 2
W sm90 2 12 et m,v;
no T, 16

~51074

e

and the total density of the accelerated electrons:
1 my v, 02
= = ==) Sun,~107*n
102 n <Avb> vﬁ’u ° °

2. The self-consistent theory of electron acceleration near the
shock front, developed above, is based on the quasilinear
approach. However, in the frame of a quasilinear theory for waves

Un
ny= [ Fdv

with k, < /v, & Yuk, there are no resonant electrons which can
limit the growth of these waves. So the growth of the waves in this
region of phase space is limited by nonlinear interaction. The full
nonlinear analysis is beyond the scope of this paper, so below we
restrict ourselves only to a qualitative analysis of nonlinear
interactions.

For k,/k < 1/u the strongest nonlinear effect is the induced
scattering of waves by electrons. The physics of this process is the
following: the beat of two low-hybrid waves may have a phase
speed close to that of the thermal electrons. So the beat will be
quickly absorbed by the electrons, leading to the nonlinear
“coupling” of primary waves and forcing the low-hybrid waves to
move outwards in k-space. Thus, the waves driven by a beam will
quickly leave the resonance region in k-space, limiting the density
of the waves there. ‘

For potential waves this process and the collapse of the low-
hybrid waves, closely connected with it, were studied in numerous
papers (Sturman, 1974; Sotnikov et al., 1978; Hasegawa and Chen,
1975). With nonpotentiality of waves taken into account, the
nonlinear damping rate of induced scattering by electrons may be
found in a similar way:
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1 W) [kx k']
’ k2 k/Z

k)= _
7wz (k) %:1+a)12,e/kzc2 nyT,

’

«@—kn<ﬁ—fﬁv%mww—ko @)
(03] w €

2
b3 Wpe 0

o dnkl W(ki,k,) o—o
T2 1+ ok kP

ok ) om

2
ny T, vT,

Here we use the fact that the spectral “repumping” of the waves
occurs in a differential way: for a single scattering

Ak, ~ (0 — 0)vg, < Z—Akl <k,.
T,

As the result of induced scattering the energy of the waves is
transmitted along the line k, = 0 to the region of greater k, , where
it is absorbed by the thermal electrons. Part of the energy is lost
during the spectral “‘repumping” because of angular scattering of
waves into that region of phase space, where waves are effectively
absorbed by the accelerated electrons.

Thus, the streamer-type spectrum W (k) ~o(k—k,) for k,
~v 4k, [v, turns and is continued in a form of a streamer along the
k axis. In this branch of a streamer there is a balance between the
induced scattering of waves and their generation by an ion beam:
¥» ®yn- Estimating the thickness of the streamer as 4k, ~ w/v,

and substituting in (22) w(k) — o (k') &}/ wy,, one obtains

T w?, ) Vi o, 'jdnkiAkz
I = O P Yo

Wk 1 <v,, )2 (cope >2 W,

: ~r—|—) - Oge —=-
no T, ]/ u \br, Dye “noT,
Now, balancing y, &y, , one can find the wave energy density on
the streamer, passing along &, axis, assuming that the waves are

concentrated near the maximum of the growth rate y, and
k. c/w,, ~1. The result is

W, _ UTCZCUIZ{e.nb, v\
nole N#(Uh ) Wpe Mg <Al’b> .
It should be noted that the presence of shortwave oscillations (i.e.
the streamer passed along the k, axis) may change the position of
the main part of a streamer, k ~k, < w,./c and thus may change
¢,. To understand this fact one should keep in mind that the

nonlinear interaction of waves belonging to the main streamer in
k-space is unimportant, because the main nonlinear process for

(22)

(23)

k,/k> ]/ 1 is the induced scattering of ions and the corresponding
phase velocity of the beat waves is v, ~ (0 —")/(k— k')
~ v, > vg, s0 only an exponentially small fraction of the ions takes
part in this process. On the contrary, the induced scattering caused
by absorption of the beat waves by waves from the main part of the
streamer, k ~ k, , and the shortwave oscillations from the tail of a
streamer, k¢ > w,,, is very effective because in this process all the
ions may play a role. The growth rate of this last process is
(Sturman, 1974)

Y O LW ~ Vno; <vn>2ﬁ v
M7 obe /i noT. 1 \o ) no (4v,)?

Thus, for (m,/n0)(v4/40,)* > (vsfvr)? V. 1 yy. > g and in this case
the ““cross-section” induced scattering on ions is more effective in
stabilizing the waves with k, <k, than the convection of

@4
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oscillations considered earlier [see Eq. (8)]. In this case the position
of the streamer in k-space does not depend upon 7, :

o)~
wpe vh e
Since it is difficult to determine k,c/w,, taking into account,
nonlinear effects, we estimate it as &, ~0.1 +0.3.

Summarizing the results of this section, we arrive at the
following conclusions.

The electrons near the front of the shock may be accelerated up
to an energy of the order of m;v%/2, and the density of the
accelerated particles may reach a value of n, ~ (1073 +107?)n,,
depending upon the Mach number M and the angle 6,. In
addition, the acceleration of electrons up to high energies may also
take place, due to their resonant interactions with waves located in
an arrow cone k, ~0 in k-space. However, the number of such
electrons is small.

3. The radiation caused by electrons moving from the shock front

Let us consider a magnetic field line moving with the plasma flow.
At some time this field line will touch the front of the shock. The
electrons accelerated by the shock are then injected into the
background plasma. Since the electrons are magnetized, they move
along the field line, and there is an analogy between this process
and that considered by Ryutov and Sagdeev (1970), when the flow
of the hot plasma enters the half-space occupied by the cold
plasma. If F(v,) is the distribution function of hot electrons, one
can assume that at a given point z>0 in a moment >0 the
distribution function of electrons f,(v,,z,¢) is equal to F(v,) for
v, > z/t and is small for all the other velocities (we consider =0
as the moment of injection). However, this distribution function is
unstable and can drive Langmuir waves, which, in turn, cause fast
diffusion in v-space and form a plateau:

P(z,1), v,<u(z,t);
So(,), v, >u(z,1).

The quasihydrodynamic equations for p and u were obtained and
solved by Ryutov and Sagdeev (1970). Knowing p(z, t) and u(z, ),
one can find the energy density of plasma waves. This approach
was successfully used in a number of papers for explaining some
features of type III solar radiobursts (Zaitsev et al., 1972; Zaitsev et
al., 1974). In these papers it was shown that at a given point on the
field line the wave density grows when the first group of hot
electrons arrives, reaches its maximum value and then decreases
during the passage of slow electrons. Since we do not know the
details of the injection process, we shall use estimates following
from the works of Ryutov and Sagdeev (1970) and Zaitsev et al.
(1972, 1974): the energy density of Langmuir waves is approx-
imately equal to one tenth of the energy density of hot electrons:

f(z’ t?vz) = {

1 muy
T

W, 29)
Substituting the density and the energy of the hot electrons,
obtained in Sect. 2, in (29), we find W, > (107° +10"%) - n,T,.

Now let us consider the processes responsible for the
radioemission of the shocks moving in the Solar corona.

The high level of turbulence ensures the high efficiency of the
nonlinear transformation of Langmuir waves into electromagnetic
ones at frequencies close to w,, or 2w,,. A number of processes
causing the generation of electromagnetic waves by plasma
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turbulence were studied in connection with solar type III
radiobursts and kilometric radioemission of the Earth and Jupiter.
Among them are: induced scattering of Langmuir waves by ions
(Melrose, 1970, 1974; Tsytovich, 1966; Kaplan and Tsytovich,
1972), merging of two Langmuir waves (Tsytovich, 1966; Smith,
1977; Papadopoulos et al., 1974; Smith et al., 1979), coalescense of
upper-hybrid waves with low-frequency electrostatic waves
(Galeev and Krasnoselskikh, 1978), radiation due to the collapse
of Langmuir waves (Galeev and Krasnoselskikh, 1976; Kruchina
et al., 1980; Goldman et al., 1980).

Returning to the process considered in our paper, one can argue
that the collapse of Langmuir waves does not play any role, since
the spectrum of plasma waves driven by hot electrons is broad
enough, (kAp)?~ vk/vi~B,>W,/n,T,, and the condition of
modulational instability (OTSI) is not valid. The ion-sound waves
are absent because the plasma of the Solar corona is considered to
be isothermal (7,=T;). In such a case the generation rate for
electromagnetic waves with w ~w,, is determined by the induced
scattering on ions. If Wy is the energy density of electromagnetic
waves and v, is the phase velocity of Langmuir waves this
generation rate is (Tsytovich, 1966; Melrose, 1974):

d w, v

EWT%CU

Wy (30)

pe 2
R T‘e 4 vph

To estimate the brightness temperature of the emission one
should know the optical depth of the radiative region, which, in
turn, is determined by the length at which Langmuir waves
exist in the background plasma. This length may be estimated as
I~ (/2 +1/3)v,t,,, where t,, is the time of electron injection into
the given field line, sliding along the surface of the shock wave.

It is easy to understand that the acceleration of electrons along
the given field line continues only till the moment when the angle
between the shock surface and this line exceeds some critical value
0> 0., ~30°. Thus, if R is the curvature radius of the shock, the

. . . R . R
time of the injection may be estimated as ¢;, ~ 7, S 0, < TG
. . R v Vo Yo
which gives [~ 10 -2 So, one can conclude that electrons,
Up

accelerated at the shock, excite intense Langmuir oscillations
(Wp/nyT, ~10~* = 10~ %) in the wide foreshock region. The size of
this region is comparable with the radius of curvature of the shock
wave or is determined by the long-scale irregularities of the
magnetic field in the solar corona (if their typical size is /; < R).
Using Eq. (30) and estimating / ~ 10! cm, as 1/10 = 1/30 of the
shock wave front curvature, one can find that the plasma layer
emitting the radiation is optically thick for W, /n, T, > 10 (c/w,, R)
- (c*v,/v3,) ~ 1075, In this case there is an equilibrium between the
electromagnetic and Langmuir waves, and the brightness tempera-
ture of the radioemission is equal to the effective temperature of
Langmuir waves:

W
T~ T~ TunoAh) ——. (31)
0te

n

For n, =108, T,=10°K one obtains T, ~ 10** K.

We are not going to treat the mechanisms of radioemission of
harmonics in details. It should only be pointed out that the optical
depth in this case is large too, so the brightness temperature of the
harmonic emission appears to be approximately equal to that of
the fundamental emission. This conclusion is confirmed, at least
for a part of type II bursts, by observations.

The value of the brightness temperature obtained for W, /n, T,
=10"%+10"5, T, ~ 10° = 10' ! K is also in good agreement with

the observational data. For W, /n,T, <10~ > the plasma becomes
optically thin, the brightness temperature may stay at the same
level ~ 10° K, but the difference between the rates of generation of
fundamental and harmonic emission becomes significant, and their
brightness temperatures differ; the fundamental emission should
be brighter.

The self-consistent theory of radioemission by shocks moving
in the Solar corona developed above allows us to explain in a
natural way at least two more features of the type II radio bursts.
One is the finite band width dw/w,, ~ 107", the second is the .
relatively high degree of burst polarization at w,, (Suzuki et al.,
1980). The former may be explained by the finite width
of the Langmuir wave spectrum: Aw ~ (3/2)w,.(4kAp)* ~ w,,
v}./v; ~0.1w,,. In addition, the density irregularities in the
emitting volume may also play a significant role. To explain the
polarization one should keep in mind that ordinary and
extraordinary waves are generated in different ways.

The induced scattering of ions considered above, [+i— ¢, is a
very effective way to generate ordinary waves, since the frequency
of this electromagnetic mode slightly differs from the frequency of
Langmuir (upper-hybrid) waves, while the frequency of the
extraordinary waves is shifted from that of upper-hybrid waves ata
value of the order of wy,. So the process of induced scattering
affects mainly the ordinary waves.

The extraordinary waves may be, in principle, generated by the
merging of Langmuir waves with the lower branch of electrostatic
oscillations. However, as was pointed out by Galeev and
Krasnoselskikh (1978), this process occurs only in the quadruple
approximation and so it is very slow.

Summarizing these arguments, we conclude that the plasma
wave turbulence near the shock front generates mainly ordinary
electromagnetic waves with left-hand polarization. Of course, the
degree of polarization is changes during the propagation of the
wave in the coronal plasma (Zheleznyakov, Zlotnik, 1977).
Moreover, the polarization of the second harmonic in the region of
generation is connected with the coupling of two Langmuir waves
and the difference between intensities of the left- and right-hand
polarized waves is of the order of the difference between their
refraction indexes, which is of the order of 2wy,/w,, ~ 10 .

4. Conclusion

We propose a self-consistent model for radiowave generation by
collisionless shocks moving in the plasma of the Solar corona. This
model is based on basic principles of the plasma theory of shocks
and needs no additional assumptions. The main steps of the
generation process are the following:

1. The small fraction of background ions, reflected by the
shock, forms the ion beam in the foreshock region.

2. The ion beam drives the low-frequency (wy; < ® < wye)
waves due to the instability.

3. The low-frequency waves are quickly absorbed by the
magnetized electrons. This leads to the formation of non-
maxwellian “tails” on the electron distribution function.

4. The hot electrons enter the background plasma along the
magnetic field lines and drive the Langmuir oscillations which may
reach a rather high level (W;/n,T, ~1075 =107%).

5. The Langmuir waves are scattered by ions and transformed
into ordinary electromagnetic waves of the same frequency
® X w,,. Since the optical depth of the emitting plasma layer is
large, the brightness temperature of the radiation does not depend
upon the fine structure of the spectra and appears to be of the order
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of 10*! K. The radiation at harmonics is due to the merging of two
Langmuir waves. For typical parameters of the coronal plasma the
brightness temperature of harmonics may reach that observed
at w,,.
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