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The mechanism that generates sporadic (nonthermal) solar radio emission,
which is of great interest to radio astronomy and sclar physics, is rather
obscure. Recently the authors considered this problem (1, 2, 3] and this report
gives their summary.

It is convenient to classify the mechanisms as (a) incoherent or coherent,
or (b) involving an isotropic plasma or a magnetoactive one. In addition, it
is convenient to consider first the conditions of propagation in, and emission
of electromagnetic waves from, the solar corona.

1. PROPAGATION AND EMISSION OF ELECTROMAGNETIC WAVES
FROM THE CORONA

Transverse waves 1 and 2 and a longitudinal plasma wave 3 can propagate
in the isotropic plasma. Squares of the refraction indexes for these waves
are equal respectively to
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where N is electron concentration, Vr= (kT/m)'/?, T is kinetic temperature,
and e, m, ¢, k are charge and mass of the electron, light velocity and Boltzmann
constant.

In the regions of the corona where ¢ >0, waves 1 and 2 are slightly ab-
sorbed owing to collisions (the role of these collisions is neglected in [1]). The
damping of wave 3 takes place, even if the collisions can be neglected; this
damping becomes weak only when A = c/oms exceeds Debye’s radius D =
(kT/4ne*N )13,

In the isotropic coronal plasma, electron streams generate only plasma
waves; however, we are interested in transverse waves escaping from the corona.
In a homogeneous plasma, the transformation of plasma waves into trans-
verse, e.g. radio, waves takes place only owing to scattering on fluctuations
of the electron concentration 6N = N’ + 6N’’. Here 6N’ represents
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fluctuations of N due to variations of the plasma density, and 6N’/ the fluc-
tuations of N when ion density practically does not vary. Scattering on
fluctuations of 4N’ is not followed by a considerable change of frequency
(Rayleigh scattering), so the radio wave formed as the result of scattering
has the frequency of a scattering plasma wave. Fluctuations dN’* are a
combination of plasma waves of fluctuation origin. Radio waves produced
by the plasma wave scattering on 8 N’” fluctuations have the frequency w~2ws,
since the frequency of slightly damping plasma waves is close to wo.

The whole energy flux of radio waves formed at Rayleigh scattering of
the plasma wave on thermal fluctuations of 6N’ in the volume V ~ L3, is
equal to

, ,2(w)e! NV

P'(w) = ”_H%’n)_z;_ E?, (2)
where E, is the electric-field amplitude in the plasma wave. The transfor-
mation coefficient for the incoherent plasma waves

P’ 4rnet NL
r=2_ 3
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is energy flux in the plasma wave. At N~108cm™3, L~10°cm, and T~10% °K
(Vr ~ 4 x 108 cm/second) one obtains @ ~ 3x107¢%. For the scattering on
ON’’ fluctuations, the value of the coefficient of transformation Q” < Q' if the
scattering plasma waves of a nonthermal origin are absent.

In an inhomogeneous isotropic plasma, besides the transformation due to
scattering, a regular transition of plasma waves into radio waves can take
place in the regions where wo = (4ne?N/m)!/? ~ w; at the same time the plasma
waves must fall at small, but not zero, angles toward the gradient N (see
[4,5]). For the plasma waves with a wide angular spectrum, the correspond-
ing coefficient of transformation @ < 10-°.

When the influence of a magnetic field is taken into account (since plasma
is magnetoactive), the extraordinary and ordinary waves 1 and 2 propagate
in the plasma.

The values of 7} and %} for these waves (they are calculated by the well-
known formulas; see, for example, [6, 7, 8]) are given for the corona in Fig.
1 and Fig. 2a for different values of the magnetic field and at the angle

=15 degrees between the directions of the field H, and wave vector K.
(The case @ = 0 is exceptional, and we do not consider it for simplicity; for
a + 0, Figs. 1 and 2a give qualitative information of the behavior of n3, in
the corona, when the values of N and H, decrease with increase of the height
above the photosphere.) Fig. 2b gives n?, and #} for the same concentration
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Fi16. 1. Dependence of m.,s* on p = R/Re (R = distance from the sun’s center, Ro = 6.95
X 1010 = photosphere radius). Electron concentration in the corona N = 108 (1.55 p-¢ 4
2.99 p-18) cm-8%; magnetic field strength H = Ho [1 — h (h2 + b2)-?] oersteds; (h = R,
[p — 1] = height above the photosphere ; b =~ 3 X 102 cm = radius of the solar spot). (a)

H, = 2500 oersteds; (b) Ho = 250 oersteds.
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Fi16. 2. Dependence of 7.,,* on p = R/Re with the same values of N and H/H, as in Fig. 1.

(a) Ho =25 oersteds; (b) Ho = 0 oersteds.
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N(R/Rg) as in Fig. 1 and Fig. 2a but for zero magnetic field. (Thermal mo-
tion is neglected in Figs. 1 and 2g; it is taken into account in [8,9]; in the
case of Fig.2b, the formulae (1) were used.) It is important that in Fig. 2a
a crossed part of the curve in a sufficiently weak field corresponds by all
properties to a crossed branch of the curve #? in Fig. 2b.

If electromagnetic waves are generated in the region of the corona where
n},>1 (see Figs. 1 and 2a), the problem of the emission output from the
magnetoactive coronal plasma is reduced to determining the coefficient of
transformation of the wave with n2,>>1 into the waves 1 and 2 capable of
propagation out of the corona at large values of R/Rgy In the homogeneous
magnetoactive plasma, the output is possible only as a result of scattering,
which takes place approximately the same way in the isotropic medium. At
the same time, in the inhomogeneous plasma, a regular transition of one
normal wave into the other is possible in the regions outlined in Figs. 1 and
2a. This transition is especially effective at small angles «, and, besides,
depends on strength of the magnetic field Ho (see [8,10]). Generally speak-
ing, in the fields Ho > 0.25 oersted, the output of radiation due to scattering
plays the main role.

2. RADIATION IN ISOTROPIC PLASMA

Bursts of types II and III, which form a considerable part of the sporadic
solar radio emission, are unpolarized or, in any case, nearly unpolarized.
Taking into account the conditions of radio-wave propagation and output from
the corona, one concludes that the magnetic field in the region of generation
of bursts of types II and III is weak; according to some estimates Hp<<1
oersted. Under such conditions the plasma in the first approximation can be
considered as isotropic.

The frequency drift and some of their other peculiarities lead us to conclude
that bursts of types II and III are generated by particle streams. In the
isotropic plasma these streams excite the longitudinal waves only. In the
case of the incoherent emission the last fact is clear, because the condition
of existence of the Vavilov-Cerenkov effect has the form Bny= Vonylc >1,
and is fulfilled only for the wave 3, since n?,<1. The existence of a longi-
tudinal electric field in the plasma wave leads to the stream’s instability in
the plasma and results in a coherent emission of the plasma waves. We note
that from the quantum point of view the instability of the stream in plasma
is connected with the fact that this system has a negative absorption (i.e.,
the induced emission of plasma waves prevails over their absorption). In-
coherent and coherent emissions of plasma waves arise simultaneously, but
they differ by their dependence on the corresponding parameters; they also
differ by their frequency and angular spectra.

The energy of incoherent plasma waves emitted per second by the stream
in the frequency range dw is equal to

3w 2V
* Ji ~ 3 0€°Wo “Yo
Pldo~N,L3 2 ln<l+3V; )dw, (4)
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where N, represents the particle concentration in the stream, Vo is their
velocity, and L3? is the volume of the stream. Hence, one can conclude that
an effective temperature of the emitting region, with the area of the order
of L3, is equal to

202 %
Tudw) ~ i:‘kz, e_,ng Px. (5)

Here 4Q* and 4Q represent solid angles for emission of plasma and radio
waves respectively, @ is the transformation coefficient, and r the optical thick-
ness for radio waves. Assuming that @ ~3 X 107%, 4Q* ~ 4Q ~ 1,7~ 4,
Vo~5 x 10°cm/sec, L ~10°cm, w ~ wo ~ 27 X 108sec™?; we obtain Ter(w) ~
4 x 10 N,., For the permissible concentration N;~3 x 107, we have
Tete(w) ~ 1011 °K,

This value determines the upper limit of Tere since reabsorption of plasma
waves in the corona is not taken into account in (5). Estimates show that
reabsorption can be rather essential. Unfortunately, we could not take into
account the reabsorption entirely and it is possible only to indicate the lower
limit of Tet/mmm. For the proton stream Terrmin ~ 2 X 10 °K, for the electron
stream or mixed quasi-neutral stream the value of Zerr/min is lower.

It follows from the estimates given above that the incoherent emission of
plasma waves by streams explains* in the main, the appearance of the type
III bursts; however, it is quite possible that further consideration of the re-
absorption will change the situation.

At the same time the type II bursts cannot be identified with the inco-
herent emission, since the velocity of these particles Vo~ 108 cm/sec < Vr~
4 x 108 cm/sec (Vr corresponds to the corona temperature 7~ 10°°K). The
point is that when Vo<V7r, a charged particle does not generate the Cerenkov
radiation. (This follows from non-fulfillment of -the radiation condition
Voms/c >1 in the quasihydrodynamic approximation.)

The coherent emission of plasma waves by corpuscular streams explains
the peculiarities of the type III bursts, and in all probability, of the type II
bursts.

Under certain assumptions (assuming Vo> Vrand N; < N), the amplitude
of the stationary plasma wave Eo ~ 2 x 10°N}/N* if o ~ wo ~ 21 X 108sec?,
Vo~5 x 10°cm/sec™?, Ts ~ T ~10° °K; here T, and T stand for temperature
in the stream and in the corona, respectively. Hence, for the effective tem-
perature of radio waves, one obtains

3,3
Tor(w) ~‘:,’f—kcﬁj:’70mw>~ 10-5P"(w) ~ 10 N¥/N® , (6)

where P’(w) is determined by the formula (2) with 7;,s(w) ~ 0.1; in (6) it is
also written L ~ 10°cm, N ~ 108 electrons/cm3, t ~4,4Q ~ 0.1, and it is as-

* In incoherent radiation, the appearance of a harmonic with the frequency of 2w
can be connected with the scattering on fluctuations §N”’.
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sumed that the width of the spectral band occupied by the burst do ~0.1o~
27 x 107sec™?. Thus, at Ns~2 X 102N~ 2 x 100cm™3, Teer ~ 3 X 1012°K,
which corresponds to the value TZerre ~ 10° °K related to the whole solar disk.
The last value is sufficient to explain the type III bursts.

A new quantitative calculation is needed for the type II bursts, since in
this case the particle velocity in the stream Vo< Vr. However, one can
suppose that the coherent radiation also explains the peculiarities of the type
II bursts. The appearance of a harmonic in the burst spectrum is easily ex-
plained by a nonlinear character of oscillations in the stationary plasma wave.
This does not exclude, however, the harmonic from being connected with the
output conditions and depending on plasma-wave scattering.

3. RADIATION IN MAGNETOACTIVE PLASMA

Since the bursts of type I and the high-level radiation above the spots are
polarized, the generation of these components must be considered by taking
into account the influence of the magnetic field. In this case,vthe incoherent
emission of moving particles can be divided into the Vavilov-Cerenkov radia-
tion and the magnetobremsstrahlung (synchrotron) radiation connected with
the rotation of fast electrons around the lines of force with the frequency
o* = ogV'1 — B* = (eHo/mc)(mc*/E). Magnetobremsstrahlung radiation is gen-
erated in the region n; >1 and also in the layers where »n;<1. Therefore,
as one can see from Figs. 1 and 2 the emission of this radiation from the
corona is not a difficult question. :

High-level radiation above the spots can be of a magnetobremsstrahlung
origin [5,11,12]. In order to explain the observed level of radiation, it is
sufficient to suppose that in the magnetic field above the spots we have elec-
trons with the energy E ~ 10° eV and concentration N ~ 1 electrons/cm?. The
mechanism of electron acceleration up to the energies E ~10%°eV is briefly
discussed in [5]. At the same time the problem of the magnetobremsstrah-
lung mechanism is not yet sufficiently clear, since the model taken in [12]
needs modification (see [5]). For this reason it is difficult to say whether it
is possible to provide, on the basis of the magnetobremsstrahlung mechanism,
the predominance of the ordinary component in the high-level radiation.

It is equally impossible to explain the bursts of the type I by magneto-
bremsstrahlung radiation of electrons, since there is no reason to assume that
emitting particles can considerably change their energy in the times < 1°
characteristic of the bursts of type I. The bursts of types II and III also
cannot be connected with the magnetobremsstrahlung radiation (at any rate, if
one assumes electrons to be weakly relativistic, which is necessary to explain
harmonics). In [13], where the magnetobremsstrahlung mechanism of the
outburst radiation is proposed, the reabsorption, which radically changes the
conclusions (see !5]), was not taken into account.

The Vavilov-Cerenkov effect is possible only in those regions where
Bni:>1. It is clear from Figs. 1 and 2 that the emission of this radiation
is complicated and, in all probability, the coefficient of transformation @ does
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not exceed the above-mentioned values for the isotropic plasma. In addition,
excluding the case of weak fields Ho <1 oersted, mainly the ordinary wave
will escape. Also, it is impossible to explain the type I bursts on the basis
of this mechanism (for the same reason as in the case of the magnetobrems-
strahlung radiation). Thus, the Vavilov-Cerenkov effect in the fields Hy >1
oersted can generally lead to high-level radiation only, but also it plays a
lesser role than in the magnetobremsstrahlung radiation.* In a weak field the
Vavilov-Cerenkov effect is, as a matter of fact, equivalent to the radiation
of plasma waves in the isotropic plasma (see section 1 and Figs. 2¢ and b).
The connection of incoherent plasma waves with the bursts of types II and
III has been already considered above.t

Generally speaking, the stream of charged particles moving in the magneto-
active plasma is unstable, bringing about the coherent radiation of ordinary
and extraordinary waves. At a # 0 a longitudinal electric field exists
in these waves, which causes grouping of radiating particles (as in the
case of longitudinal waves in the isotropic plasma). If the magnetic field is
weak (roughly speaking H, <1 oersted), this coherent radiation is practically
identical to the coherent radiation of plasma waves considered in section 2
when it was applied to the bursts of types II and III. In stronger fields the
coherent radiation is emitted from the corona mainly as ordinary waves;
therefore, it can only be connected with high-level radiation and also with
the type I bursts. These bursts are generated during the damping of free
oscillations in the coronal plasma. Estimates show that to produce the observed
flux of radiation of the type I bursts, we must have free-plasma oscillations
in the corona with the amplitude E ~ 10! cGSE units. The excitation mecha-
nism of such oscillations is, however, obscure (perhaps shock-magnetohydro-
dynamical waves play the role of an exciting agent).}

In [16] (see also [5]) the mechanism of free oscillations of the ionospheric
plasma is put forward to explain the short sporadic type I bursts emitted by
Jupiter and Venus.

In [14] it was assumed that type I bursts are caused by the magnetobrems-
strahlung radiation of the system of electron packets (a size of every packet
1< ). The electrons of every such packet give the coherent radiation, but
a total radiation of the whole system consists of the radiations of separate

* The power of the magnetobremsstrahlung radiation and Cerenkov radiation under
the congidered conditions is, roughly speaking, of the same order. Therefore, the role
of the Cerenkov radiation is depressed owing to the small efficiency of its output from
the corona. Itis possigle, however, that this efficiency considerably increases owing to
the scattering of the Cerenkov waves on the other non-equilibrium waves of the same
origin.

t In the paper [15] at the discussion of the Cerenkov radiation, reabsorption in the
corona was not considered, and the output conditions were ignored. Furthermore, the
attempt [15] to connect radiation on the frequencies w and 2w with the frequencies wo
and wy seems to be rather artificial.

t The attempt made in [17] to explain excitation of plasma waves by instability of
the shock-wave front is groundless (see [5]).
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packets (i.e., the electron phases in different packets have a random distribu-
tion). It is clear, however, that such conditions cannot take place in the
solar corona, where a length of the free path /s exceeds by 4 to 6 orders
the wavelength of the sporadic radiation in the corona 4 ~10* to 10*cm.
Indeed, the appearance of packets with /< 10* to 10*cm in the plasma with
lvee ~ 108 cm, and also the existence of definite phase relations, which provides
coherency in the region with a characteristic size of /, seem to be doubtful.
Moreover, if the packets were produced, they would essentially change their
form during the time of the order of 10-7 — 10-% seconds. (This time is
sufficient for electrons with a velocity vr~ 4 x 108 cm/second to pass along
the magnetic field a distance of the order of ). We see also that the increase
of radiation intensity of every packet owing to coherency is compensated by
the corresponding increase of its absorption. Therefore, the resulting radia-
tion in a sufficiently thick layer will be the same as for the the system of
incoherent electrons.

4. CONCLUSION

Summing up, we can say that already the general points of the theory of
the sporadic solar radio emission seem to be clear. At the same time, a num-
ber of important questions and details must be considered. For a further
development of the theory, it is necessary: (1) to determine the polarization
of the magnetobremsstrahlung high-level radiation above the spots; (2) to find
the mechanism of excitation of plasma oscillations leading to the appearance
of type I bursts; (3) to take more completely into account the reabsorption
for the incoherent radiation; (4) to calculate the generation mechanism of the
type II bursts by the streams of slow particles; and (5) to consider the stable
nonlinear plasma oscillations in order to determine the intensities of har-
monics. In addition, certainly, there are a number of other questions closely
connected with the problem of the sporadic solar radio emission, the most
important of which seems to be the mechanism of acceleration of fast par-
ticles in the corona.
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Note added in proof: In coronal regions, where the frequency w is near swy(8 =
1,2,3.--; wg = eHy/mc), resonance absorption unconnected with collisions takes place.
Due to this absorption, attenuation of ordinary and extraordinary waves (at a # 0)
occurs when these waves pass through layers with swg ~ w. The optical thickness of
this layer, according to preliminary estimates, is of the order 7;,3(8 = 1) ~ r1,5(8 = 2) ~ 105,
71,2(8 =3) ~ 60, 71,208 =4)~7 x 10-2, etc. Owing to the existence of such nontrans-
parent layers at the levels w ~ 8wgy(8 =1, 2, 3), it is impossible in some cases for the
waves to escape from the inner corona. This seems to us to be very important [2, 3].

https://doi.org/10.1017/5S0074180900051494 Published online by Cambridge University Press


https://doi.org/10.1017/S0074180900051494



