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CHAPTER 1

INTRODUCTION

A. Solar Radio Emissions

I4

During the last two solar cycles, solar radio emissions

in the observable frequency range have been observed to come from
both thermal and nonthermal sources in the solar atmosphere.
The thermal emission consists of two components (Kundu, 1965):

(1) The quiet sun component, the radiation emitted in the
absence of localized sources in the solar atmosphere and originating
in the corona where the temperature is of the order of 106 °K,
or from the chromosphere whose temperature varies between 6,000 e
and 30,000 °x;

(2) The slowly varying component which originates thermally
from high density regions of the corona with a temperature of about
2x106 OK; these regions exist over sunspots and plage regions.

The nonthermal emissions are generally associated with solar
flares and originate from all levels of the solar atmosphere
between the lower chromosphere (millimetre and centimetre waves)
and the outer corona to heights of several solar radii (metre and
decametre waves)., The equivalent brightness temperature of the

12 OK. The

nonthermal emission source can reach as high as 10
bursts at centimetre wavelengths are simplest in spectral
appearance and consist of three distinct types: impulsive burst,

post burst and gradual rise and fall. The bursts in decimetre

wavelength region show a great variety of fast drifting elements
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superimposed on a background continuum, The bursts at metre and
decametre wavelengths are characterized by great variety and
complexity. Depending on their spectral characteristics, they
are designated as types I, II, III, IV and V (Wild et al., 1963).
Examples of the principal spectral types of solar radio bursts
are illustrated in Fig. 1.1. The main characteristics of these
radio bursts are summarized in the figure captions.

To utilize radio observations for studying the structures
and processes in the upper layers of the solar atmosphere, it
13 necessary tc develop consistent theories of solar radio
emissions. The thermal radio emission theory proposed by .
Ginzburg (1946), Shklovskii (1946) and Martyn (1946) explains
a series of phenomena related to the radio emission of the
quiet Sun and gives important information on the temperature
and Jensity of the solar corona and chromosphere (Rundu, 1965).
However, theories of many observed solar burst emissions have
not yet been fully developed although many suggestions have been
put forward. Many existing theories of solar radioc burst emissions
are either based on some assumptions that require both experi-
mental and theoretical verifications or lack quantitative
analysis. Consequently, many of these theories are speculative
only.

To put forward a successful theory, we need to study the
theory in great detail and in a quantitative way. Since most

of the observed burst emissions come from the corona which is
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Fic. 11 Exampies or THE PRINCIPAL SPECTRAL TYPES OF SoLAR RADIO BURSTS AT METER WAVELENGTHS

The main figure shows records taken with the Dapto Solar Radio Spectrograph (near Sydney, Australia). The records chosen show
typical examples of the six main types of events observable at meter wavelengths. Frequency is measured vertically and time hori-
zontally, the intensity is given by the shade: intense bursts appear white, weak ones grey, and the background is black. The bright
lines which are observed at a constant frequency are interference from radio transmitters.

The bottom figure shows in the same form, an idealization of the most complete sequence of events which can follow a major flare.
Other details of the particular events are as follows:

Type I (22-12-59 record starts 0210 U.T.). This is a typical “noise storm’” which may last for hours. This particular event oc-
curred simultaneously with a large number of type III bursts (see below) which should not be confused with the type I.

Type IT  (30-11-59 record starts 0251 U.T.) This is also called a slow-drift burst. The direction of drift is always the same and the
rate of drift does not vary greatly. Note, particularly near the end, the two pairs of bands, one at twice the frequency of the other.

Type I1I  (7-10-60 record starts 0547 U.T.) These are also called fast-drift bursts. Each of the individual; almost vertical lines is
a separate burst. The direction of drift is the same as for type II bursts.

Type IV (11-11-60 record starts 0408 U.T.) The example shows a form of continuum radiation (so called for its slow variation with
frequency and time) which commonly follows type II bursts. It is sometimes called “type IV,” but the term has been loosely applied
to various forms of continuum.

Type V (4-2-60 record starts 0422 U.T.) This is a continuum event, of much shorter duration, which follows immediately after a
group of type III bursts.

Drifting pairs (D.P.) (12-2-60 record starts 0422 U.T.) A drifting pair is a pair of short-duration, narrow-bandwidth bursts, very
similar to one another, which occur separated in time by about two seconds. Both parts drift rapidly in frequency, either from high to
low frequencies (“forward-drift pairs”) or from low to high (“reverse-drift pairs”’). This record shows a portion of a particularly dense

:torm of drifting pairs and includes drifts of both senses.
(Recorded with the Dapto Radio Spectrograph of the Division of Radiophysies C. 8. I. R. O., University Grounds, Sydney, Australia.

Courtesy, Paul Wild.) (A{&, Ablen, 1963)
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a fully ionized gas, any interpretation of the observed solar
radio emissions 1is tightly linked to the consideration of
generation and propagation of radio waves in a fully ionized
plasma. Therefore, in this chapter we shall describe briefly
the propagation and generation of electromagnetic waves in a
fully ionized plasma. Gaussian units will be used in this

thesis.

B. Propagation of Electromagnetic Waves in A Magnetoactive

Plasma
A plasma may be defined as an electrically charged gas
consisting of ions and electrons. It is macroscopically neutral
but microscopically ionized. When the plasma is located in a
constant magnetic field, the plasma is said to be magnetoactive.
A fully ionized plasma consists of ions and electrons:the sum
of whose charges gives zero.

(a) Dielectric Tensor and Dispersion Equation

The propagation of small amplitude waves results in small
amplitude variations in the physical quantities characterizing
the plasma. To obtain waves that can propagate in a plasma,
one must require that the electromagnetic field associated with
the wave is caused by current and space charge which, in turn,
result from the action of these fields on the plasma. Therefore,
the study of the behaviour of the propagating waves in a plasma

is a self-consistent electromagnetic field problem.



When the particle interactions are neglected, the collision—~

less Boltzmann equation which describes the time behaviour of
the distribution function of the plasma particles of species i
in the phase space and time fi(;,;,t) under the action of an
external electromagnetic field can be written as (Delcroix,

1965, p.165)

f £ = £
- s v
SLag 2L, 21, (1.1)
or 1 av

where F = q, [E+27 %+ 5)]

4 and m, are the charge and the mass of the particle of species
i. EO is the static magnetic induction of the magnetoactive
plasma. The equation (1.1) is obtained by assuming that the
particle densities are low enough not to affect the external
field. The macroscopic current density j and space charge

density p representing the respond of the plasma to the electro~

magnetic field of the wave are determined by

iGe) =] g J V(E,t) £, (F,7,t) v
(1.2)

and S

i J fi(r,vgt) dv

=]
il
e 1

respectively, while the electromagnetic field itself satisfies
the Maxwell's equations

- 4 <
yxB = c J +

0 =
wl
or | =i

4.



i o - LB
VXE = - c ot °®
(1.3)
%.B = 0,
V.E=4mp, B=1H.

For small amplitude waves, the system of equations (1.1) - (1.3)
can be linearized and, in a number of cases, these equations can
be solved by means of Fourier methods. In the perturbation
treatment, the distribution function and other physical quantities

%
in the plasma are written in the form of plane waves

'
fi=fo+f

| L, [P
and f (r,v,t) = £ (v,k,w) exp(ik.r - iwt)

where £ is the unperturbed distribution function, k is the wave
vector and w is the angular wave frequency. The perturbation

f' due to the presence of the wave is assumed to be much smaller
than the unperturbed value, i.e. f' << fo. Then the electric

field vector associated with the wave can be written as

- E(r,t) = E(k,w) exp [i(Ez - wt) + (qz - 6t)] ,

where k denotes the wave number and is related to the wavelength

A and the refractive index n by

* In this thesis, unless otherwise stated, we assume that the wave
is in the form exp(ik.r - iwt) with wave vector kK lying on x-z
plane of a Cartesian coordinate system and the static magnetic

field directs along the z-axis.



(=X

~ o 2m
k_=-x—..

nlu

o being the real part of the angular wave frequency. q and §

are the imaginary parts of the complex quantities k, w

respectively, z is the path length in the direction of propaga- °

tion. The phase velocity and the group velocity for the wave

are given by (Ginzburg, 1964, p.262)
]

3%k

v =

oh ,and v_ =

e

respectively.,
\j
Having determined £ from (1.1) and (1.3), we can express
the Fourier component of the current density resulting from the

action of the electromagnetic field in a homogeneous unbounded

plasma as
Iy k,w) = ~iw KUB EB(E,w) (1.4)
2 - -
where Rg(kw) =) -1%" J &, I vy (t)[(l - kVoyaFo
w w ap0
o _ oF B
+Bk . =2 ]
w apo
t
X exp [mt - 1k I \-r(t')dt'] dt (1.5)
[»)

is the polarizability tensor (Shafranov, 1967, p.79). The
summation is carried out over all particle species (electrong
and ions). The subscript "o" denotes the quantity at the

time t = 0, e is the charge of an electron and o, is the



7.

particle number density. The unperturbed distribution function
in the momentum space FO(E) is normalized to unity, i.e.

I Fo(ﬁ)dﬁ = 1, where p is the momentum of the particle. Usually,
the electromagnetic properties of the plasma is characterized by
the dielectric tensor EGB(E’w) which is related to the current

density ja through the equation

D, = 4m fja dt + E, =€, E (1.6)

af "B *

where D, is the electric induction. From (1.4), (1.5) and

(1.6), it can be found that

€40 (k,w) = Sqp 4T KuB(E,w), Q.7

where GaS is the Kronecker's delta, The dependence of the
dielectric tensor on the frequency defines the frequency
dispersion while the dependence on the wave vector k defines
the spatial dispersion of the plasma.

Now, Maxwell's equations (1.3) can be reduced to three
linear homogeneous equations for the three components of
Ea (E,m). These equations have non-trivial solutions only if
the determinant of their coefficients vanishes. This statement
gives the most general dispersion equation which relates the

angular wave frequency w and the wave vector k in the form

& = & 5, 0. (1.8)

B
lNdB g~ ;—2~ €yg ™ kockBl



In general, '/\aB (E,w)|.is a complex quantity; the imaginary
part is associated with the absorption or growth of the electro-
magnetic wave in the plasma and arises from the anti-hermitian
part of the dielectric tensor (Rukhadze and Silin, 1962;

Sitenko and Kjrochkin, 1966). In the transparency region of

the plasma {(i.e. the region of W and k in which the anti-
hermitian part of the dielectric tensor is small compared with
the hermitian part), the dispersion equation can be approximately

written in the form

Re I’\aB(E"")l =0 . (1.9)

Since the dispersion equation involves only the dielectric
tensor, once the distribution functions for the constituent
plasma particles are known, the wave modes and the behaviour of
the waves in a plasma will be well defined. Such a description
of the electromagnetic phenomena in a2 plasma by means of the
Boltzmann equation and the self-consistent fizld equations is the
most rigorous and complete one. However, these equations are
extremely complicated and may not always be necessary in many
cases of practical interest. For a qualitative description
of the relation between w and k, a macroscopic approach is
sufficient,

In the macroscopic approach, the plasma is treated as a
continuous fluid and its state is specified by certain macro-

scopic quantities such as density, mean particle velocity vector,



-

yl

The changes of these macroscopic parameters due to the presence
of an external electromagnetic field are described by the two
basic transport equations obtained by taking the first two
moments of the linearized Boltzmann-Vlasov equation (Delcroix,
1965, p.210).

The macroscopic theory does not reveal those electromagnetic
phenomena which depend on the microscopic distribution of
particle velocity; in particular, the Landau damping and the
cyclotron resonauce absorption of waves due to the thermal
motions of the plasma particles (see Chapter VI). Moreover,
it gives qualitatively correct description of the behaviéur of
the waves in a plasma only if the phase velocities of the waves
are greater than the mean thermal speed of the plasma farticles
such that the number of resonmant particles moving in synchronism
with the wave is small and hence the damping is weak.

(b) High Frequency Waves in A Magnetoactive Plasma

In the Cartesian coordinate system in which the static
magnetic field Eo-is along the z-axis and k lies on the x-z
plane, the dispersion equation (1.8) can be expanded as

A + Bl +c=0 (1.10)

ck 4 k

or ACTE) +B(;—)2+C=09

where A = €11 sinze + 2 €13 sin6 cosb + €33 cosze .
B=-€.. €,. - (E,, €E,, + E 2)cosze
11 ~33 22 "33 23 *

2

2 2
+ 513 - (ell €59 + €12 )sin“8§

+ 2(e12 €3 ~ €13 Ezz)cose sin®
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2 2
C = det(e,g) = €43(€;) €yy + €15 ) + €;; €pq

2
12 €13 €23 ~ €23 €13 >

+ 2 €
and 6 is the wave-normal angle; angle between k and io .

For cold and collisionless homogenecous magnetoactive plasma,
the dielectric tensor components (1.7) are functions of wave
frequency only and the dispersion equation (1.10) is quadratic
in nz. The plasma transmits only four different waves; two
hydromagnetic waves in the low frequency region (f < in, where

f = w/2m and £, is the ion gyrofrequency) and two high

Hi

frequency electromagnetic waves (f >> f When the plasma

Hi)'
temperature is not absolutely zero, two additional longitudinal
waves (or pressure waves) may propagate in a magnetoactive plasma,
These longitudial waves devend partly on the elastic force
resulting from compression of the plasma (either as a whole or

the electron gas alone) and make their appearance when the thermal
motions of the plasma particles are taken into account. One

of these longitudinal waves appears at hydroﬁagnetic frequencies
and the other occurs in the high frequency domain.

Although low frequency waves may be important in the solar
physics, they are not important in the study of generation and
propagation of solar radio emissions observed on the Earth
since the electromagnetic radiation in the low frequency region
is unable to escape from the Sun. Therefore only the high

frequency waves will be comsgidered in this thesis.
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In the high frequency domain, the effects of the ions on

the propagation of waves in the magnetoactive plasma can bé
neglected and only the electron component of the plasma needs t;
be taken into account in the dispersion equation. In the

sol;r corona, the mean thermal speed of the plasma electrons

i; small, i.e. BT

consfant, T is the plasma temperature in degree Kelvin and m

= (KT/mocz)% << 1, where K“is the Boltzmann

is the electron rest mass, the coronal plasma can be'considered
as cold and collisionless almost everywhere, With this

assumption, the dispersion equation (1.10) gives two roots of

n2 for the two normal waves; extraordinary wave (ni) and
‘ | | ordinary wave (ni).

For 6 # 0, m/2, the polarization of the normal wave is
elliptical. The polarization ellipses associated with the
extraordinary and ordinary waves are identical in shape with
thé‘major and the minor axes interchanged and the senses of

| .
rotation reversed., The sense of rotation of the electric

g

relative to the étatic magnetic field,i.e.right-handed sense
' ©<7)
relative to the direction of propagatiogKFor longitudinal

propagation (6 = 0),the characteristic polarization of the
two normal two waves is: circular while for transverse

propagation (6 = 7/2),the two waves are linearly polarized.
" With the spatial dispersion of the plasma taken imto ac- .

. ! 2
count, a third wave known as a longitudinal plasma wave (n3)




2
appears in the regions near the plasma resonance where n, or

n2
2

and Stepanov, 1957). Strictly speaking, electromagnetic waves

tends to infinity as BT + 0 (Gershman, 1953; 1957; Sitenko

in a magnetoactive plasma cannot be separated into longitudinal
and transverse components except where 6 = 0 (Shafranov, 1967,
p.7). However, in the regions near the plasma resonance,
the electromagnetic wave becomes almost a pure longitudinal
electric wave even for 6 # O (Sitenko and Kirochkin, 1966).
The dispersion curves of the three high frequency waves
are illustrated in Fig. 1.2 for Y = fH/f =% and T = 106 °x
and for arbitrary angle of propagation 6, where
H
and By is the static magnetic field intensity. The full and
dashed lines of Fig., 1.2 represent the limiting cases
corresponding to longitudinal and transverse propagation.
Intermediate values of € give dispersion curves lying in the
shaded area between,
The propagation regions are n2 > 0. For n2 >> 1, the
dispersion curves represent the longitudinal plasma waves.
It can be seen that the plasma wave gradually changes its

thysical character from a pure longitudinal wave (n2 >> 1) to a

12.

£, = lel H0/2ﬂmoc is the magnitude of the =lectron gyrofrequency

transverse electromagnetic wave. When the phase velocity of the

plasma wave is reduced to the point where the wavelength

becomes about as small as the Debye length D given by

KT 3
5 ) BN

4me™n
o

D= (
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Magneto ~lonic, Resonance

/o

Fig.1.2 The disnersion curves for the ordinarv (o),

extradinary (e) and plasma (n‘ waves in a plasma,assum-

ing T = 106 °K and Y = 4. Longitudinal vropagation is

shown thus ; transverse thus —----- . In general
the curves lie in the hatched areas. The line kD = 1
corresnonds to the wave number eagnal to the recivrocal
of the Debve length. _

( Wild et al.,1963, with modifications )
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where n, is the electron number density, then the wave becomes
completely disorganized by the thermal motions and can no longer
be supported.

For wave-normal angles different from zero, the refractive

2
2)

vanish at the points X = flz)/f2 =11Y and X = 1 respectively;

indices for the extraordinary and ordinary waves (ni and n

1
the electron plasma frequency fp is given by fp = (ezno/ﬂmb)q.
Hence, the critical frequencies of a layer for the two normal

waves will be

Hh
]
1

5
* %fH + %(fg + 4f12))2 (extraordinary)
(1.12)
and £, =f (ordinary) .
Moreover, along each branch of dispersion curve, the sense of
polarization reverses on passing through the point X = 1
(Ginzburg, 1964, p.104).

For a given homogeneous magnetoactive plasma characterized
by the quantities A = fi/fg and BT, the dispersion curves can
also be presented as nj vs § = f/fH (normalized frequency) (see
Fig. 2.1). It is found that for a given wave-normal angle O,
each wave 1s represented by two branches of dispersion curves;
each branch can be labelled as a mode. Hence electromagnetic
waves in six different modes in different frequency regions can
propagate in 2 magnetoactive plasma; these are the z-mode and
the x-mode (extraordinary wave), the whistler mode and the

o-mode (ordinary wave) and the two longitudinal p-modes (plasma
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wave) appearing in the vicinities of the plasma resonance
frequencies.

For transverse electromagnetic waves, the plasma behaves
as a dielectric and the waves can exist outside of the plasma.
The propagation of longitudinal plasma waves 1s connected to the
energy transport of the plasma particles and hence the
longitudinal plasma waves cannct exist in the vacuum (Denisse

and Delcroix, 1963, p.54).

C. Generation of High Frequency Waves in A Magnetoactive Plasma
‘(Wild et al., 1963; Smerd, 1968)

The solar radic emissions observed on the Earth are the
distant fields due to currents in the coronal plasma. The
radiation processes can be classified as radiation from uniformly
moving electrons and radiation due to electron acceleration.

(a) Radiation from uniformly moving Electrons

A charged particle moving with constant velocity through
a madium (such as a plasma) along a rectilinear trajectory can
radiate if its velocity exceeds the phase velocity of light in
the medium. The radiation process is called Cerenkov radiation.
Owing to its faster—-than-light motion, the charged particle temp-
orartly - produces an asymmetric polarized wake in the medium
which radiates the electromagnetic energy.

The direction of emission is governed by the Cerenkov

conditicn

cos 0 = —— s (1.13)
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where v is the magnitude of the charged particle velocity

(For a gyrating charged particle, v is taken to be the speed

of the guiding centre motion.), © is the angle between the
direction of the emission and that of the charged particle
motion (or guiding centre motion). For v < ¢, the Cerenkov
radiation can be emitted only in the electron plasma mode, z-mode
and the whistler mode and in the forwaxrd hemisphere with respect
to the electren motion (or the guiding centre wmotion).

{(b) Radiation from accelerated electrons

At large distances from an accelerated electron, the
acceleration field makes the main contribution to the observed
radiation intensity which is proportional to the square of the
electron’s acceleration (Jackson, 1962, p.464). The radiation
processes due to the electron acceleration are bremsstrahlung,
cyclotron radiation and synchrotron radiation.

The bremsstrahlung emission (or braking radiation) occurs
when the Coulemb force of individual ions deflects the electron
in electron~ion encounters. Because of the random motion of
the electrons, the observed bremstrahlung emission will be
randonly polarized.

A gingle electron gyrating along a helical path in a
magnetoactive plasma will experience centrifugal acceleration
and emit electromagnetic radiation at harmonics of the

]
Doppler-shifted gyrofregquency fH s
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sz

2
= = B Y
£ SfH 1- njB cosB cos#@ (1.14)

where y= (1 - 62)%, B = v/c is the normalized speed of the
electron and @ is the electron pitch angle; angle between the
electron velocity vector and the magnetic field line. s is the
harmonic number.

When the electron speed is mildly relativistic (electron
energy covering a range between 2 few keV to a few hundreds of
keV), the radiation energy is concentrated within the first few
harmonics which may be clearly resolved. For s#0, the radiation
from this mildly relativistic gyrating electron is generally
called cyclotron radiation (or gyro-radiation). The anomalous
Doppler-shifted radiation (s < 0) is emitted when the electron
guiding centre velocity is greater than the wave phase velocity,
as for Cerenkov radiation (Gimzburg, 1960; Ginzburg et al.,
1862). Hence, the Cerenkov and anomalous cyclotron radiations
do not occur in the vacuum,

When the speed increases to highly relativistic (electron
energy greater than 1 MeV), the emission is mainly concentrated
within a cone of half-angle ~ y; the axis of the emission cone
is along the instantaneous velocity vector of the electron.

An observer located in the orbital plane of the electron will
receive short sharp pulse, each of duration AT ~ YZ/ZHstinﬁ ,
only when the instantaneous velocity of the electron is towards

him. These pulses recur with a frequency -~ YfH/sinzﬁ .
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The macroscopic spectrum emitted from an assemblage of highly
relativistic electrons is essentially a continuum. This
radiation usually known as synchrotron radiation (Wild et al.,
1963).

A group of radiating electrons, under favourable conditioms,
radiate electromagnetic energy coherently rather than individually.
The intensity level, the polarization character and the polar
diagram of the coherent radiation from a system of radiating
electrons may differ greatly from those of the summation of
radiation powers from all individual electrons. Therefore,
in this thesis, coherent radiation processes will be con-

sidered.

D. Outline of The Thesis

A1l radiation processes described above can take place in
the solar corona, depending on different physical characters of
the radiating electrons and the coronal plasma, such as
electron energy, electron pitch angle and the magnitude of
the ratio fﬁ/fé of the medium in the region where the radiators
reside. On the other hand, the observed spectral features of
a solar radio emission are determined by both the mechanism
responsible for the emission ané the propagation conditions of
electromagnetic waves in the solar corona. Thus, the observed
dynamic spectra of the solar radio emissions reveal essentially

the physical conditions of the solar corona during the emission



18.

periods.

The emissions of narrow bandwidth type III bursts and
drift pair bursts have been proposed as the consequence of plasma
radiation caused by electron streams in the isotropic corona,
which is understood to refer to electromagnetic radiation
extracted from Cerenkov plasma waves through scattering or wave-
mode coupling (Ginzburg and Zheleznyakov, 1958; Roberts, 1958;
Wild et al., 1963; Zheleznyakov, 1965). However, many
observed spectral characteristics of the type III bursts and its
related U bursts, the drift pairs and the newly discovered hook
bursts clearly indicate that it is necessary that the sunspot
magnetic field be taken into account in the theories. So far
the conditions of plasma radiation by electron streams in a
magnetoactive plasma have not been investigated in detail
and consequently, many characteristics of these emission events
remain unexplained. In this thesis, we begin by formulating
the theory of plasma radiation in a magnetoactive plasma
(Chapter II and Chapter V). The theory is then applied to the
interpretation of the polarized type III burst and U burst
emission event and the drift pair and hook burst emission event
in Chapter VI and Chapter VII respectively.

The origins of various components of the complicated type
IV emission have been interpreted as the results of synchrotron
radiation by relativistic electrons trapped in the sunspot

magnetic field configurations (Boischot and Denisse, 1957;



Takakura and Kai, 1961; Kai, 1964; etc.). However, without
taking into account the effects of the medium on the radiation
process, previous theories encounter various difficulties and
fail to account for the outstanding polarization characters of
the type 1V emission. In order to set up a satisfactory
theory of type IVA emission, we study, for the x-mode and the
o-mode, the power spectra from single electrons, the process of
amplification of cyclotron radiation in a stream-plasma system
and the escape conditions in detail in Chapter III and Chapter
VIII. Cyclotron radiation of electromagnetic waves in the
x~mode and the o-mode and the Cerenkov excitation of plasma
waves by helical electron styeams moving at the base of the
solar corona is proposed as the origin of the type IVA
emission. It is found that most of the important character-
istics of the emission can be well accounted for by the theory.

In Chapter IX, coherent synchrotron radiation from a
system of relativistic electrons is studied taking into account
the effects of the ambient plasma. The originsof some broad
band solar continuum emissions are also discussed.

In the final chapter, a conclusion of the thesis is given

and further researches are suggested.

19,
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CHAPTER 1I

RADIATION OF PLASMA WAVES BY AN ELECTRON

STREAM IN A MAGNETOACTIVE PLASMA

A, Introduction

The radiation of electromagnetic waves in various modés
by charged particles in the magnetoactive plasma is of great
importance to the study of radio emissions from the Earth's
magnetosphere and the solar coronma. By assuming that the
magnetoactive plasma is cold and collisionless, Eidmman (1958,
1959) obtained both the frequency spectra and the polar
diagrams of the radiation power emitted from a single charged
particle based on the fundamental Hamiltonian method. Eidman's
theory was subsequently revised by Liemohn (1965) who included
relativistic effects in the calculation*. On the other hand,
Mansfield (1967) treated the problem by means of the Fourier
method in which the fields are expanded in plane waves via
Fourier transforms.

When spatial dispersion of the plasma is taken into
account, radiation of plasma waves by a moving electron is also

possible. The general form of the dispersion equation (1.10) is

* Using the Eidman-Liemohn theory, the characteristics of the
cyclotron radiation in the x-mode and the o-mode from a single

electron will be studied in Chapter VIII.
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extremely complicated. However, under the typical solar
corona conditions, (BT o~ 10-2) weakly damped plasma waves with

phase velocities which satisfy the inequality n2 8? cos26 << 1 can

T
be generated by mildly rélativistic electrons and the dispersion
equation for such weakly damped plasma waves can be greatly
simplified except for the case of double resonance (see dis-
cussion in Section F). Although Eidman (1962), using the Fourier
transform method, obtained expressions for the total energy loss
of a moving charged particle due to emission of weakly damped
plasma waves, the numerical study of the characteristics of
the radiation in the weakly damped plasma mode has not been at-
tempted., HMoreover, when the charged particles are organized as
a stream with small momentum spread, they will radiate coherently
with a radiation intensity much higher than the sum of the in-
dividual particle radiationms.

In an isotropic plasma, weakly damped plasma waves are
emitted only at the frequencies close to‘the plasma frequency
by an electron stream through the Cerenkov process (Ginzburg and
Zheleznyakov, 1958). 1In a magnetoact’re plasma, weakly damped
plasma waves at frequencies in the vicinities of the plasma
resonance frequéncies which are in general different from the
plasma frequency can be excited by helical electron streams
through the Cerenkov and cyclotron processes. Therefore, inter-
pretation of the solar radio burst emission as the consequence

of the generation of plasma waves by electron streams in the
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magnetoactive coronal plasma requires a quantitative study of the
angular and frequency spectra of the plasma waves excited by
helical electron streams.

In the present chapter, after briefly reviewing the fheory
of propagation of plasma waves in a magnetoactive plasma in
Section B, we derive the angular and frequency spectra of the
weakly damped plasma waves emitted by a single electron and the
rate of growth of the weakly damped plasma wave in the stream-
plasma system explicitly in Section C and Section D. The
expressions obtained are studied numerically with parameters
appropriate to the active solar corona conditions in section E.
Finally, a short discussion on the limitation of the theory is

given in Section F.

B. Propagation of Longitudinal Plasma Waves in A Magnetoactive

Plasma
The high frequency longitudinal plasma waves will be
weakly damped when the following conditions are satisfied
(Ginzburg, 1964, p.140):

2

(vy sind/ug)? << 1, n? B2 cos?e << 1, (2.1)

2, 2.3 2 2, 2 2
1 - wH/w )T > BT’ (1 - 4wH/w ) >» BT . (2.2)

In general, the conditions (2.1) are satisfied simultaneously
in a plasma with fairly strong magnetic field. The conditions

(2.2) indicate that only those plasma waves with frequencies
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sufficiently far from the resonances f = fH and £ = 2fH will be
weakly attenuated. When (2.1) and (2.2) hold and for very
large value of refractive index, the dispersion equation (1.10)
is approximated by (Sitenko and Stepanov, 1957; Sitenko and

Kirochkin, 1966)

wisinze wgcosze kzvéwi cosze
(k,w) = 1 - - - R, =0 (2.3)
‘U 22 7 2 1
H
4 2 2 4 2
_ 3wzsin26 tan26 (6w’-3w Yy + wH)Sin ® 3c0526
where R1 =53 3 + 5 ) + 5 .
(w *wH)(w »4wH) (W™ -~ wH) w

The refractive index for the weakly damped plasma wave will be

222

2 _ 4,2 202 22 2 22 2
n; [w (wp+wH)w + wpchos 0] /BTwpw (w wH)R1 cos® . (2.4)

From (2.1), (2.2) and (2.3), we can see that the weakly damped

plasma waves exist . at the frequencies near the plasma

resonance frequencies

2 2, 22 2 22,2 2 2,k
£, = lg(fp +E) ) [(E) + £)7 ~ 46 £ cos e1? (2.5)

2
P

only. However, from (2.4), when £ »~ f_, n, will tend to zero

and the approximate dispersion equation (2.3) will no longer be

valid. On the other hand, when the plasma wave frequency differs

2

from £, greatly, the weakly damped condition ng 3% cos“0 <<]1 may

not hold. Therefore, in order that (2.3)and (2.4) may be



24.

applicable, it is necessary that (2.1) and (2.2) are satisfied
with the condition (Gershman, 1957; Sitenko and Stepanov,
1957)
2
w
2 2
<< -
BT 1

Pl

sin26 wzcosze
. B
2
)

<< 1, (2.6)

The variation of the refractive index nj(j = 1,2,3) with
normalized frequency £ = f/fH for various cases is given in
Fig. 2.1, For convenience, those plasma waves with normalized
frequency £ > 1 will be designated as upper p-mode while those
with £ < 1 as lower p-mode. The dispersion curve of the upper
p~mode goes asymptotically over into the dispersion curve of the
z-mode while that of the lower p-mode inte the whistler mode
dispersion curve. For a given wave-normal angle, the phase
velocities of the upper p-mode and the lower p-mode waves
are always less than those cof the z-mode and the whistler

node waves respectively.
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C. Radiation of Plasma Waves by A Single Charged Particle

moving in A Magnetoactive Plasma

In deriving the plasma wave power spectra radiated by
a single charged particle moving in a homogeneous magnetoactive
plaéma, we neglect the effects of the presence of the source
charges on the description of the plasma and the interaction
between the plasma particles. We further assume that the
velocity vector of the moving charged particle is constant
in time and space.

The average instantaneous radiated power from a
gyrating charged particle is given by (Shafranov, 1967,

p.104)

g2

';1’

o
0‘—ﬁ8

T G (k w) L B(k w) dkdw s (2.7)

where, for longitudinal plasma waves,
Las(k,w) = -i4nKaKB/we“ .

e“(ﬁ,w) is the longitudinal component of the dielectric
constant and Ka = ka/k the polarization vector for the
longitudinal plasma wave., For a single gyrating charged

particle,
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2 o0
Ca®w) = L5 T Sy vy - sy S L 2.8

g sa—
where wg) = ii— v2 Ji(x), ng) = - 113(:[) =1 %vf 3, (®)I®),
:rr}(,;) - v JS'Q(X), n}(;) = -w;;)= - iy I I, (2.9)
DR DDy

JS(X) and J;(X) are Bessel function and its first derivative with
the argument X = k, vklywH. s is the harmonic number and
y=(1~ 1{i2_/c2-v,:;'./<:2)!i = (1 - QE - Bﬁ )% is the relativistic
correction factor. The subscripts L, || indicate the perpend-
icular and parallel components of the particle velocity with
respect to the static magnetic field. In (2.7), the element of
the wave vector space dk is replaced by k2 dkdcos® dyY , where VY

is the azimuthal angle, and the delta function can be reduced to

8§ (cosB - coses)

6(w—kv“ cosbd -symﬂ) = (2.10)

1. O
\v" :k(l— 5g/ktand) 0=6_(u.)

with w, - kv“ coses -8 Yu = 0.

When the weakly damped conditions (2.1) and (2.2) are met, the
real part of €, (k,w) is given by the left handed side of (2.3).
Then after integration over cosf and k by using the delta

function (2.10) and the equality Re ( Ei—-) = “a(ﬁg ), the
]

frequency power spectrum of the plasma wave for the s~-th harmonic
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radiated by a single electron is readily obtained,

dP an
o3
df Zﬂe wJ (X)/ctl n3B 1(1 5 —=/n tane) 9=es(ws) , (2.11)

2

- a2
where Al B wp cos eRl ,

and Wy and 9s have to satisfy the equation (Doppler equation )
) sYwy
s 1- n38" coseS

(2.12)

or W, - ng B“ W coses - sYwy =

simultaneously, (2.11) can also be obtained from the expression
(17) of Eidman (1962).

The angular spectrum of the radiation in the plasma mode,

dPs , 1.2, the power density in watts per steradian, can be
aaQ
obtained by carrying out the integration over frequency in (2.7).

Writing the element of the wave vector space dk as kzdkdﬂ and

carrying out integration over frequency and over wave number k,

we find
i on
s _ 222 - .u_’__._:}.
oo = e W (x)/2‘n‘cn3 A [i n36“ cosf(l + ng 3 i]' w=ws(es)‘

(2.13)
where ws(es) satisfies (2.12).

For an electron travelling along the external magnetic

field, B) = 0, there are no normal and anomalous cyclotron ‘
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radiations. The Cerenkov radiation angular power spectrum, in

this case, is

dgs 22 [ an3
FToR = 2“w /21rcn3 Al [1—n36l'l cosB(l + E;g(;—)] upms(es) . (2.14)

In the other limiting case, %3 = 0, radiation of weakly damped
plasma wave occurs at the frequency and the wave-normal angle es
such that W, = sywy = wt(es) is due to normal cyclotron effect
(s > 0). Then (2.11) and (2.13) are applicable only for

8Y = Ez # 1,2. VWhen the intensity of the static magnetic field
is small, the radius of curvature of the electron's rotation is
sufficiently large, the radiation for B, ny > 1 and By =0 can
be approximated as Cerenkov radiation of plasma wave in an

isotropic plasma.

D. Excitation of Plasma Waves in A Charged Particle Stream-

Plasma System

In the presence of a charged particle stream in the
ambient plasma, waves in various modes emitted by individual
stream charged particles in this stream—-plasma system would be
unstable., Autoexcitation results in the amplification of
amplitudes of the waves. The excitation of longitudinal plasma
waves in the stream-plasma system in the isotropic corona has

been discussed by Ginzburg and Zheleznyakov (1958). Recently,
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Zayed and Kitsenko (1968a), assuming a system comprising the
cold and collisionless magnetoactive plasma and a helical
charged particle stream, obtained the rate of growth for the
longitudinal plasma oscillation, In this section, taking into
account of the effect of the stream particle's longitudinal
temperature, we calculate the rate of growth for the plasma
wave in the helical electron stream-plasma system. We assume
that the density of the electron stream is very small compared
with that of the ambient plasma and the whole is electrically
neutral. We consider excitation of the weakly damped plasma
waves in the stream~plasma system during the initial stage of
the process so that the linearized kinetic equation can be em-
ployed to find the rate of growth (see Section D, Chapter III).
Based on the classical kinetic equation, the problem
of instability in a charged particle stream-plasma system is
solved by writing the dielectric tensor for the stream-plasma

system in the form (Stepanov and Kitsenko, 1961):
= _(0)' ' (e -
eas(k,w) eaB (k,w) + EaB(k’m) GaB’ (2.15)
where eég) (E,w) is the dielectric tensor for the awbient plasma
and E&B(E,w) - GaB is due to the presence of the charged

particle stream. The dispersion equation for the longitudinal

plasma wave in the stream—-plasma system becomes

e(ﬁ)(l_c,m) +el Kw - 1= 0, (2.16)
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For weakly damped plasma waves, q$°)(ﬁ,u9 is given by the left-

handed side of (2.3) and

e& (k,w) = e;xsinzﬁ + e;zcosze +2 S;zsine cosf8 .

Making use of the integration by parts and assuming that the
unperturbed chafged particle distribution function FO(E) tends to
zero as the transverse momentum component pg or the absolute
value of the longitudinal momentum compoment lg._l tends to
infinity, from (1.7) we obtain the dielectric tensor components
for the growing waves in the stream:

2 2
s momﬂwp (wm-k‘l Py ) J'F

880
kquR

Qo

' = 1-47 J
xx

dp, dp,

QO =\ 8

o Hp

2 22 dpL dpn »

T szmzwzw'szp (ka ~w?/c? )F,
] K2 W’R

€' = l-4m I [ P 5 dp, dp
W°R u
-00 o
l2 2 L KT}
o 1Ty b
-y W EBUR

2.9 dp_L dpﬂ 3
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2 dp dp,
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where R = wn~k p - sn

o \]
W o b Y is the angular plasma frequency

of the stream particle; k“ and k; are the wave vector components
along and perpendicular to the static magnetic field. Js’ J’s
are the Bessel function and its first derivative with respect to
the argument X = k_‘_p_L /mr_’mH « When the relativistic effects are
included the mass of the charged particle is a function of its

momentum components
m2=m2+p_L/c +p/c .
A.. general form of the unperturbed distribution

function for a helical charged particle stream can be represented

by

Fo(3)dp o Cexpl -(p - 2/al-(p -p%/a) 1 05, (2.18)

2 = T! 2 ' '
where a) 21rm° ', 3y Z'mnoT" Iy, '1‘:‘ are the transverse and
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longitudinal temperatures of the stream particles. pg‘and pﬁ
are the values of P, and P, at which the distribution function
reaches its maximum. The constant C is determined by the
normalization condition I Fo(E)dﬁ = 1, The momentum spread
of the stream is specified by the parameters a; and a . When
T and Th are sufficiently small, each exponential function
involved in (2,18) can be approximated by the delta function
S(p - po). For the sake of simplicity, we assume that a, ~ 0
and Th = T’ < T, where T is the ambient plasma temperature.
Then (2.18) can be approximated by

§(p

), - p,) exp[-(p, - pf,’)zla%,]di. (2.19)

- = 1
F (p)dp = —575——
) 2,"3/2 o

a,p,
Substituting (2.18) into (2.17), we carry out integra-

tion over p, along the real axis from 0 to ® and over g.

along the real axis from -« to « bypassing from above or

below the poles of the integrand. Since we assume the

density of the stream is very small in comparison with the

ambient plasma density, from (2.16) and (2.17), it can be

seen that ezﬂﬁ,w) should be necessarily taken into account

only when the term w—k“q‘ - 8Ywy is small. In the real

k-method, i.e. we assume the wave vector is real and the

frequency is complex in order to find the growth rate of the

electromagnetic wave , we let

w - kqu - sywy = 0, (2.20)
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where o is a complex quantity with very small magnitude compared
with |w]. For an electron stream with small momentum spread,
the method of carrying out the integration over the longitudinal
momentum component involved in (2.17) has been developed by
Zheleznyakov (1960). Then, adopting Zheleznyakov's method, we
carry out the integration over the longitudinal momentum
component in (2.17) and retain terms proportional to

-2 the number
(Lu--k"v,I - sywH) and 1. Making use of the approximation (2.19),
we evaluate the integrals over transverse nomentum component and
finally get the expressions for the dielectric tensor components

of a helical electron stream

2 .
' . s 2 Yz(kﬁ-wlz) 2( !fyB'
e! =1- J (1 - ’
XX k2 wzu?
22,2 2
, Vl|(k'li - /CZ) 2 5 2 2 892 2
€, = 1 - 53 [(I—Z—YB')+ 2(1-— s“)],
w o B
(2.21)
2. 2,2 2
o oo TG e D s 2 e
¥2 P zZY Bp )
J_U)(!

1
where Bf = (KT'/mOCZ)z is the normalized thermal speed of the
stream electron. The angular plasma frequency w; in the
laboratory system has been replaced by wg = (4ﬂe n /m );2 , where

n; is the number density of the stream electrons in the system of
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reference in which the electron stream is at rest, since the

plasma frequency is a.Lorentz-invariant quantity(Chawla ‘and Unz,1966) -

From (2.3), (2.15) and (2.21), we write the dispersion

equation in the form

AP(k,w) + A%k, w) =0 (2.22) :

2 2 2 2 222 2 {

w sin O weos © Kk vowcos 6 i

D i -1 __D __P _ Tp (2.23) !

with A" (k,w) =1 75 > 3 R17 :

w” - w w ‘

. w'zJ: (k,,z—w2/c2) sy )

and A%(K,w) = - B ) {1 " (1~kY B‘ )+v cose(l—’Y B" )] '

8' 2
+ (g‘) v2a - ZB'Z)vZ cos?0} . (2.24)

In writing down (2.24), we have used the assumption B% f_BT. In
the absence of the stream, for weakly damped plasmé waves, we i

have .

Pk =
A (ko,ws) 0.

Now we expand the left-handed side of (2.22) in the neighbourhood
of the point w = w, + § and k = k_ +n, where § is assumed to be
complex and n real and |§] << |w|, n + 0 and |6] + 0 as

w; + 0,

AP(E 0 ) + AP(E ,0) + (63=+ ngD) (AP(E,w) + A2(E,0)] = 0. (2,25)
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The derivatives are evaluatéd at o = w, and k = ko. Eliminating
§ 1in (2.25) by the relationa = 8§ = n v, co8 6, we get.a cubic
equation with real coefficients for a,

3

o3 + a2 (v, cosb w;) + O (Wninvicos® MU)

CONNES

.

0, (2.26)

2 [ 345 2/24° 2.8,-
where W = @ -ak—) s N=0 (5;)— s U = AGVA (ko,w) an%

v D

, _ (3P 24P | ,
vi= 5 )/ 7o~) 18 the component of the group velocity of

the plasma wave in the direction of wave propagation. Assuming
this equation has complex roots for o ,the rate of growth of thg
plasma wave is given by the absolute value of the imaginary part
of & at a real wave vector. Solving (2.26) for o by Carden's

method,we find the second ‘term in (2.26) is unimportant,and hence !

for simplicity we puf N = 0 and rewrite (2.26) in the form

VAU VS S U RGOSV P S — e —ee e

(2P vy sv=o0, ReR 1)
8 8

where a = OJﬁcoszeG/EZK, b = —GJz(cosze—l/ng)G/ZEZK,

2

Easin46+(52—1)2cos 6+n§8%c0326é23

.
- g Etn? |

_ 384 @esyein®e | (12ef-3esie?nyein®s | 6(E%-1)%cos%

(&%-4)%coa’e - €*n? g

B
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w o fs
0=-d-==2 andf=-2,
m§ B fH

the
The rate of growth of plasma wave can then be solved from

(2.27):
In (;‘i—) = % 2§ (n”B—F”?’), (2.28)
S
2 3 2 3
o.b,bi at s o b _ b a
where D = - > + ( % + 57 ), F = 5 ( % + 57 ) .

For sufficiently small streams density ¢ << 1, then

Ag1/3, 2 3

m (). 352112 (cos?6 - 1/2)0/2t? k1'/3 (2.29)

s
Thus, the growth factor for the plasma wave radiated by a single
electron of the stream is exp ( IImGIt), where t is the interaction
time*. We should remark that the method of obtaining the
dielectric tensor components (2.21) is applicable under the
condition m|Im§| >> ka (Zheleznyakov, 1960). In other words,

the rate of growth mﬁst be very much greater than kv' . Since

T
1/3,this imposes a restriction on

-4

| Im gr-l is proportional to O
s
the density of the stream. For example if ¢ =~ 10

* We assume that the interaction time is of the same order of
magnitude of the characteristic time for non-linear transfer of

the plasma wave across the spectrum (see Section G of Chapter VI),
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and Ny = 10, then B% cannot exceed 10-3 in order that (2.28) is
valid. It is obvious that (2.21) is applicable only to the
initial stage of the excitation process during which the stream

can be assumed to be cold (Shapiro, 1963).

E. Numerical Illustrations

In this section, we make use of the expressions (2.11),
(2.13) -and (2.28) to study the characteristics of the plasma
waves excited by &lectron streams moving in the magnetoactive
corona.

(a) Emitted Frequency Range from Electrons

The emitted frequency and the wave-normal angle 8 can
be determined by solving a quartic equation which is obtained by
substituting the refractive index ng (expression (2.4)) into
(2.12),

A cos46 + B c0526 +C =0 (2.30)

o o o g *
p2ace-sy 2 (3g%-21* 0620y 382ac-s)?€-)
) 72 y 7 HABy
(E7-4) (E7-1) : £

where A =

4 2
2.2,.2 2 2 158 -7E°+4
B = 22 (£%-a-1)+B2A(E-sY) [ ]
o ™ r (£2-4) (£2-1)2

36%2a(E-ay?
and Co = -
(G
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The square of the cosine of the emission angle is given by

2, _ 2 %
cos GS = { Bo % (Bo 4A°Co) ] /2A0 . (2.31)

For a given set of parameters Q’, BT, A, E and s, the permissible

enission frequency £ must satisfy the condition that cos2

ei
s
is real, positive and < 1. For anomalous cyclotron and
Cerenkov radiation (s < 0), the wave-normal angle is 0 5_62 < w/2.
For normal cyclotron radiation, sz_ﬂ/Z for £ > sy and
98 3_n/2 for £ < sy. We should emphasize that in some cases,
the solutions given by (2.31) would violate the condition
n2 >> 1 and are not applicable.

The solutions for 0 and § from (2.30) with parameters
A=0.6, BT = 10—2, By=0.1, B =0.2, s =0, -1 are shown in

Fig. 2.2. The plasma resonance frequencies £, with the same

value A are also plotted against the wave-normal angle 6.

(b) The Power Spectra in The p-Mode Radiated by A

Single Electron
The normalized emitted £frequency and the corresponding
wave-normnal angle 0 obtained from (2.30) are used to calculate
the frequency and angular power spectra in the plasma mode
radiated from a single electron moving in the magnetoactive
plasma. For electron energy E = 50 keV, A = 0,6,6, 5 = 0,%1,2,3

(e] (o] (o]

and electron pitch angle ¢ = 00, 307, 457, 60", the polar
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diagrams and the frequency power spectra, (2.13) and (2.11),

are presented in Fig., 2.3 and Fig. 2.4 respectively. The
gyrofrequency is taken to be 100 MHz for A = 0.6 and 20 MHz for
A=6, In Fig, 2.4(d), the fluctuation parts of the frequency
spectra of the backward normal cyclotron radiation in the plasma
mode have been smoothed out by taking the mean values of the
power. In these spectra, the minima should go to zero. For
the sake of clarity, the lines are drawn continuocusly.

These spectra demonstrate several properties of the
emission power in the plasma mode. Firstly, the main plasma
wave power is radiated within a cone whose thickness is inversely
propertional to the electron pitch angle. Secondly, in the case
B,= 0, the Cerenkov radiation has a very broad polar diagram.
Thirdly, there is no cyclotron radiation in the plasma mode
in the direction around tha static magnetic field line.

However;, Cerenkov radiation in the plasma mode is always emitted
in the direction parallel to the static magnetic field line and at
the frequency in the neighbourhood of the plasma frequency fp.

For s < 0, the phase velocity of the plasma wave emitted from
the electron decreases to velocities comparable to the mean
thermal speed of the plasma electrons as 6 - m/2 and emission of
weakly damped plasma waves will nc longer be possible since the
plasma can support only those plasma waves with phase velocities

greater than the mean thermal speed of the plasma electroms.
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(¢) Growth of Plasma Waves in The Stream-Plasma System

At the onset of the excitation process, the rate of
growth of the plasma wave with time in the stream-plasma system
can be computed by (2.28) with Bé = 0. The variation of the
growth rate | Im g—-l with the wave-normal angle for the upper
p-mode and the lowzr p-mode ig demonstrated in Fig. 2.5 with
parameters as given in Fig. 2.3 and Fig. 2.4, It can be seen
that, in general, the growth rate peaks in the vicinity of the
direction in which the single electron radiation in the plasma
mode reaches its maximum, Studying the cases for s = 0,%1,2,3,
we can conclude that under the same conditions,

i) the Cerenkov radiation in the plasma mode grows
more rapidly than the corresponding anomalous and normal
cyclotron radiations;

(ii) 1in general, the rate of growth for the Cerenkov
radiation in the plasma mode increases with the electron's
longitudinal velocity component, while for the cyclotron
radiation in the plasma mode with the electron's transverse
veloc. ty component.

Whenever generation of the Cerenkov radiation in both the
upper and lower plasma modes is possible, the plasma waves at the
frequencies near the plasma frequency and propagating in the direc-
tions around the magnetic field line will grow at the greatest rate
(Fig.2,5(c) and Fig.2.6). On the other hand, when A is large,

Cerenkov plasma waves can be emitted only at the frequencies
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Fig. 2.6 Power gain versus normalized frequency & for electron
energy E = 50 keV and alectron pitch angle § = 0°, 30°, 45°,
60°, Br =0, By = 10-2, 0 =107% and interaction time

t = 5x10-5 sec and for

(a) A=20.6, fH = 100 MHz, 8 = 0,~1;

(b) A =6, fH = 20 MHz, s = 0,-1,1.
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Fig. 2.6 Power gain versus normalized frequency & for electron

energy E = 50 keV and electron pitch angle ¢ = 0°, 30°, 45°,

2

60%, BL = 0, By = 1072, 0 = 1075 and interaction time

t = 5210 sec and for

(c) A=0.6, £, = 100 MHz, 58 = 0,-1,2;

H

(d) A=6, £, = 20 MHz, s = -1,3,

H
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£ >/fH and maximize- at the frequency f =~ fp. Thus, we can
conclude that even in the presence of the static magnetic field,
most of the energy of the radiation in the plasma mode from an
electron stream will be emitted in the direction of the electron
guiding centre motion and at the frequency near the plasma

frequency through the Cerenkov process.

F. Conclusion

Using the linearized kimetic equation approach, the
rate of growth of the plasma wave in a stream-plasma system
has been studied in previous sections. It is found that the
intensity of the coherent radiation in the plasma mode is
greater than that in the x-mode and the o-mode (see Chapter VIII).
Hence it is believed that generation of plasma waves by electron
streams in the active solar corona will play an important part
in the solar radio emissions.

However, the expressions obtained in this chapter are
applicable only to the case of excitation of weakly damped
plasma waves by the low density electron stream during the
initial stage of the process (see Section D, Chapter III).
When the weak damping conditions (2.2) are violated, double
resonances (i.e. f o f: = sfH, s = 1,2) occur and the dispersion
equation (2.3) and hence the theories given in sections C and D can
no longer be valid. The dispersion equation for the plasma

wave and the generation of plasma waves in the case of double
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by
resonances have been studied by Stepanov (1960) and Pakhomov

and Stepsnov (1963) respectively. However, since weakly

damped plasma waves at the frequencies f . fp emitted by

an electron stream are of greatest intemsity, it is not difficult
to see that the theories given in this chapter can be applied

to the consideration of coherent generation of plasma waves

by low density electron streams everywhere in the active

solar corona except the layers where A . 1,4.



55.
CHAPTER III

EXCITATION OF CYCLOTRON RADIATION IN THE SUBLUMINOUS *

MODE IN A‘'STREAM-PLASMA SYSTEM

A, Introduction

In Chapter II, we have studied the excitation of
longitudinal plasma waves with phase velocities less than the
free space light speed in a system comprising a low density
helical electron stream and the background magnetoactive plasma.
'In such a combined system, excitation of electromagnétic radiation
in the subluminous mode can also occur and is very important
for the theory of solar radio emission, since radiation with
0 < n <1 can escape from the solar corona directly without
préliminary transformation into otherytypes of normal waves.

The problem of radiative instébility in a stream-plasma
system can be studied by assuming fhe wave vector to be real
and solving the dispersion equation for comple; wave frequency;
separating the dielectric tensor components of the system into
two parts = one due to the ambient magnetoactive plasma and the
other due to the presence of the strean. Thisimethod was
initiated by Stepanov and Kitsenko (1961) and recently adopted
‘by Zayéd and Kitsenko (1968a, 1968b) to investigate the excitation
of cyclotron harmonics in various cases,

Since the general form of the dispersion equatiom for the

electromagnetic wave:. in a helical stream-plasma system is

' *The subluminous mode of the electromagnetic'wave is defined here
as the electromagnetic wave whose phase velocity vp in the medium
is greater than the guiding centre speed of the electron who

generates it (i.e. in the region of normal Doppler effect).
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extremely complicated, Zayed and Kitsenko (1968a) obtained only

the rate of growth of the electromagnetic wave. in the combined
system for certain particular cases in which the dispersion
equation can be simplified. However, in order to study the
characteristics of the cyclotron radiation in the subluminous

mode from a gyrating electron stream, one requires an explicit
expression for the rate of growth of electromagnetic radiation

in the combined system which is applicable to general cases.

In this chapter, we derive the essential mathematical expression
explicitly., The expression obtained will be applied in the theory

of solar type IVA burst emission in Chapter VIII.

B. Formulation

For small amplitude waves of the form exp(ik.F - iwt)
in an unbounded homogeneous medium consisting of a cold and
collisionless magnetoactive plasma and a system of non~equilibrium
electrons, the dispersion equation for the wave is given by
(1.10) with the dielectric tensor components (2.15). We
assune the whole system is electrically neutral and the number
density of the non-equilibrium electrons is puch smaller than
that of the ambient plasma.

The dielectric tensor components for the cold and

collisionless magnetoactive plasma alone, e;g) , are given by
2 2 2
iw, W
(@ _ (0 _,__" ©_,_ % _(o. %
€11 T €y =l-575m, €337 =l -5, g —2 , G.D

Wty w w(w -wH)



(o) (o) _
513 = 623 =0 .

The components eéB - 608 are the small corrections to
the dielectric tensor components of the ambient plasma due to
the presence of non-equilibrium electroms. If the non-
equilibrium electrons form a stream with a sufficiently small
momentun spread, the distribution function for the electron
stream (2.18) can be approximated by

1

Zﬂpi

- - 0 Oy 4=
F (p)dp = §(p,-p,) 6(p -p )dp. (3.2)

57.

Using (3.2) in (2.17), we obtain the dielectric tensor components

for the electron stream

2., 42 v 222,222 2,2
R 2s ymnqp (w—k“g‘)JSJs ) 87y whw sz(k"-w /c7)
11 2 2 22 ’
k wv, o k,w o
v2.42 2 1
oy 2wp Js (wk, v, ) . 2(;01';> v‘LJ;JS'kJ_ (w-k,v,)
€22 2 2
o a w yw o
H
v22.42,2 2
) wp YLJS (k”-w /c2)
14
w2a2
' 2 2 ' v 2 2 v2.2.2,,2 2,2
o1 pr KLVbJSJS(wPE,Y) 2wp knq,Js wp vhJs(klrw /e%)
33 2 - -

wYwgv, o wa w?a?

:



€, = L
12 2 2
wo kiYP o

W2 1y p 12 . 2 '
1swR (JSJS+JS ) (w-k v )+ 1symHmp JSJS (“"'kmvn) 3.3)

isymﬂw‘;zv_;_J Ja (kﬁ-wzl c?)
4

klwzuz
t2 ' 12 2
. 25wp v, ITg (w=k, vy) SYWW, LY
€13 =~ 2 - )
wv,o wk,0
2 2 2
stle; v I (k,%—w /c?)
= 9
klwzuz
1072 vy (3 33D (kv i0'2v I 3wk v, )
v ___p 4 g s™s LW " uts's T
€23 2 2
Wy w0
2 2 2 2,2
w; kv, 3Ty 300y v, 33 (ky-w'/e”)
- = Y
oo wzaz

% 7 [}
€31 = €132 B30 T €335 €91 "y s

where O = m’k"W. - sywH . For cyclotron radiation in the

subluminous mode, the harmonic number s is a non~zero positive

1]
integer. w; = ( 4me no)k5 is the angular plasma frequency

m
(o]

of the stream electron, n; being the stream electron density
in system of reference in which the electron stream is at rest.

Js, J; and J; are the Bessel function and its first two

58.



59.

derivatives of s—th order with the argument X = glg!YwH .
For a single electron gyrating in the magnetoactive
plasma, the frequency W and the wave-normal angle O of the

normal cyclotron radiation satisfy the Doppler equation

gimultaneously,

W, - koY'cosﬁ - sYW, = 0. (3.4)

We assume that the number density of the stream electrons is
much smaller than that of the ambient plasma while the
magnitude of o is a very small quantity compared with the
magnitude of the angular wave frequency w . The presence of
the electron stream introduces only very small corrections to
the dielectric tensor components for the ambient plasma.
Neglecting the terms proportional to the second and
third powers of méz s, Wwe express the dispersion equation of the

stream-plasma system as

F(k,w) + F'(K,w) = 0 , (3.5)
= 4 2
where F(k,w) = Aon + Bon + Co .
Ao = ( )sin 6 + egg) cosze
B, = - [e f‘;) (°)(1 + cos?0) + (€(°)2+€(0)2)sin26]

C = (0)(6(0)2 52)2 y
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e - ' 2 v 2 v 4
Fick,w) (ellsin 0 + €34€08 0 + 2513sin6 cosO)n

(@ v (o) vy (o) 2
+{2cosb sine(e12 23 €59 13) €51 €33(1 + cos“0)

(0)(8 (0)(e

)sin 8- 2:—:(0)9

12 sin G]n

cosze)

11 €22 11 22 12

(o) (0)
33 12 *

(0) _(0)

(0)2 (0)2
33(E 33 €11

)+ € (€. ) + 2¢

11 22

By direct substitution and rearrangement, we express F' as a

sum of D; and Dé,where Di takes the terms proportional to o

while D; takes those proportional to a2 , i.e.

9 ? ]
F =D, +D, ,

1 2
where D2'=A'n4+B'n2+C' ;
D; = A"n* + Ba® + C",
' w'2h4 2.2
with A J  h;
w2a2 s 3
12 2
w Zm v, sinb )
B' = -L % p h,Jd J' = —Per (+v27' %sine)
2 2 3"ss 2 2. ag
w-o w(w -wn) (w0 -wn)
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2
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1 s 2 2 L
2 k
ko 4
8Y 2 2,2
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- (h2 2,.2
h5 w-k v" . 1 (h3 + v")Js .

In the absence of the electron stream, F(k,w) = 0
and the refractive index of the two characteristic waves

nj (G = 1,2) in the cold and collisionless ambient magnetoactive

plasma will be given by

2
ni’z =1 - A6 - A) . (3.6)

262 (£2-a)-£2s1n%0 7 E%sindo+4E2 (£2-4)2cos 0
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Now, taking (3.2) and (3.4) into account, we expand the lefg-
handed side of the dispersion equation (3.5) by Taylor series
in the neighbourhood of the point ko, W and obtain a cubic

equation in %— R

s
o (3 o (2 o
(;—) +p(w—) +a(-w—)+b=0, (3.7
8 s S
H
gﬂ-— ! -—1—
where p v (v“ cosf + Vg) +5 s

. i
a “’sV (F1+H2) + “’s" (Hlv"cose + Ll) R

F L H
e 2 .0 .2 2
b 2 +w (w +w v“cos 8 ,
W 8 S S
8
= Y = ”
F, = ob) , F, aZDZ )
ap' D'
=g =1L =g 2
Ly =am=s =0 5=,
oD’ o'
1 S22
Hl =0 2w ’ HZ @ ow ’
JF
_ F ,_ _ok
ow

The derivatives are evaluated at the point ko, ws. In the real
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k-method, we assume n =k ~ k_ 1is real and § = w - W s is
complex. We also assume that |8| << [w| and | %-I << 1, and

v2

|8] * 0, n >0 as ey + 0. In (3.7), we have eliminated §

by the relationa =68 - 7 V“COSG . Thus, all the coefficients
a,b and p in the equation (3.7) are real. Assuming that the

equation (3.7) has complex roots for %— , then the imaginary
8

part of a gives the temporal rate of growth of electromagnetic
radiation in the stream-plasma system., However, we cannot
obtain the rate of growth in an explicit form from (3.7)

directly without further simplification of the equation. We

. F2 F1 H2
note that the quantities ';f , E; "5; and Hl are proportional
R ]
owz . owz owz
to ;ER 9 L2 proportional to EEE- and L1 to E;E; . where

8
-
o no/no .

It is not difficult to see that each of the coefficients

pP,a,b consists of two types of terms; one proportional to

2 2
w w
o —% and the other proportional to E—-(c —g-) or E—-. With the
w o w (<]
s s

present assumption that | E-I << 1 and 0 << 1, we can omit

2
w
terms proportional to (0 —%-) E—- in the coefficients a,b and p.
w o
s

The complex roots of the equation (3.7) are determined by the
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coefficients a,b and p. However, solving the equation (3.7),
we find that the coefficient p is unimportant. In view of
these facts, for simplicity, we assume 1 = 0 and omit the second
term in (3.7). Then, after some tedious evaluations, we
express (3.7) as

§ .3 8
( a;-) + a( B;-) +b=0, (3.8)

where a = U/V, b = M/V,

U= ZOA {n cos 9 [nz(J ~H)+W ]+Q4[ nZ(ZJZ-S-Y)-Z 1} +a'n4+b'n +c',
E— I k| J s
oA

=2 wle-ad)u g, Ve -sn) + @280l + K,

g2 Lo

.

7

H = 2881008, 3, 31 /0 Eh%-A0,/h-AQy/E” + Q) + (Unis 3l

Y = AsinB(352-1)QLJSJ;/njEhz-A52Q3/h2~AQ2/€2 ’

2 2
BAdg 2 A .2 Qy (0 _(0)
3

_ AGEeZsacian) s yAL

E3h2 njgsine )JSJ; ’
(0)2 (0) (0)_(o) (0) (o) . _syRu
- 8332 o kel e €33 Q 12645781, ( o Esind Mg

S = 2Asin6§LJsJ;/nth - AQ3/h - AQZ/EZ rq, ,
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2 2
Q=8 ~A~1, Q=2 -2A-1, h=¢g?-1,
standbR ' 2 s2 ' '2 ' 2
K, = =20 33"+ 3%, K,=2-JJ + (J_“4XJ IJ"cos“0 ,
1 QL 8 s s 2 X "ss s s s
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3 X "s"s s 8°s’ 4 s 88 XU"s's °?
- '2 " ]
K5 = snjq‘ sinB(JS +JSJS) + JZJS(SYQ./ﬁL + njﬁLcose) R
X = njEQLpinO/Y .
The temporal rate of growth (normalized by the angular
gyrofrequency) is readily obtained
A3 3
) 3 3
lm‘“al.e ZEIMp Npl, (3.9)

’ 2 3
b b a
where Mp =-3 + A + 37

The cubic equation (3.8) yields complex solution for

) b2 33
o only when Z—-+-55- > 0. Ve should remark that, .in
s

obtaining the dispersion equation (3.5), we have omitted terms

w'4 w’&
proportional to —%—-, _EE and the other higher order terms.
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This is possible provided that

() 2/3 (3] 2/3
(—) >0 or (—) > &0 (3.10)
Ws Wy

. the
Therefore, the present formulation of rate of growth of

electromagnetic radiation in the stream-plasma system is valid
only when the number density of the stream electrons is very
small compared with that of the ambient plasma.

The distribution function (3.2) is the idealized one
and more convenient in application due to the simplicity of the
corresponding dispersion equation (3.5). A more realistic
distribution function for a helical electron stream will be of
the form (2.18). However, it is expected that if the dispersion
of momentum is sufficiently small, the general behaviour of the
stream-plasma system in the real situation will not differ

from that given by the present formulation significantly.

C. Negative Absorption Coefficient and Conditions for Amplification

Ucing the classical kinetic approach, we have studied
the radiative instability of a system comprising the ambient
plasma and an ensemble of non-equilibrium electrons in Section
B and in Chapter I1 (Section D). The same problem can also

*
be solved by means of the quantum treatment .

* The quantum treatment of the synchrotron instability of a
systen consisting of the background magnetoactive plasma and a

group of relativistic electrons is illustrated in Chapter IX.
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The interaction of a radiation field with a system, consisting
of a set of incoherent radiating centres with two states, may
be characterized by three elementary processes: spontaneous
emission, stimulated absorption and stimulated (induced)
emission. The absorption coefficient for a radiation field
in this system can be derived by using the Einstein transition
probabilities and the relations for spontaneous emission,
stimulated absorption and stimulated emission (Wild et al.,
1963). In this treatment, the absorption coefficient is the
algebraic sum of all stimulated transitions between energy
states whose energy difference is #iw, where ‘A is Planck's
constant. Amplification of waves occurs when the absorption
coefficient is negative, i.e. the processes of the stimulated
emission of photons (or plasmons) prevail over the stimulated
absorption of photons (or plasmons). In this case, the
system of charged particles does not take in energy from the
waves, on the contrary, it gives the energy to them (negative
absorption).

Smerd (1963) derived the general expression for the
absofption coefficient and obtained conditions for negative
absorption in terms of energy distribution of the radiating
electrons and the mean emissivity. Hence Smerd found that
the bremsstrahlung cannot lead to amplﬁéatibn regardless of
any energy distribution and that for thermodynamic equilibrium

plasma, the absorption coefficient is always positive for any
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emitting process. Therefore, corresponding to various types
of spontancous emission processes, collisional and non-
collisional absorptions of electromagnetic waves can take place
in a Maxwellian magnetoactive plasma {cf. Chapter VI and
Chapter VII).

For other types of energy distribution, negative
abgorption would occur under favourable condition, Amplification
of Cerenkov plasma waves in an electron stream is due to the
fact that the longitudinal plasma waves are compressional
waves in which at any instant, the electrons are bunched around
the peaks of the wave. The electrons trapped by such wave
thresgh the electrostatic force eE transfer energy to the wave
when the electron velocity exceeds the wave phase velocity.
Hence in an isotropic plasma (or electroms moving along
magnetic field), the condition for wave growth is that there
should be more fast particles than slow particles for a given

velocity range, i.e.

3Fo(vk)
avk

>0 at vph =V {(3.11)

where vph is the phase velocity of the plasma wave and Fo(vk)
is the distribution function of the electrons in the stream for
the projection Vi of the velocity Vv in the direction of wave
vector k (Ginzburg and Zheleznyakov, 1958). The strong

wave-particle interaction is carried out by the resomant
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particles with velocities v = vph .

In the case of amplification of cyclotron radiation from
electrons in helical orbit along the static magnetic field,
the Lorentz force involved in the wave-particle interactions is
e [E + (¥xB)/c] and the condition for negative absorption is
(Smerd, 1963; 1968)

3F° BFO
Ap‘L -a—P: + Ap‘ 'a—p; < 0, (3.12)

\
The changes of momentum components Ap“ R AQL due to the
emission of a single quantum must satisfy the conservation of
energy and momentum (cf. Bekefi, 1966, p.60). Only those
resonant electrons which find the wave frequency in their
frame of reference to be a multiple integral of the Doppler~=
shifted electron gyrofrequency fﬁ will participate in the
strong wave-particle interaction. Thus, the cyclotron

resonant velocity of the electron will be

a = [ws - symH] /ko cosO .

For a helical electron stream with momentum distribution
function given by (2.18), the condition of amplification

(3.12) becomes (Smerd, 1968)

(2, -p}) )
_‘T—‘ +n j %_cose —_—
21 ay

(1-n B“cose) <0 (3.13)

3



According to this condition (3.13), it can be shown that
negative absorption of waves occurs not only in the stream-
plasma system but also in a system consisting of electromns
with temperature anisotropy (i.e. ?L# Ik). The instability
of a homogeneous plasma due to temperature anisotropy has

been investigated by Sagdeev and Shafranov (1961).

D. Comnclusion

Both the quantum treatment and classical linearized
kinetic approach of solving the problem of the instability of
the homogeneous and unbounded stream-plasma system suffer
the same limitations; they are valid only for the onset of
the instability and for the system comprising an ambient
plasma and a low density stream.

In the quantum treatment, one derives the absorption
coefficient under the condition that the initial state is
incoherent; this allows one to sum the number of the radiated
and absorbed quanta when determining the radiated and absorbed
energy in the system of particles (Zheleznyakov, 1959;
Ginzburg and Zheleznyakov, 1965). The increase of the
amplitude of the passing wave may be caused only by a change
in the electron motions under the action of the wave field,
and therefore result in a distortion of the initial incoherent
character of the electron radiation process. Moreover, it

is assumed thgt the emission. and absorption take place in a

72.
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medium with real refractiye index nj, i.e. the contribution
of the stream electrons t0“nj is disregarded. Therefore,the
quantum approach is useful to the study of the radiation in-
stability of a system consisting of an ambient plasma and a
very low dengity stream ( or ensemble of non-equilibrium
electrons) in the incoherent initial state.

On the other hand, in the linear kinetic approach, one
has to assume that the perturbation of distribut;on function
is small compared with the unperturbed distribution function
fo(ﬁ),and that fo(ﬁ) dges not change with time. These assump-
tions hold only for the onset of the excitation process

‘during which the growth (or damping) is small and the energy
of the electrons in the stream is practically constant.
Moreover,the dispersion equation for the wave in the stream-
plasma system can be simplified-only if the number density
of the stream electrons is much sﬁaller‘than that of the
ambient plasma (SectionB). Under the asspmption l(uJ-kv)/kﬁ%lz
&L 1,it has been shown that for the case of excitation of
Cerenkov plasma waves in a stream-iéotropic plasma system
both the quantum approach and thelclassical kinetic approach
give the same instabllity criteria and the same amplifieation
factor (Ginzburg and Zheleznyakov,1958;1965). However,in the
case that m\Im5l2>ka (p.38),the rate of growthAcannot be
treated by the quantum approach.

The strong wave;particle interaction predi;ted from the

linear theory leads to the growth of the amplitude of the

passing wave in the stream-plasma system without limit. In
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fact, as the wave grows, it is important to take the nonlinear
effect into account. In the absence of static magnetic field,
it has been shown that during the initial stage the stream

can be assumed to be cold and the passing wave grows in time
with the growth rate obtained from the linear theory. However,
the development of the instability causes the kinetic energy

of the resonant electrons to be converted into electrostatic
energy associated with the plasma waves and into thermal energy
of the plasma electrons (Shapiro, 1263)., Meanwhile, a small
part of the energy lost by the stream goes into increasing the
thermal energy of the stream electrons themselves. As the
amplitudes of the growing waves increase, the non-linear
interaction between modes becomes important. For small
interaction time during the initial stage, the amplitudes of
the waves grow exponentially with time; when interaction time
reaches a certain limit, the non-linear mode interaction retards
the exponential growth.

Owing to the feed-back effect of the growing waves,
there is a diffusion of electrons in the stream and in the
plasma in the velocity space; this tends to smooth the
distribution function in the region ~here the wave diffusion
coefficient is nonvanishing and hence to reduce the growth
rate and;to increase the width of the spectrum. The
quasi-linear theory (Vedenov, Velikhov and Sagdeev, 1961)

predictg- that the wave growth and the diffusion of resonant
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electrons continue until a plateau is formed on the distribution

function for the stream-plasma system. After this point

the waves no longer grow and a stationary state is established.
Instability of stream-plasma system leading to

coherent radiation of electromagnetic waves by electron

streams can explain the high intensities of various solar

radio burst emissions that cannot phusibly be accounted for

as a result of radiation from thermal or non-thermal plasma

by non-coherent mechanism. . However, in applying the results

obtained from linear theory to interpretation of the solar

radio emissions, one has to assume the existence of an

effective process for preventing the plateau formation in

the distribution function for the stream~plasma system

(see Section G of Chapter VI).



CHAPTER IV

THE SOLAR ATMOSPHERE AND MODELS OF

THE SOLAR CORONA

In order to study the generation and propagation of
electromagnetic waves in the solar corona in a quantitative
manner, we need some suitable models for the electron density
distribution and the sunspot magnetic field configurations in
the solar atmosphere., In the present chapter, we shall
briefly describe the observed features of the solar atmosphere
and hence suggest models for the background corona and the

active corona.

A. Radial Distribution of Electron Density in The Solar Corona

The solar atmosphere consists of three main layers -
the photosphere, the chromosphere and the corona. The medium
of the upper chromosphere and the corona is a fully ionized
plasma though neutral on a large scale. The well known
conventional model for the radial distribution of electron
density in the background (normal, regular) corona is given by

the Baumbach-Allen formula (Allen, 1947):

N = 1081.55 p0 +2.99 o710 a3 (4.1)

where p = R/Rb’ R 1is the distance from the centre of the Sun

5

and Rb = 6,95 X 10° km the photospheric radius. This formula

76.
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was derived by assuming the spherical symmetry of the corona
and based on many years' optical observational data.

The corona overlying the optical centre of activity
(sunspots and plages) in the photosphere and the chromosphere
is called the active region. The active region is permeated
by the sunspot magnetic field and contains enhanced plasma
density. From optical observations, Newkirk 61961) found that
the coronal streamer* contains enhanced electron densities about
two to five times the local background out to the altitude
R g ZRb (Fig. 4.1(a)).

As 1is well known, the drifts of the type III and
type II bursts towards lower frequency with increasing time
are attributed to the excitation of electromagnetic waves
at the plasma frequency by electron streams travelling
upward through the corona and by outward moving hydromagnetic
shock waves respectively (Wild et al., 1963). Radio-interfero-
meter observations of the type III and type II burst source

positions suggest that type II and type III burst emission wources

* Coronal streamers are formations of plasma emerging radially
from the Sun in the active regions and can be observed

during an eclipse up to ~ 12Rb (Kundu, 1965, p.l17).
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Fig. 4-1(a) The electron densities deduced from different radio observations com-
pared with those of the Baumbach-Allen model and coronal streamer model of
Newkirk (after Wild, Sheridan, and Neylan 1959; Morimoto and Kai 1962;
Erickson 1962; and Warwick 1964). S

(After Kundu 1965, Do 324 )
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may travel physically out along coronal streamers where the
electron densities increase by a factor about ten over the
values given by the Baumbsavh-Allen formula (Shain and Eiggins,
1959; Wild, Sheridan and Neylan, 1959; Morimoto and Kai,
1962; Weiss, 1963a; etc.) (Fig. 4.1(a)). Since during

the past sunspot maximum, the background corona electron
densities were observed to be some two times the Baumbach-Allen
values (Newkirk, 1961), the electron densities of the coromal
streamers are only five times over the background electron
densities.

For the trénsition region between the upper layer of
the chromosphére and the base of the soldr corona, the radial
electron density gradient is very large. From a detailed
analysis of the observational data on the extreme ultraviolet
lsolar radiation, Ivanov-Kholodnyi and Nikol skii (1962)
constructed a purely empirical model of the radial distribution
ofAthe electron density with height in the active and undistrubed
~regions of the solar atmosphere. This empirical model is
wsﬂéwn in Fig. 4.1(b). Alternatively, using the results of
théﬁ;ciipse observations in Sr II lines and in the Balmer
\‘coﬁéiﬁﬁum (Thomas and Athay, 1961), Gulyaev, Nikol'skaya
and Nikol'skii (1963) obtained the radial electron density
di;tribution in the lower layer(of the solar atmosphere for
the altitude greater than 1,000 km—above the photosphere

(Table 4.1). The models obtained by both techniques are in



80,

log ne
10+
95+
gr o
as L 1 ) - .
5 10 15 20 25 J7

ha?cim

Fig.4.1 (b) Distribution of elestron concentra-
tion in the transition region; a, u : model for
active and unperturbed regions.

(After Ivanov-Kholodyni and Nikol'skii, 1962)

Table 4.1 Distribution of Temperature and the
Concentration of H and He in the Solar Atmosvphere
(After Gulyaev et al., 1963)

nkm | logr |log ™ |108 muI log ngrer  |lognygerr | log Aye 111
Active region
)
1000 3.74 11.42 14.35 13 36
2000 3.74 11.21 13.80 12.82
3000 3.75 10.89 13,35 12.35
4000 3.76 10.75 12.80 11.80
5000 3.78 10.54 12.10 11 10
600 3.79 10.85 11.30 10.35
TU00 3.82 10.19 10.35 Y.64 1.30 | —0.10
8000 3.89 10.07 9.50 8.40 9.05 | +7.83
9000 414 9.98 8.75 7.31 9.00 8.01
10000 4.30 9.90 7.90 6.88 8.85 8.10
12000 4.67 9.77 6.15 5.60 8.58 8.20
14000 4.95 9.64 5.00 3.76 7.98 8.47
16000 5.20 9.53 4.25 1.46 6.48 8.53
- 18000 5.39 9.42 3.65 0.03; 5.55 8.42
1 20000 5.56 9.4 3.25 . 4.81 8.34
25000 5.01 9.23 2.70 3.67 8.24
30000 6.20 9.21 2.3V 2.85 8.21
Undisturbed region
1000 3.74 | 11.41 14.20 13.19
2000 374 11.00 13.55 12.55
3000 3.75 10.73 12.75 11.75
4000 3.76 10.25 11.80 10.80 0.00
5000 3.78 9.94 10.70 9.78 8.50 5.94
6000 3.82 9.68 9.55 8.39 8.74 6 42
7000 4.20 9.51 8.10 -+ 7.67 8.41 6.48
8000 4.55 9.39 6.30 6.23 8.33 6.76
9000 4.83 9.29 5.00 4.42 8.14 7.48
10000 5.086 9.20 4,25 2.39 6.97 8.08
12000 5.45 9.05 3.25 —0.68 4.93 . 7.97
14000 5.74 8.93 2.65 3.87 .| 7.87
16000 5.94 8.83 2.25 3.21 7.76
18000 6.07 8.75 2.10 2.79 7.67 x
20000 6.20 8.68 1.80 2.49 7.60
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good agreement with each other.

B. Magnetic Fields of The Sun

(a) Magnetic Fields of Sunspots

A sunspot consists of a dark core, an umbra and a
brighter "Penumbra" surrounding the core. Hale and Nicholson
(1938) made extensive observation and first discovered intense
magnetic field exists in the sunspots. The classical picture
of magnetic field configuration inside the surface of a
regular, single spot can be described ag (Bray and Loughhead,
1964):

(1) The magnetic field 1is symmetrical around the
axis of the spot.

(2) 1t has its maximum value at the centre of the
umbra, the lines of force at this point being perpendicular to
the solar surface.

(3) Away from the centre of the umbra, the field
becomes smaller and inclined to the vertical. In fact,
recent measurements led to the conclusion that the field in
the penumbra 1s almost everywhere horizontal. Thus, only
those field lines emerging from the central area of the umbra
can extend to the outer layers of the solar corona.

The magnetic field intensity of the sunspot is
proportional to the area of the spot. Hale and Nicholson

(1938) found that the observed intensities range from a maximum



of about 4,000 gauss for the largest spots down to values of
the order of 100 gauss for the smallest spots. In general,
the field intensity decreases only slowly across the umbra
and drops very sharply across the penumbra (von Kluber,
1948; Bumba, 1960).

A number of single sunspots with the same magnetic
polarity form a unipolar sunspot group. However, in majority
of cases, sunspots form bipolar groups which are systems of
two spots in which the leading spot has a polarity opposite
to that of the following spot. The leading spots of such
pairs are of opposite polarity in the two hemispheres and these
polariéies are reversed in successive eleven years solar cycle,
On the average, the magnetic field intensity of the leading
spot is stronger than that of the following spot. The
two principal spots of a bipolar group separate in longitude
to a distance of 10° or more (Chapman, 1943). In complex
spot groups, spots of opposite polarity are mixed together.
The bipolar pair appears to be the fundamental type. It
has been pointed out by Bray and Loughhead (1962, 1964) that
experimental results have indicated that regions of opposite
polarity may frequently appear even within a single isolated
spot. No matter how complicated the structure of the sunspot's
field is, the field line issuing, from one spot can only either
stretch straight into the corona as coming from a unipolar

spot, or go up and curve down to join a spot in a bipolar
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spot group or a region in soﬁe spot nearby, or in the leading
spot itself.

The observed radial gradient of the sunspot magnetic
field intensity in the photosphere is very large (cf. Bray
and Loughhead, 1964, p.212; Severnyi, 1966). So far
measurements of the radial gradient of the sunspot magnetic field
at the corona height are subject to uncertainty. Nevertheless,
optical observation as well as the measurements of the radio-
wave spectrum of circular polarization radio waves (Hewish,
1962; Molechanov, 1962) indicate that it is possible that the
field in the chromosphere and the corona does not vary as
rapidly with height as in the photosphere itself. The
intensity of coronal magnetic fields at various coronal
heights in the active region inferred from various theories
of solar radio bursts is illustrated in Fig. 4.2.

(b) Ihe Geperal Maenetic Field of The Sun

Outside the active regions, there is a weak magnetié
field which is somewhat stronger at polar latitudga; an
upper limit of about 2.5 gauss on the photosphere at the high
latitude (Hogbom, 1960). This field is sometimes called the
general magnetic field of the Sun since its nature resembles
the dipole field of the Earth. The effects of the weak
general magnetic field on the propagation of high frequency
electromagnetic waves in the solar corona is insignifficant

and will be neglected.
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C. Models of Sunspot Magnetic Field Configurationms

Referring to Fig. 4.3, we assume an imaginary dipole
buried at a point about 0.1 solar radius beneath the photosphere.
The axis of the dipole inclines to the radial line of the Sun
at an angle 70°.  The magnetic field lines originating from
the dipole pass through the umbral area of the sunspot and the
intensity along a field line is given by the dipole field
equation '

=2 (1 + 3si’0)" (4.2)
r i
where M is the magnetic moment of the dipole and 2 is the
latitude angle with respect to the centre of the dipole. 1If
the field line passing through the photosphere at r=d and %=L,
then M = Hsd?/(l + 3Sin2L)% gauss-(solar tadius)3 where Hs
is the magnetic field intensity of the sunspot at the surface

of the Sun. For a dipole field model, we also have

r = gocoszz . (4.3)
d
and Loy cost(l + 3sin)? | (4.4)

where r, = d/cos2

L and ds is the length of a small segment of
the field line and d? is the corresponding small angular
interval at latitude 2(Fig. 4.3). The relation between I

and P is given by

2

p2 = (0.1)2 + r° - 0.2rcosu , (4.5)



‘Fig.4.3. - Geometry illustrating the calculation of a theoretical sunspot magnetic

!

field configuration. O is the centre of the Sun and P is the centre of the dipole.

LT, is the maximum height of the field line above the centre of the dipole.

098
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where u = 180° - |& - 20°] .

The magnetic field intensity along a field line
energing from the centre of a. unipolar sunspot is plotted
against the distance from the centre of éhe Sun in term of
gyrofrequency fH(in MHz) in Fig. 4.4(a) where L = 82° and
Hs = 1,000 gauss. We assume two field lines originating from
two single spots of opposite polarity joint together at the
coronal height and form an arch in the solar corona. Taking
L= 690, 75° and Hs = 2,000, 150 gauss for the field lines
emerging from the leading spot and the following spot respectively,
we show the variation of the magnetic field intensity along a
bipolar field line in Fig. 4.4(b) (the dashed curve)., A
similar model for a bipolar field line with turning point at
p = 1.62 is also shown in this figure (the solid curve).

Since the radial gradient of the sunspot magnetic field
intensity near the solar surface is very large, the surface
field intensity Hs may be higher than 2,000 gauss. (In Fig.
4.5(b), the value of HS has been raised to 3,000 gauss,)
Similarly, other field lines originating from different points
on the umpral areas of a bipolar pair can also be constructed.

Assuming the Baumbach-Allen formula (4.1), the
variations of the electron density (in term of plasma frequency
fp) and the value A = fﬁ/fﬁ with distance from the centre of
the Sun along the background corona and the coronal streamer

are also shown in Fig. 4.4.



10 . o~ . . 10 10
(a) 1
10} {10 10’
— A
N
T
z
N
5. N > 3
&0} 41 o'}
o
o o]
[+ 4 =z
. 3
o
f [+ 4
[F 8
10} 10" 1
1 s 2 I 2 n 10'. 1 1 1 " L I 104
) 10 1 1.4 18 22 1 12 14 16 8 2 22
: P P

, Fig.4e4.~ Variation of plasma frequenﬁy fP,gyrofrequéncy-fA and A along the‘

strongest field line of
(a) a unipolar sunspot snecified by Hs = 1000 G in the regular coronaj

(1)

a bipolar svnot group with the maximum leading spot magnetic field
intensity on the photosphere Hs = 3000 G in the coronal streamer where
the electron density is given by 5xBaumbach-Allen model (--—----- ):
10xBaumbach-Allen model (—m ),




For unipolar spot magnetic field, a simple theoretical

model has been proposed by Ginzburg and Zheleznyakov (1959).
The axis of the imaginary dipole is assumed to be coincident
with the radial line of the Sun and only some lines of force
from the pole near the photosphere will emerge through the
umbral area of the spot. The sunspot field line passing
through the centre of the sunspot will be the strongest field
line whose intensity at a height p-1 above the photosphere is

given by

—p-1
H= ns<1 - {4.6)

V(p-1)%4b2 ,
where b is the radius of sunspot in units of solar radius and
Hs is the maximum surface field intensity of the spot.
According to Ginzburg and Zheleznyakov (1959), b is taken to
be 0.05.

We should remark that the models of the sunspot
magnetic field configurations given above are empirical only,
since at present there is no observational data giving the
magnitude and the exact nature of the sunspot magnetic field

above the photosphere.

D. The Temperature of the Coronal Plasma

The coronal temperature has been determined by optical

and radio observations. The detailed studies of the thermal

89.
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radio emission spectrum in combination with simultaneously

optical measurements of coromal electron density showed that

the coronal plasma temperature ranges from 1 to 2><1106 °x

(Christiansen et al., 1960; Newkirk, 1961). Recent
investigations by various authors lead to the conclusion that

in general the corona maintains a2 temperature of approximately

1.5x106 %k with an increase by 20% during sunspot maximum

{(Newkirk, 1967). For the active regions, both the optical
measurement and the analysis of brightness temperatures
associated with slowly varying component of radio emissions

suggest the corcnal plasma temperature can reach as high as

6o

2x10° K (Newkirk, 1967, p.248). Thus for altitude within

one solar radius above the photosphere, the coronal plasma

temperature is almost constant in the range approximately

6 o 6 o

from T = 107 "K to 2X10° "K. This is equivalent to the

normalized mean thermal speed of the plasma electrons

2 2

By = vp/c from 1.3x10 © to 1.85x10 < .
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CHAPTER V

INTERACTION OF NORMAL WAVES AND TRANSFORMATION OF

PLASMA WAVES IN THE SOLAR CORONA

A, Introduction

Electromagnetic waves originating in the active solar
corona may be prevented from leaving the Sun through collisional
and gyro-resonance absorption or through Landau damping in the
layers where their phase velocities become close to the mean
thermal speed of the plasma electrons. The coupling between
different wave modes can, in certain circumstances, increase
the probability of escape. We shall examine various possible
coupling processes and their effects on the wave propagation.

Since each wave is represented by two branches of the
refractive index curves corresponding to two different modes
(Fig. 2.1), electromagnetic waves in six different modes can
propagate in different layers of the solar corona. Assuming
a unipolar magnetic field model (4.6) with Hs = 3,500 gauss

-2 and the electron density distribution

(1,500 gauss) and BT = 10
given by five (two) times the background coronal density, we
show the variation of the square of refractive index along a
radial line passing through the centre of the sunspot in Fig.

5.1. The whistler mode (nz) and the lower p-mode (n3)

propagate in the layers where f < f (i.e. Y > 1) and the
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o-mode (n2) and x—mode(nl) in the layers where
£>f =f and £> £ =5 (62 + 465%F  (5.1)
o] P b4 H H P .

respectively. The z-mode wave (ﬁl) propagates only in the
layers where £ 5~fx . The upper p-mode (n3) wave exists within
the layer fp $E£S fx . If the sunspot magnetic field intensity
is very weak such that fp >> fH s, the whistler mode and the

lower p-mode waves propagate with very small phase velocities

and the layers £ = fx and f = fp are close to one another.

the coronal

Therefore, in the outer layers where fp >> fH’

plasma tends to be isotropic and only the longitudinal plasma
wave and the transverse electromagnetic wave can propagate.
From the refractive index curves, we can see that the x-mode
wave and the o-mode wave are able to traverse through the
solar corona freely* while the z-mode wave, the whistler mode
wave and the p-mode wave can leave the Sun only if they can be

coupled to the x-mode and the o-mode waves.

* The x-mode and the o-mode waves can escape from the solar

corona only if the resonance absorptions at the harmonic layers

(f =8f,, s =1,2,3,...) are insignificant (see Chapter VI).

H9
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B. Coupling of Normal Waves in The Solar Corona

The wave equation describing the propagation of the
electromagnetic wave in an inhomogeneous magnetoactive plasma
involves a dielectric tensor eaB(m,;), where r is the position
vector with respect to some origin. The exact solutions of
this equation, in general, are either entirely unkown or of
little practical value, However some approximate solutions
have been obtained and these reveal the physical phenomenon of the
propagation of waves in an inhomogeneous magnetoactive plasma.
The most important method of solving the wave equations is
based on the use of the approximation of geometrical optics.
The applicability of this approximation requires the

satisfaction of the inequality (Ginzburg, 1964, p.256),
dn

1/ 42
dr |

dn
where _3% is the spatial gradient of the refractive index in

A
o

LT <«<1, (5.2)

the direction of wave propagation and Ao = 2nc/w is the wave~
length in vacuum.  For the most part of the &dlar corona, the
properties of the plasma vary slowly in space, the refractive
index changes very little over distance of the order of the
wavelength, and the jnequality (5.2) is generally satisfied. Thus
for propagation of waves in any relatively small region, the

layer may then be regarded as being a homogeneous medium with

the corresponding values of n2

3 in that region. VWhen (5.2)
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holds, the two normal waves are entirely independent and so are
waves of the same type propagating in opposite directions.
From (5.2), it is obvious that the geometrical optics

is invalid when

n§ >0, (5.3)
1S dn
Do 73 >>1. (5.4)
27 dr

The inapplicability of geometrical optics in the layer where

nj = 0 indicates the possibility of total reflection of waves

(in the absence of absorption), since in this layer the field

almost completely disappears at a distance of a few wavelengths

beycnd the point nj = 0 and it is clear all the energy must be

totally reflected. Accordingly, the x-mode, o-mode and z-mode

waves propagate towards the surface of the Sun will be

reflected from the layers f=fx’ f==fo = fp and fz = -lsfH~+!§(fl")i+l¢f§);i
respectively.

For 6 is not too small, geometrical optics is inapplicableonly

’/;? tha o-mode wave at the layer f = fp and so reflection of

t%e o-iwode wave does not 3ffect the other waves. The same

&ghenomenon will also happen for the waves of other modes.
IHowever, when the angle 0 decreases to small values (but not
exactly equal to zero), geometrical optics becomes inapplicable
to both o-mode and z-mode waves and also to whistler mode and

z-mode waves in the region f = fo = fp. Both the o-mode and
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the z-mode waves (or whistler mode and z-mode waves) possess
not only similar phase velocities but also similar states of
polarization (Fig. 5.1; Fig. 11.12 of Ginzburg, 1964,

p.108). Thus, as one of the normal waves (o-mode, say)
approaches to the layer f=fp, its polarization has to change
rapidly in order to remain a characteristic o-mode wave, but
with a small change of polarization, it could propagate as
a.z-mode wave (Ratcliffe, 1959, p.162). . Then an o-mode wave .
(or a whistler mode wave) on passing through the points

near f=fp will partially transform into the z-mode and continue
to propagate with that mode. A similar phenomenon also
occurs when the z-mode wave passing through the layers near
the point f=fp with small wave-normal angle. The parameters
determining the efficiency of the interaction between normal
waves near the point f=£p have been calculated by means of

the method of phase integrals (Ginzburg, 1964, p.320) and

given by
2 2
2 601 = L) 3/2 and 2602 = Two 3/2 ® (505)
2ca(1+w/mH) 2ca(1-w/wﬂ)
. Bno
where a = a5 » Nc is the electron density in the
o n =N
o ¢

coupling region, and 6 is in radian.. The expressions for the
transmission coefficient |D|2 and reflection coefficient IRlz

in various.cases are shown in Fig. 5.3. These expressions

are valid only for
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V ..< < fﬂsin26/2cos9 N (5.6)

eff

where Vot 1s the effective collision frequency. For the

solar corona, v, is given by (Ginzburg, 1964; Wild et al.,

£
1963):
1
- 3/2
Vogg = 3451, 1n(220T/d§ )/T ,
* 50 n_ -3 T_3/2 o sec-1 . (5.7)
(cm 7) (K

In the active solar corona, if the electron density distribution

is given by the Newkirk model and B = 10—2, V g¢ Varies from

50 Hz to 2 Hz for p = 1.1 to p = 2. So the condition (5.6)

is satisfied even for extremely small values of @ (but 6 # 0).
The most interesting case is the coupling of the z-mode

wave to the o-mode wave in the active solar corona. For the

wave frequency f = 50 MHz, the interaction between the z-mode

wave and the o-mode wave takes place at the layer p ~ 1.7 (Fig.

= 30 MHz, N_ = 6x10’ (e~ 3)

5.1(b)) where fp = £, fH

on
0

) < 2X10_4(cmf3)/cm. If the amplitude of the
or

=N—
nO [

z-mode wave is taken to be unity, the square of the amplitude
of the o-mode wave leaving the interaction region will be
(Fig. 5.3(B) (b))

--1r2f62

IDIi»o = exp £, 372
. ca|l+ /fH|

] (0 in radian) .
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1£ 0 = 0.5° and 5°, then log,|D|% y ~4x10* and -4x10° respectively.
Hence, under the normal active solar corona condition, coupling

the z-mode wave to the o-mode wave is entirely inefficient.

However, if there are some local inhomogeneities, e.g.

“electron hills" or sharp shock front, in the interaction regiom

on
)

3

can reach 1.4x:0 - 1.4xi02

such that the value of n =N
o ¢

(cmfs)/cm, o-mode radiation with the intensity about 10'-7 of
that of the incident z-mode radiation will emerge from the
interaction region.

As shown in Chapter II, the coherent Cerenkov plasma
wave emitted by an electron stream is of greatest intensity
in the direction of the electron guiding centre motion. Thus,
the Cerenkov plasma wave excited by a stream moving towards
the Sun will change its physical character from a langitudinal
plasma wave to electromagnetic wave in the z-mode (n1 2 1) near
the point f==fp , then part of its energy will couple to the
o-mode wave which after being reflected at f=fP will leave the

Sun. From Fig. 5.3(B)(c), the efficiency of this coupling

2 2 2
will be given by |D|p+a = |D| o (1- |D1z++o)' Since for
normal active corona conditions, |D|§++o is very small, no

significant o-mode radiation arising from coupling between the
p—mode and o-mode waves in the region f -~ fP will emerge from
the solar corona.

Interaction between normal waves also occurs in those
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shaded regions in Fig. 5.1 (a), (c) and (4).

When 6 = 0, the waves are to some extent renamed. This
is illustrated in Fig. 5.2 where n§ is plotted against the
radial distance from the centre of the Sun for wave frequencies
£f=50 MHz and 100 MHz. From this figure, we see that the
geometrical optics approximation will be inapplicable only to

the p-mode at the layer f = fp, hence the p-mode and o-mode

waves propagate independently.

C. Interaction of Normal Waves in The Region Near The

Boundary of A Layer

The boundary of a layer is defined as the region
where_fi/f2 <+ 0 and beyond which the effect of the medium
on the propagatio; of electromagnetic waves is 1nsignificant..
It has been shown that near the boundary of a layer the
approximation of geometrical optics is also invalid for the
x-mode and o-mode waves through the occurrence of polarization
degeneracy in the vacuum (Ginzburg, 1264, p.257). The
condition for the approximation of geometrical optics to be

valid, in the present case, is

A

‘z%g'fﬂ‘/““ «< 1, (5.8)

where An = n,mny . Near the boundary of a layer, 1,

M2 7

(5.8) will then be violated. For transverse propagation,

An > 0 even in the region where f;/f2 is not vanishingly small.
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Cohen (1960) suggested that a breakdown of the geometrical
optics approximation due to transverse propagation would

result in an effective interaction between normal waves. This
interaction 1is characterized by a coupling parameter

esnoﬂg

° 32“2m§c4f4 ’

268 (5.9)

which is obtained by means of phase integral method
(Zheleznyakov and Zlotnik, 1964). Here LH is the characteristic

scale of the magnetic field and for typical solar active

9 10

region, IH ~ 107 = 107" em .

Since the magnetic field intensity and the electron
density in the solar corona decreases away from the Sun,
electromagnetic waves (x-mcde and o-mode) emitted from a source

embedded in the active region will traverse the solar corona
2cos8 (1-X)
Ysin29

under which the waves are circularly polarized. However, when

2

with the quasi~longitudinal propagation condition >> 1

the waves pass through the magnetic field with wave-normal

angles in the vicinity of m/2, the quasi-transverse propagation

2co0s8 (1-X)

Ysinze

2 ’ .
condition << 1 holds and .the waves are

linearly polarized (Piddington and Minnett, 1951). According
to Zheleznyakov and Zlotnik (1964), for circularly polarized
radiation of unit intensity which penetrates into the quasi-

transverse propagation region (QT region), the emerging
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radiation will consist of a circularly component and a
linearly polarized component whose degrees of polarization

are respectively given by

|
N
©
[}
(-
-

p (5.10)

cir

b =21le °(-e %)y, (5.11)

2 2
where Poir + Ppin = 1 . Strong coupling occurs when 50 is

small. This requires that the characteristic polarizations
change substantially in a distance comparable with that
required for a Faraday rotation of one radian (Cohen, 1960).
In general, interaction of normal waves in the region
f fp does not give rise to the x-mode wave. However
since the approximation of geometrical optics is also invalid
for both z-mode and x~mode waves near the point f = fx' the
z-mode wave can transmit part of its energy to the x-mode wave.
This transmission process will be efficient only when 0 » 7/2
(Ginzburg, 1964, p.287). The sense of polarization of the
transmitted x-mode wave 1s the same as that of the original

z-mode wave.

D, Transformation of Plasma Waves into Electromagnetic Waves by

Scattering on Fluctuations of Electron Density in The Solar

Corona

(a) Introduction

The ﬁigh intensity Cerenkov plasma waves which are
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excited by electron streams in the solar corona (Chapter II)
are important in connection with the observed solar radio
emission only when these plasma waves can be transformed
efficiently into electromagnetic waves in the o-mode and the
x-mode. It has been shown in Section B that under normal
active solar corona conditions, the transformation of plasma
waves into o-mode waves through wave-mode coupling in the
region near f =~ fp is quite inefficient. Alternatively,
the plasma waves can also be transformed into the x-molde end o—-mode
waves through scattering on the fluctuations of electron
density and magnetic field intensity existing in a homogeneous
magnetoactive plasma*.

The problem of scattering and conversion of waves in
the equilibrium and non-equilibrium plasmas has been dealt
with by many authors (e.g. Akhiezer, Prokhoda and Sitenko,
1958; Akhiezer and Sitenko, 1962; Rosenbluth and Rostoker,
1962; Bass and Blank, 1963: Daneliya and Tsintsadze, 1965;
Tsintsadze, 1965; Sitenko and Radzieveskii, 1966; etec.).

Quantitative application of these theories to the study of radio

* The term "homogeneous plasma" means that a plasma is
homogeneous "on the average" (in the absence of fluctuations or

local inhomogeneities).
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emissions from the planetary atmospheres, however, is still
rare. Ginzburg and Zheleznyakov (1958) and Smerd, Wild and
Sheridan (1962) have studied the efficiency of the transforma-
tion of longitudinal plasma waves radiated by electron streams
and applied to the interpretation of unpolarized type III
bursts. Tidman, Birmingham and Stainer (1966) showed that
the solar type II emission could be the consequence of conversion
of the plasma wave excited by energetic electrons into electro-
magnetic radiation by scattering on the low frequency ion
density fluctuations and high frequency electron plasma
oscillations in a plasma consisting of a thermal electron
component co-existing with a flux of energetic electrons.

On the other hand, Zaitsev (1966, 1967fqéonsidered
that the type II bursts and the drifting bursts superimposed
on the type IV continuum at decimetre wavelengths are the
consequences of conversion of plasma waves generated in the
shock front which propagates through the solar coronma.
Ondoh (1966) has suggested that the very low frequency hiss
emitted in the Earth's magnetosphere may be attributed to the
emission of the plasma waves by fast electron streams travelling
along the geomagnetic field line. However, zost of these applica-
tions are limited to the case of isotropic plasma. In the
presence of a magnetic field, coherent fluctuation of
electron density occurs at frequencies close to plasma

resonance frequencies (2.5) which, in the general case, do not
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coincide with the plasma frequency. Furthermore, the
intensity of the radiation resulting from transformation of a
given incident plasma wave depends strongly on the wave-normal
angle of the transformed emission. Therefore; in the present
section we formulate the coefficients for the transformation of
plasma waves into electromagnetic waves by thermal fluctu-
ations of electron density in a magnetoactive plasma.

(b) Fluctuations of Electron Demsity in a

Magnetoactive Plasma

We consider an unbounded and spatial homogeneous fully
ionized two component plasma (electrons and ions). The
state of the plasma is assumed to be stationary with a fairly
strong imposed magnetic field whose direction is along the
z-axis. Taking into account of self-consistent interaction
between electrons and ions, the spectral distribution for
the electron density fluctuations in the isothermal Maxwellian
plasma is given by (Sitenko and Kirochkin, 1966)*:

2 .
< ont>. = k [IIMNKT'IIZG?-I-l&erKT,IZGT‘], (5.12)

k,w eZwZIEH(E’w)IZ

where k and w are the vector and frequency of the fluctuation.

GZB and G;B are the spectral correlation functions of microcurrent
density for uncorrelated electromns and ions raspectively.

e
KaB

ion components in the plasma and they are related to the

and K;B are the polarizability tensors of the electron and

* A detailed derivation of (5.12) is given in Appendix B.
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dielectric tensor by

- e i
eaB(k,w) = SaB + AnKuB + 4ﬂKaB . (5.13)

Tﬁe subscript ||represents the longitudinal component of the
corresponding tensor., For an isothermal plasma, the spectral
correlation functions of the microcurrent density for
independent electrons and for independent ions can be ex-

pressed in terms of dielectric tensor as

*
e e i i

& . KIw (Eq8~€0a) ol o _KTw (eaB_eﬁa) (5.14)

aB (2n)5 21 of (2“)5 2i

where egB = 6&6 + 4ﬂKgB (o = i.e). Thus, the electron density
fluctuation spectrum for an isothermal magnetoactive plasma
is completely determined by the dielectric tensor for the
plasma.

The electron density fluctuation spectrum consists of
a central broad maximum about the origin w = 0 of approximate
width proportional to kv% s where v% is the mean thermal speed

4ﬂe2n

of the ions. When k < kD = T )

, in addition to the
central maximum, there are also side bands occurring at
frequencies w and vectors k for which Re en(E,w) = 0, the

*
dispersion equation for weakly damped plasma waves (T=T1=Te is the

* For an igothermal re.metoactive plasma, the electron density
fluctuation spectrum for a given wave-normal angle 6 is es-
sentially the same as that for am isotropic plasma except that

the sharp maximum occurs near w = w, (0) instead of w = Wy .
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plasma temperature). The sharp delta~like maximum arises from
the long range Coulomb interaction. The central maximum is
associated with electrons in the shield clouds around the ions
of velocities close to zero, Hence the flucéuations with
frequencies in the central maximum of the spectrum are as-
sociated with the random motion of the individual ions and,
for a given E, the frequency of the fluctuation is not re-
stricted by the dispersion equation for the low frequency wave.
Owing to the relatively large ion mass, the effect of
the ions on the dielectric tensor and hence on the electron
density fluctuation can be neglected in the high frequency
region. That is, the ions serve merely to neutralize the
electron charge density. The spectral distribution for
coherent fluctuations of electron density is then

) n K [8(wu) + 8wk )]

<8n >1-<,w = (5.15)

2(21r)3k§w2 e e”(E,w)

aw2 w=*w

s

where Re €¢E,w) is given by the left-handed side of (2.3) and

Wy Zm’:i (5.16)

is the angular frequency at which the sharp delta-iike maximum
occurs and satisfies the dispersion equation Re SH(E,ws) = 0,

Then the magnitude of the fluctuation vector becomes

n,w

38 uithn
c 3

k = given by (2.4).
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The total electron density fluctuation, obtained by

integration of < 6n2 > over all frequencies, is
k,w

2
no(1+kD/k2)
> = ‘ . (5.17)

< 8n
K (2n)3(1+2kg/k2)

From (5.15) and (5.17), it can be seen that coherent
fluctuation of electron demsity at frequency w and vector k
yields only a small fraction, of the order of kzlkg , of the
total electron density fluctuation.

(c) _Transformation of Plasma Waves in A Magnetoactive

Plasma

The use of the linearized kinetic equation and the
Maxwell's equations tc describe the electromagnetic properties
of the plasma leads to the independent propagation of waves
in various modes. On the other hand, the non-linearity of
the kinetic equation leads to the possibility that each of
these waves may be scattered or transformed into waves in
other modeé by scattering on the electron demsity fluctuations
of either thermal or nonthermal origin existing in the plasma.
The interaction between the incident wave of frequency w, and‘
wave vector Eo witﬁwglectron density fluctuation at frequency
» and wave vector q would give rise to waves whose frequencjes

and wave vectorsare given by

w=w +tw, k=k +q. (5.18)
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Since w Eo and w,k have to satisfy their own dispersion
equations wo(Eo) and w(k) respectively,scattering or conversion

of the incident wave can take place only when the equation

wk) = w (k) + o~k )

has real solution for k (Bass and Blank, 1963; Sitenko, 1967,
p.152). Therefore, owing to the existence;of a broad maximum
about @ = 0 and side maxima at frequencies equal to electron
plasma wave frequencies in the electron density fluctuation
spectrun for the isothermal plasma, the incident plasma wave
may be transformed into electromagnetic waves by incohere;t
scattering with a sméll frequency change and by coherent
(combination) scattering with a change ;n’frequency by an
amount equal to the plasma wave frequency (5.16).

Actually, in a magnetoactive plasma, fluctuations of
electron density and magnetic field will result in fluctuations

of the dielectric tensor, i.e.

eaB = EaB + GeaB

where eaB is the dielectric tensor of the plasma in the absence
of fluctuations and is determined by the system of linearized
kinefic equation and Maxwell's equations (Chapter I, Section B).
Thus, propagation of an incident wave EoB (assumed to be a
first order quantity) in a plasma with fluctuations gives

rise not only to a linear induced current density signifying
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the propagation of the incident wave but also to a non-linear
current density which is proportional to the product

GeaB EoB and reveals the possibility of formation of the
scattered or transformed waves from the incident wave*. Since
Geas EOB is a second order quantity**, it is expected that the
non-linear current density can be sought from the Maxwell's
equations for the second order wave field (i.e. scattered or
transformed wave field) and the second order approximated
kinetic equation which describes the perturbation of the state
of the plasma under the action of the second order wave field
and the action of the incident wave field (cf. Akhiezer,
Daneliya and Tsintsadze, 1964; Daneliya and Tsintsadze, 1965).

Now the phase velocities of the weakly damped plasma

waves generated by electron streams moving in the soldr coroma

* Scattering of eiectromagnetic waves with fluctuat%ons of plasma
temperature taken into account has been discussed by Sitenko

and Gurin (1966). It was found that the fluctuations in
temperature have a significant effect on long-wavelength
scattering characterized by small frequency change (i.e. the

case kglk2 >> 1), when the effective collision frequency is

very large.

%% We assume that there are only small random fluctuations
existing in the plasma, the electromagnetic radiation

resulting from multiple scattering is insignificant.
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greatly exceed the mean thermal speed of the plasma electroms.
Moreover, the collision frequency of the coronal plasma is
negligibly small, being of the order of 10 Hz. In this case,
we can make use of the hydrodynamic equation to find the
current responsible for the transformation. In the abseﬁce
of external current, the system of equations describing the
behaviour of a homogeneous magnetoactive plasma under the

action of the electromagnetic field will be

1 3E _ 4m

curl H - P T j ®,
curl E +El_?{f =0, J(E) = en v(B), (5.19)

div E = 4men(E), div =0,

9 - - = 1 - =
mn [-5{-+ V.Y v] +Vp = en(E "'E‘”‘H)’

n _ (5.20)
52-+ V.(av) = 0, p = 3knT,

where v,n,T and p are the electron velocity, electron density,
temperature and electron pressure of the plasma respectively.
E, H and J(E) are the electric field, magnetic field and the
total current density in the plasma due to the presence of the
wave. By writing

E= JlE®, 6= J P, p= § HPD,
i=1 i=0 n=0
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where € is a small parameter, in (5.19) and (5.20), we obtain

the equations of the i-th approximation as:

21y -
ORI Y4 OF O

curl & =
cur1 ) = - 12 ;:) ,

atv 8 < 0, atv ED = 4ren® @D, (5.19a)
5(1)(1-3(1)) - en ;(i)(E(i))s

o, laa(l) +:Xi &3 pyE-9; +521 @ av(;tJ)

i- . en
M T O T S I L gp® oG, L3yg

k=1 (o) (o}

en i-~l
_ __% ) ;(i'j) (1) _e_ Z n(j)(E(i 3, __v(i j)xﬂ
mC o) m, 4o
(5.20a)

i~j-1 .

S @y

an (1) i-1
——5——-+ n div ;(1) z V.(n(j);(inj)).
3=1
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The last equation specifies the conservation of the i-th order
electron density in the plasma. Now let the incident wave and

the scattered (or transformed) wave be in the forms

E (T,t) = ) E (k,w,) exp(ik .T-iv t),

w
o]

=i~

[«

G, =)) E (R exp (R.E-iut),

o

w

where Eo(ﬁo,wo) and E'(E,w) are the Fourier components of
electric field vectors of the waves. E'(E,t) arises due to
scattering the indicent wave Eo(E,t) by the fluctuations with
frequency ® and vectér E in the plasma. Solving (5.19a) and
(5.20a) by the Fourier method and taking (5.18) into account,
we obtain the equation of the second approximafion for the

-' -
scattered (or transformed) wave E (k,w) as

2=' e - = w” = 4y =°
k“E 'k(k,E)—TE ==:i.-c?wj R
¢ (5.21)
1 _t
j senv ,
- T oe="y e [ ,1-' = -
=-iwv +E‘—w-37(k,v) -‘m—'[E +EV ¥H°] -P=0, (5.22)
3 o
o {:I.m.° . - mdn . _ 1 - =
where P(k,w) = - - (Gv.ko)v + en, [—im v - -—; (E0 + - vaO)_

(1) -
k p -4 _q w ~
1= = o . 0" ~ 55 =0, O -
~ = eH + e [16!1( ks R %+ —-no)+i (k. 50+ o 6n)- E“}
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G(Eo,wo), n(Eo, wo) are the electron velocity, induced electron

density associated with the incident wave. ;'(E,w) and n'(E,w)

are assoclated with the transformed wave. GG(E,&), Gn(ﬁ,a)

and 8H(q,®) are the fluctuations of electron velocity, electron

density and magnetic field in the plasma respectively.

Gn(a,a) and 65(&,5) are related by the first order approximation
of the equation of continuity.

—' -
The solution for v (k,w) of (5.22) is, then,

' -
= 1w
E - ——

e

iw

e
[o] o

FoR>

5'(E,w) = - P,

o
o
=

where KaB(ﬁ,w) is defined in (5.14) and K = qa/q, k° = k%/%° .
The high frequency dielectric tensor eaB(E,w) in the
hydrodynamic approximation, taking account of the gas~kinetic

pressure of the charged particles, is given by .(Shafranov,

1967, p.37)
e = 1 = X(1 - W*vicos?o/u?y,
~ 2.2, 2
Eyy =1 - y(l - 3k vT/w )
e, =1-x[1- ravZsin’e) 0?1
w (5.23)
- = _qv _H q_ 22 2 2
Exy = ny ix = (1-3k v cos 8/w” ),
= - 2 2 2
€r = €,x x(3k stine cosb/w®) ,
_ _ 2.2 3
eyz = —ezy = ix(wHk stinG cosb/w’) ,
2
W
P

where X = .

2 2 22 2 2 2
w —mH-Bk vT(l—chos 8/w")
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Then the equation (5.21) becomes

| 1 2/\_' - -
B - kEE) -5 E =1 2 g@ @), (5.24)

J -(0) im o Sn - e = 1 -
with j (E ) = in —2 (6v.k )v + = [—iwov - a—;— (Eo+ ’ vamo)]

kp ~4twgq .. _ W
-1 vXSH + oe [iGn( ko K._lso K% -2 )
¢ nO w [ ) e) (o]
w6n -
p = 3cTa(k 0 ) . (5.25)

The non-linear current element E(n)(ﬁo) arises due to the
propagation of the incident wave in a plasma with small random
fluctuations and is responsible for scattering or transforming
the incident wave.
the eonsideration of

Since we confine ourselves to -consider the transformation of
plasma waves into electromagnetic waves by the thermal fluctuations
of electron density, we assume thag there exists a longitudinal
electric field which induces fluctuations of electron density
6n in the plasma. So that the term proportional to 6H is
neglected. Making use of the first approximation of (5.20a),
we find k .6 = &koﬁn(E?éﬁ)/noqE“ , where Ky = K.K K is the

longitudinal component of the polarizability tensor_g(a,a),
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and we can then. express the non-linear current density in terms
of the product of the fluctuation of electron density and the

incident wave electric field vector,

@) - iwzwomo . 5&0 EO,E_Q .
JV(E) = —5—— 3§ nK (—— )JK
° ezn2 wq Kn
o
2
e, T
+_——ETTD_ (1-0) Eo » (5.26)

w ~ k
=2 9 (~tme.K° &° L] 2k°.K /K
where U = — l:l +ko (-4 K K )] + 3 [1-!— q (k" .K K‘/K”)’-l.

ﬁ(ﬁ,w), ﬁp(ko, wo) are the polarizability tensors with

frequencies w, W, and wave vectors k, Eo respectively. The

o
3

approximation is given by

refractive index n_ for the incident plasma wave in hydrodynamic

2

o cos® ). (5.27)

2 4,2 202 22 2 22,2 2
n, = [wo—(wp+mﬂ)wo + wpmﬂcos GO]/BBTwo(mo-wH

We note that the term associated with Ga.ﬁo has the magnitude

~ k
proportional to g%i (ag ) and can be omitted in (5.26) when
o

@+ 0 and Wy >> & . In the following, we make use of (5.26)

to consider the efficiency of transformation of plasma waves
in a magnetoactive plasma by combination scattering and

incoherent scattering processes respectively.
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(1) JTIransformation of Plasma Waves by Combination

Scatteripg

For high frequency weakly damped waves, we can omit
terms proportional to kzvilwz (<< 1) in g,g_and g?. The
‘average power of the electromagnetic wave in the j-mode emitted

from unit volume of plasma is (Shafranov, 1967, p.l04)

- % - -

where the angular bracket denotes the ensemble average and

S]]

(k,w) > . From (5.21),

t

@) 2 > der < TR s
< o5, =+ < k,w).E
the Fourier component of the electric field of the transformed

wave is determined by

ﬁ;(E,w) = i47m [;;.f(n{] Ej/w(kzczlwz-ng) (5.29)

where n§ is the square of the refractive index for extraordinary
wave (j=1) and ordinary wave (j=2) in the cold collisionless
magnetoactive plasma and Ej is the polarization vector of the

j normal wave given by (Shafranov, 1967, p.56);

ajx(w> K.j(iotx cosy - siny ),

ajy(w) Kj(iax siny + cosy ), (5.30)

2, = ik,
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21
where Kj = (1 + aej) 2 .

o = aejcose + akjsine , O, = akjcose - aejsine ,

- Ecos6/[E2 + A/(n:?-l)] ,

akj -(n?-l)gsine/(A-Ez) .

Thus, the average energy of the transformed wave radiated into the

solid angle df? per unit time from unit volume of plasma becomes

©w 2 -* =(n);2
k“ < |a,.3 | S -
dP = -i4m I I 3 k:8  grdwaq . (5.31)
g w(k?e?/u? '“j)

2
3

we carry out integration over k and obtain

Making use of the relation -i(k2c2/w2 -n )-1 > nG(kzczlwz-n§) 9

2_"20)2 2.2
- 0 o 0 2 6 ~% =2
P, = —573 <én” > a0 Py |aj.Q| dwd® , (5.32)
nec
o
where Eo is the . amplitude of the electric field of the

incident plasma wave, and

02 2

Bw
=% - [0} £0 3 Pr% ¥ 5 =02
laj.Ql | (<°. KK/K“)a K &° +—---4m (1 U)aJ..}_(_KI .

The differential scattering cross-section is defined as ratio of

the average transformed wave intensity to the incident wave
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energy flux density in the incident wave vector direction.
For the incident longitudinal plasma wave, the energy flux

density is given by

mEZ 3 _ 3ngB%w§cE§
§. = = == =— Re g(k_ ,0 ) = ——smr——. | (5.33)
o 167 ako it o’ o 8““5

That is, from (5.32), (5.33) and (5.15), the differential

scattering cross-section, for combination scattering

ij,
will be

de
Il /SO = ojw(e)dm

4 ~7 -k o
16ﬂ2njn§w6w2|a..Q|2 [6(m-ws)-+ 603+ws)] dw 2 -3 -1
= J (cm” cm ~ sr 7),(5.34)
o) 44 ~2 3 -~
3ngn,C w0y fw ~7 Re %éq,w)l~

w=*w
s

where w=w_ + o and W is the plasma wave frequency..
Now, we define the transformation coefficient as

v -1
ﬂj (w’e) = ij(e) ;i' (Sr )s (5035)

where V is the volume of the plasma in which the scattering
takes place and L 1is its linear size. We note that nj(m,e)
i1s a dimensionless quantity which specifies the efficiency of

the transformation.
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(i1) Transformation of Plasma Waves by Incoherent

Scattering

Conversion of plasma waves into electromagnetic waves
with szall frequency change in an isothermal plasma is the
result of scattering of the incident plasma waves by
fluctuations of electron density with frequencies about the
origin © = § where < 802 >a ~ exhibits a broad maximum. Then,

s W

as W = W, >> w , we have

2 02,2
3um_w'n, B
S(n)(ﬁo) =1 02023 T E_én(1 - nke , (5.36)
4me o,

€

where U = 52 {1 +-%— (-4ﬂE.§?E°)] . The average electromagne+
o

tic energy radiated per unit time per unit solid angle from
unit volume of plasma is obtained by inserting (5.36) into

(5.31) and carrying out integration over k,

4 2 04,4 2
9w m n, B.E
dp coo3 To 4 2 % 2
dQ 8n4e4c3 njw < &n” > 3, laj.QI dw , (5.37)

- —% A

where | aj.QI2 = Iaj.ggolz |1—U|2 . In order to find the
integral scattering cross-section, we replace the frequency
w in (5.37) by w = Wy + ; and write the electron density

fluctuation spectrum (5.12) in the form
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Then, after carrying out complex integration over @
(Shafranov, 196?,'p.134), we obtain the integral scattering

cross—-secticn and the corresponding transformation coefficient

as
4.2 6 2,2
6n5 8w n, (1+ /a7y _ _
o, = gP s, = 3 '2‘ Z h ‘D la;-alz (el a3 srly (5.38)
non p(1+2kD/q )
v -1
3 ] 12

(d) Transformation of Plasma Waves in The Active

Sola orona

As the amplified plasma wave generated by an electron

stream propagates away from the source region in the outward
direction, its phase velocity decreases rapidly (see Fig.5.1)
and collective wave motion becomes completely disorganized.
However, because of non-linear effects, the plasma wave will
transfer part of its energy to the electromagnetic radiation
which may eventually be observed on the Earth.

In most cases, in the high frequency region, the frequencies

of the transformed waves in the o-node and the x-mode are of the same
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order of that of the plasma wave while the refractive index for
the plasma wave greatly exceeds those for the o-mode and x-mede
waves, Thus, the three vectors k, Eo and q can satisfy the
equality (5.18) only if the directions of k and q represent
nearly "head-on" collisions (Tidman, Birmingham and Stainer,
1966). According to Fig. 5.4, this implies that g = 180°

and 8 > w/2 while 60 < m/2, where 8 and § are the wave-normal
angle and azimuthal angle of the fluctuation vector q.

For simplicity, we assume that both Eo and q lie on the x-2z
plane*(so that 5 can be 180° or 0°) and let q =k in IE;.QIZ,

then, for coherent scattering,

IS;.QIZ = a%Zs?/ m* €202, (5.40)

#* Strictly speaking, for 90 different from 0° (or 180%) appreciably,
we should consider the cases for arbitrary azimuthal angle 6 .

However, for 5 ¢ 0°, 180°

, the mathematics involved in the

theory of transformation of plasma waves into electromagnetic
waves by thermal fluctuations in a magnetoactive plasma is ex-
tremely complicated. Since the Cerenkov plasma waves excited by
an electron stream maximize at 60 ~ 0° and the scattering of
plasma waves with 60 ~ 0° 1is independent of the choice of ;

(or P), the results obtained under the present assumption will
give the main characteristics of the electromagnetic radiation

arising from the transformation of Cerenkov plasma waves excited

by an electron stream.
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s = a%% F/(E2-1)(€2-1) - 33282 (1-unm,

M = e,sin8 (1/E - a) - azcoseo(l-l/gz),
1 1 1 1 1

X =¢g.8in8 [=+F~-a (1 ~3)] - a cosd (1- =) (1- =),

o 2 o Eo 3 X EEO 2 0 Eg EZ

= 2 gy}

U= (EO*{)/E +A[F°/(Eo-1) + F/(E°-1)1/¢ ,

Fo = Eo[elsineosin§ + (l-llgg)coseocosgl,

5 > ) =

F= E[elslneosine + (1 - 1/¢ )coseocosel

£ = w/st E = a/wﬂ’ Eo = wo/wH *

€ = *1 and €, = cosy , where Yy is the azimuthal angle of the
wave vector k and under the present assumption, ¥ is either 0°

or 180°. - Since Eo lies on the x-z plane (with positive x-axis),
the sign of € is then determined by the sign of the quantity

I= ezksine - kosineo. Substituting (5.40) in (5.34) and

(5.35), we have the coefficient of transformation of the plasca wave

by combination scattering

. ¥§fj~§£4£2w4SZV[6(w—w )+8 (it ) ]
n, @ =

-1
sz Dy, (5.41)
3(47)%n on AK(E —1)2c4.2

where K is defined in (2.27). The frequency W, and 6 satisfy

the longitudinal plasma wave dispersion equation Ree"(é,ws) =0
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For given wave vectors E,Eo and wave frequencies w and
Wy the wave-normal angle 6 and the wave frequency w of the
transformed wave can be determined by solving the equations

(5.18) and the dispersion equation for the transformed wave

simultaneously,
w=w +w,
()
k2 = “’232 = k2 + a2 + 2k (cosb g+€,51in8 sinf), (5.42)
cz ! 0d(cosb cosb+e sint | » O,
sad  An*+Bal+C =0 (5.43)
"o o o ) )

When the terms proportional to va/w in (5.23) are discarded,

we have

A =¢ sinze + € c0529 s
o XX zZZ
2 L2 2 2
B, = [(EXX exy)sin 6+ exxeyy(1+cos )i, (5.44)
_ 2 2
C, = ezz(e exy).

The solution for cos 6 is then given by

2 XX XY XX

2 _ e 2 242 1%
+[ (EXX Ef{y+€xx€zz)c €, (e° - )-G“e

cos® = % 3 (5.45)
(Ezz"sxx)G +G(€xx—exy_€xx€zz)
_1 2 02~2 2 o. x . A
with G = 5 [w°n3£w ng + 2n3n3mow(coseocose+€151n9°sin9)].

w
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From (5.45), we see that traﬂsformation is possible if

|cosd] < 1. Since the two unkowns w and 6 have to satisfy
three equations, (5.42) and’(5.43) may not yield the required
solutions for © and w. Furthermore, even (5.42) and (5.43)
do give real solutions for w and 6, we still require that

!l >n.(w,8) >0, Therefore, the incident plasma wave cannot

j(
be transformed into electromagnetic wave with arbitrary
wave-normal angle and arbitrary wave frequency by combination
scattering. The sign of cos® must follow the sign of the
quantity kocoseo + qcosa. In practice, we assign the wave
frequency w and the wave-normal angle O of the transformed
wave and look for the approximate solutions for the wave
frequency w and the wave vector q satisfying the equations
(5.18) as well as Re e:“(a,ﬁ)') = 0,

As an example, the approximate solutions for € and
w (normalized by gyrofrequency) of the transformed wave in the
o-mode and the x-mode for A = 4,5 and cos) = 1 are shown in
Fig. 5.5. The incident plasma wave is the Cerenkov plasma
wave generated by a helical electron stream with B“= 0.1.
Therefore, the wave-normal angle eo and the cbrresponding
wave frequency Eo are related by the Cerenkov condition
ngB"coseo =1, It is easily scen that the transformed waves
in the x-mode and in the o-mode are emitted at a similar

frequency in the same direction.
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The solutions for £ and © in ¥ig. 5.5 are used to
compute the efficiency of transformation. If the linear size
of the scattering volume is L = 109 cm, which is a typical

value for the solar corona, f,, = 56 MHz and the corresponding

3

H
electron density n, = 1.24X104E§A - 1.75X108 cm

, the co-
efficient of tramsformation by combination scattering is
illustrated in Fig. 5.6 as a function of wave-normal angle O.
From this figure, we find that the transformed wave in the
o-mode is strongly emitted in the direction transverse to the
static magnetic field line while the transformed radiation
in the x-mode emitted in the directiomn: 6 ~ 120°, 60° is of
greater intensity (for eo 5_100). For eo §_10°, the maximum
efficiency of transformation of the Cerenkov plasma wave
into the o-mode wave is about a few times higher than that
into the x~mode wave.

In tpe caseé of transformation of lontitudinal plasna waves
into electromagnetic waves by incoherent scattering, we
assume ¢ =~ k_ in |§§.6]2 again. Then, from (5.39), the

transformation coefficient reads

3K 05 BaEcAuy (1 /q ) iy o
nj(G) = 5 4 o 2 73 (sr ), (5.46)
8w n_c (Eo-l)(1+2kD/q )
whege Y = (ngl) [ Elsineo ainé + (1-1/£§)ceneocc55]
o

and Mb is defined in (5.40).



The transformed wave frequency can be approximated
by w = w + W = W, (for'wo >> @). For given k and Eo’ the
magnitude of the vector q and the angle § of the fluctuation

can be determined by (5.18),

2 2 2 e
k™ + ko - Zkk0 cos(kxo)9

o
[}

cos 6 (kcosd - kocoseo)/q,

where EEO is the angle between k and Eo .

In the absence of static magnetic field, the plasma

becomes isotropic, and the refractive indices n° (plasma wave)
3

and n (transverse wave) are related by

02,2

3 ng By

=1 - w;/wg . nz(w) .

If the electromagnetic wave is of the form exp(ik.r-iwt) and

k = (ksin6,0,kcos0), where & is the angle between the z-axis

and wave vec'sr k, the polarization vector a is represented by

a = = {+icos®, 1, *isinb}.

N1 f=

For ko >> k, g >> k, then ko ~ q and the terms Y and Mo in

(5.46) are approximated by

Y = . Mo ~ t(sineo cosb - coseosine) = *sind ,

Bk

130.
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where ¢ is the angle between k and Eo. Then (5.46) can be

written as
n4w4(1+k§ /qz)Lsin2¢ -1
n() = —= 5 (sr ). (5.47)
6w ¢§BT(1+QkD /47)n 6
Taking 90 = 0°, and carrying out the integration over the whole

space, we have
2x2x4ne2non4(1+k§ /qz)L
n =z[ n (6)dq = :
2 2,2
— 3/3 mn v, O+2kp/q7)
The factor 2 arises from the fact that in an isofn’oPic plasma, the plasma.

wave can be transformed into two oppositely cireularly polavized waves equally,
Since q < kD’ the transformation coefficient can be further

simplified as

zn4 4ﬂeanoL
n=——(—7—-§—) R (5.48)
V3  3mv.c

oT

which differs from that obtained by Ginzburg and Zheleznyakov

(1958) by a factorz/¥3 . 1If nx 1, then n = & (4me’n L/3nZv,e?).
This small discrepancy is due to different methods of

solving the problem.

In Fig. 5.6(c), the coefficient of transformation of the
plasma wave into an o-mode wave (5.46) with the same set of
parameters corresponding to Fig., 5.5 is illustrated. We note
that transformation of the plasma wave at the frequency
W o~ w_ into an x-mode wave is impossible since the transformed

o )4

wave frequency given by equality (5.18), w = Wy = wb, is less
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than the minimum frequency of the x-mode wave, w, = anx .
From Fig. 5.6 (a,b)'and (o),it is found that the efficiency of
transformation of the Cerenkov plasma wave (with 6 = 0° and
W, = wp% excited by the electron stream moving with B" ~ 0.1,into
the o-mode wave by incoherent scattering is similar to that by
combination scattering.
(e) Discussion

We have used the hydrodynamic equations to formulate the
coefficients of transformation of incident plasma waves into
electromagnetic waves by scattering on the coherent and
incoherent thermal fluctuations. The electron density
fluctuation spectrum (5.15) and the system of hydrodynamic
equations are valid only when the weakly damped conditions
(2.1), (2.2) are met. From the expressions (5.41) and (5.46),
it can be seen that when absorption of the plasma wave is weak,
the efficiency of transformation ofﬂglasma wave into electro-
magnetic waves by electron density fluctuations is also low.

However, under the weakly damped conditions, Cerenkov
plasma waves can easily be excited by a stream of electrons
with energy of a few tens of keV., The intensity of the
coherent Cerenkov plasma wave emitted in the direction along
the magnetic field is stronger than the electromagnetic

radiation in other modes emitted by the same electron stream

(Chapter II and Chapter VIII). Thus, converting small
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fraction of the strong Cerenkov plasma waves will result in the
emission of electromagnetic radiation in the x-mode and the
o-mode of appreciably intensity. The possibility of observing
such converted electromagnetic radiation depends not only on
the intensity of the coherent Cerenkov plasma wave but also on
the possibilities of escaping the two normal waves from the
solar corona. Moreover, the spectral characteristics of

such radio emission from the solar corona will be determined
by the properties of the radiating electron stream and the
coronal plasma together with the source position. In the

next chapter, we shall consider these problems in detail.
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CHAPTER VI

THEORY OF POLARIZED SOLAR TYPE III BURST

AND U BURST EMISSIONS

A, Introduction

The type I1I solar radio bursts are characterized by
a short duration about 1 to 10 sec and a rapid frequency drift
with time from high to low frequencies. They regularly occur
in groups, typically about ten bursts per group in time by
about 10 sec. The highest frequency of most type III bursts
or U bursts observed does not exceed 600 MHz, but it seems
that there is no lower limit for these bursts and they have
been observed at 1 MHz and 30 kHz by the Venus 2 space probe
(Slysh, 1967). A statistical study on the starting frequency
of type III bursts (Mdlville, 1961) gives the maxima at 100
MHz and 200 MHz, the second being probably due to the harmonic
(Fig. 6.2(a)). When both the fundamental and second harmonic
are observed, the harmonic is emitted nearer the centre of the
Sun (Smerd et al., 1962).

The type III bursts were first thought to be unpolarized.
However, Komesaroff (1958) reported that some of the type III
bursts observed (about 50%) were strongly circularly polarized.
Akabane and Cohen (1961) observed that type III bursts were
weakly linearly , or highly elliptically polarized. The type

IIT bursts observed by Bhonsle and McNarry (1964) also exhibit
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similar polarization characteristics. In general, for bursts
showing harmonic structure, the fundamental appears to be more
strongly polarized than the second harmonic with the left-
handed sense of polarization more frequent than the right-handed
sense of polarization (Komesaroff, 1958) (Fig. 6.2(b)).

If it is assumed the sense of polarization depends on the polarity
of the magnetic field associated with the source of radiation,
the bursts showing left-handed sense of polarization should be
associated with the north-polarity of the magnetic field of

the leading sunspot. Such polarization is identified as the
ordinary mode in the magneto-ionic theory. Most of the bursts
have mean values of the degree of polarization about 5% to

407 (Gopala Rao, 1965).

Maxwell and Swarup (1958) first observed that
inverted-U bursts also appear in the type III burst spectrum
(Fig. 6.1 (¢)). The U bursts are characterized by a rapid
decrease in frequency followed by an increase with a duration
of a few seconds ( ~ 8 sec.). In general, U bursts are rich
in harmonics (Haddock, 1958).

The type III bursts are the most common of the metre-
wavelength bursts and normally occur during the active
period of the flare explosion. Studies of the characteristics
of the type III burst emission event have been carried out
both experimentally and theoretically by many authors since the

first discovery of the type III bursts. Here we have outlined
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only a few distinct characteristics of the type III bursts.
A detailed description of the type III burst and its related U
burst emission event is given in the reviews by Wild, Smerd
and Weiss (1963) and by Maxwell (1963) and in the monograph
by Kundu (1965).

wild (1950) first suggested that the type III burst
emission is the result of excitation of plasma oscillations
by disturbances moving outward through the coromna at velocities
of about 0.2¢ to 0.8c. Ginzburg and Zheleznyakov (1958)
interpretated the type III burst as the consequence of radio
emission arising from transformation of Cerenkov plasma waves
excited by electron streams moving in the isotropic solar
corona, Smerd, Wild and Sheridan (1962) further developed
Ginzburg and Zheleznyakov's theory and many characteristics of
the type III bursts have been accounted for quantitatively.

All the interpretations of the type III burst
emission given in the above mentioned references are based
on the isotropic solar corona model and the appearance of the
strong circular polarization of the type III bursts and U
bursts has not been fully explained. Because of the presence
of the sunspot magnetic field, it is more realistic to assume 2
magnetoactive coronal streamer model f;r the interpretation of
the radio emissions originating from the lower layer of the
sctive solar corona. Indeed, it is difficult to explain the

polarization characteristics of the type III bursts if the
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sunspot magnetic field is disregarded. Komesaroff (1958)
suggested that the polarization of the type III bursts arises
in the emission process. Fomichev and Chertok (1968) argued
that the polarization of the harmonic type III bursts is caused
only by the conditions for escape and propagation of radio
emissions from the magnetoactive solar coronal active region.
We believe, however, that the effect of the sunspot
magnetic field should be taken into account in the generation
as well as the propagation of electromagnetic waves in the
solar active coronal region. In the present chapter, the
results of the theoretical investigations intc the generation
and transformation of the Cerenkov plasma waves in a magnetoactive
plasma in Chapter II and Chapter V are used to examine the
radio emissions expected from the sclar corona with particular

reference to the polarized type IIT bursts and the U bursts.

B. Radlation of Plasma Waves by An Electron Stream Moving in

The Coronal Streamer

It 1s generally accepted that electron streams
ejected from the flare region during the flare phase of the
explosion of a2 solar flare are responsible for the emission
of type IIX bursts and U bursts. We assume that such an
electron stream can travel along the sunspot magnetic field
line either following a rectilinear trajectory or a helical

line with normalized translational speed 8\l= 0.1 to 0.6.
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The position measurement of the type III burst emission
source height leads to the conclusion that the disturbances
travel outwards along a coronal streamer where the electron
density is about five to ten times higher than the background
corona (~f Section A of Chapter 1IV). Therefore, we assume
the coronal streamer models given by Fig. 4.5(b) as the regions
where the type III bursts and U bursts are emitted. For
these coronal streamer models, while the plasma frequency fp
ranges from 100 to 50 MHz, the corresponding value of A along
the strongest ;unspot field line increases from unity to
fifteen.

In a magnetoactive plasma, when the gyrofrequency is
comparable to the plasma frequency, the weakly damped plasma
wave can propagate in two different frequency ranges:

(1) £.£ < fH and (2) £~ £, > fy (6.1)

where f: are the plasma resonance frequencies given by (2.5).
It is easy to see that when 6 ~ 0, f_ =~ fp for A <1 and

f+ = fp for A > 1, For a given wave-normal angle, the phase
velocity of the weakly damped plasma wave in the frequency
range (1) of (6.1) decreases with the increase of the value
of A. This 1s demonstrated in Fig. 6.3 where BT = 10-2,

0 = 5° and A = 0.2, 0.6, 2,4.5,6. Therefore, when A tends

to be large, the weakly damped plasma wave occurs only in the

frequency range (2) of (6.1) and f+~+ fp for all wave-normal angles.
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The features of the coherent radiation of weakly
damped plasma waves in the frequency ranges (6.1) by an
electron stream with small momentum spread and moving in a
magnetoactive piésma have been studied in Chapter II.

Fig. 6.4(a) and 6.4(b) illustrate the dependence of the in-
tensity of the Cerenkov plasma wave emitted by a single
electron and the rate of growth | Im é—-l of the Cerenkov
plasma wave in the stream-plasma system with respect to the
wave-normal angle eo(q‘= 0.3, B =0.2,0.3, fH = 50 MHz,
A=4,5and 0= 10—4). The normalized wave frequency
Eo = fo/fH of the Cerenkov plasma wave emitted in the
direction 60 ~ 0 at which the intensity of the Cerenkov
plasma wave maximizes can be written as

362

% I,
£, = AT(L + o~ ) . (6.2)
A%.

For Bl >> BT’ we have Eo =

|

C. The Wave Frequency of The Radio Emission Arising From

Transformation of The Cerenkov Plasma Wave by The Thermal

Fluctuations in The Solar Corona

If the generation of coherent Cerenkov plasma waves
by an electron stream is the cause of the solar radio emission
observed on the Earth, it is necessary that the plasma waves

be transformed into electromagnetic waves through combination
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scattering or incoherent scattering by the thermal fluctuations
(Chapter V, Section D).

The wave frequency and the wave vector of the trans-
formed electromagnetic wave are restricted by the equality
(5.18). As a result of transformation of the Cerenkov plasma
wave with the frequency (6.2) by the thermal fluctuations,
the frequencies of the electromagnetic waves in the x-mode

and the o-mode will be

we w + &1 , =W, 6.3)

Transformation of the Cerenkov plasma waves into electro-
magnetic waves would hence occur if £ 2 fp’ fx9 where fx

is given by (5.1). The phase velocity of the coherent
fluctuation responsible for the transformation process in
general 1s proportional to the phase velocity of the Cerenkov
plasma wave and hence to %I. In Fig, 6.5, we demonstrate
the dependence of the combination frequencies of the
transformed electromagnetic waves, the Cerenkov plasma wave
frequency and the minimum x-mode wave frequency fx on the

value of A for B = 0.3, 8 = 1072

, 0, =0 and 8 «90° It
can be observed that
(1) The Cerenkov plasma wave can only be transformed

intc the o-mode wave with small frequency change by incoherent
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scattering process for all values of A,

(2) The Cerenkov plasma wave can also be transformed
into the o-mode and x-mode waves at the normalized wave
frequency & = Eo + é+ through combination scattering. It
has been shown in Chapter V, (Fig. 5.5), that for a given 6,
the combination frequencies of the o-mode and x-mode waves
are almost identical. However, transformation of the Cerenkov
plasma wave into the x-mode electromagnetic wave at the
frequency £ = Eo + E_ occurs only when A becomes greater
than 0.5 at least.

(3) The possibility of transformation of Cerenkov
plasma waves into electromagnetic waves at the frequency
£ ~ Eo + E_ by combination scattering process depends on %I'
The phase velocity of the coherent fluctuation at the
frequency E_ and taking part in the transformation process
is similar to that of the Cerenkov plasma wave and hence to
By+ When A is large, the coherent fluctuation at the
frequency in the region (1) of (6.1) can propagate only with
very small phase velocity (see Fig., 6.3). Hence, when A
and B" are greater than certain values, transformation of the
Cerenkov plasma wave excited by the electron stream into
electromagnetic waves at the frequency & =~ Eo + E_ may not
be possible. In fact, as A is sufficiently large, the
weakly damped coherent fluctuations occur at the frequency

f ~ f+ for all directions and combination scattering of the
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Cerenkov plasma wave will give rise to electromagnetic
waves at the frequency & =~ Eo + E+ x 250 only. From these
arguments, we caﬁ coﬁéludé that

(a) When A is‘not large (less than 4, say), the
Cerenkov plasma waves excité& by mildly relativistic electrons
can be transformed into eiectromagne;ic waves at the fre-
quencies £ = 2f , f?, fp';:f_ )

(b) When A is large, f can only be near the first and

second harmonics of the plasma frequency.

D, Resonance Absorption and Escape of Transformed

Electromagnetic Radiations From The Active Solar Corona

As is well Known from the principle of detail
balancing, each emission érocess is associated with a damping
process. It has been shown that the absorption coeffiéieut
for the electromagnetic radiation in a Maxwellian isothermal
élasma is always positive, for any possible emitting process,
i.e. damping of the electromagnetic waves (Smerd, 1963).
ﬂTherefore, in addition to the collisional damping associated
‘with the bremsstrahiung, the electromaguetic wave with the
frequehcy‘w and:wavé vector k passiné Ehrough a Maxwellian
3;négnei:oactive plésma will be damped by\the resonant electrons
which are capable of extracting‘energy from the wave. The

absorptions of this type are the inverse of the Cerénkov and

cyclotron emission processes and geﬁerally known as the
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resonance absorptions. Without solving the actual dispersion
equation, Shafranov (1967) showed that the absorption of
electromagnetic waves in a plasma is associated with the
anti-hermitian part of the dielectric tensor which is proportional
2
(w~st)

to exp 2.3 2

2
anBTw cos 6

absorptions will occur in peaks around w = sWy, 8 = 0,1,2,3,...

. Hence the resonance

For s = 0, the resonance absorption corresponds to the
Cerenkov emission from the plasma. As regards the problem
of emergence of electromagnetic radiation from the solar
corona, the Cerenkov absorption is not of great importance.
For s = 1,2,3,..., the resonance absorption is the inverse
process of the cyclotron radiation. It has been shown by
Ginzburg (1964, p.417) that in the solar corona the
cyclotron resonance absorption must be taken into account
only for f = sfH, s =1,2,3,

A complete theory of cyclotron resonance absorption
is given by Gershman (1960). In Gershman's theory, the
electromagnetic wave propagating in the magnetoactive plasma
is described by the form exp(iﬁz - iwt), where z is the path
length in the direction of provagation (i.e. wave vector
direction) and k=k+ ig, k being the wave number and q the
absorption coefficient. The damping factor due to absorption

is then written as exp(-qz). Starting with the general
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dispersion equation which is obtained by solving a linearized
kinetic equation for the electrons and the self-consistent
field equations simultaneously, and investigating the absorp-
tion in the frequency region w = Sy Gershman obtained the
expressions for the first three harmonic specific resonance

absorption coefficients for 6 # 0, /2 as

R..cosb/n.X -

1

)2 I 5 ] 5 «{[}—(1 - %sinze)g}n4
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x [2(1-=Y2-X+Y2Xcosze)n§-=2(l - X) 2 (14cos20) Y2x+2v2 }‘1 ,

For @ & 2wﬁ,3wHs we must substitute Y =, %—in (6.5) and
(6.6) respectively. The expression (6.4) is valid only for
the inner region of the line Y=1 while (6.5) and (6.6) for
both the inner and the outer regions.

The actual resonance absorption on passing through
the layer w = sty (s = 1,2,3) derendson the effective thickness
of the layer which increases with the decrease of the wave-

normal angle., According to Ginzburg and Zheleznyakov (1959),

the effective thickness is given by
T 21 L
Lj = LH(-§~ ) njBT |cos| , (6.7)

where LH is the characteristic length of the magnetic field

of the sunspot (in centimetres). Zheleznyakov (1962) defined
the characteristic length of the magnetic field as LH = HO/gradH09
Ho being the magnetic field intensity. Then, the power loss

on passing through the resonance absorption layer (in decibels)

will be

lj = 8.68qL,, (j =1,2) . (6.8)

For the outer layer of the coronal streamer, we can

assume LH ~ 109 - 1010 cm and BT = 10—2. The power losses
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for the two characteristic waves at the frequency f = 100 MHz on
passing through the first three harmonic absorption layers
are illustrated in Fig. 6.6 for various wave-normal angles.
The first harmonic resonance absorption for the extraordinary
wave (z-mode and x-mode) is not shown since the z-mode wave
cannot escape through the layer X = 1 - Y in the solar corona
even if it can survive after passing through the level Y = 1,
The x-mode wave able to escape from the solar corona always
propagates in the layer above the level Y = 1, From these
diagrams, it can be seen that the power loss for the x-mode
wave is at least two orders of magnitude higher than that
for the o~mode wave. Thus, we can conclude that for wave-
normal angles not too close to zero and for typical active
solar corona conditions,; the first two harmonic resonance
absorption levels are opaque to both the x-mode and the
o-mode waves while the third harmonic resonance absorption
layer is partially transparent to the o-mode wave but remains
opaque to the x-mode wave except when X = fi/f2 << 1 and
grad Ho is very large at the layer w = 3wu.

We assume that the electron stream travels along
the strongest spot field line which extends to the outer layer
of the solar corona (p 2 1.5, say) with B“ ~ 0.3 and generates
coherent Cerenkov plasma waves. The sunspot magnetic field
intensity not only decreases with the increase of the height

above the photosphere but also decreases in the nornal
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direction from the strongest field line. Thus, any electro—-
magnetic radiation leaving the radiation source will encounter
regions where the wave frequency is equal to the harmonic

of the local gyrofrequency i.e. s = 1,2,3,...(cf. Fig. 16 of
Fung and Yip, 1966).

The possibility of observing solar radio emissions
resulting from the transformation of Cerenkov plasma waves
requires not only the possibility of transformation as
discussed in Section C but also that the transformed wave
frequency be at least greater than the second harmonic of the
gyrofrequency at the source region. Referring to Fig. 6.5,
we note firstly that observation ofﬂﬁ~mode electromagnetic
radiation at the frequency & =~ Eo arising from incoherent
scattering of the Cerenkov plasma waves is impossible unless
the source is situated in a region where A > 4, Secondly,
if A < 1 in the source region, any transformed electromagnetic
radiation will be unable to escape from the solar corona.
Thirdly only part of the transformed o-mode electromagnetic
radiation at the frequencies £ . Eo + Ei generated in the
source medium with A lying between 1 and 2 will be able to
escape from the solar corona. When A > 3 in the source
region, the transformed o~mode and x-mode waves at the
frequency § o Eo + gi can arrive at the Earth without being
heavily attenuated since the resonance absorption of

electromagnetic radiation at the layers @ =~ Sy with s > 4
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is insignificant,

Now, if we assume that at a certain wave-normal angle 8,
the efficiencies of transformation of Cerenkov plasma waves
excited by an electron stream into electromagnetic waves at
the frequencies fp, fp + E_ and fp + §+ are similar, then it
can be predicted that

(a) An electron stream may produce a pair of radio
bursts with instantaneous frequency separation about E+ - f_
when it passes through the layers where 1 < A < 4 (We shall
refer this region as region I later).

(b) A pair of radio bursts of similar intensities and
with frequency ratio 1l:2 generated by the electron stream
moving in the layer where A > 4 (region II) could be seen
on the Earth.

The value of A along the strongest sunspot magnetic
field line increases with the height above the sunspot group,
therefore, the electromagnetic radiation arising from trans-
formation of the Cerenkov plasma waves through scattering
processes will not be observed on the Earth until the
electron stream arrives at the layers where A > 1. This
restricts the highest possible observed frequency of the type
III and U bursts. From the model given by Fig. 4.5(b), we
can find that the upper cut-off frequency of type III bursts
would not exceed 700 MHz. This predicted upper cut-off

frequency of type III burst agrees with the observational data
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fairly well (Malville, 1961). However, if explosion of the
solar flare takes place in the transitionzl region between
the chromosphere and the base of the solar coroma (p < 1.04)
where the electron density is much higher than that predicted
by (4.1), the electromagnetic radiation at the frequency

~ 2fp (about 1,000 MHz to 2,000 MHz) can leave the solar
corona and the type III bursts may occasionally be observed
in the centimetre wavelength region (Hughes and Harkness,
1963). Moreover, the absence of distinct lower cut-off

frequency of the type III bursts can also be realized.

E. Efficiency of Transformation of Cerenkov Plasma Waves

into Electromagnetic Waves by Thermal Fluctuations

In order to predict the observed spectral characteristics
of the plasma radiation, we need to investigate the efficiencies
of transformation of coherent Cerenkov plasma waves into
electromagnetic waves at different frequencies and in different
directions.

In the coronal streamer, at the height from about 0.5 to

1 solar radius above the photosphere, we can take BT = 10~2,

9 10

linear size of the scattering volume L ~ 10" -~ 107 cm and

fH ~ 50 MHz ~ 5 MHz. The coefficients of transformation of
the Cerenkov plasma waves excited by electron streams moving

with 8“= 0.3 into electromagnetic waves by means of combination

and incoherent scatterings (expressions (5.41) and (5.46)), are
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shown as .. functionsof the transformed waves® wave-normal angle .
® in Fig. 6.7. The quantity A is assumed to be 4.5 (i.e.
region 1I). The small peaks of the coefficients have been
smoothed out by taking the mean values of njée) (the dotted
curves and the dashed-dotted curves).

It is found that the intensity of the transformed waves
in the x-mode and the o-mode is distributed with axial symmetry
about the scattering centre, For 6 = 0, from (5.41) and
and (5.46), we can see -that the polar diagrams of the transformed
waves at the frequencies ~ fp and ~2fp are completely symmetrical
about the z-axis (i.e. the sunspot magnetic field line).
For small values of 0, the intensity of the o-mode transformed
wave at frequency ~ 2fp will be greatest within a solid cone
with aXxis almost transverse to the static magnetic field and
with a half apex angle ~ 30°. However, the corresponding
x-mode transformed wave intensity maximizes in the direction
& ~ 60° and 125°, On the other hand, most of the energy of
the o-mode transformed wave of frequency ~ fP js enmitted in
the directionsaround 0 -~ 150, 170°.

For a given wave-normal angle, the power of the

combination radiation

P2(0) @ Pe®) [ 1@ + ) (6.9)

where Pc(eo) is the power of the Cerenkov plasma wave excited
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X MODE 77T

Fig.6.7(a)Variation of the coefficient of transformation of

the Cerenkov plasma wave into x-mode wave (dashed lines and

dotted 11nes) and o-mode wave (solld lines and dashed-dotted

lines) at the normalized frequency ¥~ %, +%, by combination

scatterlng with wave-normal angle 6 for A = 4.5, B,= 0.3 and
= 4°,10°, L = 4x10 cm and f= 50 MHz,.
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Fig.6.7(b) Variation of the coefficient of transformation of
the Cerenkov plasma wave into o~mode wave by incoherent
scattering with wave-normal angle © for A = 4.5, By= 0.3,
8,= 4°,10%, L = 4x10° cm and fy= 50 MHz.
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A = 4.5, fy= 50 MHz, L

90°

= 4x10° omy § =03, fy= 0.1,0.3,0.5.

10" * 10‘6 Q)

Fig.6.8(b)- Variation of Pu/B. and pr/Pc with wave-normal
angleef‘orA--zi 5, fu= 50 MHz, B, = 0.3, B, = 0.1,0.3,0.5,

L = 4x10

cm. O is the angle between the wave vector and the

magnetic field vector of a sunspot with the north polarity.
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by the electron stream in the direction 90. Taking
6o = 0,A = 4.5, f =50 MHz, cosy = 1 and q‘= 0.1, 0.3, 0.5, the

dependence of the quantity P /Pc on the wave-normal angle 6

2f
is present in Fig. 6.8(a). Az the speed of the electron
translational motion increases, the combination radiation
tends to maximize in the backward direction with respect to the
guiding centre motion., The o-mode electromagnetic radiation
with frequency slightly higher than the plasma frequency and
emitted in the direction towards the Sun will be reflected
immediately on leaving the scattering volume.

If we assume that after reflection, such an o-mode
wave, initially emitted in the direction m-6, will follow a
phase path similar to that of o-mode wave emitted in the
direction & (6 < 7/2), then we have

B (0 a2 G n(-0) 4 @) , (6.10)

where n(m-6), n(8) are given by (5.46)., Corresponding to

Fig. 6.8(a), we show the variations of the quantities sz /Pc
P
and Pf /Pc as . functionsof 6 (6 < 7/2) in Fig. 6.8(b). In
P
any direction 6 (6 < 7/2), radio emissions with frequency
ratio ~ 1:2 and intensity ratio
n(e) + n(m-6)
R=P_/P (6.11)
£,28, 0 n0) +n,(0)

will emerge from the scattering volume simultaneously. From
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Fig. 6.8, we also see that for B“ > 0.2,the power Pf

p
sz > Pf .
P p

predominates for 0 §_35°. For cther directions,
Moreover, the reflection of the backward emission at the
frequency ~ 2fp will lead to the increase of the number of

the observed second harmonic components. The type III

bursts and U bursts might hence be expected to have strong
second harmonic ccmponents mcre frequently.

About 607 of the type III bursts and some of the U
bursts observed show harmonic structure., The emission of
harmonic pairs of the type III bursts or U bursts is attributed
to the transformation of the Cerenkov plasma waves by incoherent
and coherent thermal fluctuations. Since the polar diagrams
of the electromagnetic radiations arising from incoherent
scattering and combination scattering of the Cerenkov plasma
waves differ from each other, the fundamental and the second
harmonic components will be of comparable intensity on leaving
the source region only in the direction for which R is close
to unity. If we neglect the effect of the differential re-
fraction of the ray paths of waves at different frequencies
in the solar corona, electromagnetic radiations emitted in this
direction would arrive at the Earth concurrently and appear
as a harmonic pair of radio bursts with similar intensities in
the dynamic spectrum. However, transformed electromagnetic

radiation at these frequencies emitted in the direction for
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which R differs from unity greatly, would not form a harmonic
pair of radio bursts in the dynamic spectrum, since in this
case the intensities of the two components will be substantially
different.

Assuming the sunspot magnetic field line be quasi-radial,
we can estimate the dependence of the probability of observing
harmonic pairs of type III (or U) bursts on the source

latitude. Let us define the quantity H as

H= (1 - R)/(1 +R) (6.12)

where R is given by (6.11). H is the measure of the intensity
ratio of the fundamental to the second harmonic emissions.

When H < 0, the fundamental component predominates while H > 0,
the intensity of the second harmonic emission is greater.

That is harmonic pairs of transformed electromagnetic radiations
will be emitted in those directions for which H »~ 0. According
to Fig. 6.8, we plot H as a function of emission wave-normal
angle O in Fig. 6.9(c). Under the present assumptions, the
wave-normal angle © in Fig. 6.9(c) can be regarded as the
source.latitude. Thus, it is expected that most of the
harmonic pairs of the type III (or U)bursts will originate from
sources situated at  latitudes from 40° to 75°. Asguming
the coronal streamer electron density models Fig. 4.5(b), we

show the estimated disk positions of the sources of the harmonic
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pairs of the type III bursts at the frequency 60 MEz (i.e.
fp = 60 MHz) in Fig. 6.9(2). It 1is expected that the
fundamental harmonic components will be found in the position
closer to the central part of the disk while the second
harmonic in the positions near or above the solar limb.
Comparing Fig. 6.9(a)with Fiz. 6.9(b), we find that the disk
distribution of harmonic pairs of the type III bursts predicted
by the present theory agrees well with the observational data
obtained by Wild et al. (1959). 1In fact, from the polar
diagrams of the electromagnetic radiations arising from
scattering of the Cerenkov plasma wave (Fig. 6.7), we can realize
that for a limb source the electromagnetic radiation at the
frequency ~ 2fp will dominate when B”.2.0.2. Therefore no
harmonic pairs will come from a limb source. We should remark
that Fig. 6.9(a) and Fig. 6.9(¢) are only rough theoretical
estimations of the disk distribution of the harmonic pairs of
the type III bursts since the differential refraction of the
ray paths of the first and second harmonics, the reflection of
the backward emission of the second harmonic and the actual
curvature of the sunspot magnetic field line have been neglected.
When reflection of the backward second harmonic is
taken into account, it is possible for the second harmonic
backward emission to follow a ray path similar to that of the
fundamental and if the two components are initially similar in

intensity, they can form a harmonic pair in the dynamic spectrum.
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sources: (a)fundamental harmonic (60 MHz),Df;

(b)harmonic pair,Dp;
(¢)second harmonic,Ds .

The solid and dashed levels are the 60 MFz plasma level
of the coronal streamers with electron density distribu-

tions given by 10xB.A., model and 5xB.A. model respectively.
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In this case, it is expected the second harmonic would appear

a few seconds later than the appearance of the fundamental
harmonic. The observational data do indicate fhat in some of
the harmonic pairs, the second harmonic is delayed with

respect to the fundamental by 1.5 to 5 seconds (Kundu, 1965).
However, because the source of type III bursts is in the coronal
streamer where the electron density at least a few times

higher than the background corona, it is difficult to predict
the reflection height as well as the ray trajectory of the

second harmonic backward emission.

F. Polarization of The Electromagnetic Radiation Arising

From Transformation of Ceremkov Plasma Waves by Thermal

Fluctuations of Electron Pensity

Having studied the polar diagrams of the transformed
electromagnetic radiations at the first and the second
harmonics of the plasma frequency,we can predict the polarization
characteristics of the polarized type III bursts and U bursts.
For wave-normal angles not close to zero or /2, the electro-
magnetic waves in the x-mode and o-mode are elliptically
polarized. The axial ratio of the polarization ellipse
depends on the quantity E(Ez--A)_1 which, for a given frequency,
decreases to very small values with the increasing distance
from the Sun (Piddington and Minnett, 1651). The polarization

of the electromagnetic radiation emitted from a source in the
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solar corona will change continuously on propagating outward
through the corona until the polarization limiting region* is
reached, where the polarization of the radiation is fixed.
Thus, from the discussion in Section C(a), the fundamental
harmonic component of type III bursts (or U bursts) is

strongly polarized in the left-handed sense. On the other
hand, the transformed electromagnetic radiations with

frequency ~ 2fp and in the o-mode and the x-mode can be

emitted in a given direction. Then, the degree of polarization
of the second harmonic component of type III (or U) bursts will
be

o - MmO n®
o) =
26, T 0 @ ¥ 0, ®

(6.13)

We adopt the convention that for 6 < 7/2, when p2 £ is negative
the second harmonic is polarized in the left-handed sense

with respect to the direction of the magnetic field (i.e. the
sense of polarization of the o-mode wave). Taking the wave-

normal angle of the Cerenkov plasma wave 90 = 0, 8“= 0.1,0.3,

* The polarization limiting region is the region beyond which
the magneto-ionic parameters (X,Y) have very small values that
the state of polarization is no longer affected by the

change in the direction of the magnetic field.
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0.5 and ce3) = 1, we show the variation of the degree of
polarization of the second harmonic component as a function
of wave-normal angle 6 in Fig., 6.10.

From Fig. 6.10 and Fig. 6.7, we find that the majority
of the second harmonic component of type III bursts will be
left-handed polarized with a low degree of polarization.
Because the main pcwer of the second harmonic component is
emitted at large wave-normal angles, it is possible that sdme
electromagnetic radiation at the frequency f =~ 2fp passes through
the polarization limiting region wheie the bipolar sunspot

direction
field 1s opposite to that in the source region. Then, re-
ferring to the leading sunspot magnetic field polarity, the
sense of polarization of the second harmonic component reverses
on passing through the polarization limiting region (see Fig.
6.12) and a fraction of the type III bursts will be right-
handed polarized (Komesaroff, 1958; Bhonsle and McNarry,
1964)., From Fig. 6.10, for 6 not close to m/2, the degree of
polarization of the second harmonic component does not exceed
607

Since the electron density and the magnetic field in-
tensity in the solar corona decreases with the distance from
the Sun, electromagnetic waves generated in the active solar
corona will propagate outward through the corona satisfying
the quasi-longitudinal propagation condition in all directions
except at the point where 6 ~ /2. For a bipolar sunspot

magnetic field configuration, the electromagnetic
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wave, after passing through the quasi-longitudinal propagation
region, would subsequently traverse through the quasi-transverse
propagation region where the interaction between normal waves
occurs (cf. Fig. 6.12). From the discussion in Section C
of Chapter V, if a left-handed polarized electromagnetic
radlation penetrates into the QT region, an electromagnetdic
radiation consisting of a circularly polarized component and
a linearly polarized component, whose degrees of polarization
are given by (5.10) and (5.11) respectively, will leave the
solar corona,

Taking fp = 30 MHz and Ly = 5><109 cm, fH = 1 MHz and
2,5 MHz in the QT region, the dependence of the degree of
linear polarization and degree of circular polarization of
the emerging radiation on wave frequency f are shown in
Fig. 6.11 where ft is the transition frequency characterizing
tbe QT region. According to Cohen (1960), a left-handed
circularly polarized radiation with the frequency f > ft
will maintain its original sense of polarization on passing
through the QT region. On the other hand, if f < ft’ only
weak coupling occurs in QT regiom and the sense of polarization
will change since the direction of the magnetic field with
respect to the direction of wave propagation has reversed.
Now if the left-handed and right-handed polarized electromagnetic
raidations with intensities proportional to nzPC and an&

respectively penetrate into the QT region, the degree of
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circular polarization of the electromagnetic radiation

emerging from the interaction region is given by

n, - N _
A:_}.—_Z(lm2826

o) =-9p p . (6.14)
N + nz 2fp cir

where Pog is given by (6.13). For Ope = -50% (left-handed
polarizedl))9 the observed degree of polar?zation of the second
harmonic component is plotted against the wave frequency in

Fig. 6,11(g) (dashed curves). Therefore, on passing through
the QT region, the degree of polarization of the second harmonic
component would be reduced and the sense of polarization with
respect to the direction of the magnetic field in the source
region will not change if £ > ft .

The second harmonic component emitted at 8 ~ m/2 is
linearly polarized. Assuming a quasi-radial sunspot magnetic
field line, radiation emitted at 6 ~ 7/2 will be observed to
originate from a limb source in which case it is likely that
it will pass through the polarization limiting region at
right angles to the sunspot magnetic field. The characteristic
polarization of such radiation is linear. However, owing to
the depolarization through Faraday rotation, the observed
second harmonic component originating from a limb source would
be observed as weakly polarized or even unpolarized radio
signal (Fokker, 1964). The linearly polarized component
arising from interaction in QT region will also be depolarized

in this mamner.
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In concludhgthis section, we summarize the discussion
in the following points:

(a) Electromagnetic radiation strongly polarized in
the left-hand sense and at the fundamental plasma frequency
is expected to be emitted from a ceantral source.

(b) Most of the weakly polarized or unpolarized
electromagnetic radiation at the second harmonic plasma
frequency will be observed to ariginate from sources lying at
high latitudes.

(c) Whenever both the fundamental and second harmonic
components are observed, the fundamental harmonic component
will be more strongly polarized than the second harmonic
component.

(d) The sense of polarization can be left-handed or
right-handed.

These points are illustrated in the schematic drawing
in Fig. 6.12 where the size of the coronal streamer is based
on the model suggested by Morimoto (1963).

We have discussed the polarization characteristics of
the electromagnetic radiations arising from transformation of the
Cerenkov plasma wave emitted in the direction 80 = 0. From
Fig,-6.7, it is not difficult to see that for small 60( but
not equal to zero), the polarization characteristics of the
transformed electromagnetic radiation remain: similar to

those for 60 =0, These polarization properties of the
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176.

transformed radiations, in general, agree well with the observed
polarization characteristics of the type III and U bursts
(Komesaroff, 1958; Bhonsle and McNarry, 1964; Gopala Rao,

1965; Fomichev and Chertok, 19638).

G. Conclusion

The solar type III burst and U burst emissions have been
recognized as the consequence of the excitation of léngitudinal
plasmza waves by electron steams moving in the solar corona
(Wild, 1950; Ginzburg and Zheleznyakov, 1958; Wild et al.,
1959; De Jager, 1960; Smerd et al., 1962; etc.). A
comprehensive review on the theories of type III and U burst
emissions based on the isotropic corona model is given by
Kundu (1965). In the present chapter, we have explained some
of the features of the type III and U bursts, which had not
been considered in detail previously, taking into account
the effect of the coronal magnetic field.

So far, interpretations of the type III burst emission
have been based on the linear theory of stream-plasma
instability which is valid only for small perturbations of
the distribution function of the straeam electrons. But the
strong resonance interaction between the growing plasma wave
and the stream electrons leads to the formation of a plateau on
the distribution function for the stream-plasma system and

subsequen t coherent generation of Cerenkov plasma waves will no
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longer be possible (see Section D of Chapter III), If the
Cerenkov plasma waves emitted by an individual stream electron
remain in the stream-plasma system for an appreciable time
interval and grow continuously, then the energy of the stream
will be depleted quickly and the electron stream will be unable
to escape beyond the base of the solar corona.

Thus, 1f the interpretation of the type III burst
emission on the basis of linear kinetic theory is valid, the
low. cut-off frequency (i.e. very large source height) and
the duration of the type III and type U bursts imply that there
is a process for stabilizing the electron stream faster than
the plateau formation. At present, such a process is not
clear. Kaplan and Tsytovich (1968) showed that non-linear
transfer of the plasma wave across the spectrum with a
characteristic time much shorter than the plateau formation
time 18 a possible mechanism for cutting off the continuous
resonance interaction between the growing plasma wave and the
stream electrons. According to this reference, in the case of
excitation of plasma wavesby electron streams, the plateau
formation time Tp is of the order of llomp while the characteristic
time for the non-linear transfer across the spectrum Th will be
given by vé/owbv, where v is the velocity of the stream
electron. Assuming that these characteristic times are also
applicable to the case of excitation of plasma waves by

electron streams in a magnetoactive plasma and g = 10_5,



178,
-2
fp 100 MHz, B
Tp ~ 10-3 sec. Thus, the plasma wave emitted by the

individual electrons will grow at the linear growth rate in

R

y= 0.2, By = 10

» we find T, = 215:10-5 sec and

the stream-plasma system only within the time interval of the

order of 10-5 sec during the onset of the excitation process.
Alternatively, it has been proposeg that type III

burst emission is the consequence of the enhanced bremsstrahlung

in the medium comprising the thermal ambient plasma and a

system of energetic electrons (Bekefi, 1966). However, a

detailed and quantitative study of the type III burst

emission based on this proposal has not been attempted and

the interpretation of the type III burst emission on the

basis of linear theory of radiative instability in the

stream—plasma system provides a satisfactory approximation.
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CHAPTER VII

THE ORIGIN OF DRIFT PAIR BURST AND HOOK

BURST EMISSIONS FROM THE SOLAR CORONA

A. Introduction

The low frequency drift pair emission is a rarely
occurring phenomenon which since its first discovery by
Roberts (1958), was not reported again for about ten years.
Maxwell pointed out that the drift pairs were only rarely
seen on the Harvard spectral record (Maxwell, 1963).

However, Ellis and McCulloch (1967) and Ellis (1969) recently
reported that a large number of the drift pairs had been
observed during the period 19266 to 1967, In addition to the
drift pairs; hook bursts associated with drift pairs have
also been discovered in spectral records in the frequency
range from 28 MHz to 40 MHz (Ellis, 1969) (Fig. 7.1 (C)).

The drift pair is characterized by pair of traces
starting almost at the same frequency but separated by a time
about 1.5 to 2 sec in the dynamic spectrum (Fig. 7.1(A) and
7.1 (B)). Roberts (1958) and Zheleznyakov (1965) interpreted
the drift pair as the consequence of the excitation of plasma
waves by some distrubances travelling in the isotropic regular
solar corona. The second trace is assumed to be the echo
of the first, reflected at a lower level in the solar corona.

Kundu (1965) and Zheleznyakov (1965) suggested that the
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particle streams, under favourable circumstance, excite
plasma oscillations responsible for the drift pairs.

Although Roberts' theory qualitatively can explain
several features of the bursts, quantitative agreement
requires certain assumptions which so far have not been
justified theoretically. At the same time, certain important
spectral characteristics, particularly those pointed out by
Ellis (1969), remain unexplained.

At present, there is no definite optical observational
data of sunspot magnetic field intensity at the coronal
height, particularly at the altitude about one solar radius
above the photosphere. However, various theories of radio
bursts emitted from the active solar corona suggest that
there would be sunspot magnetic field of intensity about a
few gauss at the altitude one solar radius above the sunspot .
group (see Fig. 4.2). Then, 1f one assumes the regular
corona, the gyrofrequency at this altitude will be comparable
with the plasma frequency and the effect of the magnetic
field on the propagation and generation of electromagnetic
waves can no longer be neglected. In fact, as we shall see
later, some characteristics of the drift pair burst emission
event cannot be well explained without the magnetic field
taken into account. The hook bursts, which have spectral
characteristics similar to those of the drift pairs and will

probably be generated by the same process, indicate that the
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exciting disturbances are guided by a bipolar sunspot magnetic
field line of force. Therefore, in the present chapter, we
shall consider the drift pair as the consequence of radiation
of plasma waves by electron streams in the magnetoactive
coronal plasma.

As we have seen in Chapter VI, the spectral characteristics
of the plasma radiation depend on the nature of the ambient
plasma as well as the character of the radiating electron
stream. If both the type III burst emission and the drift
pair burst emission are considered as the consequence of the
excitation of plasma waves by electron streams in the solar
corona, then the distinct spectral appearances of these two
burst emissions reveal that the type III bursts and drift
pair bursts are emitted by electron streams of different
characters and under different corona conditions. Moreover,
the fact that while type III bursts are the most common metre
wavelength burst emission, that the drift pair burst emission
is only a rarely occurring event clearly indicates that the
electron streams responsible for these two emissions are of
different origin;. Therefore, in this chapter, we assume an
active solar corona model and other parameters appropriate to
the emission of the drift pair burst and hook burst in the
solar corona to study the characteristics of the plasma
radiation and hence discuss the possible origin of the

energetic electrons responsible for the drift pair burst emission,
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B. Observation Data (Roberts, 1958; Ellis, 1969)

(i) Frequency Range ~ Drift pairs and Hook bursts
are low frequency events; most frequently appearing in the
frequency range from 40 MHz extending to 25 MHz (Fig. 7.2(a)).
In general, the frequency range of a single burst is only a
few MHz to ten MHz. But some bursts can extend from 30 MHz
to 60 MHz (Fig. 7.1 (®B)).

(ii) Frequency Separation and Time Delay - The
bursts are mostly double; the first element is followed about
1.5 to 2 sec later by a similar second element. The
starting and terminating frequencies of the two elements are
mostly the same (Fig. 7.2(b)). 1In some examples in which
the beginning and the end of the traces are observed, the
second trace was found to start and to terminate at slightly
higher frequencies than the first trace (Fig. 7.1(B),b).

In a few cases, the two elements start (or finish) at a
similar time but at different frequencies; the starting
(or finishing) frequency separation being 2 MHz to 4 MHz.
(iii) Frequency Drift Rate - The frequency-time slope
of the drift pailr observed by Roberts in the frequency range
50 MHz to 40 MHz was about 2 MHz per sec to 8 MHz per sec
and was positive. The majority of the drift pairs observed
by Ellis (1969) had a negative frequency drift at a low rate,
about 1 MHz to 2 MHz per sec. The drift rate of the

associated type III burst found in the drift pairs spectral
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record is much higher than that of the drift pair (about
10 MHz/sec) (Fig. 7.2(c)).

(iv) Bandwidth - The instantaneous frequency bandwidth
is only a fraction of a MHz and narrower than that of the type
III burst. The histogram of the bandwidth of the drift
pairs measured by Ellis shows that a large majority of drift
pairs have bandwidths about 0.3 to 0.6 MHz (Fig. 7.2(d)).

(v) Burst Duration - The duration of each element
can extend from a few seconds to ten seconds.

(vi) Intensity - The measured f£lux densities in one

plane of polarization range from SXIO-21 W m-uzl{z-1 up to
SXJO-ZO W mfzﬂz-l. The two elements of a pair are similar in
intensity.

"~ (vii) Polarization - The drift pairs were found to be
not significantly polarized.

(viii) Association with other types of Bursts -~ There is
a tendency for the drift pairs to occur in noise storms
which last for hours or days. 1In some cases, the drift
palr occurs in the type I1II burst. The intensity of the
associated type III burst is lower and diffuse. Recent ob~
servation showed that on some occasions split pair bursts
occur during the period of drift pair emission activity.
Besides these, no other tvpe activitdes’ have been” found

related to drift pairs.



186.

FREQUENCY (Mc/s)

40 50 60 70 80
60 b=
(@)
a0k 7
. a
20} .
ﬁ o r—r—t—] 1 l M| 1
2 -2 [ 2 a 6
U
'
o] -
x 8or .
@
3 (b)
2
Z sol .
40 -
20} .
J
§ 2 AT
75 + 1 1 +
Su b o -2 o 2 4 6
wZ FREQUENCY DIFFERENCE (Mc/s)
% s0 . . . . \
gy FigT-2(Histograms showing the difference in (a) the starting
g = 2 frequency, and (b) the finishing frequency of the two elements of
24 m ‘ the observed reverse pairs. (Robevts/ 1958

a0 50 60 70 80
FREQUENCY (Mc/s)

Fig.T2(a)To illustrate the range of frequencies covered by the

reverse pairs. (z) Each reverse pair is represented by a pair of

contiguous lines which show the frequency extent of the two .

elements of the burst. (b) Histogram showing the prevalence H
of bursts at different frequencies.

- (Roberts, 1958) e



40—-45 Mc/s
1S -
T
_ w0k
1 .
<
z sk
w
(=
z
18}
ul
[4 ] 10
7]
[
o
v .
b3 45—535 Mc/s
- 15
x
u
[
"]
u
7]
< 10}
0
uw
[¢]
@
w
o
z2 S
po
r4
. -0 1
] 10
$5—70 Mc/s
S -
1
(o] s ) 10

RATE OF INCREASE OF FREQUENCY
.+ (Mc/s PER SEC)

Fig. 72C-The rate of frequency drift in the reverse pairs.
—- (Roberts, 1958)

N e (Ellis, 1969)

30~ - s mm T T —_— -
!

25 :

®) (d) Fig.1-2 € Distribution of

bk frequency—time slopes for
18 {a) type II bursts,
. é’ sl © (b) split pair bursts,
. Z (@) B {c) drift pair bursts,
! = 10} (d) fast drift storm bursts,
1 (&) ® (e) type III bursts, and
} 5T 2 f) chains of split pair bursts.
l L "
. L N | T (Ellis,1969)

ool 01 1-0 10

Frequency — time slope (MHzsec™) -

No. of bursts

—LL\ 1 I 1 ] 1 ! ]

e o 02 04 06 08
| ! Bandwidth (MHz)
!

; Fig 72 dr —Bandwldth distribution of {c) fast duft storm buists and (b) duft pairs. _

*B981



187.

LY
10

10

(MHz)
o.

FREQUENCY

-
o

"

P

18

Fig.7.3 - Variation of the nlasma frequency fn (using the

Baumbach-Allen model),gvrofreauency fH and A along the

strongest field line of a bivnolar smot grouv swecified by

H = 2000 G. The magnetic field intensity in the solar

<

corona (in term of gyrofrequency) inferred from theories

of tynme II and tyne TII radio bursts:
a Morimoto (1963); @ Hatanaka (1966);

N

et

+ Tidman et al. (1966).




188.

The hook bursts have - bandwidthsand - drift ratessimilar
to those of the drift pairs. The leading trace drifts
downward to the turning point frequency and then drifts upward
immediately to the starting frequency again. Thus the spectral
appearance of the hook burst is analogous to the VLF hook

occurring in the Earth's magnetosphere (Fig. 7.1 (C)).

C. Model of The Solar Coromna

The drift pair burst consists of a pair of smooth
continuous traces. If the second trace is considered as the
echo of the radio emission from the corona, the solar corona
must be in a fairly stationary and régular condition.

Hence, we assume during the period of drift pair burst emission
the electron density distribution along the solar corona is
given by Baumbach-Allensmodel (4.1). We further assume that
two narrow magnetic flux tubes emerging from the leading and

‘ the following sunspots comnect together forming an arch in the
solar corona. The central field line of the magnetic flux
tube is assumed to be of greatest intensity. With these
assumptions, we propose a model of the active solar coromna
during the drift pair burst emlssion period as shown in Fig. 7.3
where the electron density and the intensity of the magnetic
field along the strongest bipolar field line (in terﬁs of
plasma frequency and gyrofrequency respectively) are plotted

against the radial distance from the centre of the Sun.
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Similarly, a unipolar sunspot magnetic field configuration
given by Fig. 4.5(a) is also assumed. From these models,

the quantity A never exceeds four for p < 2.0,

D. Radiation of Plasma Waves by an Electron Stream moving in

the Solar Corona

Now we assume an electron stream with small dispersion
in momentum components moves along the strongest sunspot
magnetic field line and generates coherent Cerenkov pli-ma waves.
The\kinetic energy of the radiating electron is taken to be of
the order of ten keV. During the initial stage of the ex-
citation process, the angular power spectrum of the weakly
damped Cerenkov plasma waves emitted by a single electron

and the rate of growth l In %E l for the Cerenkov plasma

wave in the stream-plasma system are given by (2.13) and (2.28)
respectively and illustrated as . functions of the wave-normal
angle for £ > 1 and £ < 1 in Fig. 7.4(a),(b), where Bx. =0, 0.2,

"2, 0 = 107 and £, = 10 MHz.

B" = 0019 0.29 0.3’ A = 2’ BT = 10
- * -

Taking the interaction time t = 2,.1x10 3 sec and 0 = 10 5, we

show the variation of the power gain (in decibels) with the

normalized wave frequency in Fig. 7.4(c) for the weakly damped

We assume that the interaction time is approximately equal to
the characteristic time for non-linear transfer of the plasma

wave across the spectrum (see Section G (10)).
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Cerenkov plasma waves. The intensity of the coherent
Cerenkov plasma wave is beamed in the direction along the
magnetic field line and at the frequency near the plasma
frequency no matter whether A < 1 or A > 1 (see Fig., 2.6 also).
The broadness of the cone of emission and the frequency
bandwidth of the coherent Cerenkov plasma wave are inversely

proportional to the electron pitch angle.

E. Transformation of Plasma Waves in A Magnetoactive Plasma

According to the discussion given in Section B of
Chapter V, it is not difficult to see that the radio bursts
consisting of pair of traces,starting at similar frequencies
but separated by a time of the order of a second,cannot be
due to the transformation of plasma waves by wave-mode
coupling. Only the transformation of plasma waves by scatter-
ing on small-scale thermal fluctuations in the solar corona
should be considered.

The Cerenkov plasma wave can be transformed into

~

electromagnetic waves at the frequencies f o fp apd f =~ fo + fi
(where fO is the Cerenkov plasma wave frequency and Et are the
plasma resonance frequencies) by means of incoherent scattering
and combination scattering respectively. However, if the
solar corona models Fig. 7.3 and Fig. 4.5(a) (for p < 2.0) are

assumed as the regions where the drift pair burst emissions

occur, the harmonic resonance absorptions at the layers
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f = sfH (s = 1,2,3) prevent the transformed electromagnetic
radiation at the frequency f =~ fp escaping from the solar
corona (cf. Chapter VI(D) and Fig. 6.5). Hence we confine
ourselves to the consideration of transformation of Cerenkov
plasma waves by combination scattering only.

The normalized combination frequency arising from
scattering of the Cerenkov plasma wave emitted in the direction
60 ~ 0 is given by

£ =F, 4, - A5 YDA E, (7.1)
So the combination frequency depends not only on the electron
translational speed but also on the mean thermal speed of the

plasma electrons. This is demonstrated in Fig. 7.5 in which

A=2, BT = /3&10-2 » and the normalized combination frequency
£ = EO + E+ of the o-mode wave is plotted as a function of
wave-normal angle O for the ratio r = BT/B" = 0.0865, 0.1732,
0.22. We find that when r is large, ({i.e. 8“ is small), the
combination radiation is emitted at slightly higher frequencies
in the backward direction than in the forward direction with
respect to the electron guiding centre's motion.

Furthermore, we note that the Cerenkov plasma wave
emitted at a single frequency fo and at the wave-normal angle
60 will be transformed into the x-mode and the o-mode waves

at similar combination frequencies in various directions
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(see Fig., 5.5). As a result, the observed frequency. bandwidth
of the combination radiation generate&-at a point in the solar
corona depends on the bandwidth of ﬁhe Cerenkov plasma wave
spectrum excited by the electron stream.

We have mentioned in Chapter VI that in a magnetoactive
plasma the Cerenkov plésma waves can be transformed into
electromagnetic waves at the frequencies f =~ fo + E+ and
f ~ fo + E_ concurrently when the scattering medium is
characterized by a value of A less tha; fbur. Hence, it is
expected that two pairs of normal traces, having starting
frequencies fo + E+ and fo + E_ respectively, would appear in
the dynamic ‘spectrum simu}taneouély. However, so far such
double pairs of bursts were not.oﬁéérved; Wé‘require to
investigate the~e£ficiengi¢s of transformation of the
Cerenkov plasma waves into electrpﬁaénetic waves at these
frequencies so that we can determine which of the two pairs
of bursts will correspond éo the observed drift pair burst
and hence to evaluate the delay tiﬁe between the two elements

of a pair.

For A = 2, fH

volume L = 109cm, B

10 MHz , linear size of the scattering

-2 - o
p= 107", B, = 0.1 and for 8_ = 0°, 10°,

20°, cos ¥ = %1, the variations of the coefficients of

transformation of the Cerenkov plasma waves into electromagnetic

waves in the x-mode and the o-mode at frequencies £ = £ + £,
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by combination scattering on fluctuations of electron density
(expression (5.41)) with wave-normal angle 6 are shown in
Fig. 7.6(a) - (c). Fig. 7.6(d) illustrates éhe effect of the
thermal motion of the plasma electron on the polar diagram of
the combination radiation.
Before we examine the characteristics of the curves
in Fig. 7.6, we should recall that the Cerenkov plasma wave
emitted in the direction close to the static magnetic field
line carries most of the energy emitted by the electron
lstream (Fig. 7.4). Then the combination radiations arising
from transformation of the Cerenkov plasma wave with wave-
ngrmal angle lying within the range from 0° to 10° have
- greatest intensity. Now, from Fig. 7.6, we can realize that
(1) Even in the presence of the static magnetic field

in the plasma, the combination radiation is also mainly
emitted at the frequency £ =~ ZfP since the intensity of the
combination radiation at the frequency f o fo + E_ is very
small in comparison with that at the second harmonic of fhe
plagma frequency. When B" is small, the frequency of fhe
combination radiation emitted in the backward hemisphere with
respgct to the electron guiding centre motion is slightly
h;éher than that in the forward hemisphere (Fig. 7.5).

‘ (2) In general, the flux density of the combination

radiation in the o-mode is stronger than that in the x-mode.
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(3) The frequency bandwidth as well as the emission
cone of the combination radiation 1s broader when the electron
pitch angle is small, The axis of the cone of emission of
the combination radiation in the o-mode is tramsverse to the

static magnetic field.

F. Propagation of The Electromagnetic Radiation in The Solar

Corona

In the presence of the static magnetic field in the
plasma, the extraordinary and ordinary wave packets propagate
along the paths different from their phase paths and with
different group velocities. Moreover, for normal penetration,
the x-mode and the o-mode waves will be reflected at the
layers where X = 1 ~ Y and X = 1 respectively. However, as
the magnetic field intensity is very weak, with fp >> fH
(or A >> 1), the x-mode and the o-mode waves are both reflected
from the level ¥ = 1 and the wave groups of both modes
propagate along their phase paths. Since we assume only a
narrow magnetic flux tube can extend from the umbra of the
sunspot-at -the photosphere to the outer layers of the solar
corona, reflection of the x-mode and the o-mode waves would
take place in the region where the effect of the magnetic
field can be neglected. Hence, in general, omission of the
sunspot<EﬂgnetiC‘ field would not lead to significant error

in 'the estimations of' the ray .path and the wave group travelling
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time, In this section we shall consider the ray paths,
wave group travelling times and collisional absorptions of
the ec >ination radiations at the frequency f =~ 2fp in the

isotropic solar corona.

a, Ray Paths of The Combination Radiations in the

Solar Corona

According to Jaeger and Westfold (1950), the Snell's
law for a ray propagating in the spherically symmetrical

isotropic coronal plasma is written as
n p sinl = a = constant, (7.2)

where i is the incident angle, i.e. angle between the ray
direction and the radial line (Filg. 7.7) and defined in the
range 0 < 1 < 7/2, n(p) is the refractive index for the

wave at a point at a distance p(in units of solar radius) from
the centre of the Sun and given by

n2(p) = 1 - 8.1x10% (1.550°0 + 2.99p"16)/£2, (£ in MHZ). (7.3)

The constant parameter a in (7.2) specifies the separation
between the ray path and the Sun-Earth line at infinite

distance. A ray of frequency f emitted in the direction
towards the Sun from a source will be reflected at a lower

layer where the incident angle i becomes 90°. From (7.2)
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and (7.3), if P is the position of a source on the radial
line, the reflection height po“will be giverd By the root of

the equation,

6

02 [1 - 8.1x10°(1.5507%42.990716) /21 - 2% = 0, (7.4)

with a = n(ps)ps sin is’ is being the incident angle at the
source level. The angle subtended at the centre of the Sun
by the ray path below the source level a,@ﬂdﬁﬁ we shall

call the central angle), is given by

s ___°8p
= 1
a = 2a J palot-atyt - (7.5)

Any backward ray (iS + 0) will subtend a non-zero central angle
at the centre of the Sun while the forward ray will.néyef -
cross the source level again after Being'émitted. Whén ;he
refraction effect is omitted, the incident angles oﬁ the
backward ray and the forward ray at the source level i;, if,

the central angle o and the source latitude ¢ are related by

ib+&=¢)zif . (7.6)

Correspondingly, the constant parameters for the forward and
the backward rays emitted from the same source at the position

(ps,¢) will be
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o
if

n(ps) Pg sin ¢ (forward),
(7.7)

o
{1

n(ps) Pq sin ib (backward).

Assuming £ = 2.1 fp, we show the variations of the
reflection height Py constant parameters a,b, central angle o
and the incident angle of the backward ray ib with the source
latitude for £ = 30 MHz and 51 MHz in Fig. 7.8 and Fig. 7.9.
In the limiting source latitude ¢m , the forward and the
backward rays are identical. The central angle reaches its
maximum 0 at g . 7O°(ib ~ 45°) and then decreases quickly
to zero at the limiting source latitude. In Fig. 7.9, the
absolute angular separation between the forward and the

backward rays at the source position,B,is defined by

where Ef and Eb are the unit vectors along the forward and

the backward rays and E;\Eb is the angle between Ef and Eb .

So far we-have neglected the refraction of the forward
ray paths. The refraction of the ray path is insignificant for
a central ray but becomes noticable for a ray emitted from a
1imb source (see expression (7.2)).

b. Convergence of Rays enitted from A Single Source

In order that both the forward and the backward

radiations can be seen on the Earth, the backward radiation
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must be emitted in a particular direction depending on the
source latitude such that its ray path meets the forward ray
at the Earth. Owing to the refraction, the actual incident
angle of the forward ray if has to be slightly greater than
the source latitude given by (7.6).

While the ray paths of the forward radiatigns enitted
from a single source will never cross each other, the ray
paths of the backward radiations at the same frequepgy will
cross each other either above or below the source levei gfter
they have beeﬂ reflected from a lower level. From'F;g. 7.8,
we can see that two bacﬁward rays will cro;s each other above

the source level whenjthe source latitude is 1a¥ge (Fig., 7.7).
Due to the differential refraction of the ray paths with
different initial incident angles, two backward rays would

meet at very large distance from the Sun,

c. Wave Group Travelling Time

In order to‘investigate the possible time delay
between the forward and the backward radiations emitted from
a single source and the time delay between the radiations
at diffgrent frequéncies emitted at different layers, we have
to calculate the time taken for the wave ﬁacket to travel
from the source to the observer. For an isotropic coronal
plasma, the time taken by a wave packet to travel along‘

the trajectory is
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where vg = cn is the wave group velocity. Making use of the
relation

d 22 2%
d—;-=nD/(no -a”)* ,
the wave group travelling time can be expressed as an integral
of a function of the distance from the centre of the Sun,
P
t = 2,316 J——-{%ﬁ (sec). (7.8)
& (n"p-a
Ps
The delay time between the forward and the backward combination

radiations at the frequency £ » 2.1 fp and emitted from a

source at the poisition (ps,¢) will be

ps Pr, pE
AT = 2.316 2[ odo 21/+J 040 21/_1-202_02.1/ (sec).
(n"p"-b")" (n“p-b)*  {(@%p“-a%)*
Ps . h

fiere, a,b are the constant parameters for the forward and
the backward rays and determined by (7.7) and Py is the Sun-
Earch distance. The variation of the time delay between
the two rays with the source latitude is shown in Fig. 7.9
for £ = 30 MHz and 51 MHz. The time delay decreases with
increasing scurce latitude because the paths of the two rays
tend to be identical as the source latitude increases.

Indeed, that the backward radiation arrives at the Earth a
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few seconds later than the forward radiation is mainly due to
the fact that the backward radiation has to travel an excessive
path below the source level with small group velocity. For
ib > 450, AT decreases rapidly with increasing ib (Fig. 7.9
and Fig. 7.8). Thus 1f two backward rays meet at the Earth,
the time delay between them would be significant owing to the
difference in their excessive path lengths below the source
level. For example, two backward rays and a forward ray at
the frequency £ = 30 MHz emitted at incident angles 400,

75° and 68° respectively (Fig. 7.7) would arrive at the Earth
with time delays about 0.9 sec and 1 sec between them. The
dependence of the time delay between the forward and the
backward rays on the wave frequency for various latitudes is
shown in Fig. 7.12.

Combination radiations at different frequencies emitted
in the forward direction simultaneously from different source
levels will alsoc have time delay due to differeant lengths of
their ray paths. If two sources situated at Py and Py
(p2 > pl) emit combination radiations at the frequencies f1
and f2 (f2 < fl) respectively, the wave group delay time between
the two forward rays will be

P P
E pdp

E
dp
At =t -t = 2.316H . -J £ - ] (sec), (7.10)
g g, g1 2 2 2)4 2 2 Z)ﬁ

(np -a (n"pT-a
Py 25 P 1
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where a;,a, are constant parameters for the two forward parallel

rays. Since the combination frequency is a continuous function

of p , for small | Af | = lfz—fll 5 Atg can be approximated by
vy
A tg = Af( 5 )f=f 5 (7.11)
ot

where f = ‘zf.,(f2 + fl) and EEE (sec per MHz) is the slope of the

curve tg vs f (exp;ession (7.8)). The dependence of

at
5f§-on frequency f is shown in Fig. 7.10 for various source
ot
latitudes. We find that the value of B_fg depends slightly on
- Bt
the source latitude. The average of 5§5- is also plotted as

a function of frequency in Fig. 7.10 for the source latitudes
ranging from 50° to 80o (the solid curve). The positive

ot
—2
of
fl’fz(fl > fz) are emitted at different layers in the solar

means that as the combination radiations at the frequencies

corona simultaneously; the higher frequency is emitfed at
deeper layer and arrives at the Earth later. We shall make
use of this figure in the evaluation of theoretical dynamic
spectra of the drift pair burst and the hook burst in section H.

d. Absorption of Electromagnetic Radiation in The

Sclar Corona

The high frequency electroéagnetic waves passing through

a warm magnetoactive plasma will be damped by the collision
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process and the harmonic resonance process. Owing to the
low collision frequency in the solar corcma, collision
absorption becomes significant only in the layers where the
wave frequency is clese to the plasma frequency and would be
important for the backward combinaticn radiation. Hence
only the collision absorption and the third harmonic resonance
absorption need to be considered.

Taking LH = 4x109 cmand T = 1.5x106 0K, we show the
power losses of the x-mode and the o-mode waves on passing
through the layer f = 3fH as .. functionsof X (=f§/f2) in

35 MHz and 0 = 5%, 15°, 45°, 60°, 75°,

Fig. 7.11 (2) for £
85°. Only the o-mode wave can survive after passing through
thg layer £ = 3fH.

The combination radiation at the frequency about twice
the plasma frequency and able to éscape from the solar corona
has to suffer further abseorption along the wave group trajectory
due to the electronm-ion collision. If the effect of the
sunspot magnetic field is neglected, the integrated collision

absorption along the path s of the radiation is (Wild et al.,

1963):
T = I K ds (7.12)

and the damping factor is exp (-1), where the collision

absorption coefficient k = V(1 ~ n2)/cn. For the solar corona



10 M v v T N T T v 10 T T T v s
75° ’_jﬁl\ f =35 MHz FORWARD - ~--
—_—— S = —_—
- ° D
/5/_@\\\\ S MODE —— - BACKWAR .
427 40 D \\ X MODE —-- '
H 7 /5_5\ N \
~
10+ ////// \\ \\\\\ i . f=45SMHz
//// \ \\l g
lly 0 \ W Z
l/ //’_\\ |‘: o
Vs N~V y
// A \\ o
6 \ o 4
1 1/ | o1
. 1/ 850 \‘ g
m 'll \|| <
S WY e a1y q
- ||| —
~
» s N\ | ~ =
w7/ | )
o10 Hlly N
v ] | w
Vi z
@ ! \lll -
|
S M 27
= ° | - P
g.q 8=30 vm 1€"“”§§””’ ,}/, )
1 ! i [ 45_--"_ =%
° ”{:: e 3%
5 hlﬂ -
/”—-—\\ Illl - 2 ! 2 L 1 0'
p N 0 30 60 9
/ A SOURCE LATITUDE @
163 L. 1 " ] 1LJ1. 2 1
0 02 0.4 . 06 0-8 1
X = <fw?

Fig.7.11 - (a) Power loss due to the third harmonic resonance absorption as
a function of X = “g/af for the o-mode and the x-mode waves at the frequency
f = 35 MHz and wave-normal angles® = 5°,15°,30°,45 ,60°,75°,85°,

(b) Power loss due to collision absorption in the forward and back-

ward rays as a function of source latitnde in the solar corona for freouencies
f = 45,35,26.5 MHz,

*¢Te



214,

v is given by (5.7). Then the integrated absorptions along

the forward and the backward rays are specified by

50 DT n (l-nz)p

T=2.316><T3/ (22 2)zdp,
(7.13)
P
ps E -
50 o (1-n2)p n_ (l-nz)p dp
and T = 2.316 » 3/3 -—————-—-——dp+ I —-2-'-2'—3——
T o (2?72 0 (m?o2-b?)?
s

respectively. Here, n, is the electron number density given
by (4.1) and a,b are the constant parameters defined by (7.7).
The variations of the integrated collision absorption

(in decibels) for the forward ray and the backward ray with the
source latitude are shown in Fig. 7.11 (b). The collision
absorption will be comparable with the third harmonic

resonance absorption only for the backward ray. The collision
absorption for the backward combination radiation decreases

as the source is displayed from the centre of the disk.

Whether the third harmonic resomance process or the collisirn
process plays the major role in the absorption of the
. backward combination radiation depends on the temperature of the
coronal plasma and the effective thickness of the third harmonic
resonance absorption layer. The backward combination radiation
would suffer more absorption -than the forward radiation at the

same frequency due to excessive collision absorption.
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However, when the third harmonic resonance absorption predominates,
the observed intensity of the forward radiation would be equal

to or less than that of the backward radiation if the effective
thickness of the third harmonic absorption layer for the

forward ray is greater than that for the backward ray.

G. Interpretation

Having studied the generation and the propagation of
the combination radiationms in the magnetoactive coronal plasma,
we shall interpret the characteristics of the drift pair
burst and the hook burst emission event. First of all, we
assume that the drift pair and the hook burst emissions are
produced by electron streams gyrating along the sunspot
magnetic field configurations. The electrons each having
energy of the order of ten keV are assumed to be accelerated
in the solar corona during the period of the emission of
the drift pair burst., The interaction of the stream
electrons with the background coronal plasma results in the
production of a strong coherent Cerenmkov plasma wave which in
turn interacts with the small-scale thermal fluctuations of
electron density in the solar corona and gives rise to the
combination radiation at the frequency f =~ 2fp. The
combination radiation under suitable condition can escape from
the solar corona and will be observed as a drift pair or a

hook burst.
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(1) Frequency Range

Because of the harmonic resonance absorption, the source
of the drift pair burst must lie on the layer where A > 1
(Chapter VI, Section D). With the model of the active
solar corona given in Fig. 7.3, the maximum frequency of the
comBination radiation observed on the Earth would not exceed
90 MHz. Along the bipolar sunspot magnetic field line, the
largest value of A does not exceed four, hence in general, the
electromagnetic radiation at the frequency f « fp arising
from incoherent scattering of the Cerenkov plasma wave is unable
to leak away from the solar corona due to second harmonic
resonance absorption. Pairs of burats having frequency
ratio 1:2 are hence not observed.

(2) Preferential Source Position

The double bursts with almost the same starting
frequency are attributed to the combination radiations at
similar frequencies emitted in the forward and the backward
directions from a single source at the same instant but
arriving at the Earth at different times., A pair of bursts
can be observed to have similar intensities only when both
the forward and the backward radiations are emitted in the
directions within the cone of emission (section E (3)). That
is the absolute angular separation between the two rays at the
source pesition must be smaller than the apex angle of the

emission cone. Since the main power of the combination
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radiation will be confined within a solid cone with an apex
angle about 60° to 80° (Fig. 7.6), from Fig. 7.8, we find the
preferential source latitude would be § > 60°. 1In fact,
the forward and the backward radiations cf similar intensities
can also be emitted from a central source provided that the
sunspot magnetic field line is almost parallel the surface of
the Sun (see Fig. 7.7). However, in this case, the bursts
are expected to show no frequency-time drift (at the most,
only véry slightly drift) and short duration. Thus the
central area of the disk is not the preferential position
for drift pair emission,

(3) Time Delay

According to Fig. 7.12, in the frequency range 40 MHz
to 25 MHz and for source latitudes{ 2_600, the backward
combination radiation will arrive at the Earth about 1.5 to
2.2 sec later than the corresponding forward combination
radiation. A pair of bursts with frequenciesranging from f1
to fzaVe radiated by a source moving from the position
Pl(pl,¢1) to P2(p2,¢2). If there is no change in the source
latitude along the entire source trajectory (i.e. ¢1 = ¢2),
the time delay between the forward and the backward combination
emissions will increase with decreasing frequency (the dotted
curves in Fig. 7.12). On the other hand, vhen the source
latitude as well as source height change continuously along

the source trajectory, the time delay would be constant or
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even increase with the frequency. The variation of the delay
time with the frequency for various observed drift pairs measured
by Ellis (1969) are re-plotted in Fig. 7.12 (thick solid bars).
The sources were found to be situated at the latitudies
ranging from 552 to 75°. Many burst sources showed no
changes in the source latitude along their trajectories while
a few had non-radial motion.

(4) Rate of Frequency Drift

The drift rate of the bursts arising from combination
scattering of the Cerenkov plasma waves excited by an electron
stream depends on the radial velocity component of the
electron and radial electron density gradient along the solar
corona. For the same electron energy, the drift rate of the
burst emitted by a linear stream travelling radially is
greater than that emitted by a helical stream gyrating along
a curved sunspot magnetic field line., The type III bursts
are attributed to the radiation of Cerenkov plasma waves by
streams of electrons withlenergy from 10 to 100 keV ejected
almost radially from the flare region (Wild et al., 1963;
Stewart, 1965). As we interpret the drift pair as the result
of radiation of Cerenkov plasma waves by a helical stream of
electrons with energy about 10 keV and gyrating along a curved

the
sunspot magnetic field line, the drift rate of drift pair is

that of
lower than the associated type III burst appearing in the same

spectral record, The theoretical dynamic spectrum given in
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Section H shows that electrons having :guiding centre velocity
about 0.lc can generate a drift pair with the frequency
drift rate about 2 }MHz per sec in the frequency raﬁge'40 to
28 MHz. The variation of the frequency drift rate along an
element of a pair arises from the changes of the electron
pitch angle, the radial electron demsity gradient along the
solar corona and also the curvature of the sunspot magnetic
field line. The slight difference in the frequency-time
slopes of the first and the second elements of a pair is
probably due to the variation of the time delay with wave
frequency as discussed in (3).

If all the major combination radiations emitted by an
electron stream,moving from one point on the leading spot
field line ﬁo another point on the following spot field line,can
reach the Earth, the frequency of the burst observed will first
decrease to the minimum value and then increase again with time.
Such a continuous emission appears as a hook shape burst in the
spectral record. Owing to the @ifferent curvatures and diffevent
magnetic field intensity gradients along the leading and the
following spot field lines, the magnitudes as well as the senses
of the frequency-time slopes of the upward and downward traces
differ from each other.

(5) The Difference in The Starting Frequency and The

Finishing Frequency

It is shown in Fig. 7.5 that when the electron guiding
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centre velocity is small, the combination frequency emitted
in the backward hemisphere with respect to the guiding centre
motion is élightly higher than that in the forward hemisphere.
Assuming B“ % 0.1 and BT = 0,22 B“, we find the normalized
combination frequencies emitted in the directions 0 = 125°
and 70° are 3.074 and 3.054 respectively. If the actual
starting frequency of the burst is about 35 MHz, the actual
difference in the forward and the backward emission frequencies
will be ~ 0.24 MHz. This explains the fact that the second
element of a negative drift pair starts and terminates at
sliéhtly higher frequencies than the first element. The
separation between the starting frequencies of the two elements
of a pair Sy several MHz cannot be interpreted as the resglt
of combination radiationsat the frequencies f - fo + §+ and
f o fo + E_ from a single source simultaneously because the
inteﬁsity of the latter is not comparable to the former (Fig. 7.6).
This can be due to the fact that a pair of bursts of similar
intensities emitted from a single source will not be seen until
the electron stream arrives at the suitable position such that
both the observed forward and backward rays are emitted in the
directions within the cone of emission of the combination
radiation (Fig. 7.7). 1In other words, the separation between
two bursts is a time delay and not a frequency separation.

(6) Bandwidth

The bandwidth of the observed combination radiation is
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mainly determined by the frequency bandwidth of the Cerenkov
plasma wave spectrum and the radial extent of the electron
stream. The frequency bandwidth of the coherent Cerenkov
plasma wave spectrun excited by an electron stream is inversely
proportional to the electron pitch angle (Section D and Fig.
7.4 (c)). |Moreover, an electron stream gyrating along a
curved spot field line will have a radial extent smaller than
that of a linear stream moving along the radial line of the Sun.
Consequently, the observed bandwidth of the drift pair is
narrower than that of the type III burst. In fact, the
broadness of the apparent bandwidth of the type III burst is
also due to its high drift-rate.

(7)Y The Mid-point Burst

The mid-point burst appearing in the drift pair burst
and the drift pair followed (or praceded ) by a hook burst are
of the same character (Fig. 7.1(B),(C)) and expected to arise
by the same cause. We note that the three bursts have the

the same

sanme frequency-time slope and bandwidth. They either start
ot finish at almost the same frequency and appear to have been
generated by the identical exciting agents through the sanme
process under the same condition . This would occur when
two identical electron streams pass through the same position
consecutively and generate combination radiationms. However,

in this case, two identical pairs of bursts are expected to
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be observed more frequently. Therefore, the three elements of

a triple burst are likely to be caused by the same electron
stream. Since the time interval between the first and the third
elements of a triple burst is similar to the characteristic time
interval between the two elements of a normal pair (see Fig.

7.1 (C)), the mid-point burst can be attributed to the backward
combination radiation emitted at an incident angle larger than
that for the third element (see Fig. 7.7).

According to the discussion in Section F (b), two back-
ward rays emitted from a source situated at a large latitude
would meet at the Earth, particularly when there is a slight
deviation of the spherical symmetry of the radial electromn
density distribution at one of the reflection layers. Of
course, convergence of two backward rays at the Earth is
possible only for a very particular range of source latitude and
hence the mid-point burst mid-way between the two normal traces
occurs only occasionally., 1In view of the facts that the
preferential drift pair source position and the characteristic
time interval between the two elements of a pailr are also in
favour of large source latitude ((2) and (3) of this section),
we suggest that convergence of two backward rays and a forward
ray at the Earth is a phausible explanation for the appearance
of a triple burst.

(8) The Duration of Drift Pair Burst

The duration of the drift pair is as long as that of the type
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III burst. We assume that a cut-off mechanism such as that
suggested by Kaplan and Tsytovich (1968) exists and causes the
radiating electron stream to retain its identity for a few
or ten seconds.

(9) Polarization

It has been shown in Chapter VI that the polarization
of the combination radiation at f = 2fp emitted from a source
situated at a large latitude 1is insignificant.

(10) Intensity

Let us assume that electrons having B” 2 0.1 in a volume

of 108><1018 cm3 radiate a particular frequency, 30 MHz, say.

If n; is the electron density of the stream, then the maximum

power of the Cerenkov plasma wave emitted by these electroms

5

coherently is about 10 n;G W/sr, where G is the power gain

factor in the stream-plasma system. The theoretical flux

density received on the Earth would then be 1.5X10_25néGn

2

Wm Hz-l, where n is the coefficient of transformation (per

steradian). Assuming the electron density of the ambient

6 -3 5

plasma in the drift pair source is 3x10°cm ~, 0 = 10~

gives né = 3x10 cmf3. Then if the coefficient of transformation

10 (per steradian) the

“34e wo %zl m

due to combination scattering is n = 10”
theoretical flux density would be 4.5%x10
order to attain the maximum observed flux density (about SXIO—ZO

W mfZHz'l), we need a power gain G = 1014 (i.e. 140 dB). From



225,

Fig. 7.4(c), the interaction time needed is less than 1.5*10_5

sec (The characteristic time for non~linear transfer of the
plasma wave across the spectrum is ~ 1.6><10'-s sec).

The first and the second elements of a pair correspond
to combination radiations emitted ;n different wave-normal
directions and their intensities would be different from each
other. Collision absorption for the backward ray and the
third harmonic resonance absorption are the other factors
causing the variation of the intensities of the two elements

(Section F (d)).

H. Theoretical Dynamic Spectra

The drift pairs and hook bursts can be well accounted
for as the consequence of the Cerenkov radiation of plasma
waves by electron streams gyrating aiong the sunspot
magnetic field lines. It is expected that the theoretical
dynamic spectra,which are calculated on the basis of the
present theory,should well agree with those observed. Here
we calculate the theoretical dynamic spectra by assuming that
the magnetic field intensity along the length of the segment
of the stream,which radiates a particular frequency,is constant
so that the characteristics of this bunch of electrons may be
described in terms of a single electron.

Suppose an electron travels from a point So to a point

S1 along the sunspot magnetic field line and causes combination
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radiation at the frequencies from fo to £. The total time

delay between these two frequencies will be
t= t, + Atg . (7.14)

where t, is the electron travelling time from 5, to a point S1
and Atg is the wave group delay time given by (7.10).

Taking into account of conservation of electron's
magnetic moment, the variation of the electron guiding centre

velocity is given by

3
B, = BCL - sin’p_ &y, (7.15)

Hy

where ¢° and fH are the initial pitch angle and gyrofrequency
(o)

of the electron at the initial point So respectively. The

normalized velocity B of the electron is assumed to be constant,

The travelling time for the electron from So to S1 along a

dipole field line is then
5

%
1 ds I rncos2(1+381n22)kd2 . é7’ 65
t = - a= = 2.316 d .1
e ¢ I B“ 2 B[l—g(l+351n2£)%/cos62]
So ()
rZ sin2¢o )
where g = —3 5 1, Wwith r =r cos £ (in units of seolar
r, (1+3sin JLO)’5 o

radius) and T, is defined in (4.4). 2 and 20 are the latitudes

of the points 5, and So with respect to the centre of the
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dipole.
The combination frequencies emitted from these points,
according to the discussion in section E, can be approximated

as

£, = 2.058 (0, ) (1 + 382/60)" (7.17)

2.%

2
£ 2,058 (o)) (1 + 3B,/6)° ,

- L.
6, 2.99p816)2 MHz. The radial

where fp(ps) = 90x(1.550;
distance from the centre of the Sun p and the dipole latitude £
are related through the equation (4.5). If Af = lf - fol is
small, the wave group delay time Atg can be estimated with the
help of the solid curve in Fig. 7.10. Then we can evaluate
the total delay time between f0 and f in the frequency-

tine plane.

The second element of a pair can also be plotted by
assuming that the time delay between the direct and reflected
rays is about 1.7 sec and the combination frequency emitted in
the backward hemisphere with respect to the electron guiding
centre motion is slightly higher than that emitted in the
forward hemisphere, In the case that two reflected rays meet
at the Earth, a mid-point burst separated from the first
element of a normal pair by a time about 0.9 sec also appears
(see section F (c)).

The theoretical dynamic spectra of the drift pair bursts

and hook bursts radiated by streams of electrons with energy
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about ten keV are shown in Fig. 7,13, Table 7.1 and Table
7.2 show the significant numbers used in deriving the
corresponding theoretical dynamic spectra in Fig. 7.13.

Those backward rays reaching the Earth but not carrying
sufficient observable intensity are represented by dotted
traces. The average walue—ofthe drift ratesof these
calculated spectra range; from 3 MHz per sec to 1 MHz per

sec in the frequency range from 50 MHz to 28 Yz, The drift
rate of the burst depends on the initial source position,
initial electron pitch angle and the electron energy. The
good agreement of the theoretical dynamic spectra with those
observed suggests that the electron responsible for the drift
pair emission haéuénergy of the order of ten keV and a pitch

angle mostly greater than 45°.

I. Conclusion

Using the theory of Cerenkov radiation of plasma waves
by electron streams gyrating along sunspot magnetic field
linej,most of the important characteristics of the drift pair
and hook burst emissions can be explained if we assume the
intensity of sunspot magnetic field slowly decreases with
increasing altitude from the photosphere. The magnitude
of the sunspot magnetic field intensity at p=2 is assumed to
be 2 or 3 gauss. Although there are no optical observational

data supporting such assumptions, theories of solar type II and



Table 7.1 (Bipolar Sunspot Field Model)

At M
£ MHz g te AT Mean
Burst g Py B ¢ 10~ 2sec S cec g:i:t
0.2} 1.937 | 0.07375 68.4° | 32.60 0 0 0
1,945 | 0,08497 65.0° | 31.75 | -3.90 0.649 | 0.6100
1.966 | 0,09610 61.3° | 30.81 | -3.50 0.844 | 1,4150
1.977 | 0.10250 59,2° | 39,20 | -2.35 0.507 | 1.9025 | -1.1
1,987 | 0,10800 57.4° } 29.80 | -1.65 0.475 | 2.3610 | MHz -sec
1.996 | 0.11280 55.7° | 29.55 | -2.31 0.450 | 2.7880
® 2,008 | 0.11880 53.6° | 28.75 | -2.20 0.640 | 3.4060
2,015 | 0.12210 52.4° | 28.40 | -1.59 0.387 | 3.7770
1.991 | 0.11670 54,39 | 29,44 4.60 0.485 | 4.2080
1.967 0.11070 56.4° | 30.60 4,70 0.438 | 4.6930
1,943 | 0.10390 58.82 31.80 4,45 0.56% | 5.3050 | 2,18  _
1.920 | 0.09600 61.4° | 33.00 6.80 0.551 | 5.8930 | MHz -sec
1,896 | 0.08685 64.2° | 34.40 4.00 0.600 | 6.5330
0.2 ] 1.916 | 0.5200 75.00 | 3&.40 0 0 0
1.924 | 0.06040 72.5° | 33.80 | -4.84 0.462 | 0.4130
1.937 | 0.07375 63.6° | 32.60 | -4.02 0.766 | 1.1380
1.945 | 0.08410 65.0° | 31.75 | -2.98 0.649 | 1.7580
1.966 | 0.09610 61.3° | 30.81 | -3.48 0.844 | 2.5670 | -1,22 _
® 1,977 | 0.10250 59.2° | 30.21 | -2.37 0.507 | 3.0500 | MHz -sec
1.987 | 0.10800 57.4° | 29.80 | ~1.62 0.475 | 3.5100
1.996 | 0.11280 seuog 29.25 | -2.30 0.450 | 3.9360
2.008 | 0.11880 53.40 | 28.75 | -2.18 0.640 | 4.5540
2.015 | 0.12210 52.4° | 28.40 | -1.58 0.407 | 4.9200

*142



Table 7.2 (Unipolar Sunspot Field Model)

£ Atg t, AT Mean
Burst B Pq B” ] MHz P sec sec Drift
x10 “sec Rate
0.18} 1.590 | 0,0405 | 77.0° | 58,00 0 0 0
1.651 | 0.0750 | 65.0° | 51,48 -9,10 2.097 2.006
1,699 | 0.0976 | 58.0° [ 46.62 ~7.10 1.330 3,265
1.749 | 0.1130 | 51.0° | 42.54 -8.36 1.117 4,300
) 1.800 | 0.1240 | 46.5° | 38.92 -8.50 1.012 5,230 3.58
1.852 | 0.1330 | 42,5° | 35.68 ~9.00 0.966 6.100 _Muzusec'l
i.906 | 0.1400 | 38.6° | 32.68 ~9.30 0.913 6.920
1.961 | 0.1460 | 36.0° | 29.98 ~9.25 0.902 7.730
2.017 | 0.1510 | 33.4° | 27,53 -1.10 0.890 8.520
'0.18] 1.800 | 0.0405 | 77.0° | 40.00 0 0 0
1.852 | 0.0721 | 66.4° | 36.20 10.60 2.368 2.262
3) 1.906 | 0.0936 | 58.6° | 32.89 10.90 1.517 3.670 2.14
1.961 | 0.1086 | 53.0° | 30,08 11,10 1.268 4.827 °| MHz-sec '
2.017 | 0.1199 | 48.5° | 27.58 15.60 1.152 5.823

AT
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type III bursts proposed by various authors do suggest the
existence of magnetic field of the intensity about a few gauss
at the altitude p=2 (Morimoto, 1963; Newkirk, 1967) (see

Fig. 7.3 and Fig. 4.2).

The very sharp turning point of a hook burst reveals
that the sunspot magnetic field lines, emerging from the
leading spot and the following spot radially are joined
acutely at the altitude about one solar radius above the
photosphere. This agrees with the optical observational
fact that the sunspot field lines coming from the umbral area
incline to the radial line at small angles and the pair of
spots are separated by a small distance on the photosphere
(cf. Section B of Chapter 1IV).

The most significant characteristic of the drift pair
is the constancy of the delay time between the two elements of
a pair over a long period of time. The average delay times
observed by Roberts (1958) and by Ellis (1969) are almost
identical (~ 1.7 sec) although the recent observation was
carried out about ten years after the first observation.

Any mechanism responsible for the drift pair emission has to
generate electromagnetic radiations at similar frequencies in
the forward and backward directions; the backward emission
would arrive at the Earth after reflection at the layer lower
than the source level. Then, the high degrece of similarity

of the spectral appearance of the two elements of a pair and
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the constancy of the delay time suggest that during the
period of the drift pair emission, the elactrons were distri-~
buted along the solar corona in the most regular form.
Hence we infer that during the period of drift pair: emission,
a coronal streamer with electron density a few times higher
than that of the background corona does not exist above the
sunspot group or does not extend to the height about 0.5
solar radius above the photosphere. In fact, the character-
istic delay time and the other spectral features of the drift
pair can only be explained satisfactorily by the theory of
Cerenkov excitation of plasma waves by electron streams if we
assume a regular corona. In view of the facts that the
drift pair bursts are associated with flares of lesser
importance and occur solely during fairly quiet period of
solar activity, a regular solar corona with spherically
symmetrical distribution of electron density is not improbable.
The type 111 bursts whose rates of drift are higher than
those of drift pairs are also considered to be the result of
excitation of coherent Cerenkov plasma waves by electron
streams. The smallness of the drift rate of fhe drift pair
can be due to electron streams with either large pitch angles
or small energy. In Fig. 7.14, the frequency drift rate of
the combination radiation emitted by a linear electron stream
moving radially along the regular solar corona is plotted

against the wave frequency for various electron velocities.
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It is clear that for drift rates as low as 192 MHz per sec at
the frequency 35 MHz, the velocity of a radially moving stream
must be less than 0.lc, that is less than the velocity limit
for electrons travelling through the solar corona (0.2c¢)
(De Jager, 1960). Moreover, from the discussion given in
section G (6), the narrow bandwidth of the drift pair compared
with that of the type III burst,suggests thagmgiectron stream
responsible for the emission of drift pair follows a helical
trajectory along the sunspot field line rather than a radial
trajectory. The theoretical dynamic spectrum ofﬂg;ift pair
with negative drift rate about 1.4 MHz per sec radiated by a
helical stream of electrons of energy about ten keV requires
that the initial electron pitch angle is at least greater than
45°,

It is believed that energetic electrons with energy
up to 100 keV in the solar coroma can be produced in the
flare region by a mechanism such as that proposed by Sweet (1958)
and Gold and Hoyle (1959), and ejected upward along lines of
force on the neutral planes between two magnetic fields of
opposite polarity. The excitation of plasma waves by these
electrons results in the type III burst emission. Al-
ternatively, through the Fermi-like process (Wentzel, 1963;
Schatzman, 1963), electrons can also be accelerated to higher

energy by the magnetchydrodynamic shock wave front ahead of
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the plasma cloud which is ejected upward from the flare
region*. Those electrons with large pitch angles found
in the outer layers of the solar corona are likely to be
produced by the latter mechanism. The process of acceleration
of electrons in a shock front proposed by Schatzman (1963) is
derived from both the Fermi and the betatron mechanisms and
is able to accelerate a small proportion of electrons to
high velocity. A particle crossing the magnetohydrodynamic
shock front perpendicularly will be accelerated. However,
the acceleration can take place only when the electron
density is smaller thanacertaiu limit which depends on the
temperature, the magnetic field and the shock strength.
Moreover, a shock front is not formed in front of the gas cloud
when the motion of the gas is mostly along the lines of force
of the magnetic field. Thus the preferential region for
acceleration i1s where the magnetic field lines of force are
perpendicular to or incline at very large angles to the
direction of the gas motion. Then, the accelerated electrons
will be ejected from the shock front and trapped in the near-
by strongest sunspot magnetic field line with large initial
pitch angles.

If the acceleration takes place in the region where the

value of A is larger than unity, the accelerated electrons

* The possibility that the shock wave front originating from the

Sun would cause geomagnetic disturbance depends on the geometry.
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forming a stream with small momentum spread would produce
combination radiations at the frequency about double the
plasma frequency in the forward and the backward directions
with respect to the electron guiding centre motion., These
combination radiations will finally be observed as a drift
pair or a hook burst on the Earth (Fig. 7.15). However,
because of the small electron energy and large pitch angle,
the peak power of the cyclotron radiation in the x-mode and
the o-mode emitted by the same electron stream will be small,
and in any case it will be unable to escape from the solar
corona owing to the second harmonic resonance absorption
(cf. Chapter VIII). The spectral characteristics of the
drift pair burst and hook burst have already been explained

in the prewious section.
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CHAPTER VIIL

A THEORY OF SOLAR TYPE IV EMISSION AT

CENTIMETRE AND DECIMEIRE WAVELENGTHS

A. Introduction

Immediately after the occurrence of large flares,
long periods of enhanced continuum radiation superimposed
with fast-drift bursts may be observed. Such emission occurs
in a frequency range from a few hundred to several thousand
megahertz and lasts for a period of a few tens of minutes or
hours. Usually, it is associated with the type IV bursts at
metre wavelengths (designated as type IVm), which possess
similar spectral characteristics. Therefore this enhanced
continuum emission superimposed with variabilities at centi-
metre and decimetre wavelengths is regarded as the first
phase of the whole type IV emission and is designated as
type IVA by Kundu (1965), or type IV ﬁ(microwave type IV) by
Wild et al. (1963), or type IV group A and group A-B by
Takakura and Kai (1961), while type IVm bursts are regarded
as the second and the third phase emissions. Here, Kundu's
nomenclature is used (see Fig. 1.1). Dynamic spectrum and
single frequency observations in various frequency ranges have
been reported by Haddock (1959), Takakura (1960a, 1963),
Kundu (1961). Pick (1961), Young et al. (1961) and

Thompson and Maxwell (1962). From all the observational
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records, the spectral features and the source characteristics
of type IVA emission can be summarized as follows.
(i) Frequency Range
Type IVA continuum occurs from frequencies higher
than 10,000 Milz and extends down to 200 MHz. The frequencies
of the fast-drift elements that are superimposed on the
background continuum mostly lie within the range 300-1,000
MHz (decimetre wavelength region) (Kundu, 1965) (Fig. 8.1).
(ii) Intensity
The intensity varies from a barely detectable value of

2 18 2Hz—1

about 5x10722 W n 2mz"! o greater than 107~ Wm
(Fig. 8.2(A)). For great bursts (associated with type IVm
bursts), the decimetre wavelength burst intensity is usually
less than that of the centimetre or metre wavelength bursts.
The intensity of the fast-drift burst is high and can reach
10"18 W m-ZHz-l. There is some tendency for the intensity
to decrease with the frequency (Kundu, 1965)Fig. 8.2(A)).

(iii) Bandwidth

The continuum in centimetre and decimetre wavelength
regions extends over hundreds of megahertz. Dynamic spectra
(Kundu et al.,, 1961, Thompson and Maxwell, 1962) indicate
that type IVA emission consists of groups of very broad band !
bursts, which occur in rapid sequence and which may be

superimposed upon each other or may merge together to form a

continuunm. The bandwidth of decimetre wavelength emission is
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narrower than that of centimetre wavelength emission. The
drifting elements in the decimetre wavelength region have
bandwidths as narrow as 10 MHz.
(iv) Variabilitdies

The dynamic spectra of the long duration centimetre
wavelength bursts show a broad band smooth continuum and lack
complexity, while in the decimetre wavelength region the smooth
continuum has very short duration drift bursts superimposed
on it,

(v) Frequency Drift
Only a few decimetre wavelength continuum bursts show

a steady and slow drift from high frequencies towards lower
frequencies. The drift rate is roughly estimated to be
200 MHz/hr. (Takakura, 1963). The drift bursts on the
other hand may have a frequency drift greater than 2,000 MHz/sec.
Both senses of drift are observed (Young et al., 1961; Kundu
and Spencer, 1963) (Fig. 8.2(B)).

(vi) Duration

Thompson and Maxwell (1962) reported that typical
durations of the event are 5 - 40 min in the centimetre wave-
length region and 5 - 120 min in the decimetre wavelength
region. Individual fast-drift bursts have durations of the
order of half a second.

(vii) Polarization

The centimetre and decimetre wavelength continuum
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bursts are partially circularly polarized and the sense of
polarization may change between 2,000 and 4,000 MHz. 1f
the leading sunspot is taken to have north polarity, then at
high frequencies the polarization is in the extraordinary mode
but changes to the ordinary mode at decimetre wavelengths.
The degree of polarization increases towards lower frequencies
(Takakura, 1963; Kundu, 1965) (Fig. 8.2(A), (C)).

(viii) Position and Movement of the Sources

At all frequencies ranging from 9,400 to 340 MHz the
source is situated less than 40,000 km above the photosphere.
Significant movement of the type IVA source has not been
observed (Kundu, 1959; Kundu and Firor, 1961) (Fig. 8.2(C)).

(ix) Association with Flares

The type IVA burst emissions are strongly associated
with solar flares. The percentage of solar flares that are
associated with type IV bursts at centimetre wavelengths
increases with flare importance (reaching nearly 100% for
flares of importance 3). The association of flares with
decimetre wavelength bursts is not so strong (for flares of
importance 2 and 3 the association is about 25% and 85% at
545 MHz, as compared with about 40% and 100% at 3,000 MHz).
A flare has a greater probability of being associated with a
type IV burst if the flare area covers the umbra of the active
region where the flare originates (Fig. 8.2 (E)). The time

of start of type IVA bursts appears to coincide with the
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explosive phase rather than with the commencement of the
asgociated flares. In nearly all observable cases there are
groups of type ILL bursts almost in coincidence with the
explosive phase of the flare (Fig. 8.2(D)). Sometimes, for a
flare of great importance, the type III bursts are followed by
type II and type IVm bursts. The flares associated with type
IV without type II bursts are of less importance than those
associated with type IV-type II bursts (Kundu, 1965).
When the associated flares are of great importance (2,2+,
and 3), the decimetre wavelength and centimetre wavelength
continua start more or less simultaneously and often reach
peak intensities at about equal times. Further, their source
characteristics are very similar. Both the centimetre
and decimetre wavelength bursts reach their maximum intensities
before the flare maximum.

(x) Association with Metre Wavelength Bursts

Type IVA bursts can occur with or without type II
bursts at metre wavelengths. In the frequency iange
250-580 MHz, type 1V emission (decimetre wavelength) in most
cases occurs a few minutes earlier than the associated type
IT bursts, but at frequencies less than 250 MHz, type IV
emission (metre wavelength) follows the occurrence of type II
(Fig. 8.2(F)). The centimetre wavelength bursts associated
with type IV-type II events have stronger intensity and the
importance of the associated flares is also greater (Kundu,

1965, p.406). The short duration decimetre wavelength
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continuum bursts, sometimes with fine structure bursts
superimposed on it, are in most cases associated with a group
of type IIT bursts.

(xi) Directivity and Angular Size

Type IVA bursts at centimetre wavelengths do not
exhibit any directivity, but at decimetre wavelengths they
show slight directivity towards the centre of the Sun
(Takakura, 1963) (Fig. 8.2(H)). The diameter of the source
is 2-4 min of arc (Wild et al., 1963), which is less than
that of a type I noise storm (Fig. 8.2({)).

Type IV emission at metre wavelengths was first
discovered by Boischot (1957) and was interpreted as a con-
sequence of incoherent synchrotron radiation from electrons
of energy of a few million electron-volts gyrating in the
sunspot magnetic field (Boischot and Denisse, 1957).
Takakura (1960b, 1560c) and Takakura and Kai (1961) used
the synchrotron radiation theory to explain the whole type IV
event in different phases and at different wavelengths. In
order to explain the reverse of sense of polarization,
without taking account of differential harmonic resonance
absorption, Takakura (1962) suggested that the centimetre
wavelength type IV was associated with synchrotron radiation
from electrons with energy of the order of a few hundred keV
accumulated above the leading spot while the decimetre wave-

length type IV source was above the following spot. The
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type IVA bursts at centimetre and decimetre wavelengths are
considered to have separate sources. Kundu (1965, p.441)
pointed out that the narrow bandwidth of decimetre wavelength
bursts cannot be explained as synchrotron radiation; radiation
from plasma waves may be a possibie mechanism. The drift
bursts that are superimposed on the smooth continuum are
considered as plasma radiation induced by passage of dis-
turbances  travelling outward through the solar corona with
speed ~ %c (Young et al., 1961).

It was suggested by Kai (1964) that the type IVA
continuum bursts in both centimetre and decimetre wavelength
regions may be the consequence of gyro-synchrotron radiation
by energetic electrons moving along a quasi-circular orbit in
the sunspot magnetic field configurations. The energy of
radiating electrons responsible for the centimetre and decimetre
wavelength components are of the order of 100 keV and of 10 keV
respectively. Hence, using the general expressions of
emissivity and absorption coefficient for gyro-synchrotron
radiation in the tenuous plasma (fp << f) obtained by
Kawabata (1964), Kai showed that the polarization character
and high intensity of the type IVA continuum burst emission
may be accounted for by the theory of gyro-synchrotron
emission if the self-absorption as well as cyclotron resonance
absorpticn due to the thermal plasma electrons are taken into

account. It was believed that the high intensity decimetre
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wavelength component was associated with the low- harmonic
cyclotron resonance absorption. Kawabata's general ex-
pressions of the emissivity and the absorption coefficient
were derived on the assumption that the refractive index for
the gyro-synchrotron radiation is unity. This assumption
is valid only if we assume that in the type IVA source region,
the local gyrofrequency is much greater than the local
plasma frequency (i.e. A <<1) such that the frequency of the
low harmonic gyro-synchrotron radiation by weakly or mildly
relativistic electrons satisfies the inequality £ >> fp.
Alternatively, one may assume that the energy of the
radiating electrons is highly relativistic such that the
maximum gyro-synchrotron radiation occurs at very high
harmonics.

However, interpretation of the type IVA emission
based on either assumption will meet severe difficulties.
Since under these assumptions, the plasma becomes so tenuous
to the gyro-synchrotron radiation that the lower harmonic
cyclotron resonance absorptions are ineffective for electro-
magnetic waves in both x~- and o-modes (see Fig. 6.6, Chapter
VI), the polarization of the type IVA continuum burst emission
at both decimetre and centimetre wavelengths is expected to
be extraordinary mode. We shall see later in this chapter
that the refractive index associated with the maximum

cyclotron radiation emltted by electrons with energy in the
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range from a few ten to hundred keV departs from unity
significantly. Moreover, in general, it is more realistic
to assume a helical trajectory for the radiating electron.
rather than a quasi-circular oybit. The Cerenkov plasma
radiation can be the origin of the drifting elements
superimposed on the continuum burst but obviously cannot be
considered to be responsible for the wide bandwidth continuum
since electromagnetic radiations at different frequencies in
a very wide frequency range cannot be emitted simultaneously
from a narrow emission layer in the solar corona by means of
Cerenkov plasma radiation process (cf. Chapter VI and Chapter
VII). Therefore, it is the purpose of this chapter, by
adopting the generally accepted model for the evolution of
the flare phenomena (Kundu, 1965, p. 594), to examine the
possibility that the cyclotron radiation from a helical
electron stream moving in the lower solar corona is the

origin of the type IVA burst emission.

B. Model of The Type IVA Emigsion_ Source Region

The observed type IVA emission sources rarely
extends beyond the altitude about 0.06 solar radius above the
photosphere. Optical observational data indicate that
in the transition region between the chromosphere and the
base of the solar corona, the electron density and the electron

density gradient are greater than those predicted by the
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coronal streamer model (several to ten times the Baumbach-Allen
formula). Ivanov-Kholodnyi and Nikol'skii (1962), from a
detailed analysis of observational data, obtained the dis-
tribution of electron density with height in the active and
undisturbed regions of the solar atmosphere (see Section A,
Chapter IV). TUsing their observation results, the plasma
frequency along the active corona from p = 1.005 to 1.043
is plotted in Fig. 8.3. The curve is smoothly continued by
employing the 5xBaumbach-Allen formula.

Since only a small number of the sunspot magnetic
field lines normal to the photosphere in the umbral area of
a sunspot can stretch to the outer layers of the solar corona
forming a narrow magnetic flux tube, many sunspot field lines
inclining to the radial line of the Sun at an angle at the
photosphere will not extend to great height but curve quickly
down to the photosphere forming small loops of bipolar sunspot
magnetic field lines in the most inner layers of the solar
atmosphere, Taking the maximum field intensity of the
leading spot to be I-lS = 3,000 gauss, we set up the model for
the sunspot magnetic field intensity as shown in Fig. 8.3.
If the type IVA emission whose frequencies range from 500 to
10,000 MHz is the result of cyclotron radiation from electron
streams\gyrating along sunspot magnetic field lines, the
region of emission will be less than 40,000 km above the

photosphere., Within the type IVA emission source region, the
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quantity A varies from a very small value to about several.

C. Radiation From Electron Streams In Sunspot

Magnetic Field

During the occurrence of a very large flare, electrons
with energy 10-100 keV (occasionally more) in the form of
electron streams are expelled from the flare region (De Jager,
1960) . Most of these electron streams will be trapped in the
neighbouring strong sunspot magnetic field and will interact
with the ambient plasma. Harmonic cyclotron radiations in
the ordinary and extraordinary modes from stream electrons
will grow as they propagate through the stream-plasma system.
Using the model indicated in Section B for the type IVA
emission source medium, we shall study the characteristics of
forward normal cyclotron radiation from streams of electrons
with energy in the range from a few ten to two hundred keV for
different electron pitch angles §. 1In considering generation
of coherent cyclotron radiation in the x-mode and the o-mode
by electron streams, we can sssume the coronal plasma is cold
and collisionless.

(a) Radiation Frequency

A single electron spiralling along a magnetic field
line of force radiates electromagnetic waves at different

frequencies and in different modes in different directions.
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The relation between the normalized radiation frequency &

and the wave-normal angle 8 is given by the emission equation:
£ =sy/(1 -~ njB"cosG), (8.1)

where nj is the refractive index for the ordinary wave (j=2)
or the extraordinary wave (j=1) in the ambient plasma, For

a cold and collisionless magnetoactive plasma

28(E2-4)

; . (8.2
262 (£2-0)~E%sin?0 F VE sine+4g? (2-2)2cos0 @
In order to find the normalized radiation frequency in a
particular direction with respect to the magnetic field,
equations(8.1) and (8.2) must be solved simultaneously by the
algebraic or graphical method (Ellis, 1964). The curves
of refractive index nj against normalized frequency & for
various values of 6 and s > 0 (normal cyclotron radiation)
from (8.1) and (8.2) are plotted in Fig. 8.4. Fig. 8.5 shows
the simultaneous solutions for & and & of (8.1) and (8.2).
From Fig. 8.5, we find that there are two types of
simultaneous solutions for £ and 6O:
(1) the double-frequency solution, i.e. to each
wave-normal angle there corresponds two
normalized frequencies;

(2) the single-frequency solution, i.e. only one
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normalized frequency corresponds to one wave-
normal angle.

The double-frequency solution is possible when

1
A® (o-mode),

sy < E_
(8.3)

%[1+(1+4A)%] (x-mode) .

or sy < EX

Whenever conditions (8.3) are satisfied, the radiation is
emitted within a cone withagpex angle 26c and the magnetic
field line as axis. The angle GC is the angle beyond

which there is no radiation at all and is termed the cut-off
angle. For conditions other than (8.3) we have a single-
frequency solution only. We note that in certain cases,

e.g. for a very large electron pitch angle or Eo(or Ex) >> gy,
there is no simultaneous solution of any type for & and 6.

For both o-mode and x-mode, the range of the radiation
frequency 1s wider for smaller electron pitch angles.

(b) Power Spectra radiated by a Single Electron

Corresponding to the values of normalized frequency &
and wave-normal angle O obtained by solving equations (8.1)
and (8.2) simultaneously, the radiation power by a single
electron within unit solid angle can be computed by using the

equation (Liemohn, 1965):



P(0) = ew?n K2 [-8' (a)+(a_sB, Jato B,)T_(a) 12 (1+ EL-Efi-)/
(®) =ew nyky tmRlgla)rla sk, Jate, byl la ny ow
oan
2me |1 - Byn,cos8 (L + %’— %i y (8.4)
: 3

= ot v = ! - iad
where ay = aecose + aksine, o, akcose a651n6 s
— 12"'}:’2
KJ.—(1+0L6) .

-1

0y = ~cos®/[E+A(a; = 7], of = ~Esind (ni-1)/ A5,

JS and J; are the Bessel function and its derivative with
respect to the argument a = SLEsinenjly, and nj is the
refractive index given by (8.2). Here the wave is assumed

to be in the form exp(-ik.r+iwt) with wave vector k lying on
the y-z plane in a Cartesian coordinate system. For electron
energy E = 50, 100, 200 keV, A = 0.04, 1, s=1,2,3 and electron

°, 45°, 30°, the power spectra radiated by

pitch angle @ = 60
a single electron in the o-mode and the x-mode are presented
in Fig. 8.6. From these spectra, the following points are
noted:

(1) For the double-frequency solution, the radiation
power peaks sharply at wave-normal angles near Bc.

(2) For the single-frequency solution and s = 2,3,

the o-mode power reaches a maximum at wave-normal angles

ranging from 50° to 70°, while for the x-mode the emission
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cone is very broad.

(3) For the single-frequency solution, radiation
power for both the o-mode and the x-mode is inversely proportional
to the harmonic number.

(4) TFor the same set of values of 4, s, ¢ and E,
the peak power in the x-mode radiated by a single electron
is about one order of magnitude higher than that in the o-mode.
However, this difference tends to decrease as the electron
energy increases (Fig. 8.6(d)).

{5) When the electron energy increases, radiation
power in both modes tends to maximize in the direction of the
electron velocity vector (Fig. 8.6(d) and (e)).

{c) Excitation of Cyclotron Radiation in the Stream-

plasma System

It is known that electromagnetic waves emitted from
gyrating electrons can be amplified in a stream-plasma system
if the distribution of the stream electrons has a narrow
momentum spread. Using the classical kinetic approach, the
radiative instability problem of a helical stream~plasma
system for the most general cases has been studied in Chapter
III. Assuming no dispersion of electron momentum components,
it is found that the rate of growth of the electromagnetic wave

in a helical stream-plasma system ]Im6| is given by

= 1 1
l Im-uT- =—;—3—€,1M3—N§,, (8.5)
H P P
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where Mp and Np are defined in (3.9) (Chapter III).

Taking 0 = 10-6 and various values of the other
parameters, the rates of growth of cyclotron radiation power
in the o-modz and the x-mode are illustrated in Fig. 8.7,

Fig. 8.8 and Fig. 8.9. The normalized frequency & and the
wave-normal angle 8 of the cyclotron radiation satisfy the
emission equation (8.1). These graphs indicate:

{1) With the same values of fH’ s and ¢, radiation
power in the x-mode grows with time at a rate similar to that
for the o-mode radiation power when A is small, but as A
increases the growth rate for the o~mode power exceeds that
for the x-mode power (Fig. 8.7 and Fig. 8.9).

(2) For the single~frequency solution and for both
modes, the growth rate maximizes at the wave-normsl angle 6
in the range from 50° to 70° when the electron pitch angle
] f_30° and s > 1, However, the rates of growth for the
second and the third harmonic radiatioms im both modes tend
to maximize in the direction transverse to the static magnetic
field line as § increases (Fig. 8.7(a)~(£)).

(3) 1In the case of a single-frequency solution for
the x-mode and the o-mode, the growth rate for the third
harmonic radiation does not exceed that for the second harmonic
radiation if # < 30° and E < 100 keV. But the third harmonic
radiation would grow more rapidly than the corresponding second

harmonic radiation when the stream electrons have either pitch
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angle @ > 30° or electron energy E > 10C keV (Fig. 8.7

(a) - (¢); Fig. 8.8 (a) - (b)). For higher electron energy,
the maximum coherent cyclotron radiation occurs at higher
harmonics of the Doppler-shifted gyrofrequency (Fig. 8.8 and
Fig. 8.9).

(4) For a given harmonic number, the cyclotron
radiation in the subluminous mode (i.e. x-mode and o-mode)
emitted in the forward direction with respect to the electron
guiding centre motion will grow more rapidly than that emitted
in the backward direction (Fig. 8.7 (f) and ig)).

(5) As the electron energy tends to be highly
relativistic, the coherent cyclotron radiation tends to
maxiﬁize in the direction of the instantaneous electron
velocity vector (Fig. 8.8).

(6) In Fig. 8.10, the rates of growth for the cyclotron
radiation in the x-mode and the o-mode in the stream-plasma
system are shown as functionsof normalized emission
frequency for A = 0.04, 1.5, 0=10"°, E=50,100,200 keV,
s=2,3, 0 = 30°,45°,60° and for wave-normal angle 6 5_900.

The corresponding rate of growth for the Cerenkov radiation in
the plasma mode is also illustrated as a function of normalized
combination frequency & = chh’ gch being the normalized
Cerenkov plasma wave frequency (dash-dotted lines). Firstly

we observe that the frequency bandwidth of the coherent cyclotron

radiation in the forward subluminous mode increases with
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decreasing electron pitch angle. Secondly, the maximum
coherent cyclotron radiation would be emitted at the frequency
lower than the third harmonic of the gyrofrequency only when
the electron energy is less than 100 keV and when‘electron
pitch angle is greater than 60°.

(7) Finally, comparing Fig. 8.7 with Fig. 8.6, we
find that in general the cyclotron radiation grows most
rapidly in the direction close tc the direction in which the
maximum single electron cyclotron radiation power is emitted,
Therefore, when the electron energy is less than 100 keV,
the main coherent cyclotron radiation power in both modes is
emitted at the second harmonic Doppler-shifted gyrofrequency
and within a cone whose axis is along the wave-normal
direction 6 = 65°. The ratio of the x-mode power to the
o-mode power (denoted by r) does not exceed ten., According
to the discussion given in (1), the ratio r will decrease with
increasing value of A. Hence, we conclude that the x-mode

radiation power will predominate when either A is small or

the electron energy is large.

D. Resonance Absorption at The First Three Harmonic Layers

Since the radiating electron stream is assumed to
move along the strongest sunspot magnetic field line, the
cyclotron radiation at the s—-th harmonic of the Doppler-

shifted gyrofrequency will encounter the harmonic resonance
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absorption layers f = (s+n)fH(n =1,2.3,..) on leaving the
radiation source. The efficiency of the s-th harmonic

resonance absorption is specified by the coefficient

[¥a
It

(q/k)snjw/c (per unit phase path length), (8.6)

where for s = 1,2,3,(q/k)S is given by (6.57 and (6.6).
The dependence of the resonance absorption coefficient (q/f)
on wave-normal angle 6 for electromagnetic waves in both
modeé is shown in Fig. 8.11 for BT = 10-2, s =1,2,3 and
for various values of X. For all values of X, the
resonance absorption is comparatively small when the wave-
normal angle 0 is less than 30°., For the same harmonic
number s but higher wave frequency, resonance absorption will
take place at a layer with stronger magnetic field and hence
stronger is the resonance absorption. However, in this
case, X becomes much smaller for the cyclotron radiation at
higher frequencies if the electrom density gradient is much
less than the magnetic field intensity gradient. As a
result, the resonance absorption for the same harmonic number
s decreases with increasing frequency.

The power loss on passing through the resonance
absorption layer given by (6.8) can be obtained by multiplying
the value of (q/f) given in Fig. 8.11 by the effective thickness

of the layer and the wave frequency. For the lower active
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solar corona BT ~ 10“-2 and LH = 109 cm, the effective thickness
of the resonance absorption layer L = 6><106 cm if 6 = 65°

and nj ~ 1, Since the electron density gradient in the solar
corona is much smaller thap the magnetic field intensity
gracient, the plasma frequencies in the first three resonance
absorption layers for wave frequencies 6,000 - 1,000 MHz are
similar. Thus, for simplicity, we take fp ~ 400 MHz (see
Fig. 8.3) and compute the power loss 1j (in decibels) for the
extraordinary and ordinary waves at frequencies 6,000,5,000,
3,500, 3,000, 2,000 and 1,000 MHz on passing through the

first three harmonic resonance absorption layers (Table 8.1).
It Ijo and Ij are the powers of the jth normal wave before

and after passing through the s-=th harmonic resonance

absorption layer respectively, the fraction of power emerging

from this layer is

Ry = L/I,, = 10'13/10 . (8.7)

J

The wvalues of Rj are shown in Table 8.1. For all cases, 12 is
less than ll_and hence R2 is greater than Rl' We note that for
frequencies 6000 - 1000 MHz in the lower solar corona the

first two hLarmonic resonance absorption layers are opaque to
both extraordinary and ordinary waves. Although the third
harmonic resonance absorption for the extraordinary wave is

larger than that for the ordinary wave, for a sufficiently
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small value of X (i.e. for a sufficiently high frequency or a
very low electron density) there is an appreciable fraction of
extraordinary radiation power emerging from the layer f 3fH
which i1s transparent to the ordimary wave. As the X value
increases gradually, the radiation power in the x-mode is cut
off and only the o-mode wave will carry significant power omn

leaving the layer f . 3fH°

E. Escape of Cyclotron Radiation from The Lower Solar Corona

After studying the characteristics of forward normal
cyclotron radiation in both modes from electron streams and
the propagation of electromagnetic waves in the solar corona,
we can predict the mode and the degree of polarization of the
emission observed on the Earth.

Assuming a spherically symmetrical electron density
distribution for the solar atmosphere (Fig. 8.3) and neglecting
the effect of the sunspot magnetic field, we find that the
true escape level for both modes at a particular frequency is
higher than the plasma level X = 1 at the limb (Jaeger and
Westfold, 1950), and so radiation emitted from a limb sourte
may not be able to escape from the solar coroma. This is
demonstrated in Fig. 8.12 for waves at the frequencies 400
and 800 MHz, It can be seen that sources of lower frequency
emissions will mostly concentrate in the central area of the

solar disk.
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Owing to the strong Yesonance absorption at the layer
f ZEH, we can assume that the type IVA emissions are emitted
from a layer above the second harmonic resonance absorption
level. Taking into account the characteristics of the coherent
cyclotron radiation mentioned in Section C and the effect of
differential resonance absorptions for the x-mode and the o-mode
waves in the solar corona, it can be found that the x-mode
waves emitted by electron streams would be of observable
intensity after escape from the solar corona in the following
circumstances.,

(a) The x-mode radio emission observed on the Earth
is the second harmonic cyclotron radiation emitted by a stream
of electrons of energy less than 100 keV and with small pitch
angle (less than 300, 5ay) . The source must be situated at
a layer where A is very small such that f >> fP at the third
harmonic rescnance absorption layer.

(b) The observed x-mode radiation corresponds to
the third (or fourth) harmonic normal cyclotron radiation in
the x-mode from a stream of electrons having energy higher
than 100 keV and with electron pitch angle either smaller
or greater than 30°. Again, the value A at the source region
should be small. For if A is not very small in the source
region,then the maximum third harmonic cyclotron radiation in
the x-mode is emitted at frequencies less than BfH by electron

streams with large pitch angle and the third harmonic resonance
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absorption layer will prevent the x-mode radiation from escaping.
Moreover, the rate of growth for the normal cyclotron radiation
in the o-mode exceeds that for the x-mode when A is greater

than unity (Fig. 8.7(e) and (g); Fig. 8.9).

(¢) The observed x-mode radiation may also be
attributed to the fourth harmonic normal cyclotron radiation
by streams of electrons with energy less than 100 keV but
with pitch angle as large as 600, since in this case the rate
of growth for the fourth harmonic is comparable to that for
the second harmonic (see Fig. 8.8 (b)), and the fourth
harmonic resonance absorptiecn is insignificant.

Thus, observability of the normal cyclotron radiation
in the x-mode generated by the electron stream moving in the
solar corona depends on the characteristics of the magneto-~
active coronal plasma and the nature of the electron stream.

The source position and the source size of the
observed type IVA emission reveal that the emission source
covers only very small radial distance and can emit a very
wide range of frequencies within a narrow wave-normal angle
interval AB. Referring to Fig. 8.5 and Fig. 8.10, this
suggests that the pitch angle of the stream electrons responsible
for the type IVA emission is small (less than 300, say).

It is hence inadequate to interpret that the observed x-mode
radiation at centimetre wavelengthSsis emitted from a source

under the condition (c).
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With small electron pitch angle but with energy
greater than 100 keV, the third and the fourth harmonic
cyclotron radiations in the x-mode are of greatest intensity
and will travel away from the solar corona without being
absorbed significantly. From Fig. 8.3 and Fig. 8.5,we-see that if
the source 1s situated within the flare region, the actual fre-
quencies of the third or fourth harmonic normal cyclotron
radiation in the x-mode range from 15,000 MHz to 7,000 MHz.

It is clear that these radiations will form the part of type
IVA continuum emission at centimetre wavelengths. For s=3
(or 4), the normal cyclotron radiation power in the x-mode
emitted by a single electron is about one order of magnitude
higher than the corresponding radiation power in the o-mode.
Then, if A << 1 in the source region, the continuum emission
at high frequencies is expected to be fairly strongljpolarized
in the right-handed sense, referring to the magnetic polarity of
the leading sunspot in the northern hemisphere. However, the
type IVA burst emission originates from a source lying in the
transition region between the chromosphere and the base of

the solar corona where the magnetic field configuration of a
bipolar sunspot group is extremely complicated. The
random orientations of the sunspot magnetic field lines of
force in this region may destroy completely or partly the
polarization of the radiation emitted from this region. Here

we should mention that according to Kundu's nomenclature, only
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those intense centimetre wavelength outbursts but not the weak
emission of thermal origin are regarded as a component of type
IVA burst emission. The observed centimetre wavelength
component of the type IVA burst emission may consist of a
part of the random polarized bremsstrahlung. As a result, only
weakly right-handed polarized type IV radio bursts at centimetre
wavelengths are observed.

We now compare the second harmonic radiation power in the x-
node escsping fronm the corora with that in the o-mode. As
we have shown that the intensity of the x-mode cyclotron
radiation is greater than that of the o-mode particularly
when A is small. However, the predominant cyclotron radiation
observed on the Earth will not be in the x-mode unless the
value of X at the layer f =~ 3fH in the solar corona is small
enough such that the third harmonic resonance absorption is

not very effective. Taking fp = 400 MHz, LH o 109 enm,

—2, 8 ~ 65° and r = 5, where r is the ratio of the x-mode

Br = 10
power to the o-mode power before passing through the layer
f ~ 3fH (Section € (c), point (7)), the ratio S of the
x~mode power to the o-mode power leaving this layer is
greater than unity when the frequency f is greater than
3,000 MHz. This is illustrated in Table 8,1. For the

emission at decimetre wavelengths (f < 3,000 MHz) emitted

from a source with larger A value, only the o-mode is
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observed on the Earth, firstly because the growth rate for
the o-mode exceeds that for the x-mode (Section C (e), point (1))
and secondly because of the increase in the value of X, the
effect of the third harmonic resonance absorption becomes
great enough to prevent the x-mode wave escaping from the
solar coroma. This explains why the type IVA bursts are
polarized in the o-mode at decimetre wavelengths but in the
¥-mode at the centimetre wavelengths (leading-spot hypothesis).
In general, cyclotron radiations in both modes
emitted by spiralling electron streams are elliptically
polarized but owing to the propagation effect,the high
frequency radiation in either modes becomes circularly
polarized except at O o~ 90° in the boundary region (Piddington
and Minnett, 1951). For two independent beams of radiation
polarized in opposite senses, the observed degree of circular

polarization of the resultant radiation is defined by

P=(°-1%/0a%+1° = (s5-1)/(5+1), (8.8)

where I and I° are the intensities of the x-mode and the
o-mode waves escaping from the solar coromna respectively

and § = I-/1°. Following the hypothesis put forward by
Weiss (1963b), in the northern hemisphere left-handed
polarization corresponds to emission in the ordinary mode if
we assume that the sense of polarization is determined by the

magnetic polarity of the leading spot. Thus the resultant
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radiation 1is left-handed polarized when P is negative and 1is
right-handed polarized when P is positive. From (8.7),
we have
(12-11)/10
S = rx10 . (8.9)

The sign of P changes at S=1, that is, when the condition

loglor = (11-12)/10 (8.10)

is satisfied. For the second harmonic forward emission, 11

and 1, are the power losses in decibels due to absorption at

2
f 3fH and r < 10. In other words, for a given value of

r (> 1) and under typical active corona conditions, there
exists a frequency such that (8.10) holds. We call this
frequency the transition frequency ft'

It has been shown in Section C that the greatest
second harmonic radiation intensities in the x-mode and in
the o-mode occur at similar wave~normal angles 0 =~ 65° and
at similar frequencies. Thus the radiations in both modes
will travel outward along nearly identical paths. Again
taking 6 = 65°, B, = 107 and £ = 400-450 Mz, and with the
help of Fig. 8.9 and equation (8.8), we can calculate the
degree of polarization of the resultant radiation at various
frequencies (Table 8.1). The dependence of the degree of
polarization on frequency is illustrated in Fig. 8.13.

Under certain active corona conditions, two points can be
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observed from Fig. 8.13: (1) forward normal cyclotron
radiation from electron streams changes the sense of polarization
at some frequency between 2,000 and 4,000 MHz owing to the
differential resonance absorption effect; (2) the degree of
polarization is stronger in the decimetre wavelensth region than
in the centimetre wavelength region. These properties are
completely in agreement with the observational data (Tanaka

and Kakinuma, 1959; Kundu, 1965, p.248).

F. The Drift Bursts superimposed upon the Continuum Burst

at Decimetre Wavelengths

So far we have only considered coherent generation
of normal cyclotron radiation in the x-mode and the o-mode by
an electron stream (or electron bunch) with narrow momentum
spread in a cold and collisionless magnetoactive plasma.
However, when the thermal motion of the plasma electrons is
taken into account, the weakly damped plasma waves at fre-
quencies near the plasma resonance frequencies can also be
excited by the same electron stream. It has been found that
the weakly damped plasma wave is strongly emitted in the
direction of the electron guiding centre motion and at fre-
‘quencies close to the plasma frequency by the electron stream
through the Cerenkov process (Chapter II). Part of the
Cerenkov plasma wave energy can be converted into electro-

magnetic radiations by the small-scale thermal fluctuations
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existing in the solar corona (Chapter V and Chapter VI).

In general, owing to resonance absorption, the electromagnetic
radiation arising from transformation of Cerenkcv plasma
waves can be observed on the Earth provided that the emission
source lies at the layer where the value of A is greater than
unity. Referring to Fig. 8.3, within the type IVA burst
emission source region, A does not exceed three and only the
combination radiaticn at the normalized frequency

£ o gch + §+ can escape from the solar corona. Although
the rate of growth for the Cerenkov plasma wave is much
greater than that for the second harmonic (or third harmonic)
cyclotron radiation (Fig. 8.10(a)), only a small fraction

of the Cerenkov plasma wave energy can be transformed into
the electromagnetic radiation by the coherent thermal
fluctuations. As a result, only the combination radiation
at the normalized frequency & ~ 2vA would be observable on
the Earth. The polar diagram shows that the combination
radiation at normalized frequency & =~ 2/A is confined

within a cone whose axis ig almost transverse to the

static magnetic field and whose half-apex angle is about 30°
to 40°, If the intensity of the combination radiation at
the normalized frequency £ =~ 2A1/2 exceeds that of the second
harmonic normal cyclotron radiation appreciably, the com—
bination radiation would appear in the dynamic spectrum as

narrow bandwidth fast drifting bursts superimposed on the



285.

broad band continuum at the decimetre wavelengths. Taking
into account the escape condition for the combination
radiation at the normalized frequency & = ZA%, it can be
seen that the drift bursts occur only in the decimetre
wavelength region (cf. Chapter VI, Section D).

The low drift rate of the intermediate drift burst
compared with the fast drift burst is probably due to the
non-radial trajectory of the electron guiding centre motion.
It is possible that during the early stage of the explosion
of a large solar flare, a number of electron bunches (or
streams) are ejected from the flare region simultaneously
and trapped in the near-by bipolar sunspot field con~
figurations. The Cerenkov radiation in the plasma mode can
be generated by these electron bunches concurrently and
eventually observed on the Earth as a wide bandwidth continuum
emission superimposed with variabilities at the decimetre
wavelengths., The complexity of the dynamic spectra of the
type IVA bursts at the decimetre wavelengths reveals the
complication of the magnetic field configurations of a bi-
polar sunspot group and the intensiveness of the explosion

of a large solar flare.

G. Interpretation of the Type IVA Burst Emission

The type IVA emission at centimetre and decimetre

wavelengths is the first phase of the whole type IV event.
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It starts simultaneously with the explosive phase of a flare
that is of importance 2 to 3+ and usually covers a large
fraction of the umbral area of the sunspot group (Kundu,

1965, p.423). During the occurrence of the flare phenomenon,
electrons with energy up to 100 keV or more are ejected from
the flare region in various directions in the form of
electron steeams (De Jager, 1560). Those ejected in the
forward direction radially will travel in the neutral plane
or along the sunspot magnetic field line and will cause type
I1I bursts by plasma radiation (Chapter VI). Most of these
electron streams (or bunches) are trapped in the neighbouring
stronger sunspot magnetic field configuration forming helical
streams with narrow momentum spread. They emit electromagnetic
waves at different frequencies in both x-mode and o-mode by
cyclotron mechanism, giving rise to type IVA bursts

(Fig. 8.14(a)). For certain large flares, such as those
associated with the type IV phenomena, fragments of plasma
clouds with hydromagnetic shock wave front are expelled
intermittently. FEach plasma cloud with the shock front
ahead moves through the active solar corona with a speed

~ 1,000 km/sec. Arriving at some region where the electron
density is sufficiently low (f ~ 100 MHz), the shock front
excites the longitudinal oscillation, which in turn is con-
verted into tramnsverse electromagnetic radiation by incoherent

scattering and combination scattering, and is finally observed
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as type II bursts (Fig. 8.14(b)). Therefore the type IVA
burst emission occurs several minutes earlier than the type
II burst emission (Section A(x)).

The outermost field lines of the two bipolar pairs
are highly disturbed by the plasma and merge together forming
a single loop of a magnetic field line of force (Fig. 8.14(b)).
Meanwhile, due to the high conductivity of the plasma cloud,
this newly formed field line is frozen in and brought to a
level as high as a few solar radii above the photosphere by
the moving plasma cloud (Fig. 8.14(c)). Some more energetic
electrons inside this cloud are accelerated to intermediated
relativistic energies by a Fermi-like mechanism and gyrate
along the frozen-in field line; radiation from these
accelerated electrons is responsible for the type IVm
emnission (McLean, 1959; see also the discussion in Chapter
IX Section D). At a later stage, this stretched field
line remains in a steady position and eventually the type
IVm emission may develop into a type I noise storm (Fig.

8.14 (d)).

The importance of a flare may be regarded as a
rough measurement of the speed and quantity of plasma clouds
ejected from the flare region. For a flare of lesser
importance, the speed of the plasma cloud would be so low
that no shock front would be formed or that the assoclated

shock front would not be strong enough to excite a type II
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burst., Hence type IVA bursts associated with a less
important flare could occur without type II and type IVm
bursts. On the other hand, type IVm bursts would always
associated with type IVA and type II bursts. This is
consistent with the observstional data.

The quantitative studies of the generation of
electromagnetic waves by electron streams and the conditions
for escape of the cyclotron radiation from the active solar
corona in previous sections lead to the following conclusion.
The centimetre wavelength component of the type IVA continuum
burst emission is attributed to the third and the fourth
harmonic cyclotron radiations by streams of electrons with
energy about 100 keV spiralling along the spot field lines
in a layer where A << 1 (Section E (b)). The second
harmonic cyclotron radiation in the o-mode and the Ceremkov
plasma radiation at the frequency f = 2fp emitted by streams
of low enmergy electrons (about ten to several tem keV) are
associated with the continuum bursts superimposed with fast
drifting elements at decimetre wavelengths. Then type IVA
bursts can be explained as follows.

(a) Frequency Range and Frequency Drift

Assuming the model for the lower active corona as
shown in Fig. 8.3, the lowest emigsicn frequency of the broad

band second harmonic radiation can range from 10,000 to 500 MHz,
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The low frequency cutoff is either due to the limit of the
intensity of the bipolar field line or to A being greater
than four. For intense narrow bandwidth emission, A must
be greater than unity and the drift bursts are expected to
occur in the frequency range from 500 to 2,000 MHz.
Therefore the variabilities occur only in the decimetre
wavelength region.

Due to the large gradients of electron density
distribution in the tramsition region, the combination
radiation caused by the mildly relativistic electron stream
can drift through a wide rangé”of frequencies within a very

~ 0.2

ghort time interval. For electron stream with B“-

travelling from p = 1.01 to p = 1.06 radially, the drift rate
of the combination radiation in the frequency range 500 - 2,000
MHz will vary from 5><102 to 5><103 MHz per sec. Since the
decimetre wavelength burst emission sources showed only

slight directivity towards the centre of the solar disk,
electron streams responsible for the emission of drift bursts
at decimetre wavelengths would travel along a non-radial
trajectory so that drifting bursts can also be emitted from a
source near the disk centre (cf. Fig. 7.7 and Chapter VII
gection G(2)). Hence the observed drift rates will be nmuch

smaller than those estimated above. The extremely slow

drift occurring in a few decimetre wavelength continuum
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bursts is probably due to the decrease of magnetic field
intensity in the source (Takakura, 1963). This is supported
by the optical observation that a decrease in the magnetic
field gradient and sometimes in the magnetic field energy
occurs during a flare (Severnyi, 1966).

(b) Duration and Bandwidth

Whenever the single-frequency solution condition
is satisfied for the generating process, the second harmonic
emissions in both modes have a broad bandwidth and a wide cone
of emission. Many such broad band emissions from the low
level of the active corona will superimpose upon each other
to form a long-lived broad band continuum in the centimetre and
decimetre wavelength regions. For the same electron energy,
pitch angle and the value of A, the actual half-power band-
width is proportional to the local gyrofrequency and hence
the centimetre wavelength bursts have broader bandwidth,
The narrow bandwidth combination radiation at decimetre
wavelengths are groupcd together and superimposed on the
background continuum, appearing as the fine structures or
patchiness in the dynamic spectrum., The complexity of the
spectral appearance of the type IVA bursts at decimetre
wavelengths has been explained in Section F.

The electron streams trapped in the sunspot magnetic
field configuration can remain there for a certain time but

the narrow momentum spread cannot last for a period as long



292.

as one hour owing to diffusion of velocity of the stream
electrons. Thus the long duration of type IVA burst emission
should be attributed to the continuous expulsion of energetic
electrons from the flare regiom. The long duration observed
in the decimetre wavelength region may be the result of high
frequency extensions of type IVm emission (Smerd, 1964).

(c) Polarization

The change in polarization modes of type IVA bursts
is due to differential harmonic resonance absorption. This
has been discussed in detail in Section E. It should be
mentioned that the transition frequency depends on the
lower corona conditions, i.e. electron density and magnetic
field intensity gradient.

(d) Angular Size and Directivity

Michard (1963) indicated thattte probability of
a flare with type IV bursts or a polar blackout increases as
the distance between spots decreases., Also the type IVA
bursts are emitted at a low altitude in the corona. Hence
the diameter of a type IVA emission source is comparatively
small,

Since the decimetre wavelength continuum bursts are
considered to be associated with the second harmonic cyclotron
radiation in the o-mode emitted from a layer where A > 1(A=3,
say) the frequencies associated with the second harmonic

cyclotron radiation of greatest intensity Em > 2 are close to
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the local plasma frequency, i.e. Em ~vA. The second
harmonic cyclotron radiation in the o-mode emitted from a limb
source may not be observed (Section E),. On the other hand,
the emission frequencies of the third (or fourth) harmonic
forward cyclotron radiation in the o-mode and the x-mode
emitted by electrons with epergy ~ 100 keV greatly exceed
the local plasma frequency when A is very small (A << 1, say).
Consequently, only the decimetre wavelength continuum bursts
would show slight directivity towards the centre of the
solar disk.

(e) Intensity

The second harmonic cyclotron radiation in both
modes suffers significant third harmonic resonance absorption
on propagating outwards through the solar coromna. That
is, the intensity of the type IVA bursts at decimetre wave-
lengths will be normally less than that at centimetre

wavelengths (Kundu, 1965, p.245).

H. Conclusion

Adopting the current model for the solar flare
evolution, type IVA emission is well accounted for by the
Doppler—shifted cyclotron radiation theory. In spite of
their distinct source characteristics, the type IVA and type
IVm bursts can result from the explosion of the same large

flare above a complex sunspot group. Radio and optical
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observations during previous solar cycles lead to the conclusion
that there are two phases of fast electrons created during a flare
period (Wild et al., 1963): (1) a succession of bursts of
electrons ( ~ 100 keV) produced by conversion of magnetic
energy into kinetic energy owing to plasma instability in the
magnetic neutral region, and (2) thermal electrons
accelerated tc higher energies by the magnetohydrodynamic
shock wave front through a Fermi process. The second phase
is initiated by the first and occurs only in large flares
associated with type IV phenomena. During the occurrence of
a very large flare, the electrons of the first phase released
from the flare region cause type III, V and IVA burst
emissions; while those of the second phase arising from the
ejection of a plasma cloud radiate type IVm bursts*, and the
associated magnetohydrodynamic shock wave front excites type
I1 emission. All these nonthermal radio emissions are
associated with the same large flare and appear consecutively.

A satisfactory interpretation of the type IVA
burst emission event as the consequence of normal cyclotron
radiation and Cerenkov plasma radiation by electron streams

moving in the solar corona requires the following assumptions:

(1) The plasma frequency is much smaller than the

gyrofrequency in most part of the type IVA burst emission

% A discussion on the origins of the type V and type IVm

burst emissions is given in Chapter IX.
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source region (i.e. A << 1).

(2) The pitch angle of the radiating electron
is less than 30°. The energy of the radiating electron
ranges from a few tens of keV to slightly higher than 100 keV.

Optical observations show that the intensity of the
sunspot magnetic field at the photosphere can reach as high
as 4,000 gauss (Bray and Loughhead, 1964) and decreases
with increasing height above the photosphere quickly in the
chromosphere and at the base of the solar corona; in term
of frequency, the gyrofrequency over a large sunspot would
cross below the plasma frequency near 200 to 300 MHz
(Wild et al., 1963). The sunspot magnetic field intensity
decreases slowly at greater heights and some of the field
lines can extend to the height about one solar radius above
the photosphere (Severnyi, 1966). Thus, the model for
the type IVA emission source given in Fig. 8.3 and the
assumption (1) are appropriate to these optical observational
data.

The time of start of the type IV bursts at the
centimetre and decimetre wavelengths has been found to be
co-incident with the explosive phase of a solar flare and
almost co-incident with a group of type III bursts (see
Fig. 8.2 (D)). We believe that the streams or bunches of
electrons responsible for the type III and type IVA burst

emissions are produced irn the same manner during the period
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of the explosion of a large solar flare in the transition
region. The streams or bunches of electrons accelerated in
the neutral plane between two spot fields of opposite polarity
would be trapped in the near-by strong bipolar spot field
configuration or along the neutral plane. Thus, it seems
likely that the electron streams produced in this manner
would be trapped in the field configuration with small pitch
angle. In fact, Stewart (1965), using the type III burst
data, showed that the electron stream travelled through the
solar corona with fairly constant speed ~ 0.2c - 0.6¢c
(average ~ %—c) and pointed out that the electron streams were
rarely ejected at angles larger than 30° to the radial
direction. So the assumption (2) is also realistic.

With the limited optical and other radio observational
data associated with the explosion of a solar flare, the
type IV burst emission at centimetre and decimetre wavelengths
can be explained as the consequence of the excitation of
cyclotron radiation in the subluminous mode and the Cerenkov
radiation in the plasma mode by electron streams in the
active solar coroma. Interpretation of the type IVA burst
emission event on the basis of this theory can lead to the
understanding of the physical condition of the base of the

active solar corona.
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CHAPTER IX

SYNCHROTRON RADIATION AND SOLAR

CONTINUUM RADIO EMISSIONS

A. Introduction

So far we have considered the generation of electro-
magnetic radiation by mildly relativistic electrons moving in
the solar corona. However, relativistic electrons with
energies up to about 8 MeV were observed at the Earth (Cline
and McDonald, 1968a). These relativistic electrons,
elther accelerated near the flare regions or accelerated at
the outer layers of the solar corona, will give rise to the
synchrotron radiation which would eventually be observed
as a wide bandwidth smooth continuum, ‘

In using the theory of synchrotron radiation in the
interpretation of radio emissions from the solar corona, the
effects of the medium on the radiation process, namely the
reabsorption and Razin effect, have to be taken into account.
Previous theories of the solar radio emissions on the basis of
incoherent synchrotron radiation in the vacuum, in general, are
not satisfactory. In the present chapter, we study the
synchrotron radiation from an ensemble of monoenergetic re-
lativistic electrons. The possibility of the synchrotron
radiation as the source of some wide bandwidth solar radio

emissions is discussed.
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In deriving the theory of synchrotron radiation in this
chapter, we make the following assumptions:

1. The ambient plasma is cold and collisionless.

2. The distribution function for the relativistic
electrons is stationary and uniform, i.e. fo(p) (or fo(E)) is
a function of electron's momentum (or electron's energy) only.

3. The number density of the radiating electrons is
much smaller than that of the ambient plasma, so that the
refractive index for the wave remains unchanged in the presence
of the radiating electrons and the electrons radiate independently

of one another.

B. Incoherent Synchrotron Radiation from A System of

Relativistic Electrons

Let us assume the electromagnetic wave emitted by an
electron varies as exp(—iE.§+iwt), where the wave vector k
lies on the y-z plane of a Cartesian co-ordinate system (Fig.
9.1). For sufficiently high frequencies such that 52 > 1
and EZ >> A, the magnetoactive plasma tends to be isotropic

and the transverse electromagnetic wave propagates with the

phase velocity vp = ¢/n, where

n? =1-a/E% 9.1)

2
and the wave group velocity is given by vag ="c .,

In this case, the single electron emissivity tensor
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for the synchrotron radiation will be (Appendix C)

- 2,2 cosb-nBy
- e2w2n B*J' _iQLJ J sind - nsinb ~noind )
nyy® = 21 2we 6-nBy, .2 ,cos6-nB
s= J' cosu—-n 2 12X]]
iB,J s s nsinf ) Js( nsinb f
st ,

where Y' = (1 - BJZ_ - 63)-1/2 i1s the Lorentz factor. Js and J;
are the Bessel function of s-th order and its first derivative
with respect to the argument X = YvaYL/wH' The trace of
nij(ﬁ) is the mean spontaneous radiation power emitted by a
single electron at the frequency w per unit frequency

interval per unit solid angle at any direction, i.e.

@) = sp [ @] =y +ngy = ',
22, 2 sW,
= "ez‘_‘frcn [BJ?ZJ; °§21§§ ¥ 3 ]6 Gk vy, = ,H) (W st~ sec 1)09.3)
s=1

N1y and n,, are the spontaneous radiation power with the two
principal polarization directions 81 and 32 (Fig. 9.1).

In Fig. 9.2, the quantities n;,, n,, and |n12| are
plotted as a function of wave-normal angle for @ = 600,
Y' = 10, 25 (electron energy E = 4.5, 12 MeV respectively),

A =15, fH = 10 MHz and normalized frequency £ = 160 (the
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frequency where n(p) exhibits its maximum). It is clear

that n;; makes the main contribution to n(p) and In12|}n22
will be comparable with Ny only in the wave-normal direction:
where IB - ¢| becomes large (2_40, say). Since the angular
distributions of N1 and n,, are symmetrical about the
velocity vector, from Fig. 9.2, we infer that for a single
relativistic electron, linearly polarized radiation will be
emitted in the direction 6 = @ where the synchrotron radiation
is of greatest intensity and elliptically polarized radiationms
of equal intensity but with opposite sense of polarization

are emitted in the direction for which |6 - @] is greater

than a few degrees (Ginzburg(and Syrovat-skii, 1966;

Takakura, 1967).

Considering synchrotron radiation from a system of
electrons, one defines the volume emissivity as the power
generated by unit volume of medium per unit frequency
interval d w per steradian flowing in the direction of the
ray. Accordingly, for a system of electrons with stationary,
homogeneous isotropic momentum distribution function fo(p),

the volume emissivity is
i) = SP[Jij(P)] >

where jij(ﬁ) = I ﬂkj(ﬁ)fo(P)dE (9.4)
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and n (E) is given by (9.2). The element of the momentum

ij

space dp can be written as

|m
(U I

dp = sin@d@dEdy , (9.5)

(2]

where, for highly relativistic electrons, E = pc and ¥ is
the azimuthal aﬁgle of the electron momentum vector. fo(P)
satisfies the normalization condition I fo(P)dE = Né, N;
being the number density of the radiating electroms. Then

(9.4) is expressible as

o0 "
J’ij () = 715; J £ (E)dE2m J nij(ﬁ)sinﬁid(b, (9.6)

o (s}

where the momentum distribution function has been replaced by
the energy spectrum fo(E) through the relation

fo(p)4ﬂp2dp = fo(E)dE. When the energy spread of a group

of electrons is sufficlently small, the energy distribution
function fo(E) can be approximated by a monoenergetic energy

spectrum,

fO(E) = NSG(E - Eo), 0.7

where §(E - Eo) is the Dirac delta function. The energy

spectrum has a narrow width around the maximum energy Eo'
Recalling that the intensity of synchrotron radiation

emitted by a single electron is sharply peaked in the direction

of the electron velocity vector (i.e. 6 = @), it is possible
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to assume that 2msin@id§ ~ 2msin@dy in (9.6) (where

=@ ~-6). That is, in a given direction, only those
electrons having pitch angles ¢ ~ 6 will make major contribution
to the volume emissivity. With this fact taken into account,
it has been shown that (Sazonov and Tsytovich, 1968;

Ginzburg et al., 1968):

2 2
EOY g2y %singdp = = Euy TFH(2),
H 3

2T

Q =3

nzwzy' (cose-anaz 2

=1 0
2m u —1a6 Jssin¢d¢ -/5 EchF (z), (9.9)

O ‘mmema

m
2T J n2w2Y| -L(COSQ-DB")J J'Siﬂﬂdﬁ = g_i; COSSF-L“(Z) ,
! Wy nsinG “"s’s AY
where z = Zy'EC3/2/3sin6 .
FL,"(Z) = I K5/3(n)dn % K2/3(z)9
z (9.9)
Z z
1 A
L=—5+2
vt og

and Kv(z) is the modified Hankel function of v-~th order with

argument 2.
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Using these equalites and (9.7) in (9.6), we obtain

2
e ONong Y

iy = —5——2CF (2),
11 512/3 ne
e ON Ew
. H
iy = =5 ¢ F'(2), (9.10)
87°v3 nc
2
o e oNochose L
J12 T a2 7 2 =,
47°vY3 nc

where ¢ = N;/NO and No is the electron number density of the
ambient plasma.

Since we consider synchrotron radiation from a homogeneous
radiating source, if the source depth zlong the line of

observation is L, we can form a polarization tensor as

L5 = 313

L, (9.11)
Then, the incoherent radiation intensity emerging from the
source region will be

IO = "p(Iij) = (jll + jzz)Ls (9-12)

i.e. the radiation intensity in watts per steradian per unit
frequency interval per unit area of radiating surface.
In Fig. 9.3, we show the incoherent radiation intensity

emerging from a group of monoenergetic electrons as a function
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Fig.9.3 Assuming A = 15, £, = 10 MHz, o =

10—4, the intensity of incoierent synchrotron
radiation is shown as a function of normalized
frequency § for
(a) a system of monoenergetic electeons
with y' = 10, 25, 50, & = 60°;
(b) a syvstem of monoenergetic electrons
with y' = 10, 6 = 30°,60°,85°,
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of normalized radiation frequency & for 4 = 15, fH = 10 MHz,
L = 10° km, 8 = 30°, 60°, 85°, ¢ = 10”% and y' = 10, 25, 50.
The radiation intensity tends to maximize in the direction
transverse to the magnetic field line of force and the maximum
occurs at higher frequencies for higher electron energies.

In order to study the polarizatioﬁ character of the
synchrotron radiation from an ensemble of electrons, we
relate the components of the polarization tensor (9.11) to the
Stokes parameters (I,Q,V,U) for the synchrotron radiation

emerging from the source in the following way (Korchakov and

Syrovat-skii, 1962):

I=1I.+1I =1 -1

11t Q=L I, (9.13)

V= -i(Ilz - 121), U=1,,+1

12 21 °

I is the radiation intensity emerging from the source region
and is equivalent to that given by (9.12). Q is the
difierence of the intensities of the radiations with the two
principal polarization axes, 31 and 32. V gives the-
difference in intensities between two oppositely rotating
elliptical (éircular) components. 1f the radiation is
completely polarized, the four Stokes parameters are related
2 2

by I = Q2 + V + U, In the absence of elliptical or

circular polarization, V=0 and for completely random polarization,
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Since, for the relativistic electrons, the angular
distribution of synchrotron radiation emitted by a single
electron is symmetrical about the electron velocity vector,
the synchrotron radiation from a system of isotropic and
homogeneous distributed electrons is linearly polarized
(Korochakov and Syrovat-skii, 1962). The degree of polariz-~

ation of the incoherent synchrotron radiation is defined as ~

L - . _ s
@)% | T T Lo | 31 T 3g
e sl I Bl R D)
11 7 to22 11 T 22

Since Ny >> Ny in the direction 6 ~ §, the synchrotron
radiation emerging from the source region is almost completely
linearly polarized on the plane perpendicular to the magnetic

field.

C. Reabsorption of Synchrotron Radiation

If the emission source size is sufficiently large, the
synchrotron radiation emitted by individual electrons will
experience absorption by the relativistic electrons in the
source region. The process of reabsorption leads to a re-
distribution of the intensity over the spectrum of the in-
coherent synchrotron radiation from a system of relativistic
electrons. VWhen the effect of the ambient plasma is taken

into account, negative reabsorption of the synchrotron
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radiation can occur and hence the system of relativistic
electrons amplifies rathefuzgtenuates its own synchrotron
radiation. As a result of negative reabsorption, the inten-
sity level of the synchrotron radiation from a system of
relativistic electrons exceeds the summed intensity of the
spontaneous synchrotron radiation from all individual
electrons, i.e. we have coherent synchrotron radiation.
However, reabsorption would play a significant role in the
radio emission from the solar corona only if |aL| > 1, where
o is the reabsorption coefficient. The linear sizes of ‘
most radiating sources situated in the solar corona are
observed to be of the order of 105 km and the sources can be
regarded to be optically thick if |o] 2_10_5 per km. In
this section, using the quantum approach, we study the
reabsorption of synchrotron radiation in a system of méno-
energetic electrons.,

Firstly we consider the reabsorption of synchrotron
radiation without taking account of the effects of the
magnetic field on the pr;pagation of electromagnetic waves
in the plasma, In this case, the plasma is isotropic and
there exists two independent modes of transverse electro-
magnetic waves; either the two plane-polarizedlﬁodes whose
planes of polarization are mutually perpendicular, or the two
oppositely rotating circularly polarized modes (Spitzer,

1962, p.53). The polarization states of the electromagnetic
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waves 1in these modes are unchanged and these waves can be
regarded as the two normal waves in the isotropic plasma.

In view of the fact that the synchrotron radiation emitted by
a single electron maximizes in the direction along the
principal axis 31, we may consider that the single electron
can emit two independent normal waves polarized on the planes
perpendicular to and parallel to the static magnetic field

ﬁo with emissivities n* and n" . Then the reabsorption
coefficients for the two independent normal waves in a

system of isotropic electrons are given by (Bekefi, 1966,p.54)

32

8¢ of (p)
AL U ) -
o= - 2 2 J Ny dp (9.15)

which are obtained by means of the Einstein coefficient method.
From (9.3) and (9.5), the absorption coefficients o'*!can

be expressible in the form

2 7 £ (E) 22,
ot =-Tec | p23 10 | gpan| WY 024025040, (9.16)
2 oE 2 w s
nw E H
(o] [o]
2 7 £ () T 22
W_ _meef 23 Do I w'ny' cos6-nfy,2.2
o > I E 3 > dE2T m ( nsind ) Jssin¢d¢.
w0 E o H
(9.16)

With the assumption that fo(E) tends to zero rapidly as E tends
to infinity, and the approximated expressions (9.8) taken into

account, (9.16) are reduced to
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2 T £ (E)
ate - Te (- o] oy e Loy - Zenlty
/3% Euyy g Y* Y'

A Lol
z( — )F ’] dE } (9.17)

4,1
9z

oF z)

where F;’"(z) = = -K5/3(z) * Ké/3(z) and Fl’"(z) are

defined in (9.9). For further simplication, we consider
two limiting cases: (1) w > Y'wp (Region I) and

(2) w< Y'wp (Region II).

In Region I, the influence of the medium on the
synchrotron radiation is insignificant and the absorption

coefficient (9.17) reads

2 T E J(B)2z
a-l.s"

e c -
= [ Re/o(2) F K,.(2)] dE (9.18)
Faod g 12 5/3 2/3

where z =~ 25/3y'2s1n6. Using the recurrence relations for

the modified Hankel functions, one can show that
Z[ /3(2) Ké/3(2)] = 2[K2/3(Z) + zKl/s(z)] H]

and Z[ 3(2) + Kzls(z)] 1/3(2)

Since K (z) is positive. for all z, .o o+ are
always positive regardless of choice of energy spectrum.

with fo(E) given by (9..7),
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ag z
ot = ZEA%? (K 3(2) + Ky5(2)] . ©.19)

Ll for the

In Fig. 9.4, the absorption coefficient o
frequency in the Reglon I dis: shown as a function of
normalized frequency with y' = 10, A = 15, fH = 10 MHz and
8 = 30%, 60°, 85°. This figure clearly illustrates that
eléctrons,whicﬁ strongly emit synéhrotron radiation with_
principal polarization axis 31 and at large wave-normal angles,
also strongly absorb radiation of the same character.

The condition w < wpy' (Region II) suggests that
the medium has a significant effect on the synchrotron

radiation from the relativistic electroms. Taking this

~ limiting condition, the absorption coefficients (9.17) become

oo
L, 14 Te Ac Ac fo(E) " Lot
a2 = - [ I @F+" + zF )dE] ,  (9.20)
V3o £ P
o
v 3/2 EZ .
with z « 2y'A™" “/E"sin®. Putting (9.7) into (9.20), we
have
Sl /3 o/ wsind 1,0 , (9.21)
8n3€Y'2c
wvhere GJ’“(z) = -(ZzFL’u + zzF;“").

Negative reabsorption occurs when G*’"(z) >0, 1In
Fig. 9.5, the variation of the function G*°" (z) with z is

shown., It can be seen that G-°'(z) > 0 provided that
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z > z;’“ where z;’“ is the root of the equation Gl’"(z) = 0.
Referring to this figure, we find that z, = 1.38 and z, = 0.92,
Thus, for a given energy of the electrons, the value of A
and the wave-normal angle 6, there is an upper cut-off
frequency above which the absorption becomes positive.

In Fig. 9.6(2), we present the absorption coefficient
as a function of normalized frequency £ for A = 15, £y = 10 MHz
¥Y' =10, 0 = 10-4 and for O = 300, 60°, 85°. The synchrotron
radiation at lower frequencies but at larger wave-normal
angles will be amplified at a greater rate. Fig. 9.6(b)

shows the variation of the absorption coefficient alsY

with the
normalized frequency for different electron energies

y' = 10,25,50,100. It can be seen that the synchrotron
radiation emitted by electrons of higher energy will grow

at the higher frequencies. However, the rate of growth in space
decreases with the increaée of electron energy although the
incoherent synchrotron radiation would increase with the
electron energy (see Fig. 9.3(®)). Moreover, the magnitude

of o' is much greater than that of all,

The transfer equation describing the variation of the
intensity of the radiation in one normal mode on passing
through the radiation source can be written in the form
(Ginzburg and Syrovat-skii, 1969):

dI*’" RN | B al,ﬂ IL’"

iz -~ 3 s (9.22)
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where j*’“ = j11,22' In terms of Stokes parameters, (9.22)

is re~written in the form

- (3) - (3)

V=U=0,

where y = ¥5(0€'L + a“), A= %(GJ'— u"),

Jp = 31t 3= 311~y -

Since we consider the intrinsic radiation of the source, we
take the boundary condition that all the Stokes parameters

vanish at r=0. Then the solutions of (9.23) are found to be

R - . 1 "
e=l-qa-e “Ly _ Iy (1 - &, (9.24)
V=Uu=20.

The degree of linear polarization is given by

A -o*L

@H% _ |ife'a - & s
I o Q- %y 3'0Ta - e

|
) - fhat@ -~ e Y

P =
-oML
)

. (9.25)

For an optically thick source, if a*"'<’0, then
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It -a*
jla (1-e o L) _
P Lol -0*L 1.
jo(l-e )
since |u¢| >> Ia” . On the other hand, if als > o,
UL [
P~ 39 -3¢ |,
L4 U RIS
jaoa +ja
--Lg“ -'—9” s "L,l‘
for both j and Qo are proportional to n . Therefore,

without taking the birefringence of the medium into account,
the main synchrotron radiation is either linearly polarized
or ranéomly polarized. However, the omission of the effects
of the magnetic field on synchrotron radiation by relativistic
electrons is permissible only when the magnetic field is
very weak such that the plasma can be regarded as isotropic.
For optically thin source, the intensity and the
polarization of the synchrotron radiation will be ap-
proximately given by (9.1i2) and (9.14).

In a magnetoactive plasma, there are only two normal
waves; the extraordinary wave and the ordinary wave.
In general, the electric field vector is not transverse to
the wave vector but the electric induction is (Shafranov,
1967, p.7). Therefore, it is more convenient to define
the polarization tensor for the electromagnetic radiation
consisting of the o-mode and the x-mode components as

(Zheleznyakov, 1968)



T35 =005 1= 1,2, (9.26)
3 - { o, . .Ded
with Di Jamnid‘“ + {Aw 5 W

where D*° = A%*%n(? *® axp (-K®* % Yexp [~1(wt-k**%r + 9°°9)].

2820 e,0
ng s A *© and @ °" are the wave numbers,

where k°°°,
polarization vectors, arbitrary amplitudes and phases of the
two normal waves, The bar denotes the average of the
quaptity (over the time). The absorption coefficients of

the waves in amplitude are related to the agbsorption

coefficients in intensity by

o ~e,0
a2 = 28%°° cosp®°

where-ae’o is the angle between the wave vector and the wave
group velocity vector, Using this definition of the

polarization(radiationbtensor, Zheleznyakov (1968) obtained
the radiative transfer equation for the case of homogeneous,

stationary magnetoactive plasma

dIi!

ar - 315 " Kgata fRigala (9.27)

= (¥®1xO) (8 . OF e* o o e* o* e
where Kijkl (K™K )(ninj o, n; + ninj n o )

e e ek e
+ 2K nin.:i nk

e o, , € o¥% e¥ o ek o* e
Rijkl =41k -k )(ninj n n; - ninj n o, )

and jij ig defined in (9.4).

316.
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In general, (9.27) is extremely complicated. However,
for quasi-longitudinal propagation, the two normal waves are
both circularly polarized with opposite direction of rotation

of the electrié field vector and

e wszcose
k° - k =—ET—=R,
w'e
and ni = l—(l,i), ng = l-(i,l).
V2 V2
~a,0

Moreover, cos@ > = 1. Taking these into account, (9.27)

can be greatly simplified as

e,o0 - :
d; - =\-je,o-_,ae,ole,o : (9.28)
j
S(H=H-EHd .,

where I = I° + 1°, v = 1° - 1%, a = 4@ + o°).

je,o are the volume emissivities in the x~mode and the o-mode

respectively.
Taking the same boundary condition as mentioned above,

we find the solutions for the Stokes parameters as

e,o je,o e,o0
I7°" = ~ [1 - exp(~a"°"L)] , (9.29)
o’ .
I=1%+1°
o o (9.30)
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o
]

—[PQcos(RL) + PUsin(RL)]exp(-aL) + PQ 5

(9.30)

[
it

[PQsin(RL) - P_cos(RL)J]exp(~oL) + P

U U’

where PQ = OLjQ/(a2 + R2) and PU = RjQ/(OL2 + Rz).

Then the degree of polarization and the degree of

circular polarization will be

1.
- (Q2 + v +Uz)2
i

(9.31)

and P .=

-

respectively. When PC is negative, the circularly polarized

component is in the x-mode. For an optically thick source,

PC can be approximated as

e;.o o} e e [s]
a - ja i expl[-(@¢" -~ o)L
P, . I lJ l IJ pl-( )L] (for a9 < 0), (9.32)
e, o 0, .e (=} [o]
[a®]3° + |a”] 3 expl-(@" - a)L]
e ,0 o.e
or Py x “eJO = que (for 0%°° > 0). A (9.33)
oF 3% + 0%

Since both the volume emissivities je’° and absorption
coefficients a°°° are proportional to the electron emissivities
in the x-mode and the o-mode ne,o’ from (9.32), it is not
difficult to see that the circularly polarized synchrotron
radiation will be emitted only when the reabsorption co-

efficients are negative and Iae - aol differs from zero
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significantly; the radiation will be polarized in the x-mode
if |a®| > |°| and in the o-mode if {a®| < |a®|. on the

€0 5 0, the degree of circular polarization

other hand,. if o
given by (9.33) is insignificantly small.
If the radiation source is optically thin, i.e.

|a®7°L| << 1, the solutions of (9.28) for 1°°° are
I = j L (9.34)

and the corresponding degree of circular polarization will be

.e
=4 =1
PC = 0 e . (9.35)
i t+3

In this case, the appearance of the strongly circularly
polarized synchrotron radiation requires that the volume
emissivity (or the electron emissivity) polarized in one of
the two normal modes must be greater than that polarized in
the other mode significantly. Therefore, once the volume
emissivities and the absorption coefficients for the two
normal waves in the magnetoactive plasma are known, the
characteristics of the synchtron radiation emerging from a
system of relativistic electrons can be determined.

According to (9.28) and (9.13), the electron emissivities,

the volume emissivities and the absorption coefficients for

‘the case of longitudinal propagation are
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=
]

1 it -

3%°° = J n*%t_(p)dp

e,o _ 81r3c2 J neso o dE s

and o = -5
n w
where the upper sign is for the x-méde-and nij is given by
(9.2). Using (9.8) and (9.9), we find the volume emissivities
and the absorption coefficients for the synchrotron radiation

in the case of isotropic electron momentum distribution,

2 0
e w
j%°=__§L__ Ij%mHECGL+F%:t%wmﬁf%dm (9.37)
167°Y3 nc Y
and 052° = —3 5 J f (E){ E F*t+ Fu) * _EQ?_ F
2V/3 n we Y
g Y
x (g3 @+ 300 Ly ap, (0.38)
R oz
9 L Iy - _
with e (F™+ F) 2K5/3(z) .

) he b ¢
5;'FL = (z) -

3 %173 (2) + 2Ky ,3(2) + K 4(2) .

2K 13
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Then, for monoenergetic electron spectrum (9.7), we obtain

2
e ON w
190 = —2 B ferirt @+l(0)) £ 2220 51, 9.39)
167°V3 nc Y
TAW
and 0% = ——-———-———I; 3 { -EA (F"'+ I-'“) - 4 -———4C°?6 F“l
8v3n £y’ Y
A 2 ) fHy , 4cosB -1 3 _if
+elgm ) 15 (" +F) £ 2027 F )} (9.40)

Using (9.10), (9.39) and (9.40) in (9.29) and (9.30), we can
study the characteristics of the synchrotron radiation
emitted from a system of monoenergetic relativistic electrons.

3

Taking ¢ = 8x10 °, £_= 10 MHz, A = 15 and Y' = 10,

H
25, 50, 100, we illustrate the variations of the absorption
coefficients a’C with the normalized emission frequency
in Fig. 9.7(a) and (b). Firstly, negative reabsorption of
synchrotron radiation in both modes occurs in the lowfre-
quency region of the synchrotron radiation spectrum. The
variations of o and o with § are similar, Secondly,

the magnitudes of 0% increase with the wave-normal angle,
Thirdly, in general, the magnitude of of is greater than o
and |a® - 0°| decreases with increasing wave-normal angle.
Finally, the magnitude of the reabsorption coefficient
decreases with increasing electron energy, but negative

reabsorption occurs at higher frequencies for higher electron

energy. Fig. 9.7 4c) demonstrates the suppression of
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fig.9.7(Q) Assuming A
absorption coefficient

is shown as a function

monoenergetic electrons

15, fy= 10 Mz and 0~ = 8x1077, the synchrotron
for the radiation in the x-mode(and the o-mode)
of normalized freouencv 3 for a system of

and for Y'= 10, 8 = 30°,45%,60°,85°.
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10 MHz and ¢ = 6x107°.
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reabsorption due to the influence of the ionized medium on

the reabsorption process. For larger valuesof A i.e.

higher number demsities of the ambient plasma and the

radiating electrons, the absorption coefficients become smaller.

With the volume emissivities and the absorption co-
efficients given by (9.39) and (9.40), Fig. 9.8(a) emphasizes
the effects of the negative reabsorption on the frequency
spectrum and the polarization state of the synchrotron
radiation for a given wave-normal angle while Fig. 9.8(b)
demonstrates the dependence of the frequency spectrum of the
synchrotron radiation on the direction of observation. The
angular distribution of the intensity of the synchrotron
radiation at a given frequency is shown in Fig. 9.8(c) for
various values of the number density of radiating electrons
and for various emission frequencies.

Fig. 9.9 (a) shows that for an optically thick radiation
source, the intensity distribution of the synchrotron
radiation across the spectrum changes greatly if the re-
absorption is taken into account. Furthermore, the peak
synchrotron radiation in the low frequency region arising
from negative reabsorption will dominate. In this figure,
the intensities of the incoherent synchrotron radiationsin
the x-mode and the o-mode (jeL and joL respectively) are

also plotted as . functions of emission frequency. Both
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Pig,9.8 Variation of the intensity I,
degree of polarization P and degree of
circular nolarization -V/I of the synchro-
tron radiation emerging from a syvstem of

monoenergetic electrons with

(a) normalized frecuency § for &

60° and O = 6x10—3,4x10-3,?x10-3;

(») normalized frecuency § for o

Ax10™ and & = 30°,45°,60°,85°;

I (WsrHz 'km?)

(¢) wave-normal angle & for § = 10,12,
14 and o = 10-2,8x10-3,6x10—3,
and for A = 15, = 10 MHz,Y': 10,L = 10

km.
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the coherent and Ilncoherent synchrotron radiation spectra
have sharp low frequency cut-offs; the cut-off frequencies
for the coherent and the incoherent synchrotron radiations
are different. In the case of incoherent synchrotron
radiation, the low frequency cut-off is due to the influence
of the ionized medium, generally referred to the Razin effect.
For the same system of radiating electrons and the same in-
tensity of the magnetic field of the ambient plasma, the cut-
off frequency of the incoherent (or coherent) synchrotron
radiation spectrum observed at a given direction increases
with increasing number density of the ambient plasma electrons.
This is illustrated in Fig. 9.9 (b) where the degree of
circular polarization is also shown.

From Fig. 9.7 and Fig. 9.8, it can be seen that for an
optically thick radiation source, strongly circularly
polarized synchrotron radiation will be emitted in the
frequency region where the negative reabsorption occurs.

The polarization will be in the extraordinary mode. Since
at any given frequency, the magnitude of the synchrotron
absorption coefficient and the volume emissivity for the
x-mode are similar to those for the o-mode, positive
reabsorption cannot give rise to strongly circularly
polarized synchrotron radiation (see expression (9.33)).
Moreover, the degree of circular polarization of the

synchrotron radiation emitted from an optically thin radiation
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source will be insignificant.

We have studied the characteristics of the synchrotromn
radiation emerging from a radiation source in the solar
corona. Since the emission frequency of the synchrotron
radiation satisfies the conditions: &2 >> 1 and 52 >> A,
subsequent propagation from the source to thé Earth would not
cause any significant change of the spectral characteristics
of the synchrotron radiation and the observed spectral
characteristics of the synchrotron radiation from the solar

corona will be as those mentioned above.

D. Synchrotron Radiation from Relativistic Electrons in The

Solar Corona

During the recent years, solar energetic electrons with
energies from a few tens of keV to a few MeV have been
observed (Fichtel and McDonald, 1967; Cline and McDonald,
1968a). However, at present the problem of production of
energetic charged particles in the solar corona has not been
settled although several suggestions have been put forward.
The Fermi acceleration or the Sweet mechanism (acceleration
in the annihilation of anti-parallel magnetic fields) can
lead to the producticn of energetic electrons in the solar
corona. Since the plasma can support hydrodynamic-type
turbulence as well as high frequency turbulence connected with

the generation of electron oscillations relative to ioms,
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electrons can be accelerated by longitudinal plasma waves and
by low frequency hydrodynamic- type oscillations. Tsytovich -
(1966) pointed out that Fermi acceleration is a limiting
case of acceleration by low frequency hydrodynamic—~type
turbulence and is not the most effective one of all possible
acceleration mechanisms in a turbulent plasma.

The quasi-regular appearance of the type IIi bﬁrsts
indicated that the energetic electrons ejected from the
flare region are likely to be accelerated by a process
similar to the Sweet mechanism, Severnyi (1970) has reported
optical evidence in favour of this idea. However, Tverskoi
(1967), after studying the main properties of Fermi acceler-
ation, showed that observational evidence favoured the idea of
acceleration of solar energetic electrons by means of the
Fermi mechanism, Laboratory experiments have shown that
when an electron beam penetrates into a plasma, some of the
beam electrons can be accelerated to higher energy by the
plasma waves excited by the beam itself (Stix, 1964;
Fainberg, 1968). Since different acceleration processes
would require different conditions, the solar energetic
electrons responsible for the radio emissions (or X-ray
emission) and those observed on the Earth may be acceler-
ated by these processes in different regions of the solar
corona at different times. The region of acceleration is not

necessarily restricted to the flare region.
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The observation of solar relativistic electrons near
the Earth indicates that their energy spectrum could be
characterized by a certain power law (Cline and McDonald,
1968b). If the energy spectrum of the solar relativistic
electrons is very steep at the high energies, the spectrum

can be represented by

- (1+T')

o ErdE, for E

?
N! (14T)E <E<E  ,

1

fo(E)dE = {. (9.41)

0, for E > E° and E < E1

where I' is a positive number. I1f T is not small; that is
most of the electrons have energies close to Eo’ (9.41) can
be approximated by the monoenergetic spectrum (9.7). So
far there has been no observation data suggesting the
existence of highly anisotropic relativistic electron
streams in the solar corona.

Whenever sufficlent electrons are accelerated to
energies about a few MeV and trapped in the sunspot magnetic
field, these electrons generate synchrotron radiation which
would eventually be observed as a broad band smooth continuum
radio emission on the Earth. Among various spectral types
of solar radio emissions, the type V and type IV (both
components A; B, and C) are of wide bandwidth smooth continuum
emissions. Previously, these solar radip emissions were

interpreted as the consequence of synchrotron radiation by
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relativistic_élecéraﬁg. NwHowever; the simpie synchrotron

radiation theory cannot fully explain the spectral features
of these radio emissions. In the following paragraphs, we
shall examine the question of the origin of these emissions.

{a) Solar Tipe V Burst Emission

The solar type V burst is closely associated with the
spectral type III burst; it occurs after a type III burst
(see Fig. 6.1). In most cases, the type V burst is observed
at frequencies below 150 MHz and is weakly polarized.
Usually, the bandwidth is comparable to the centre radiation
frequency and the intensity may reach values of the order of

- -2 =1
18 W 2Hz which is considerable higher than that of the

10
type Iii Surét.: A“t§fé v burstloften occurs as the con-
tinuous diffuse prolongation of a type III burst, lasting
approximately 0.5 - 3 min. The average source size of the
type V at half power is about 5' at a frequency of 40 MHz.
Most of the type V sources are seen near the radio limb.
The source height in general agrees well with the height of
the type III sources at the same frequencies.

The plasma radiation caused by solar electron streams
has been proposed as the origin of type V burst emission
(Weiss and Stewart, 1965; Zheleznyakov and Zaitsev, 1968).

Since at the type V burst emission source height, the variation

of the coronal electron density is very small, it is difficult to
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account for the wide bandwidth of the type V burst on the
basis of the theory of plasma radiation. So the suggestion
that the type V burst emission is caused by synchrotron
radiation by relativistic electrons (Wild et al., 1959) should
be re-examined.

We assume a group of isotropic monoenergetic electroms
with energy about 2 - 4 MeV trapped in the sunspot magnetic
field at altitude about p ~ 1.9. Taking the model of the
active solar corona given by Fig. 6.1, we find the value of A
and the gyrofrequency at this height is about 15 and 10 MHz

respeq;@yelggv.;hese parameters are the same as those used in

sl
g T

various figures in this chapter. If these relativistic
electrons radiate incoherently, then, in order to achieve
the observed intensity 10-18 Watts/mz—Hz, the source volume

must be 10¥0X105km3 and the number density of the radiating

electrons is not less than 103 cm73. The centre frequency
of the type V burst and the frequency of the type III’burst
emitted at the same height are widely separate since the
incoherent synchrotron radiation maximizes at frequencies
E ~ 200 for 6 = 85° (Fig. 9.3 (a)) but the type III burst's

frequency is £ = 2/A = 8 (cf. Chapter VI). Hence in

2f
P

order for the frequency of the incoherent synchrotron radiation

of maximum intensity to he close to the second harmonic local

plasma frequency, thé“lﬁc?ijgﬁiﬁfrequncqugsc-be.much?_
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smaller than 10 MHz and the electron energy should be lower
than 4.5 MeV (y' = 10).

On the other hand, if negative reabsorption is
important, the peak synchrotron radiation occurs in the low
frequency interval of the spectrum. From Fig. 9.7 and Fig,
9.8, the peak intensity is found to occur at Em ~ 12 which is
close to the second harmonic of the local plasma freqﬁency.

(1f y' = 5, we find that Em < 12 but the intensity is greater.)
The half-power frequency bandwidth will be Af = AEXfH ~ 60 MHz.
However, we should note that the low frequency v»eak arising
from negative reabsorption will dominate only if the

number density of the radiating electrons exceeds 5><104 cmf3 and
the source depth must be of the order of 105 km (The source
volume may be less than 1010><105 km,) (see Fig. 9.3 and

Fig. 9.7 (a)). Moreover, when negative reabsorption is
significant, fraction of the synchrotron radiation emerging
from the source regien will be circularly polarized. At
present, observational data are insufficient for definitely
determining the polarization character of the type V bursts
(Weiss and Stewart, 1965).

The difficulty in interpretating the type V burst
emission as the result of synchrotron radiation by relativistic

electrons lies in the problem of production of these relativistic

electrons. There is no observational report suggesting the
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existence of a sharp shock front in the outer layers of the
solar corona during the type V bursts emission period. We
believe that the relativistic electrons responsible for the
type § burst emission are not produced by the Fermi-like
mechanism. Alternatively, the occurrence of the type V
burst immediately after the type III burst leads us to consider
acceleration of energetic electrons by high frequency plasma
waves., The electron stream ejected from the flare region
travels through the solar corona and excites Cerenkov plasma
waves of which a very small amount of energy is converted into
electromagnetic radiation by means of combination scattering
on the thermal fluctuations of the electron density and
eventually observed as the type IIL burst (cf. Chapter VI).
Meanwhile, the plasma waves excited by the stream
are scattered to plasma waves of larger phase velocity and with
different directions of'propagation. Those scattered plasma
waves with wave vectors transverse to the electron's trajectory
can accelerate a small fraction of stream electrons to higher
energy (Tsytovich, 1966). This leads to the diffusion
of the stream electrons in velocity space and coherent generation
of Cerenkov plasma waves will terminate. Those accelerated
electrons trapped in the sunspot magnetic field produce the wide
bandwidth type V burst through the synchrgtron madiation process.

Since only a small fraction of the stream electrons (a several
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to ten per cent, say) can be accelerated,to secure a group of

4

relativistic electrons of density 103 - 10 cm.-3 requires the

density of the original electron stream not less than

10°

cmf3(i.e. N'C')/No = 10_2 at p ~ 1.9). Such a large value
of stream density has been assumed in the theory of type III
burst emission (Wild, Smerd and Weiss, 1963). Nevertheless,
a satisfactory theory of type V burst emission on the basis
of synchrotron radiation by relativistic electrons should
include a detailled investigation of the possibility of
accelerating a few per cent of the mildly relativistic stream
electrons to energies of a few MeV by plasma waves (or by
other means) and also explanations of other features of the
type V burst emission. Further observational data concerning
the polarization of the type V burst would be a great help in

the development of the theory.

(b) Solar Type IV Emission

The type IV burst emission is a very complicated
phenomenon and occurs after an important solar flare, The
emission appears at the centimetre, decimetre, metre and
decametre wavelengths .in the spectragraph. According to
Kundu (1965), this complicated radio emission can be divided
into three components, namely, type IVA, type IVB (moving)
and type IVC (stationary). The characteristics of type IVA
component have been described in Chapter VIII. The major

features of the type IVB and type IVC components are briefly
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~outlined in Table 9.1.

Because of thelr wide bandwidthg,all three components
have been interpreted as the results of synchrotron radia-
tions by relativistic electrons trapped in the sunspot
magnetic field or embedded in the moving plasma cloud. The
energies of the electrons responsible for different components
were assumed to be different {(Bolschot and Denisse, 1957,
Takakura and Kai, 1961; etc.). Without the influence of the
medium taken into account, interpretations on the basis of
synchrotron radiation theory encounter difficulties in the
explanation of the polarization of type IV bursts.

Firstly, in the high frequency region of the type IVA
spectrum, the burst is weakly polarized in the x-mode and may
be regarded as combination of the bremsstrahlung and the
synchrotron radiation produced by relativistic electrons ac-
celerated near the flare region. 1In the low frequency
region (from 200 MHz to a few thousand MHz), the polarization
state varies with the frequency; the radiation is strongly
polarized in the o-mode in the decimetre wavelength region,
but the polarization mode changes at the frequency in the
range from 2,000 MHz to 4,000 MHz. The change in the

polarization mode along the spectrum may arise from
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Tyove IV Emission

(After Kundu,1965, p.420)

Type IV B (Moving)

Tyf)e IV C (Stationary)

Wavelength extent

Association with type I
Start relative to type II

Altitude of emission

Movement

Angular size

Variability

Polarization

Polarization mode (assuming field of
leading spot)
Duration

Distribution on the disk

Place of origin

Temperature

- Meter and decameter waves

Oceurs u/sually with type I
A few minutes after type II

The source does not remain fixed in
the corona; maximum altitudes
vary from 10° to 10 km above the
photosphere or higher

Usually large movement with a
velocity of more than 1000 km/sec

About 10 are or larger

Smooth; may have some structure at
" the start

Weakly circularly polarized

Extraordinary

'10™ to 28, usually longer than in

phase A

. Not directive

Near the flare

107 to 1010 °K

Meter and decameter waves

May oceur without type 11

May follow type IV B, tens of min~
utes after type II

The source is situated low in the
corons near the corresponding
plasma level

No systematic movement of the
source

Usually less than 4/ arc

Smooth—ocecasionally some ‘broad-
band bursts. Type I bursts grad-
ually appear with the aging of the
continuum o

Strongly circularly polarized

Ordinary

Several hours to several days

Highly directive toward the center

Near the flare

~1010°K
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differential positive reabsorption of synchrotron radiations
in the x-mode and the o-mode. However, according to

the discussion in the previous section, positive reabsorption
cannot lead fﬁastrﬁhgiy‘ circularly polarized synchrotron
radiation no matter whether the emission source is optically
thick or optically thin. On the other hand, owing to the
facts that i€ > j© and |0®| > |a°|, negative reabsorption can
give rise to strongly polarized synchrotron radiation in the
x-mode only. Hence the type IVA emission cannot be ex~-
plained as the result of synchrotron radiation from relativistic
electrons with energy about a few MeV, at least in the
decimetre wavelength region.

Alternatively, we suggest that the resonance ab-
sorption by the thermal coronal plasma electrons would play
an important part in the determination of the observed
polarization feature of the type IVA burst emission. 1In
other words, the radiating electrons responsible for the type

" IVA emission should be the low energy component of the
electrons.reléased from the flare region so that the main
:~radiation‘energy~inqthe x-mode and the o-mode concentrates in
the low harmonics of the Doppler-éhifted gyrofrequency. The
concurrent appearance of the type III bursts in the frequency
range from 600 MHz to a few MHz and the fast drifting elements
superimposed on the decimetre wavelength continuum suggest that

~the mildiy relativistic electrons organize as an electron



339.

stream gyrating along the strongest sumspot magnetic field
or *ravelling -in the neutral plane between two sunspot
fields of opposite polarity. Cyclotron radiation in the.
x-mode and the o-mode and Cerenkov radiation in the plasma
mode by those electron streams trapped in the bipolar sunspot
magnetic field configurations at the base of the solar
corona result in the type IVA emission (Chapter VIII).

The moving type IV burst emissicn is characterized
by a very large source size and the right-~handed polarization.
Now it is believed that the moving type IV burst is generated
by electrons embedded in a moving plasma cloud expelled
from the flare region (Kundu, 1965, p.598). Recently,
Boischot and Clavelier (1967) observed a moving type IV burst
at the frequencies 408 MHz and 169 MHz emitted from a single
source having a linear size about several 105 km and moving
with a speed about 530 km/sec. During the same period,
relativistic electrons with energies up to 8 MeV were also
observed at the Earth (Cline and McDonald, 1968a). Thus it
is possible that the observed relativistic electrons and
those reSponsible for the moving type IV burst emission are
of the same origin.

Lacombe and Mangeney (1969) showed theoretically
that the relativistic electrons responsible for this observed
burst emission were accelerated by the turbulent ion acoustic

waves generated by a shock wave. According to various

B
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figures given in previous sections, we can find that negative
reabsorption of the synchrotron radiation emitted by these
relativistic electrons 1s not required for interpreting the
observed intemsity of the moving type IV burst (of the order
of 10720 w 2 Hz-l). On the contrary, interpretation of
the moving type IV burst emission based on the coherent
synchfotron mechanism requires a higher number density of the
radiating electrons and stronger magnetic field intensity
forzen in the moving plasma cloud. However, if the radiation
source is optically thin, the synchrotron radiation theory
fails to explain the strong circular polarization (in the
x-node) of many observed moving type IV bursts (degree of
polarization as high as 85% (Kai, 1969)). On the other
hand, the theory of cyclotron radiation in the o-mode and

the x-mode by mildly relativistic electron streams trapped in
some strong magnetic fields frozen in the plasma cloud can
also account for most of the spectral characteristics of the
moving type IV bursts.

The nature of the source and some of the spectral
characteristics of the stationary type IV emission are re-
markably distinct from those of the moving type IV emission
although their occurrences are closely correlated. Weiss
(1963b) suggested that the moving type IV emission and the
stationary type IV emission should be regarded as separated

events, The feature of the stationary type IV burst emission
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in which a widénfadéé of frequency is emitted from a
%tétibna;y source in the solar corona can be explained by
the theory of synchrotron radiation. But the strong
polarization in the s—mode of the stationary type IV burst
rejeéts the possibility of synchrotron radiation by relati-
visticAelectrons as the origin‘bf'the emission. The
cyclotron radiation by mildly relativistic electron bunches
is likely to be responsible for the staticnary type'IV'
enlssion,

If ‘'we assume the electron energy to he 20 - 30 keV,
say, the second harmonic cyclotron radiation in the x-mode
and the o-mode will dominate. For not too large electron
pitch angle, the peak intensity of the second harmonic
cyclotron radiation will be emitted at the wave-normal
angles Bm « 50° - 70° (cf. Chapter VIII). Then the
_ cyclotron radiation in the x~mode .will be prevented from escap-
ing from the solar corona due to the third harmonic resonance
absorption. If the coronal plasma where the radiating
electron bunches reside is characterized by a value of A
about 3 to 4, the frequencies associated with the peak
cyclotron radiation will be close to the plasma frequency,
and generation of the cyclotron radiation at the second
harmonic Doppler-shifted gyrofrequency and in the x-mode
by the electron bunch may not be possible. Since the true

escape level is higher at the solar limb than near the
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centre of the solar disk (Fig. 8.12), electromagnetic
radiation at the frequencies close to the plasma frequency
and emitted from a limb source cannot escape from the solar
corona. Thus the stationary type IV burst source will be
highly directive.

Meanwhile, the same electron bunch can also excite
(erenkov plasma waves at the frequencies f =~ fp which, after
being transformed into the o-mode waves by incoherent
scattering, will be observed asanarrow bandwidth drifting
burst superimposed on the smooth continuum emission in the
o~mode. Since the Cerenkov plasma radiation at the fre-
quencies f . fp by the electron stream with BH ~ 0.1 - 0.3
maximizes at small wave-normal angles (Chapter VI), it will
probably pass through the resonance absorption layers at
-small wave-normal angles and harmonic resonance absorption
may not be important. Consequently, the wide bandwidth
stationary type IV continuum emission is superimposed with
fine structures occassionally.

Although theories of cyclotron radiation and Cerenkov
plasma radiation by mildly relativistic electron streams can
satisfactorily explain the spectral characteristics of the
stationary type IV burst emission, the origin of these electron
streams is not clear. These stream electrons cannot be

regarded as the same electrons responsible for the moving
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type IV emission since it is unlikely that a system of
isotropic relativistic electrons can decay into wmildly
relativistic electron streams. On the other hand, if these
mildly relativistic electron streams are ejected from the
flare region near the base of the solar corona, then we
have to explain why the electron streams cannot give rise to
any radio emission on passing through the lower layers of

the active solar corona.

E. Conclusion

Synchrotron radiation from a system of monoenergetic
electrons has been studied in previous sections. There is
no strongly circularly polarized synchrotron radiation from
isotropic relativistic electrons unless the source is
optically thick such that the negative reabsorption is
important; 1.e. the coherent synchrotron radiation is
dominant. The coherent synchrotron radiation is emitted
at low frequencies of the spectrum and polarized in the
x~mode. Referring to the characteristics of the synchrotron
radiation from electrons with energy about a few MeV, we
find that the moving type IV bursts can be attributed to the
result of synchrotron radiation by relativistic electrons
embedded in the plasma cloud; but it is more appropriate
to interpret the type IVA and the stationary type IV

emissions as the consequence of cyclotron radiation by
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mildly relativistic electron streams.

Finally we should point out that the low frequency
cut-off of the observed moving type IV burst has been used
to deduce the coronal magnetic field intensity by assuming
that this low frequency cut-off ia due to the suppression
of the synchrotron radiation resulting from the influence
of the ionized medium (Eoischot and Clavelier, 1967;
Ramaty and Lingenfelter, 1968). However, this method of
deducing the coronal magnetic field intensity is adequate
only if the observed burst is not circularly polarized
since otherwise the sharp low frequency cut-off will arise

from the strong negative reabsorption.
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CHAPTER X

CONCLUSIONS

A. Concluding Remarks

Based on the kinetic approach, theory of plasma
radiation by an electron stream in a magnetoactive plasma
has been formulated. The explicit expressions for the
power spectra in the plasma mode emitted from a single electrom,
the rate of growth of the plasma wave in a stream-plasma
system and the coefficients of transformation of plasma waves
into electromagnetic waves in the x-mode and the o-mode by
thermal fluctuations have been obtained., The linearized
kinetic equation has also been used in the study of the
excitation of cyclotron radiation in the subluminous mode in
the stream—-magnetoactive plasma system. On the other hand,
by means of the quantum treatment, the synchrotron radiation
from a syséém of relativistic electrons is studied taking
into account the influence of the medium.

With the optical observational data on the structure
of the solar atmosphere, the quantitative studies of the
characteritics of the electromagnetic radiations generated
by solar energetic electrons through various coherent
radiation processes and the propagation conditions of the

electromagnetic waves in the solar corona lead to the following
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conclusions:

1. The broad band continuum-type emission is caused
by the mildly relativistic electron stream moving at the
base of the corona where the value of A is generally much
smaller than unity(see Fig. 8.3). The emission is ex-
pected to be right-handed polarized (leading spot hypothesis).

2. The narrow bandwidth drifting bursts at the
frequency about (o double) the local plasma frequency and
the continuum-type emission polarized in the left-handed
sense can be emitted from a heliecal electron stream con-
currently when the electron stream spirals through the
layers where the value of A is in the range from unity to
four, These two types of emissions will be superimposed
upon each .other in the dynamic spectral records if the
electron pitch angle is small (~ 10° - 300, say) and the
electron energy is about a few tens of keV to 100 keV.

3. The mildly relativistic electron stream passing
through the layers where A > 4 will emit a pair of drifting
bursts with similar intensities and with a frequency ratio
~ 1:2 through the Cerenkov plasma radiation process. The
first harmonic component is stronger polarized than the
second harmonic. If the radiation source is located near
the solar limb, the second harmonic component will dominate

but its polarization will be insignificant.
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4. In the outer layers of the solar coroma where
the value of A is expected to be very large, a system of
relativistic electrons will emit the wide bandwidth continuum-
type emission by the synchrotron mechanism. The continuum
emission may be strongly circularly polarized in the right-
handed sense when the radiation source is optically thick;
this requires the electron energy about a few or ten MeV
and a comparatively large value of 0 = n;/no .

Based cn these informations and other observational data,
consistent theories of the polarized type III burst and U
burst emission event, the drift pair burst and hook burst
emission event and the tyfe IVA emission at centimetre
and decimetre wavelengths have been put forward. The
pausible mechanisms responsible the type V emission and

the type IVm emission have also been suggested.

B. Suggestions for Further Research

As mentioned in Chapter III, the use of the linear
instability theory in the interpretation of solar radio
emissions requires a special assumption that the non-
equilibrium features of the electron distribution are maintained
by an efficient process. On the other hand, the use of non~
linear theory does not require such assumption and would be
more appropriate to the real situation. Therefore, in-

vestigation of the conditions of non-linear generation of the
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electromagnetic radiation in a magnetoactive plasma (e.g.
Livshiftz and Tsytovich, 1968) is of great value. This
does not only allow us to justify the validity of the
theories of solar radio emissions on the basis of linear
mechanism but also lead us to investigate the pausible
origins of some solar radio emissions which are not yet
understood, e.g. split pairs (Ellis, 1969).

The tentative suggestions of the origin of the type
IVm emission given in Chapter IX need detailed investigations.
We should firstly investigate the properties of the
synchrotron radiation from a system of electrons with a
more realistic energy spectrum and secondly study the
conditions for the production of the radiating electrons in

the solar corona,
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APPENDIX A

RANDOM FLUCTUATIONS OF PHYSICAL QUANTITIES IN A PLASMA

AND THE SPECTRAL DISTRIBUTION OF MICROCURRENT DENSITY

The physical quantities in a plasma may be well
approximated but not exactly given by their averages. The
randonm deviation §x from its average < x > is defined as
0x = x - < x>, The mean value of this fluctuation
vanishes but the mean square deviation is non-vanishing.
Therefore, macroscopic physical phenomena associated with
quantities proportional to the mean squares of the fluctuations
of physical parameters will exist. For instance; the
fluctuation current due to the random thermal electrons in
the resistor which is connected acro;s the input terminals of
3 linear amplifier will give rise to a random output signal
(or "noise") in the amplifier (Nyquist's theorem). 1In a
stable plésma, fluctuation of electron density and fluctuation
of electron current density are responsible for the emission
of various fluctuation waves. If the plasma is of thermal
dynamical equilibrium, the amplitude of the fluctuation wave
is determined by the plasma temperature and the radiation is
generally known as fluctuation radiation or thermal radiation.
On the other hand, the energy of an external wave propagating

in the thermal plasma will be absorbed as in the case that the
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energy from an impressed periodic voltage will be absorbed
by an electrical resistor. The absorption of the energy of
the propagating wave is due to the existence of the anti-
hermitian part of the dielectric tensor for the thermal
plasma (Sitenko and Kirochkin, 1966). For a general linear
dissipative system%, the fluctuations are connected to the
dissipative properties of the system. Hence in a thermal
plasma,; the thermal radiation is exgressible in terms of
anti-hermitian part of the dielectric tensor and the
temperature as in the case of thermal noise of a resistor
in terms of its resistence and temperature. Rostoker
(1961) then defined the plasma impedence whose real part is
associated with the anti-hermitian part of the dielectric
tensor and he obtained the fluctuation-dissipation theorem for
plnsmas, in analogy with the well known Nyquist theorem.

In a non-equilibrium plasma, in which the electrons and
ions are characterized by non~Maxwellian distribution functions
for a2 ‘ong period of time, the fluctuations of various

parameters can also be studied if distribution functions are known,

* According to Callen and Welton (1951), the system may be said
to be dissipative if it is capable of absorbing energy when sub-
jected to a time-periodic perturbation. The system may be said
to be linear if the power dissipation is quadratic in the

magnitude of the perturbation.
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The full description of the fluctuations of a quantity
is given by the correlation function which is defined as the
mean value of the product of the fluctuations of the quantity
at different points of space at different instants of time.
If the state of the unperturbed medium is spatially homo-
geneous and stationary, i.e. there is no preferred origin
in time and in space for the statistical description of the
fluctuations, the quadratic space~time correlation function
will depend only on the relative distance and the absolute
value of the time interval between the points at which the
fluctuations are considered. In practice, the Fourier
transform of the correlation fumction ~ spectral distribution
(or spectral density) - is more important. Using the
correlation function to describe the averaged macroscopic
quadratic fluctuations of quantities such as energy,
radiation intensit}, etc, in an ionized plasma is essentially
to replace the time average by an average over phase
(i.e. an average over an ensemble of non-interacting particle).
This is possible only for a medium having stationary state
and spatially homogeneous.

For fully ionized plasma, there are only rare binary
collisionrand each particle is influenced by so many other
particles in the plasma simultaneously at all times (long

range interaction) that its correlations with cne other ﬁarticle
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{binary interaction) are partially drowned out. In this
case, the particles remain far from each other at all times
and the change in momentum that arises in time interval t is
small. The trajectories of the interacting particles are
not affected to any great extent. Therefore, the long

range interaction can be analyzed by assuming that the
trajectories of the interacting particles are specified
beforehand and there is no position correlation. Under

this condition, the spectral distribution of the microcurrent

density is given by (Shafranov, 1967, p.74)

t

_ ezno -il'E.J v(tde' - der

GuB(k’w) = (2n)4 IJ va(t)vB(O)e 5 Fo(p Ydtdp
(A.1)

where the subscript "o' denotes the quantityat time ¢t = O.
This expression holds for arbitrary unperturbed distribution
function FO(EO) that satisfles stationarity and spatial
homogeneity for the unperturbed medium.

For a thermal plasma,

m
_ o 3/2 E
FO(P) = (ETK—T')3 exp( - <
with E = gﬁ— , GaB(E,uD can be obtained from the dielectric
o

tensor (1.7) which can be expressed as
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- _ 4w
Eg®s) = 8 g+ 170,
_ ezno - [ - iwt—iE.I v(t')de'
where oaB(k’w) = —F I dp Iva(t)vB(O)Fo(p de o dt

(A.2)

It has been shown that (Shafranov, 1967, p.51)

KT OOLB(R’t) B(R t) with o (-R,-t) = oBu(R,c).

g’

If we separate the tensors into hermitian and anti-hermitian

parts in the form
eaB(l_c,w) (k w) + :Le (k w) ,
- _H - -
GCXB(k’w) = UO’.B(k’w) + ioés(k)w) ’
we can easily show that

B(k w) = B(k w) and

2038 &,w) = 0,5 Rste dRdt.

8§ *—8

T -1 (k.R-wt)

Hence, we find
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k,w) = Gas(i,t)e~i(E'R—wt)d§dt

GaB

\
~
o)
=
~’

Fo3
Sy, 8
é*——«8

_ _KT -i(k.R~wt) =
(2n)4_l -l GaB(R’t) ‘ dRdt,
wKT A ,— wKT (eaB eg)

= 5 eaB(k,w) 5 (A.3)
(2m) (2m) 21

which is of the same form as the Nyquist theorem. The
microcurrent density (A.3) arises from the random thermal
motions of the free plasma electrons moving in the free

space.
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APPENDIX B

SPECTRAL DISTRIBUTION OF ELECTRON DENSITY FLUCTUATIONS

(cf. Sitenko, 1967, Chapter 5; Shafranov, 1967,p.131)

The expression (A.l) is the spectral density of the
correlation function for the fluctuation current density of
one species of independent charged particles in the plasma.
The interaction: between the particles of the same species
and that between the particles of different species have
been neglected. However, the fluctuation of electric
fields at some points generated by fluctuations in electron
and ion current densities will react back on the ions and
electrons through the self-consistent field equations and
cause further current densitites in the plasma.

Let us assume E- and Ei be the random fields
inducing the independent fluctuations of electron and ion
current densities in the plasma and 8E° and GEi be the
fluctuations of electric fields produced by the fluctuations
of electron and ion current densities respectively. From

(1.4) and the wave equation with source current term, we have

j§M = -1mK§BE§ ; j;"M = -inéBEg (B.1)

and SES (E,w) = 1 2T Aygls (R,w)
(8.2)

SEL(E,0) = 1 o Augig (K,
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where AaB is the inverse of the Maxwell's temnsor

~oB? i.e. A Thus the total fluctuation

om™mB Ga

8

electron current density will be

.e eM
ja

Ja

e e e .1
- inUB GEB inusﬁEB R

e ] e
= - WK, [(8 iB+4m‘ikKkB)EB+4mikKlic xé] . (8.3)

Since the ions and the electrons interact through the self-
consistent field equations only, the electron and ion current

density fluctuations are statistical independent;

i IR e S TR

20 k,w

Then the spectral distribution of fluctuations of electron

current density in a plasma will be expressed in the form

e,
<33

e _ e
38 > Bw - (6ak+4ﬂK AL) (6

e *n€
aiMk m+lm1< A, )%

B Bi jm’ "km

+ 16m2kS k&2 A% ol

0i¥83 Mk inCkm (8.4)

The spectral density of the fluctuations of longitudinal
electron density, obtained by multiplying

*
KaKBKrKszKm ke ms ©°0 both sides of (B.4) (Ka being
ka/k), reads

1

e2

¥ {1+ 41TK::"'2G?" + 161r2|1<‘a|2c;:,ll }. (B.5)
E

i
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Making use of the equation of continuity for electron charge
density, we find

e2 K2

< 8n E,w =

1;2.e 22,1
5 {1+ thHI Gy, + 16w ]KNI Gy 1. (B.6)

"l
The sgectral distribution of the fluctuations of

electron density (B.6) can be used for any medium with

distribution function whose state is spatially homogeneous

and stationary. It was also obtained by the "dressed" test

particle approach (Bekefi,1966,p.260). Because of screening,

a test charged particle moving in the plasma can be considered

as a freely moving particle with a comoving polarization

cloud of thé extent about Debye length D in which there is a

deficiency of charges of the same type that attached to the

test charged particle. Such a test particle which includes

a charge plus its attendant polarization cloud 1is called a

"dressed" test particle (or a quasi-particle). The total

electric field at a point produced by all the charged

particles of the same species is the sum of the shielded

fields of all the "dressed" particles when they are

considered statistically independent, i.e. the field given

by (B.2). It has been pointed out that a test charged

particle can be considered as carrying a well-established

screening cloud for most of the time during two successive

short range collisions if noD3 >> l,n° is the equilibrium
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electron density of the plasma (Ichimaru, 1965). This
condition is generally satisfied for the fully ionized
plasma.

Based on the ‘dressed" test particle concept, the
electron density fluctuation spectrum (B.6) may be inter-
preted as being due to the motion of fully dressed electrons
(terms proportional to Gﬁ) and motion of fully "dressed"
ions (term proportional Gﬁ). When k < kD’ in the high
frequency region, term proportional to Kﬁ is small compared
with unity and the contribution comes from the collective
plasma wave-like fluctuations of electron demsity brought
about by the long range Coulomb interaction. In the low
frequency region, the last term is essential. Although
the main contribution to the central maximum comes from those
electrons around the ions and acting to screen out the
Coulomb field of the ions, the fluctuation of electron
density arises from the random thermal motion of ions.
Therefore, the width of the central maximum is characteristic
of the ion thermal motion rather than electron thermal motion.
In this case; collective low frequency magnetic sonic wave
can be excited at the frequency given by dispersion equation
for the low frequency wave. However, as long as ™ Ti,
this collective mode is highly damped and cannot be meaning-
fully distinguished from fhose fluctuations caused by the

individual ion thermal motion. The fluctuations at other
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frequencies not restricted by the dispersion equation are
due to the random motion of individual ions (Behm and
Gross, 1949; Pines and Bohm, 1952). For k > kD, the
second term in (B.6) becomes most important. That is

the main contribution to < 6n2>>E’w is caused by random
motion of the electrons with the comoving polarized clouds
and the width of the fluctuation spectrum is characteristic
of the electron thermal motion. In this case, the wave~-
length of the fluctuation is less than Debye length and
there is no collective mode of fluctuation resulting from

long range Coulomb interaction and the sharp spike disappears

in the electron density fluctuation spectrum.
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APPENDIX C

ELECTRON EMISSIVITY FOR SYNCHROTRON RADIATION

Starting with the wave equation with source current

density, we have

k¢ - fﬂl
[ -:?—.ﬁsaﬁ - KGKB) - 8aBlEB =15 da (c.1)

where o, B = x,y,2z are the position co-ordinates. EB and
ja are the Fourier components of the electric field EB(Eq,t)
and electron current density ja(Eq,t). In the co-ordinate
system as shown in Fig. 9.1, k = (0,ksinf,kcos8), and when

(9.1) holds, the Maxwell's tensor will be

n%-¢, 0 0
AGB = "0 nzcosze—gL -nzsinecose (C.2)
0 ~neinbcosd nzsinze-qL

2czlwz. Therefore,

where ¢y = 1 - wsz/w2 =1 - A/E2 and n2 =k
the Fourier component of the electric field produced by the

electron 1is

- N .
Es(ksw) = =i E" 218 ja(kow) ) (C.S)
T!
with *—l‘e B

B e @@ - €
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€3 0 0
Téa = 0 el:sinzenz -nzsinecose . (C.4)
0 -nzsinecose QL—nzcosze '

The current density of a gyrating electron can be represented
by

j(T,t) = qv (t) G(r-r) 5

where the instantaneous velocity Gq(t) and the electron

position Eq(t) are

w

;q(t) = (-v_ sin ?T-t, v, cOS v&»tg v,) >

(C.5)
r (t) = (v—"\L cosit wyl sinﬂg-t v, t)
q wH -Yl ? wH Y' ? “ ?

q is the electron charge and the Lorentz factor y' is given by

= (1 - BL - B”)‘-;5 . The subscripts }j , L

denote the components parallel to and perpendicular to ﬁo’
The Fourier transform of the current density becomes
jok,w) = 2= | v (t) G-t ) exp(k.r-iwt)drdt ,
o (2ﬂ)4 qQ q

e - e [ - |
——‘1—- (iv, J' 8% 5 v, J ) §(uk.v -—-.mﬂ), (C.6)
@mn? SZ—«» R Ty

where Js is the Bessel function of s—~th order and with argument
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X = Y'k$x;/wH and Jé is its derivative with respect to X.
Thus, the electric field of the radiation emitted by the

electron at r = Eq will be

=147 o T k -
EB(r st) = -———%% y I J I exp (~ik.r +iwt)
(27)" sg=-w 5 o v*(n -€,) q

SWy
X G(w—k”%, - §3—-)dkdﬂdw s

where u}s) = (iYLJé, 5%5 Js, V"JS). Taking (C.4) into

account, EB(Eq,t) can be expressed as

© 4T o

by 2
~i4mg T k L
B(r o (211)3 Z-m I J J : 2 exp (-ik.r +iwt)
=0 0 0 we(n"-€) q

i

Oy

X 6((1)—1("\7“ -Y—,— ydkdQdw , (C.7)

where TB = [ivalJé, (eljnzsinze) §§$-Js—n2sin9cosev"Js R

—nzsinﬁcose E%L-JS + (gl—nzcoazﬁ)v“JS].

Now, we transform the electric field EB(Eq,t) to the co-ordinate

system formed by the three mutually orthogonal unit vectors

"~

e 32 and K with 32 lying on the E—ﬁb plane and 31 transverse

to it as shown in Fig. 9.1. 21 and 82 are called the

principal polarization axes. The transformation tensor is



(cf. Chisholm and Morries, 1964, p.453)

-1 0 0
a18= 0 ~cosf sinb i=1,2,3.
0 sinb cosf

So in the new co-ordinate system,

© oo kZS(S)

E (r ,t) = exp(-ﬂ?.fqﬂwt)

(ZTT) s= o[[ wel(n -€,)

s
X G(wwk"vh - —;?-)dkdﬂdw (c.8)

(s)

SV,
where S = {—ieLy;J;, -EL(-—E—-cose + W.sinG)Js s

363,

(e,n?) (2 22 8100 + vycos®)JI_] .
2 -1 k2c2
In the transparency region, we take i(n"-g;) “=md( - €).
Then,
o B 4T
= 2 A cosf~nR
E,(x_,t) = IJnm[B J' e i(—-—-—”—Je
i "q? 41Tc2 SZ_me ) +% "1 nsind ) 2]

S
X exp(-if(.l?qi-itﬂt) 6((0‘1("\7“ - 'Y"(:',E )dQdw (c.9)

and for the synchrotron radiation ( s > 0)
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© 47
o]
RelE, (r_,t)] = ) j [ nw [B 'cos {Wt=K.r -Hr/2)e
1*q’ 4ﬂc2 s=1_ ) Jign q
cosf-nf - - A smH
+ ¢ nsineu )JsSin(wt'k'rq"'"/z) 62] 8 (w-k,v, - .Y—,-)dﬂdw .

Therefore, the electric field vector of the electromagnetic
radiation lies on the plane of polarization (i.e. the
figure plane Il in Fig. 9.1).

Since Ei(Eq,t) is a transverse electric field, only
the transverse current density will be responsible for the
radiation of the transverse wave (cf. Shafranov, 1967, p.55).
For the sake of complete description of the polarization
properties of the radiation, it is most convenient to express

the instantaneous radiation power in the form of a tensor,

- 4. -
Pij(rq’t) = —qvqiEj(rq,t) , 1,3 =1,2 (C.10)

where v;i is the electric velocity compoment perpendicular to

the wave vector. From (C.8) and (C.10), we have

o 4T k v 45:8
P(r,t,,____Lz ” 912
(Zw) weg (n"~€,)

xp(~ik.r +iwt)

- .0 O

SU)H
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By means of direct computation, we can show

0 W,
v? exp (-ik.r tiwt) = z w(m)exp [1i(s-m) —-l:-l- t] (C.12)
qi q m=-~o Y
@ - 4 mvL
where wol o= [1v_,.Jl;1 s "X Jmcose + v“JmsinG] .
Hence,
© 4T © H
o2 2 © (w-k - —)
P (1-,1:)—-—-51——1"“3c JJI 2 Y
(2m) s== o T weJ_(n -€)
Yy
X exp [i(s-m) 7,— t] dkdQdw (C.13)
w@g (S)
with Qi A /e .

w
The time factor exp[i(s-m) # t] involved in the integrand is

eliminated by taking the average of Pij (fq,t) over one period
of time T = ZTry'/wH . We find that Pij is non-zero if m = s,

Therefore Pij is reduced to

AT ©

22 © st
- i4m 2 H
P .(r ,t) = 5 ) I I IkLQ S(w~k v, = —7)dkdQdw
i3 q° (21r)3 gm ) ) ) i3 Ol Y
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where L{w) = ——i-]:—- ,
2,2 iy ; (COs6-nBy
B-’-Js iE};_JSJS( nsin6 )
Qij ) cosf-nfy 2 cos0-nf). 2 '
v -—-——-———-L
iEleJ ( nsind ) Js( nsind )

After summation over the harmonic numbers s by means of the

delta function, we find that

Qij (-w) = Qij (w) and L(-w) = L*(w) .

13 for the positive frequency and

take the positive harmonic number for the synchrotron

Thus, we can re-write P

radiation,
P.. (T ,t) = Re §E_2_c}_ 3:0 TjﬂszLQ S(wk, v i YdkdQdw (C.15)
2 = P - = v . .
374 (ZTr)3 s=l /@ o +J L ¢

Then after integration over k by means of the relation

. 2 2
Re L(w) = ~ (kg
w

—E,) s

w X

we obtain
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© 41
2 2 5%
e ) I I wnQ,, S(wk v, - —-—-)de(.0 . (C.16)
Pij (rq,t) e g=l - ij i

The electron emissivity tensor for the synchrotron radiation

will be

dap 2 2 s
_ ij _ewn _ wH
nij = dﬂdw 27c Zlql 5(0) k“ i Y' T ) . (c.17)
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APPENDIX D B o

STOKES PARAMETERS

(Zheleznyakov, 1968)

In this appendix,it is shown that. the Stokes parameters

- 1,V defined conventionally by (9.13) give the sum and the

difference of the two oppositely polarized electromagnetic

radiation in a magnetoactive plasma under the quasi-longi-

tudinal propagation condition. Therefore, we:consider the

\eleétromagnetic radiation. consisting of x-moée and o-mode

radiations in a cold and collisionless magnetoactive plasma.

The polarization tensor is defined as

qu = DiDa :

where D, =j A®nCexp(~i@ t+ioc+ik%ir)d cw +
/YN | = ‘=

f Aon?exp(-i Wt+ial+ik®.r)d w o
st -

The bar denotes the time average of the quantity. Ae,o,

e,o
n;
i

and l_c_e’o are defined in Chapter IX (p.316). Then

7 - )

D.D
Aw

j A®A%nSn®*exp [—i( we )bl ®=o®)+i (kE-K51) .r]dm d '
2 ia £ =X r

trexp [~1(W=-at ) t+i («7 - 1)4i (k°-K°") or] dw do!

+S g Avo'n?nO
iq

av A

3 0 ' -Y.
. f A%A%'nint *exp[ -1 (@ -0 )41 (-’ ) 4i (k1”1 Y dwds!
AW AW 4 \

T o P
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L+ S g A°A 'nln:"!‘exp[-l(a)-w )t+i (0= of E1)ei (x° -k ')x]dea)

Al AW

Then the time average of the polarization will be

.

| 40,0, 0 0,, (9 Oy (1@ 201
T ,;‘,_AA B expl i (%=1 )41 (kK )-r]

+ - ASA 'n:n:'*exp[i(oce-ago')+i(}5e-_15°').1_f]

+ - a%%rain '*eXP[i@x°-oP')+i(5°-5°')zrl}f‘-;

T
2 :
lim 1 .
‘T->oo_'1‘—j exp[-l (W=t )tJQtdwdw'
My
2
i .
=) [(ata®tnEnlt rexpla (0= )+ (6511 L] ¢
Aw Awy ' E
: k

0,0, 0_0 L O O,y .:¢.0 40
+ A 'ninq'*exp[l(x - M)+l ke 1)er]

e,0, e 0,, (e Py € 10y
o+ ACA niny exp[l(o( 1) wi (k8K ).g

o_e

D,D &A A® ‘n n '*exp[i(qce-oke"\hi(l_ge-l_te'){V_’J+
Aw bW .

(D.l)’

+ A%A® 'nlnq' *exp [i («%=o8 1 )+i (5°-K )41’_‘}}6 (w=w') dwd o'

Ae2ee,.. 02 0,0

1
i

+ o‘ ! - B a - ) - A . . . . )
A%A%n 08 exp [i (=) +i (l_go -l_se )i IJ

A" n; nq'* + Aern:n;*exp[i(o(e-°(°)+i(1_5e—l_{o):)_’]

(D.2).

K
4

T e

e
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The polarization tensors foﬁ;thé x-mode and the o-mode are obtained

by putting A°=0 and A®=0 in (D.2) respectively, .

qu A%%n ;’ :*, (D.3)
o] 02 0 o, )
qu = A ninq o »(D.4

In the case of quasi-longitudinal propagation, the polari-
zation vectors for the x-mode and the o-mode electromagnetic

radiations are o . .

1 e
M =7E e f2773 (.5)
0 i o 1 "
nl = 7'2—’ n2 = 7‘2—‘ * (D.G)

Thus for the case of presence of only one normal wave,,

the x-mode,say,the Stokes parameters I and V are

11 * Ig = Aez(ni i* + n e"‘) = A%2
1

e . (r® _ 1© y _:.€2. e n&* e e, e2 : ‘
V'—A1(121 I,5) =iA"%(nyn;* - niny*) = -A

and the degree of circular polarization is

Ve
Pc =7 =1

i

Therefore the polarization PC = =1 corresponds to the case that

Al
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the electromagnetic radiation is completely polarized in the
x-mode. Similar calculation shows that PC= 1 corfesponds to
the case that the electromagnetic radiation is completely

polarized in the o-mode,

Now if fhe electromagnétiq radiation consists of both the

v

x-mode and the o-mode radiations, the quantities I and V' are

” e2 02 ..,e o) . € Oy .(.€ .0 o
I=1I;,+I,, = + AT <iATA exp[l@i - )+i(k =k )if] ‘

+iAeA°exp[i(do-df)+i(§°-3e)’fj .
+iA%A%exp i (%= el)+i (l_ge-Eo)'I] |

~1A%A%exp[ i (= ol )+1 (°-Kk%) X ] ‘

2 2 e o

£ 1°% S (D7)

= A®“y A%° = 1
Vo= i(Iy-I,) =-;—-{'Aez-iA°2+A°Aeexp[i(xe-q°)+i(1_c_e-l_c°)s_y:

+A%4°% exp [1 (- o8)+1 (°-K°) ;f;iAez-iA°2-AeA°exp[i («®-0)

+i (k% -K° )'_ﬁ-AeA%xp[i (=) +i (k%) ]
= AOZ - Ae2 = Io - Ie. -~ . ) (D.S)
Hence Wheh/PC= V/I is negative,the circular component of the -
electromagnetic radiation in polarized in the x-mode while

it is polarized'in the o;mode when PC~is positive;



368,

PUBLICATIONS

A considerable portion of this thesis has been set

in paper forms for publications in appropriate journals.
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383.
SYMBOLS

All symbols are defined in the body of the theéis when
they first occur. Those which are used more extensively and
which may occur somewhat apart from their definitions are

listed belows

2,2
A= fp/fH s

aj = polarization vector for the electromagnetic wave in the

j-mode
¢ = gpeed of light in vacuum
D = Debye length

Da = glectric induction

e = charge of an electron

81,32 = principal polarization axes for the transverse wave
(Fig. 9.1)

f = wave frequency

1
fp = wp/Zn = (é"nolnmb)2 = electron plasma frequency
£, = wH/ZW = [eIHO/(Zﬂmbc) = magnitude of the electron gyro-
frequency

I+

Ol 2 2 2,2 2.2 2 %)%
f = wi/2n = V%{fp + £k [(fp + fH) - 4fprcos 017}

= plasma resonance frequencies
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fo(ﬁ) = particle momentum distribution function normalized to
particle number density

fo(E) = particle energy spectrum

FO(E) = particle momentum distribution function normalized to
unity

Ho = static magnetic field intensity

HS = magnetic field intensity at the centre of the sunspot

I,Q,V,U = Stokes parameters

%00 = intensity of electromagnetic radiations in the x-mode
and the o-mode respectively
Iij = polarization tensor

ja = current density

3 1 = volume emissivity tensor

je’0 = volume emissivities in the x-mode and the o-mode
respectively
JS(X) = Bessel function of s-th order with the argument

X =k,v, /ymH

k = wave vector

k,,k,= transverse and longitudinal components of the wave
vector k respectively

K = absorption coefficients in amplitude for the x-mode and

the o-mode waves respectively
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ky = (Anezno/m”i

KaB = polarizability tensor

absorption tensor of the plasma

Ky jk1

Kv(Z)

modified Hankel function of v-th order with the

argument z
L = source depth along the line of observation

m, = rest mass of an electron

n, (ox No) electron number density of the ambient plasma

electron number density of the non-thermal

1] ]
n, (or No)
electrons

nj = refractive index

<6n>E,w = gpectral distribution of fluctuations of electron
density

P(0) = power of electromagnetic wave

P = degree of polarization

PP, = perpendicular and parallel components of the particle

momentum E respectively

(q/k)S = specific s-th harmonic resonance absorption coefficient

RO = golar radius

s = harmonic number

T = temperature in °k

v, sV, = perpendicular and parallel components of a particle

respectively
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Y = wnlw
0 = absorption coefficients in intensity for weves in

the x-mode and the o-mode respectively

BT = (KT/mocz)% = normalized mean thermal speed of the plasma
electrons
B_L = vL/CD B“ = V“/C

B = (82 + 857

-
Yy =Q- Bi - B?) * = Lorentz factor
-1
Y=Y
|In%—| = temporal growth rate of electromagnetic wave
H

(normalized by angular gyrofrequency)

601,602,60 = coupling parameters

8 , = Kronecker's delta

a8
€aB = daB + 4WKGB = dielectric tensor of a plasma

£ = m/wH = f/fH

Ex = £,/%y

¢ = asg? + 1y?

§ = arctan(f./By) = pitch angle of gyrating particle

Y = azimuthal angle for a vector in a Cartesian coordinate

system
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wé = angular electron plasma frequency of the stream in the
reference frame in which the stream is at rest
p = R/Ro = radiatial distance from the centre of the Sun in
units of solar radius
Vv = electron-ion collisi-a frequency

Boltzmann constant

b3
ff

k/k

Al
i

w = angular wave frequency = 2wf

2 2
A =5 als - W - = '
oB = 3 (k saB 5 eaB kakB) Maxwell's tensor

€

c

nj = coefficient of transformation of the plasma wave into the
electromagnetic wave in the j-mode

nij = electron emissivity tensor

€9 = electron emissivity in the x-mode and the o-mode

n
respectively
= nt "IN = m!
o nolno = N’olNo wp/wp
0 = wave-normal angle; angle between static magnetic field

and wave vector



