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ABSTRACT

Over the whole electromagnetic spectrum of the Sun
the metre wavelength band (1 to 10m) is unique. Shorter wave-
lengths, from < -rays to microwaves, come mostly from regions
containing dense matter associated with the Visible Sun as we
know it - the Photosphere and Chromosphere - and longer wave-
lengths come mainly from interplanetary space. Metre waves
alone are generated in the tenuous Plasma known as the solar
corona (ordinarily visible only at the time of a total eclipse),
and they reveal a spectacular range of phenomena undreamt
of before their discovery. It is here many types of Solar radio
bursts are generated. Generally these radio bursts are excited
by two types of disturbances : (1) Electron beams and (2) Collision-
less shock waves. The Physics of the beam - plasma system
is more or less understood both theoretically as well as experimen-
tally, whereas the detailed study of the collisionless shock waves
has been started recently by insitu experiments and subsequent
theoretical advances. We study theoretically the acceleration
of electrons, excitation of low as well as high frequency turbulence
in the shock fronts and the subsequent radio emission processes.
We apply this analysis to various burst phenomena such as Type

I, Type II, absorption bursts, etc.

In the first chapter, we have broadly indicated the difference
between inner and outer corona and classified the types of distur-

bances that perturb the coroma into two classes: (1) electron



beams and (2) collisionless shock waves. The interrelation between
these two types of disturbances is also discussed. We then

give a preview of the results presented in the thesis.

In the second chapter, we study the type I burst phenomena.
Assuming that weak shocks driven by newly emerging magnetic
flux are responsible for type I radio bursts, we derive the dispersion
relation for ion sound waves generated in a collisionless shock
propagating perpendicular to the magnetic field. Using quasilinear
analysis the energy density of the ion-sound turbulence is estimated
and compared with the lower hybrid turbulence generated under
similar conditions. We finally show that ijomsound turbulence
is a better candidate for the generation of type I radio bursts
in the solar corona. Since type I chains are the most direct
evidence for the weak shocks responsible for their generation,
measurements of the frequency drift rate and the bandwidth
of these chains, can be used to estimate the upstream velocity
and the density jump across the shock. The Alfven velocity
and hence the coronal magnetic field can be calculated by substitu-
ting the above values in the modified Rankine - Hugoniot relation.
Therefore we devise a method to estimate the radial dependence
of the coromal magnetic field above mild active regions using
the Type 1 chain data. These results are compared with the

existing estimates and found to be in good agreement.

In chapter I, we describe the Radio telescope which

was used to study the fine structure of the solar radio emission



at decameter wavelengths. The main fine structures observed
using the above telescope are : (1) the peculiar time profiles
of type Il storm bursts and (2) absorption bursts. It has been
shown that the peculiar time structures in type III profiles are
not due to random superposition of bursts with varying amplitudes.
It has also been shown that they are not manifestations of funda-
mental - harmonic pairs. Some of these profiles can be due
to superposition of bursts caused by ordered electron beams
ejected with a constant time delay at the base of the corona.
Regarding the absorption bursts, it has been shown that the ion-
sound turbulence, generated by a laterally moving shock wave
can act as an absorber of the decametric continuum radiation
travelling radially outward, converting it into longitudinal Langmuir
turbulence by three wave interactions. The duration of the absorp-
tion, the depth and the bandwidth are explained selfconsistently

in this model.

The most enigmatic type of decametric radio bursts are
the drift pair bursts. The data on drift pair bursts obtained
using the swept frequency spectrograph at Nancay, France, have
been analysed in chapter IV. We have detected for the first
time features like drfit pair chains and vertical drift pair bursts.
The drift pairs and their associated phenomena like chains and
vertical bursts can be interpreted if one assumes that the double
plasma resomance layer, where the radiation is proposed to
be generated is different at different instants of time so that

one gets a slope in the frequency - time plape. If one.



assumes considerable fluctuations in some microscopic parameters
such as density and magnetic field, it is possible to have drift
of all types. A steep variation in the magnetic field is derived
assuming that the density is not affected by DP activity, in

the case of vertical DPs.

In chapter V, it is proposed that the majority of shock
waves responsible for the generation of type I radio bursts
are supercritical. It is also proposed that the reflected ions
behave like'a beam in the foot and the ramp and like a ring
in the downstream, i.e., just behind the overshoot. These are
described by drifted Maxwellian and Dory-Guest-Harris distributions
respectively. The ion beams are unstable and can drive the
low frequency waves, whose frequency lies between the electron
and ion cyclotron frequencies. These waves are absorbed by
the ambient electrons, leading to the formation of electron
"tails", in upstream as well as in downstream. On entering
the cold background these hot electrons, in turn, drive the high
frequency Langmuir oscillations to high level energy densities
;“i';ﬁ% 10'5 - 10-4 in the upstream as well as in the downstream.
The conversion of plasma waves into electromagnetic waves
is caused by the induced scattering of plasma waves off ions
or by merging of two Langmuir waves. The brightness tempera-
tures in the lower and upper bands depend on the number densi-
ties in the accelerated beams. Since the number density of
the electron beams in the downstream is less than that of upstream,

the U band is fainter than L band as experimentally observed;



thus explaining maturally the band splitting in. Type II bursts
and the difference in brightness of the two bands. The role

of nonlinear processes is also studied.

In chapter VI we briefly summarize the main conclusions
of the thesis. We also briefly mention the importance of our
results. The future observations and theoretical work to be

done in these lines are also suggested.



CHAPTER 1
INTRODUCTION

The study of the sun is of great importance not only because
it provides us with an excellent testing ground for many physical
laws that cannot be tested in the laboratory but also because
it is the only star near enough for detailed scrutiny of its surface,
atmosphere and activity. In the past, studies of the sun have
always led to the development and understanding of many physical
concepts. These include atomic spectra, the interaction of

plasmas with matter and magnetic fields, and muclear reactions.

Radioastronomy is the only means by which one can study
cosmic plasmas, although the data obtained gives only partial
information about the physical conditions. ©One of the serious
limitations of Radio Astronomical studies is the poor resolvingy
power that can be obtained. As the radio emissions are very
closely connected with the physical processes going on in the
comic objects, it is very essential to obtain as many observational
details as possible. Since sun is sufficiently close to us and
provides very rich information in the radio domain also, a study
of these radio emissions provide important clues to the understand-
ing of many complicated plasma processes taking place in the

solar environment, which may be impossible to simulate on earth.

Some of these processes are collisionless shock waves,
particle acceleration, wave particle interactions and wave-wave
interactions. The solar corona is the very hot, tenuous, inhomo-

geneous and time varying atm‘os‘phere, which, with its extension



as the solar wind, continues from the transition region to the planets
and beyond. Magnetic fields undoubtedly play an important role
in its structure and motions, and probably also in its heating.

This hot, inhomogeneous magnetoplasma can support a variety
of plasma modes. In addition to this, the solar activity produces
transients and disturbances of varied mature like shock waves and
particle beams in the corona thereby pumping energy into the
normal modes of the plasma. These growing modes can radiate
directly if they are transverse electromagnetic modes; if they
are electrostatic, they can interact among themselves to generate
electromagnetic radiation. The physical conditions and the para-
meters such as plasma frequency, cyclotron frequency etc will
decide the predominance of the particular type of modes that
grow faster than others. The generated radiation can have specific
polarization which again carry information about the physical environ-
ment from which the radiation emerges; The emerging radiation
propagates through the outer coromal medium which impresses
its own changes on the original radiation. The detection and analysis
of such radiation, therefore, provides not only information about
the coronal medium, but also about the various energy sources

that pass through the corona.

The radio phenomena occur over a wide range of the electro-
magnetic spectrum starting from a few Kilo Hertz to thousands
of Mega Hertz. The radio window provided by the earth's atmos-
phere can be used for ground based observations of the radio emission.

The satellite data provide information at those wavelengths



which cannot pass through the earths atmosphere. Some' types
of radio phenomena occur over a wide range of frequencies
suggesting that they extend from the inner corona to the outer
corona and interplanetary space. Certain other radio phenomena

occur only over a limited frequency range indicating their localized

nature.

The inner corona is dense and permeated by high magnetic
fields of varied structures. The outer coroma has relatively
weak magnetic fields and ‘therefore the basic plasma processes
going on in these regions may be quite different. While the
inner coroma contains closed as well as open magretic fields
of wvaried structures, the outer corona contains predominantly
open magnetic fields. The study of radio emission from outer
corona provides an excellent opportunity of understanding the

solar activity which influences it.’

Over the whole electromagnetic spectrum of the Sun
the metre wavelength band ( 1 to 10 m) is unique. Shorter
wavelengths, from Yy-rays to microwaves, come mostly from
regions containing dense matter associated with the visible Sun
as we know it - the photosphere and chromosphere - and longer
wavelengths come mainly from interplanetary space. Metre
waves alone are generated in the tenuous coronal plasma (ordinarily
visible only at the time of a total eclipse), and they reveal

a spectacular range of phenomena undreamt of before their

discovery.



In general, one can classify the types of disturbances
in the solar corona that give rise to radio signatures into two
catagories . charged particle beams (predominantly electron
beams) and shock waves. But these two are not really independent
since one requires low frequency turbulence to accelerate particles
and the energy of the low frequency turbulence has to be transfer-
red through some resonant wave particle‘ interaction to the
electrons. As the generated radio waves have to propagate
through the corona before reaching us they should have sufficiently
high frequency so that the plasma on their path will be transparent.
Therefore the shock should produce sufficiently high frequency
plasma waves. Otherwise the shock generated low frequency
turbulence has to accelerate particles which in turn can release
their energy to high frequency waves from which one expects

radio wave generation.

As the density, temperature, magnetic field etc change
continuously outward, these changes are also reflected in the
radio emission. Identification of the signature of such changes
helps us to determine the inhomogeneity characteristics of the
coroma. For example the slope of the dynmamic spectrum of
the radio waves gives information about the speed of the disturban-
ce responsible for the emission and the density variation of
the coroma. In some case it can be related to the magnetic

field variations, and this depends upon the actual emission mechanism.

Of the various types of radio emission the type I noise



storm is very special in the sense that it is seldom associated
with flares. The active regions in which noise storm sources
are located, are not conducive to flares. The mild shocks
which develop out of magnetic pulses generated by newly emerging
magnetic flux are recently proposed to be responsible for the
Type-1 emission (Spicer et al 1981) and this theory is under
current development (Wentzel 1981, 1982, Gopalswamy and
Thejappa, 1985). This theory needs low frequency turbulence
to accelerate electrons and to interact with high frequency
turbulence generated by these accelerated electrons in order
that radio emission occurs. In the literature lower hybrid turbu-
lence is proposed as the low frequency turbulence. We have
investigated this problem and found that the ion-sound turbulence
could be a better alternative to the lower hybrid turbulence.
We support this claim by bringing in a suitabie acceleration
mechanism and the effectiveness of the resonant three wave
interaction. = Coronal magnetic fields can be estimated if a
realistic model is used to interpret the radio data. On the
basis of data from many sources inciuding radio data, Tanstrom
and Benz (1978) and Dulk and McLean (1978) derived an empirical
formula for the radial dependence of coronal magnetic field.
They had left out the type I radio data basically because, the
theory of type I emission was not clear at that time. Since
the type I theory is fairly clear now, we collected the data
of type I chains from literature and used the emerging flux
theory to estimate the coronmal magnetic fields and derived

an empirical relation. Our values are smaller than those of



Dulk and Mclean (1978), which is quite natural because the
type I emission originates from mild active regions where the
magnetic field will be less compared to the active regioﬁs respon-
sible for other radio bursts as they are flare associated. The
modification of the emerging flux theory and the estimation
of coronal magrnetic field using this theory are dealt with in

chapter II in detail.

The outer corona can be studied using radio telescopes,
operating at low frequencies as the local plasma frequency in
the outer corona lies in the low frequéncy range. The Gauribidanur
radio telescope operates around 35 MHz and is being used to
study many interesting features in decametric radio emission.
In chapter Il we consider two features that have been recorded
by this telescope. First one discusses the fine structures in
the observed type‘ Il bursts which provide valuable information
regarding various damping processes for the ‘excited Langmuir
waves that get converted into radiation and the electron beam
injection mechanism. The second one deals with absorption
features produced in the decametric continuum. From the obser-
vational characteristics we have interpreted it as the effect
of a "Screen' of ion-sound turbulence generated by a laterally
moving shock which absorbs the continuum radiation as it propa-
gates. The requirements to be fulfilled by the ion-sound turbulence

in order to produce the observed emission are discussed.

The drift pair bursts are still enigmatic to the solar radio



astronomers.  Although they have been observed quite some
time ago (Roberts, 1958), they are still not fully understood.
We collected data using the Gauribidamur radio telescope as
well as the swept frequency spectrograph at Nancay (Boischot
et al 1980). Analysis of this data has brought out many new
features such as DPs with very large drift rate and the chains
of drift pairs, which may provide important clues to the understan-
ding of these DPs. From the frequency drift characteristics
we are led to the conclusion that the movement of a physical
agency cannot cause the observed drift rates. We propose that
the drift has to be determined by the characte.ristics of the
medium. We derive the functional behaviour of the magnetic
field and the density in the DP active regions. We critically
review the existing theories of DPs and provide a basis for

further development of the theory of DP bursts in Chapter
Iv.

In chapter II, we dealt with weak shocks causing type
I emission. The type II emission is also attributed to the shocks
but they are relatively strong. We propose in chapter V that
the majority of the shocks responsible for type II bursts are
supercritical. In such shocks, the ion reflection becomes an

important dissipation mechanism.

The reflected ions which act like a beam in the foot
and ramp of the shock front and like a ring just behind the

overshoot excite low frequency turbulence with an anisotropy



in the phase velocities i.e., the phase velocity of the waves
parallel to magnetic field is much greater than perpendicular
to the magnetic field. Therefore the magnetized ambient electrons
quickly absorb these waves which leads to the formation of
non-Maxwellian electron tails both in the upstream as well as
in the downstream. We derive the distribution functions for
these accelerated electron beams. These hot electrons in turn,

drive high frequency Langmuir oscillations with wx

pe upto
5 -4

- 10 ° in the ambient cold plasma

very high level b\l,_/,m’_’_e 2 10”
both in the upstream and downstream. The conversion of plasma
waves into electromagnetic waves is caused by the induced
scattering of plasma waves off ions (W= wpe) or by Coalescence
of two Langmuir waves ( W0 X pre). The role of nonlinear
processes is also studied. The brightness temperature calculatéd
from the theory, Tb'—\’a 10ll K appears to be in very good agreement
with observations. = The observed frequency splitting will be
determined by the jump in plasma frequency (due to density
Jump) across the shock. The difference in the brightness tempera-
tures in the upper and lower frequency bands also is explained
by this model. Therefore we present a self consistent theory
of the Type Il radio bursts which includes the acceleration process,

radio emission, the frequency splitting, and the unequal bright-

ness ‘in the upper and lower bands.

In the concluding chapter VI, we summarise our results
and highlight the main conclusions. We also critically evaluate
our work and suggest necessary work to be carried out both

in theory and observations.



CHAPTER N

EXCITATION OF THE ION-SOUND TURBULENCE IN THE COLLI-
SIONLESS SHOCK WAVES AND TYPE I RADIO BURSTS.
ESTIMATION OF CORONAL MAGNETIC FIELDS USING TYPE 1

- CHAIN DATA

2.1 Introduction

Historically, Hey (1942) was fifst to recognize the sun
spot association noise storms from the Sun. On the radio spectro-
graph the type I storm consists of many shortlived, narrow-band
bursts scattered at random across the frequency-time plane.
Occasionally the bursts appear in chains which drift slowly to
higher or lower frequencies. The bursts are sometimes super-
impésed on a background continuum of emission. The low-frequency
edge of such storms may be anywhere from about 150 MHz
down to about 50 MHz. A typical example of the type I storm
is given in the fig.2.1. Except near the limb the radiation is
generally strongly circularly polarized in the sense of the ordinary
mode (Le Squeren 1963). The observed polarization and heights
are generally taken as evidence that the emission process is
a plasma process at or near the local plasma frequency. The
low frequency type Il component of mnoise storms indicates
the escape of electrons from the source region, and it is often
assumed that before the electrons escape they play a role in
the type I emission process also (Aubier et al 1978). The evidence

presented by Duncan (1981) lends support to this idea.



10

LIITIIIT I iy ys/f

.~

7

L4y r~ . | R
Hf_ll_ﬁ”wv S -+ Tt - i ] .
B - - .- g
- . ¢ I~ - L - l.lqu Tu._, -
vy o hd » . - . . -
14 M e T - T,
ﬁ‘ P | N u 1 b 341
»
- - .
- L |
- L ™ ) -~
- n 1
L [
™ -
- -
-
a e
m = v -
1T (8¢ 00
n T
- v el
™ | .
m r
= n .
4
]
-
' M - =
] 1
D 4 - \ “.

8 A A

) §

rr iz rr
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Gauribidanur Radio Telescope.



Observations of noise storm characteristics have been
extensively reviewed by Kundu (1965) and Elgaroy (1977). Although
the type I storms are historically the first class of radio bursts
that was identified, they are today among the least known manifes-
tations of solar radio emission. Despite their connection with
large sunspots on the solar disk, they seem to be entirely coronal

phenomenon.

The frequency drifts associated with groups of type I
bursts (chains) are attributable to weak shocks. The absence
of second harmonic radiation and the narrow bandedness of
the type I bursts show that the shocks responsible for type I
storms are slightly super Alfvenic. Zaitsev and Fomichev (1973)
were first to suggest that type I bursts are due to the currents
driven perpendicular to an ambient magrnetic field by a shock
without identifying the free energy that drives the shock. They
have also assumed that .%L:«l where W, and 12, are the
plasma and cyclotron frequencies respectively and Alfven Mach
number M, =. 1.5, which are as strong as flare assocaited shocks.
The shocks causing type I emission therefore correspond to evolving
active regions in a quasi-stationary corona where ‘the magnetic
field and density are not conducive for flares. The inequality
w?,;« e can satisfy only at frequencies much highér than 300
MHz, which is in the cut off range for type I bursts (Melrose,
1982). The transition between type 1 sotrms to type I storms
indicates that the trapped particles in the closed magnetic field

are responsible for type I storms (Aubier et al 1978). Wentzel

11



(1981) proposed that the interaction of upper hybrid (UH) waves
generated by the loss cone distribution of electrons trapped
in the closed magnetic fields with the lower hybrid (LH) waves
generated by a shock wave gives rise to type I emission. Spicer
(1981) identified the newly emerging magnetic flux as the agency
which drives the shocks perpendicular to the magnetic field.
They also estimate the LH turbulence level in the perpendicular
shocks, which stochastically accelerates the electrons, which
in turn generate UH waves, once they develop a loss cone.
The interaction between UH .and LH waves gives rise to the
radiation. The chain is produced when the shock moves out
in the coronma producing bursts at various places where the reso-
nance conditions are satisfied. The bursts could be generated
intermittently due to the random weakening or strengthening
of the shock (Spicer et al 1981) because of fluctuations in the
corona (Yakobalev, 1980) or due to the fact that emissions occur
at those places in the corona where the plasma frequency matches
with integral multiples of the UH frequency during the lifetime
of the shock (Wentzel, 1981).

12

et al

Ion-Acoustic turbulence as another alternative low frequency

turbulence to interact with higher frequency electrostatic waves

was proposed by many authors (Melrose, 1977 Benz and Wentzel,

1981, Malara et al, 1985). According to Benz and Wentzel (1981),

jon-sound turbulence is generated by parallel currents due to
coronal evolution. Then the slope of the chains in the dynamic

spectrum cannot be explained by such a model. In the emerging



flux theory of Spicer et al (1981) the perpendicular currents

due to shock gradients feed the LH waves. We propose here
that ion-sound waves can be generated by the perpendicular
currents and these IS waves can interact with the UH waves

“to generate the Type I radiation.

2. lon-sound turbulence due to shock gradients in collisionless

plasma

The generation of jon-sound turbulence is an interesting
problem both in laboratory and in the astrophysical contexts
(Kaplan and Tsytovich, 1973). The ion-sound instability is generated
when the relative velocity between the jons and electrons in
a plasma exceeds the ion-sound velocity. The growth of ion-
sound waves, therefore, def;ends upon the drift current present
in the plasma. When shock waves propagate through a magnetized
plasma the shock gradients generate currents perpendicular
to the magnetic field. These currents generate lon-sound waves
propagating perpendicufar to the magnetic field. In non-isothermal
plasmas, the generation is very efficient. Even in isothermal
plasmas, ion-sound waves can be generated with a high energy
density, provided the Buneman instability generated in the front
of the shock heats the electrons differentially so that non-isother-

mality is generated (Galeev, 1976; Kaplan and Tsytovich, 1973).

In this section we derive the expression for the growth
rate of the ion sound waves generated by shock gradients and

the ernergy density of the ion sound (IS) turbulence saturated
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by quasilinear effect. We compare the energy density of the
lower hybrid (LH) turbulence with that of IS turbulence generated
under similar conditions and show that the IS turbulence grow
to higher levels. We also show that IS turbulence could be a
better candidate for the low frequency turbulence needed to

generate type I solar radio bursts.

2.2 Dispersion relation for ion-sound waves generated by

shock waves

We consider a collisionless shock wave propagating perpendi-
cular (in the x-direction) to the magnetic field in the z direction.
Since the ion Larmor radius exceeds the shock thickness, ions
are treated as unmagnetised. The electrons gyrate many times
in the magnetic field in the shock transit time and hence they
are magnetised. In the shock frame, the density and magnetic
field gradients are in the x-direction. As the electrons are
decelerated in the x-direction due to induction and the ions
are unaffected, there is a net charge separation in the shock-

front so that an electric field E’x arises.

- 4 .
By assuming B = & Bo (1~ EBZ) represents the magnetic
field in the neighbourhood of a point of inflection in the wave

(where B= Bo V,=U, etc), we get:

28 - - B, E'B: — 41T me Vige
2% )

= (2.1)



But in the above field configuration, £, in the magnetosonic

wave is given by

* c (2.2

£ B
= - “B °
Eax h—;‘;‘; (2.3)
where
A & Bo)
EB
a % (2.4)

is the magnetic field gradient, Bo is the ambinet magnetic
-field at x = 0, n and -e are the density and charge of the electrons.

This electric field gives rise to a cross-field drift given by

VE:____CEx__ CBQ E

—— —

(=
BD "' rme (2-.5)

The gradients in density and magnetic field give rise to the

drifts
L2
ws o
m e (2.6)
and
2
Vg =
_a.g (2.7)
where £, = A(mmd s the gradient in density, .= €8

a ot me &



Is the electron cyclotron frequency, V e is the électron thermal
velocity, m, is the electron mass and c is the velocity of

light in free space.

We are interested in solving the Valsov-Poisson equations
to obtain the linear dispersion relation. The equilibrium distribution

function can be obtained in terms of the following integrals

of motion:
W, = —?1_— mv- Fax  (total energy) (2.8)
Rd = mY - %IBDC%) d (y-momentum) (2.9)
P, = mVz (z-momentum) (2.10)

Here F is the force due to the charge separation electric field:

The simplest equilibrium which reduces to a Maxwellian in the

absence of irhomogeneities may be given as,

(-x. v (ZnT;‘)[t-’—u{(x—. Yy, )]uP[ m.v ] (2.12)

where Te is the electron temperature and o Is the parameter
characterizing the spatial variation. It is related to the density
gradient by the relation,

€,.= L+ E
Te (2.13)
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The perturbation of such an equilibrium can be described by

the linearized Vlasov equatiom

= f; _ e XB (» F = ]. 1 =
ff’+“ > m L o - < &4 (2.14)
= 2%
= - £ I
where

£ (B9 = A (% SOERNEN

is the perturbed distribution function and  ¥{ A, ) is the

(2.15)

perturbed potential. Equation (2.14) can be solved using the
method of characteristics (see e.g. Krall and Trivelpiece 1973).

The characteristics are

dF= ¥

dt

- E
_d’l 2_&(1—-5‘::)\/)( & +-;nee7.

where we have assumed the magnetic field variation in the
form,

Bo (%) = Po (- Es“)
(2.17)
The particle trajectories '?;,', T;" which arrive at 7:’: Y when tat
can be obtained from (2.16) as,

v; = V. cn[e -+.n_,_(1:\- t)] + Vg Sin -ﬂ-c.“’“‘ t)

V.= V, Stn [e-g--a,_(b‘-t):[- VEE:os -ae(f-"f)-i—J -VB

(2.18)



and
'z e M som[e el t-t)] - Scne-g
= -,
+ Xg { | — Cod—n-e(b‘_f).j
C
, ey
y'e - % feosfotae(e] -0
= =
‘ E-t
— Ve s e (b-1) + Vg (£-8) = V! )
e
2= z+Ve(E-t)
(2.19)
Here, V_, = V,cen®, V4= ViSm6 . We have neglected terms of
order 3 ; , under the assumption of weak spatial gradient.

Equation (2.14) can be formally integrated as

t
@I =2 fdf'vwrje‘)lafgt(mtv*')
" a-vn
- De
(2.20)
Taking
: ‘( : k. z ~cwt
L KyYy + z
(‘P(sz) = QP('K) e
(2.21)

and assuming that the local approximation (Krall, 1968) is valid
( (e, PEI=PLY) one can perform the integration in (2.20) with
the aid of (2.18) and (2.19). The result is

212 o) L £e(%V)

. [t_ (w_ w*)Z IP(%) j;(%‘ )e-vtP(L‘ f?—'t]e)

i (w- kyve+ kvy~ paae)

(2.22)
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»*
where w = ky Ve~ k:; Vin

Since the ions are unmagnetised, their distribution is simple:

-ﬂ
‘("’) k. 2%,
—(;l = ——"%L ple) v
where
. VZ- b X
- m, . mV
| £.=m T,m) exp [~ =T ] , (2.24)

T:,™m; being lon temperature and ion mass respectively. Substituting

(2.22) and (2.23) in the Poisson's equation,
OO
— [ v -
~vep= ki f I I (2.25)

one can eliminate CP{ °) to get the dispersion relation,

D(x=¢, bw)= 44+4%X;+Xe =0 )
(2.26)

where

kZ
NI
ko= e W[kv,- ) (2.27)

and



e o
kl o me ‘/2-
. L I -""-) Vyelv | eV
He= "7 T, 2Lrie
k e . e

(2.28)
where k.,‘ and Y% are the Debye wave number and
thermal velocity of species o ( = e, i). The W-function is
defined as

o0 'ﬂ,/z
| 2%
Sa:n' -z
-
(2.29)

We consider the range of frequencies "gV;‘f WL, . In this range,
one can neglect terms of order w/ b.n.; ’ I::-.tl;gand expand
W ( “/k‘,vg) asymptotically. From the Rankine-Hugoniot relations,
we note that the jump in magnetic field and density across
a laminar shock are of the same order. Defining an average
gradient-B drift, V € V* x E.,,V,_ y Ve find that \/ ~V, . Hence

-ﬂ.(_ -Qg
we get

w"’ “SVE '+ l(,\f,n

— = 4
w-kjvE-q- ky v,

(2.30)
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With further assumption that 'Iﬁ, Ve > 1o - and _k_’:. > VE/
ky Ve
we can solve the dispersion relation (2.26) to get the frequency

t,, and growth rate Y(w: o N & [ .&,(«1) as,

21

W, = + Pe |
2. %
'[7_,_ _lge_(i+ Aoﬂ (2.31)
kﬂ.
and
[}
> = We/ o o
m N w - 2 i f)
Xo-(B) () e
w—f ‘( Jvl-
2
~| I kc. LV Y
BTl fo-1) AT (x e )
vV, = T
B Yy VB e Vo *T
‘*:V’- v, 2L a2
[+ 5 Yo e a2
y e B Y% kbR
(2.32)
where
% 2.
L = l(._.,’--+ l‘z
Here (2.33)
k"vl 2 2
Ao-- Io( J e )Q)(P(- k’____v’?- )::'._L JSle . i.
.a.’; -rfi S;.Tt' Ve (2.34)
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The frequency of the waves given by (2.31) .is-nothing but the
ion-sound frequency because A <1 and Te™T;. The frequency

can be written as

ke, (1+37T¢ -,-,_)
Y
. P+ _:_i (1-—-/1e)]

C.= | Tef . i ity.
where s ©/; is the ion sound velocity

-
— —

Wy

(2.35)

The first term in (2.32) is the ion-Landau damping. The
second term is due to electron Landau damping and drifts.

The mode with lower sign in (2.32) grows when

V. w
e 4wl
VB k’\lg

> 1

(2.36)

Ve _ 2,4, and hence the instability criterion is easily
Ve P

Ve
satisfied provided the ion Landau damping is negligible. This

Now,

is in fact so because of the condition T > T; . Differentiating

(2.32) with respect to k , we find that 7 reaches a maximum

value of J—:—Ens;ﬁg when k ~ l(,_ . When the wavenumber decreases,
- ko ke

Y also decreases and Y= — J‘L—n'm_%:.m{when k «=f . Hence

Wee
one can conclude that the maximum growing modes lie in the

e[l ke )
we
[ X

2.3 Quasilinear saturation of ion-sound instability

Once the jomsound waves start growing, the electrons



in the resonance region start diffusing in velocity space due
to quasilinear interaction. Therefore, the equilibrium distribution
function of electrons changes slowly with time. Because of
this, the energy density of the ion-sound waves saturates. The

change in equilibrium distribution function can be found as

24 » L& vH +.e 2% 2%
<& [FPxe. |- v+ £ s =t > .

where <--"° > denotes average over fast time scale. 5’1 is

the rapidly fluctuating part of the distribution and £ > [£] .

Calculating as in the linear case, we get

2.
_’_.,____ Er_+zw31—‘<3-i— ]I(ﬁ‘ﬁ‘)-
w* Ve

vy vy~ ie)

. 2 2w 2 - Lj 9 ] -{e ’
[kzavr__,- 2y 3(Vy—re®) ) °

. (2.38
gl 5 (eomkyvi + g bava ) |

The calculation is similar to that of Krall and Book (1969).
But in our case the resonance region is determined by VE. rather
than Vg - Since most of the waves propagate in a narrow cone
around the direction of drift, we assume ‘l,_:: © and we get

the effective collision frequency due to ion-sound turbulence

PRy 3—b
5 = [ (22) 5

fj vy £, 47

as

(2.39)
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The change in the equilibrium function due to quasilinear effect,
viz, %% is obtained from (2.38). This change is proportional
to the energy density of IS waves which enters through the
quasilinear diffusion coefficient.  Evaluation of the integral
(2.39) yields,

Yo o
— 1”_5 ~le Wp 2
”’7@{(m;) (—5_’3-)( E:)[‘“M“’_? Ws
8 e

2
c "Te

(2.40)
2 2
where W.s= z k [4] the energy density of the ion-sound waves.
k

We can take the scale length of magnetic field variation

in the shock as

€ o A8 -4
e L
Bo (2.41)

where  AB= (3-8, is the jump in magnetic fleld (see Fig.2)
across the shock and L. is the shock thickness. Putting this
in the marginal stability case of (2.36) viz,

— T = == =4 (2.42)

we get an expression for the shock thickness L &

e (42) (374 2%

(2.43)

The shock thickness is also related to the effective collision

frequency due to the instability geherated in the shock by (Spicer
et. al., 1981)
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2
| Vegp © Ma
- v
S 2 2_ 4
\/, M
Wpe A A
(2.44)
where M A= v / VF\ is the Alfvenic Mach number,

Vy = Bo /W is the downstream Alfven velocity and
Vl is the velocity of the shock. Relations (2.43) and (2.44)

can be used along with (2.40) to find
A

.
W ;(1"’__«')_4_‘2 CsVa (M:-_t) 2
NTe, me) Bo v My 2-p
2.
. b Wp
[ 1+ '-_,;:E'] (2.45)

The above expression indicates that the energy density of the
jon-sound turbulence depends. upon the jump in magnetic field

AB, the electrc;n temperature le , the Alfvenic Mach number
M A’ the coronal pla.sma ﬁ and the ratio of the plasma frequency

w pe to the electron cyclotron frequency (¢ .

2.4 Comparison with lower hybrid turbulence

For weak shock waves, the energy density of the LH turbu-

lence has been calculated by Spicer et. al. (1981) as

25



2, L
Wiy _ Tee 22 vy 48 m,-1
— T Ay wr ¢ 3, M
MNie v Pe s A
| (2.46)
comparing the expressions (2.46) and (2.45) one gets
2
. R
Moo L2 (1o p) (24 000
2 -2
We, “pe
(2.47)

In most of the plasmas of interest, Jl::/wap_ << 1 and hence
the LH turbulence saturates at a lower lev:l compared to the
IS turbulence. ‘The other factors in equation (2.45) are not
important. In the coronal region where type-I bursts occur,
say 100 MHz level, the magnetic‘field is ~ 1 G (Gopalswamy

et. al. 1984), which corresponds to a cyclotron frequency of
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)
2.8 MHz. Then the ratio —2</ 2" 2.8 x 1072 and hence Wb,
Pe W

s
4.5 x 10'3. Under such circumstances, clearly, IS turbulence

is important.

Though we have compared the LH and IS turbulences
under identical conditioﬁs, one should note that we have assumed
‘I'e > Ti‘ The solar corona is usually isothermal (T e ™ Ti) under
which case the Landau damping ior‘the IS waves will be dominant.
But it has been pointed out (Galeev, 1976; Tidman and Krall,

1971) that a variety of instabilities are excited at the shock
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front and most of them essentially heat the electrons and quenched
at the initial portion of the shock front itself. Deeper into
the shock, the condition Te >T, is established and IS waves grow
and these waves determine the structure of the shock wave
by limiting the perpendicular current, quasilinearly. The situation
is explained in Fig.2.2. The Buneman instability is first to occur
with VE ~ Ve near the front of the shock which heats the electrons
and increases Te/Ti . Deeper into the shock VE< Vg, and the
Buneman instability is quenched whereas IS instability is excited.
In fact, the magnetic field gradient EB needed for generating
the Buneman instability can be obtained as

HuEme

E

EB:! 7- 8 x)gs C'm_i

(2.48)

For IS waves, 65'2' 1.8 x 107°% em™L.

This means the density gradient at the initial portion should
be 43 times more than that in the interior. This will be satisfied
in " the shock configuration assumed by Vlahos et. al. (1982).
.Moreover, Mdgller-Pederson et. al. (1977) have concluded that
whatever be the initial value of Te/Ti, ultimately IS turbulence

will be generated.

Now, let us consider the generatioﬁ of type-l radio bursts.
Basically we need high frequency waves to coalesce with low.
frequency waves to produce electromagnetic radiation as type-

1 radio bursts. The generation of these waves must be due to
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— egion
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Buneman instabilty Turbulence
(Heats electrons)

Fig. 2.2, The profiles of B, V. and VE at various portions

of the shock; the regions of ion-sound and Buneman
instabilities are also indicated.
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some agency moving through the coroma. The small drift rate
of type-l chains indicates that the agency must be a weak shock.
The weak shock, therefore, should generate both high and low
frequency turbulence. In the emerging. flux theory of Spicer
et. al. (1981), the high frequency waves are. UH waves generafed
by energetic electrons stochastically accelerated by LH waves.
We argue that the IS turbulence is a plausible candidate for
the low frequency waves because of their higher level of saturation
energy and the larger width in wave number space so that the
resonance conditions for the interaction with high frequency
turbulence is easily satisfied. We consider these points in detail

below.

2.5 Energy requirement of low frequency waves

For the UH waves to provide adequate brightness temperature,

the low frequency waves should have an energy density,

MW o> 63
7Te 17 “‘op LN vcpav

(2.49)
where (v represents any suitable low frequency waves that
interact with the UH waves to produce the radiation; LN is
the scale height of coronal electron density variation and V‘;
is the phase velocity of the low frequency waves. For a coromal
plasma frequency of 100 MHz, LN'X, 1010 cm. For typical phase

velocities of the low frequency waves in the million degree



corona, one gets from (2.49)

o ¢
W > j3xto

mTe
(2.50))

This condition is satisfied only marginally by the LH waves
whereas the energy density of IS waves is much larger than

the limit (2.50) as is evident from the discussion in section (2.4).

2.6 Acceleration of electrons to generate high frequency waves

Now, the low frequency turbulence should generate energetic
electrons. The energetic electrons should develop a loss cone
distribution to generate the necessary high frequency waves.
The LH waves can stochastically accelerate .the electrons to
high energies while the IS waves cannot (Lampe and Papadopoulos,
1977; Kaplan et. al,, 1974). But there is another efficient
process by which the IS waves can produce energetic particles
with a loss cone distribution in order to generate UH waves.
Whistler waves and IS waves have the same range of frequencies.
Hence, the IS waves can get converted into whistler waves
through non-linear scattering from the jons and electrons. The

characteristic time of conversion is :
2 We \ * i
— [#] -
TA - = = ) el
F 'Y'lTe
(2.51)

where p= 8MnT and —Le is the electron cyclotron frequency.
L

B
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These whistlers have electric field normal to the magnetic field
and hence increase the transverse energy of the electrons as
they are absorbed by the electrons. Once the transverse velocity
of the particle exceeds certain threshold value determined by
the mirror ratio, the electrons are trapped. The characteristic

time over which this trapping occurs is :

p " " 2 W -4 .
() (&) -

where 'TJ: is the energy density of whistler waves. For a V,

(2.52)

(velocity of the heated electron due to whistler absorption)
of ~ 7V, and W 0.5 W, one gets T .o~ 0.01s and
Theat™ 0-5s. Both these time scales are well within the

collisional damping time (Kaplan and Tsytovich 1973).

e
= [k Ny
TCG' r (-:f:t- ) X P,

(2.53)

where

T; v, -ion temperature and ion plasma frequency, ND— Debye number
-3 :

= mA,, A, being electron Debye radius. Hence the ion sound

turbulence provides an alternative mechanism to produce loss

cone distribution of energetic electrons.

2.7 Overlap in wavenumber space

For the efficient interaction of the high and low frequency



waves, the following resonance conditions should be satisfied:

— — -

o+ k. = ke
(2.54)

Wt W = W
(2.55)

where ( k y W) are the wave number and frequency, and (,
o » t represent the UH, low frequency and transverse waves

respectively. Since "t« ‘f,_ p K, one needs kt~ k,y. For

maximum growing modes (Wentzel 1981),

V,
kL" e v ’

(2.56)
«Le
k< ke w,,,) (2.57)
and for the ion sound waves,
k
k €[ ke 2, Xe
Lz, :] (2.58)

Since %ﬁ(l for the coronal plasma level at 100 MHz, we
see that there is a better overlap in the k-space in the case
of IS waves compared to the LH waves. The equation (2.57 )
demands that Vh must be atleast 20 V e satisfy the resonance
condition while moderate electron heating is sufficient in the

case of ion sound wave because of its wider range of maximum

growth.
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It is clear from the above discussions that the IS turbulence
excited by the weak shocks is more likely candidate for the

generation of type-l bursts in the solar corona.

2.8 Estimation of coronal magnetic field -using type I emission

The coronal magnetic fields can be estimated only indirectly
from the various types of radio emissions emanating from different
heights in the solar atmosphere. Because of solar activity it
is difficult to define an average magnetic field in the solar
corona. Like demsity and temperature, magnetic field also is
enhanced in the active regions. These parameters, moreover,
vary from one active region to another. The magnetic field
aiso depends on the evolution of the active region in time.
The estimation of magretic field using a particular radiation
applies only to that situation which gives rise to the radiation
in question. For example, .if one estimates magnetic field using
noise storm measurements, then the field correspords to a slowly
varying active sun. If the magnetic field is derived using other
radio bursts, like Type-II etc, then it corresponds to a fast changing

active sun because of their close association with flares.

Using the properties of various radio emissions, Newkirk
(1967, 1971) estimated the magnetic fleld strength, Dulk and
McLean (1978) re-evaluated the sources of data and improved
the estimates by eliminating those data which involved an interpre-

talon in terms of out moded, incorrect or inapplicable plasma
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concepts. The radio emission based estimates included in the
analysis of Dulk and McLean (1978) and Tanstorm and Benz
(1978) correspond only to fast changing active regions because
all these radio bursts are flare associated. The type-I bursts,
which correspond to a slowly changing active region, are not
used for magretic field estimates mainly because the theories

of these bursts were uncertain at that time.

Apart - from slowly varying component, (Kakinuma: and
Swarup, 1962) the type-l storms are probably the only phenomena
that could be used to estimate the magnetic field in the active
regions in the absence of flares. The understanding of the type-
I phenomenon has improved very much after the emerging flux
theory of Spicer et al., (1981). A working model based on this
theory has been proposed by Wentzel (1982). It is ‘therefore
worthwhile attempting the magnetic field estimation using type-I
storms. This provides an opportunity to compare the estimates
with those of Dulk and McLean (1978) who excluded estimates
from type-I phenomena. Wild and Tlamicha (1964) made use
of the spectral characteristics of type-lI chains to estimate the
coronal magnetic field. This was included in the compilation
of Newkirk (1967, 1971). It was mentioned by Wild and Tlamicha
(1964) that shock waves could generate the type-l bursts. They
assumed that the velocity of the exciting disturbance to be
the same as Alfven velocity and estimated the radial field.
Actually the shock wave has super-Alfvenic velocity and therefore

their estimate may correspond to the upper limit of the magnetic
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fields. Takakura (1966) attempted to use the polarization proper-
ties of the type-I bursts to calculate the radial field which sets
a lower limit. The result was nearly 10 Gauss at 50 MHz which
is a very high value. This is basically Eecause the theory used
by him has severe draw backs (Melrose, 1980). In this chapter
we derive the coronal magnetic fields at various heights based
on type-I chain observations assuming that the emission is at
local plasma frequency. The velocity of the shock, calculated
from the drift rate of the chains, and the density jump across
the shock, obtained from the observed bandwidth, are used as
the imput in the Rankine-Hugoniot relations and the magnetic

field is calculated.

One of the interesting features of the type-l bursts is
their parrow bandwidth, which implies that the density jump
across the shock must be‘ only of the order of a few percent
of the ambient density (Spicer et al., 1981). Since L «w,the
emission is assumed to be at the local plasma frequency, the

bandwidth and relative density jump could be related as follows:

w; = hnme

™ (2.59)
'Aw l - A 4m
e =" (2.60)

where n, e and m are the ambient density, charge and mass
of electrons and Am is the density jump. As the bandwidth
of the type-I chains is very small, the shock travels only a small

distance in the corona compared to the coromal scale height.
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Suppose the emission starts at a frequency ¥, corresponding
to a plasma layer of demsity ™, and the emission stops at the
frequency -f, corresponding to a layer with dersity m,. Because
of the closeness of the layers, the difference (m,- m) will be
very small compared to the average density. When the shock
reaches the ™, layer, the », layer will be within the shock wake

as the shocked region takes a long time to relax to the equilibrium
situation (Lampe and Papadopoules, 1977; Lacombe and Mbller-
Pederson, 1971) compared to the time taken for the shock to
travél from the m, layer to the m, layer. Hence one can assume
that the density remains almost same from immediately behind
the shock to the starting layer. Therefore one can equate the
density jump 4m across the shock to the difference ( M - my)
and hence relate it to the bandwidth Af = £, - £, (wentzel,
1981; Spicer et al 1981; Wentzel, 1982).

The chains of type-lI bursts (Wild and Tlamicha, 1964,
Hanasz, 1966, De Groot et al. 1976) have .very small drift rates.
Assuming a particular density model above the active regions,
the observed drift rate can be converted into radial velocity

V, of the agency (the shock) causing the bursts as follows:

<

I

|
%
|-

a

l ’FP(.\

(2.61)
where —?'Pe= “re ;rr,ﬁis the frequency drift and ?‘Ppg
is the gradient of the plasma frequency of the corona. Since

_(2:-"..- m(a) < s the radial velocity depends upon the assumed
[
mm



density model. I we assume strictly perpendicular shocks,

then V 1 corresponds to the upstream velocity. The density
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jump and the upstream shock velocity are related to the Alfven

velocity and ion-sound velocity through 'the Rankine - Hugoniot
(RH) relation (Tidman and Krall, 1971) as follows:
Am —1—-—'—[5‘:"-+'+§_\_’BT+2(5C:+|+§‘Y5: +9vA } J
™ BLE O R E R v,
(2.62)

where

is the Alfven velocity, m. is the ion mass, ¢ is the ion sound
velocity and B is the ambient magnetic field. If the coronal
temperature is assumed to be constant ( Te X ot K ) then &
is a constant. Knowing M/m and V, from observations, V,

and hence the magnetic field can be estimated.

We used type-1 chain data, covering the range from 250
to 46 MHz (De Groot, 1966; Karlicky and Jiricka, 1982; Wild
and Tlamicha, 1964; Elgaroy and Ugland, 1970; Tlamicha, 1982
Aurass et al., 1982; and Aubier et al., 1978) which approximately
lies between one and two solar radii. This is the region in which
the noise storm activity is maximum. The shock velocity and

the density jump are used in the RH relation(2.62) to get,

e erl-égﬁz(i—g)(;w&;) 09

- v
v 1+5(1- 42)




Those data which give negative values for the right hand side
of the relation (2.63) have been excluded. In other words

Cs’ V, and _4"_';.2 must satisfy the following inequality:

>
5—3‘; < 3-42 (2.64)
The type-I bursts occur at the top of the closed magnetic fieids
according to the emerging flux theory as well as other observations
(Kriiger, 1977). Therefore the plasma beta must be less than
untiy or, in other words, the Alfven velocity has to exceed the

ion-sound velocity. Therefore, (2.64) becomes,

[ 2 2 V2-
__.________A______jl <, < VA <V
” L
(3-442) (2.65)
where we have also included the requirement that the shock
velocity V, must exceed the Alfven velocity for the shock
to exist (Tidman and Krall, 1971). We have used the density

model,

g+ 436
fv\(f) = -2 nr10
(2.66)

where £ = "‘/A.D is the radial distance in units of solar radius
A_o , X = 2 for Newkirk streamer model and x = 4 for 2 times

Newkirk's streamer model. The quantities ¢ and m are related

by

38
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¢ = 4.93%5 : ‘=9
en ( Fifoses)
( / (2.67)
and
L - 935
f = —_— wnz L
e“(ﬁ,/,,.c:) (2.68)

where .ﬁ ‘P'p'_ / e 6 is the frequency in MHz. The corresponding

shock velocxtles are,

6
3. 463 XI0 LI SR E
vy = = -——-—-_—F-""" 2 .pc at (2.69)
[e( ‘A-ssa)] :
and
(&
3-hb3 %10 _L Cai3 -4

YA (2.70

Actually, the factor ® can vary from 2 to 5 or even more for
specific active regions. We have taken these two models to

show that the magnetic field estimate is model dependent.

The derived values of coronal magnetic field strengths
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are plotted in Figs. 2.3 and 2.4 for x = 2 and x = 4 respectively.
Also plotted are the values obtained by assuming that the shock
velocity is the same as the Alfven velocity. For the sake of
comparison, we have shown the curve obtained by Dulk and
McLean (1978), Viz

-5
g= o5 (€1) (2.71)

This curve is obtained using the results of many techniques

for coronal field estimation. The magnetic field values obtained

from the Type-I chain data are given in Table I. The values
' ]

can be fitted by straight lines to get the following single parameter

formulae:
-0-89
B: o.Hl(f"'l) V!>VA
~0-94% 5 =2
— . -1 VvV, =V,
B= 5% (€1 1= A (2.72)
ard
-1
B = o-‘-?(f—') V,>Va
5 %= L
- 0:92
B= o089 (£-1) Vi= Y
(2.73)

The above curves are depicted in the figures (23), (24)
and (25). It is clear from figs. (23) and (?4) and also from Tablel
that the magnetic fields obtained by the method ( V, = Vy )

of Wild and Tlamicha (1964) are slightly more than the values
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Fig. 2.5. The magnetic field versus radial distance, (in units

of Ro) for the cases V>V 4. (Newkirk = &2 x 10’“’—7—4'32).
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obtained by our method ( V,>%). The field strengths obtained
by Dulk and McLean (1978) are larger compared to both V=V
and V, >V, cases for the density model, x = 2 while all the
values come closer for x = 4 model. The qualitative behaviour
of the magnetic field as a function of the radial distance is
almost same in all the cases. It is clear from fig(25) that
an enhancement in electron density leads to higher values of

the magnetic field.

2.9 Conclusions

In this chapter we have discussed two aspects of type I
solar radio emission. The {first one deals with low frequency
* turbulence generated in the shock fronts responsible for type
I radiation. Here wé derived the dispersion relation for the
jion sound waves excited by the perpendicular currents in the
shock fronts and the growth rates are estimated. The saturation
level of lon-sound turbulence is obtained from a quasilinear
analysis and compared with that of lower hybrid waves generated
under similar conditions. It is found that the jon-sound turbulence
saturates at a higher level compared to the lower hybrid turbulence
and therefore, the former is a better candidate compared to
the latter because of the higher energy density' and the fact
that there is a better overlap in the wave number space also.
 The shock waves produced by the newly emerging flux -give

rise to the ion-sound turbulence which, according to our analysis

45



is the most favourable candidate to interact with the high frequen-

cy waves to generate type I emission.

The second one concerns with the estimation of macroscopic
parameters of the coronma by assuming that weak shocks generated
by the emerging magnetic flux aré respt'msible for the type
radiation. The most important macroscopic coronal parameter
is the magretic field. The coronal magnetic fields are deduced
mainly from the data of‘ various radio emissions from the sun
during its flare. The type-I emission is of particular importance
because it is the only nonthermal emission which is not flare
associated. There were a couple of attempts to estimate the
magnetic fields using type-I bursts (Wild and Tlamicha, 1964,
Takakura, 1966). The fields obtained by Takakura (1966) are
overestimates because of the inadequate theory, used. The
approach of Wild and Tlamicha (1964) is correct in that they
assumed the veiocity of the agency causing type-I chains to
be equal to the Alfven velocity, It is known at present that
the type-I emission is caused by super-Alfvenic shocks and hence
the magretic fields deduced will be less than the above. Since
the type-1 bursts correspond to mild variations in the active
regions, tﬁe shocks have to be weak. Therefore the shock velocity
will be slightly more than the Alfven velocity. Comparison
of our values with those of Wild and Tlamicha (196%) supports

this fact because our values are only slightly less.

The field strengths obtained by Dulk and McLean (1978)
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are larger than both our values and those of Wild and Tlamicha
(1964) for x = 2 density model. This Is because the values
obtained by Dulk and McLean (1978) correspord to active regions
conducive for flares where one expects érhanced density and
magnetic fields. In the x = & density quel, the curves due
to our method and of Wild and Tlamicha (1964) come closer
to that of Dulk and McLean (1978) because we assume a higher
density in this model which may not be a realistic approximation.
This therefore provides an indirect evidence for the fact that
the flafe associated bursts correspond to a corona with enhanced

density and magnetic fields.

The coilected data of the type-l chains correspond to
various times and locations in the corona and from instruments
of various characteristics. Therefore the calculated field may

not correspond to a partlcular active region.

In conclusion, we point out that our estimates agree
well with those of Wild and Tlamicha (1964) based on shock
waves. It is also evident that the density and magnetic fieids
in the active regions from wﬁere type-I emissions originate
must be less than those in the active regions associated with
flares. In summary, the formula B = 0.41 (8 -1y0-89 gives
the coronal magnetic field B above mild active regions as a

function of the radial distance
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CHAPTER I

FINE STRUCTURE OF SOLAR DECAMETRIC RADIATION
OBSERVED USING THE GAURIBIDANUR RADIO TELESCOPE

3.1. Introduction

Fast microstructure in solar radio emission is quite well
known in the wavelength range from a few millimeters to deca-
meters (Slottje, 1972, 1978, Sastry, 1973, etc.). The outer corona
can be studied using telescope operating at low frequencies.
The radio telescope used to study the fine structure of the radio
emission operates around 35 MHz and is located at Gauribidanur.
There are many interesting features in the decametric radio
emission both in continuum and bursts. We mainly concentrate
on two distinct features: l. the peculiar time structure of solar

decametric type III radio bursts and 2. decametric absorption

bursts.

Usually, time profile of a type I burst is characterized
by a sharp rise followed by an exponential decay. If the decay
is due to collisional damping, one can easily calculate the kinetic
temperature of the corona where the bursts originate using the
standard formulas. During the course of our observations of
storm type I bursts (Thejappa and Sastry, 1982, Thejappa
et al 1984) we found that the time profiles of these bursts can
take a variety of forms; three distinct profiles are presented
here 1. thé intensity rise to a small steady value before the

onset of the main burst, 2. the intensity of the main burst
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reduces to a finite level and remains steady before it decays
to the base level, and 3. the steady state is present during

the rise as well as the decay phase of the main burst.

We have also detected many interesting absorption features
during our observations of the microstructure of the decametric
continuum. The characteristics of these absorption features
are found to be different from those at shert wavelengths (Sastry

et al, 1983, Gopalswamy et al 1983, 1984 Thejappa et al, 1984)..

In what follows, a summary of these observations are presented.
A description of the Gauribidanur Radio Telescope can be found
in Section 3.2. The peculiar time profiles of type I bursts
is described in section 3.3, whereas in section 3.4, the observations
and theoretical interpretation of decameter absorption bursts

are presented.

3.2. Equipment

Decametric Radio Telescope located at Gauribidanur (Latitude
13°36'12* N, longitude 77°26'07"E) is a T-shaped array of one
thousand broadband dipoles 640 in the east-west arm and 360
in the south arm. All dipoies accept east-west polariiatiom
A full refiecting screen (area 60,000 m?) is mounted 1.5 m below
the dipoles. The entire structure is supported on a grid of 3500
wooden poles of varying lengths‘ of upto 35 feet to compensate
for the terrain. The dimensions of the-array are shown in fig.

3.1. A photograph of the east-west array taken from the eastern
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Fig. 3.2. The east-west array of the Gauribidanur Radio Telescope.



OR

Yoy, T g,

% ) ..‘ e e T TIK  Sr ] L -'u -

Fig.3.3. The South arm as seen from its southern end.



o3

end is shown in fig.3.2. and a photograph of the south array
taken from the southern end is presented in fig.3.3. The outputs
of the east, west and south arms are carried by coaxial cables
to the centre of each arm and from there to the main observatory
building. The signals are amplified and the sum of the east
and west signals is correlated with that of the south arm. In
this way a beam of about 26 x 38 arc minutes at the Zenith

is produced at a frequency of 34.5 MHz.

The beam of the south arm can be pointed to anywhere
within + 60° of the zenith on the meridian. This is accomplished
by adjusting the phase gradient across the aperture by using
remotely controlled diode phase shifters. A special purpose
digital control system sets the beam to the required position
and also cycles it through several declinations sequentially.
The time required to shift the beam from one position to another
is 6f the order of a few milliseconds, and the number of declinations
can be varied from one to sixteen. The beam of the E-W array
can be tilted in hour angle to +5 of the meridian by remotely
operated diode phase shifters controlled by another special-purpose
digital system. It is thus possible to track a source for about

45 minutes around the meridian transit.

In addition to the anolog system, a digital correlation system
is also available. The hardware for this system consists of
a 32-channel double sideband front end and a 128-channel one-
bit digital correlator. The sampling rate is 2 MHz and the integra-

tion time can be varied from 2 to 256 ms. For this receiver
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the N-S array is divided into 23 groups and each group is correlated
with the E-W arm. At any instant the fourier transform of

these correlations yields the brightness distribution of a strip
of the sky of dimensions 26' (RA) X 1% (DEC). The 128channel
digital correlator can also be configured to measure the autocor-

relation function of a signal.

The present observations were made with the NS array
and a multichannel receiver. The NS array has a collecting area
of approximately 9000 m2 and beam widths of 19 and 0.% in
the EW aﬁd NS directions respectively. The center frequency
of the receiver system iIs 3.45 MHz. The separation between
the channels is 50 KHz and the bandwidth of each channel is
15 MHz. The time constant used is 10 ms. The minimum detecta-
ble flux density is about 1 SFU. The data were recorded both
in analogue and digitial forms.

3.3 Time structure of solar decametre type III bursts

3.3a Observations

Our earlier observations on storm bursts are mainly of
short duration (% 1s) and narrow band (Sastry 1969, 1971, 1972,
1973). In the present study we have considered time profiles
of bursts whose total duration lies between 10-20 s. It is well
known that the decametric noise storms consist of a succession
of many Type II bursts. The duration of a Type Il burst at
frequercies around 30 MHz lies in the above range (e.g. Krishan,
Subramanian and Sastry 1980; Subramanian, Krishan and Sastry
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1981). The frequency drift of a Type III burst at these frequencies
is of the order of 30 MHz s ' Since the duration Is in the
expected range and also there is no measurable frequency drift
in our records we believe that. the events we discuss here are
Type III bursts. Also, all the other types of known solar bursts
have completely different characteristics in this frequency range.
Fig. 3.4 shows typical examples of bursts under study. In Fig.
3.5a one can see that the intensity rises to about 20 per cent
of the level of the main peak and remains resonably steady
for a period of about & s before the onset of the fnain burst,
and we designate this as Type A profile. Another type of burst
in which the intensity decays to about 30 per cent of the main
peak level and remains steady for a period of 2 s before it
decays to the base level is shown in Fig.3.4b, and is designated
as Type B profile. In Fig. 3.4c, there is a small but steady
rise in intensity for a period of 3 s before the onset of the
main burst, and also the main burst decays to a constant level
of about 20 per Icent of the main peak and remains steady for
a period of 3 s, which we call a Type C profile. Out of the
total number of 165 bursts studied, 34 per cent belong to Type
A, 45 per cent to Type B and 21 per cent to Type C profiles.
We have measured the various characteristics of these bursts
lllustrated in Fig. 3.4, which are of interest to us in the following

discussion.

Histograms depicting the variation of the number of bursts

versus duration are given in Fig.3.5 for the three types of profiles



08

e Sy
SO .
(3)
y-adh )
S0l .
(Q)
g-9di}
0 s 0l
S0l
v-3d4)

(0)



16
Type-A
13
N s} (a)
éd
0 ' 8 12 16 20
18 r T p-
nl Ty pe-B ~ Type-C
N1 (b - (e)
o b ﬂ "
e
“b‘j 1 1 ]
0 [ [ 12 16 20 10 14 18 22
T T

Fig. 3.5. Histograms showing the number of bursts (N) versus
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It can be seen that in the case of Type A profiles the duration
lies in the range 14-16 s and that for Type B lies in the range

10-15 s. The duration of Type C profiles is larger ( 2 18 s).

In Fig.3.6 the distribution of AT, the time interval
between the peak of the main burst and the onset time of steady
level in the case of Type A and the start of decay of the steady
level in the case of Type B is shown. For Type A profiles,

AT is about 5-6 s, whereas it lies between 3-6 s for Type B
profiles. In the case of Type C protiles, A.‘I'1 (interval between
the main peak and the onset of steady level) ranges from 5-
7S and A.Tz (time interval between the main peak and the

start of decay of the steady level) is <8 s.

The distribution of the following amplitude ratios are
shown in Fig. 3.7: l. the level of the pre—risé to that of the
" main peak PllP, 2. the level to which the main burst decays
and remains steady to the level of the main peak PZIP. It
can be seen that the ratios PI/P and P2/P lie in the range 0.l
to 0.3 in all the profiles. |

Following the procedure of Aubier and Boischot (1972)
we have measured the decay constants of the main burst (Tl)_
and also that of the final decay of the steady level (T 2) Note
that in the case of Type A profiles only T is present. From
the histograms given in Fig. 3.8 it can be seen that the decay
constants T, and 'L'Z lie in the range 1-4 s for all the three

types of profiles. We did not find any strong correlation between
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the decay constant 'I.'1 and the duration of the exciter. Also

Tl and the total duration T are uncorrelated.

3.3b. Discussion

During the periods of erhanced emission at decametre
wavelengths we have observed that there can be single or groups
of bursts occurring at random intervals. Therefore, the simplest
possible explanation for the three types of profiles presented
here can be that they are due[ggperposition of bursts occurring
randomly in time. But it is found that the occurrence of the
three types of profiles presented here is maximum only on parti-

cular days although the period of erhanced emission may last

62

for a much longer time. The fact that the time interval, AT

as defined above tends to lie in a rather narrow range irrespective
of the total duration of the burst, indicates that the profiles
are not produced by entirely random superposition of independent
events. Also the measured ratio of amplitudes shows that the
amplitudes of the initial and final phases are always a fraction
of the main peak, and this ratio lies between 0.1-0.3. This
need not be the case in case of bursts of various amplitudes

occurring randomly in time.

The second possibility is that thes¢ profiles are the manifes-
tations of fundamental harmonic (f-h) pairs. From the work
of Daigne and M¢ller-Pedersen (1974) and Roserberg (1975),
it is clear that the time separation between the peaks of the

fundamental and harmonic emission is, in general, constant



and is equal to about 4 s. It was also found that the amplitudes
in f-h pairs are comparable (Roserberg [975). In the present
case it is difficult to rule out the f-h pair hypothesis on the
basis of the time intervals A T which are about the same as
found by above authors. But the fact that the intensity ratios
P1/P and P2/P observed by us are much less than unity does
not lend suppost to this hypothesis. Also, according to Caroubalos,
et al (1974) the ratio T.fr, of the decay constants of the funda-
mental and harmonic should be of the order of two if one assumes
that the intensity of the fundamental Ip ~ W (the energy density
of plasma waves), the intensity of the harmonic g~ w2 and |
the temperatures in the regions of both fundamental and harmonic
emissions are the same. Our observations show that T, and
T, are in general same and in some case T, can be greater than
T, « Even if our Type A and Type B profiles are possible mani-
festations of f-h pairs, it is difficult to interpret type C profile
on this basis. In the case of f-h pairs studied by Caroubalos,
et al (1974) there are two clear-cut peaks in emission whereas
in the profiles presented here no promi.nent subsidiary peak exists.
Therefore, we believe that the profiles are probably not due
to fundamental and harmonic emission. Zaitsev, et al (1972)
have calculated the Type III burst profiles by solving -the one-
dimensional relativistic quasi-linear equations on a timescale
t ¥ T where T is the characteristic time for the development

of two-stream instability (time taken for the plateau formation
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T= l”pe n/nS where Whe is the plasma frequency, n is

the density of the background plasma and n is the density of
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electrons in the stream) and for the spatial scales x L where .

L is the intial thickness of the cloud under the initial conditions
of a local explosion type. They have shown that at decametre
and longer wavelengths—where the characteristic time of the
absorption associated with collisions of electrons with ions in
a 'cold' plasma ﬂ;f'f is much greater than the characteristic
time of absorption due to Landau damping in the back of the
stream Ax/Vs (where Ax and V, are the extent of the stream
in the corona and its mean speed respectively) is satisfied-
collisions can be neglected and only Landau damping in the
tail of the stream. determines the dissipation of plasma wave
energy. Their theoretical profiles agree well with the experimental
data in the hectometre range under the assumption that electro-
magnetic wave generation takes place at the second harmonic
of the plasma frequency. Zaitsev et al. (1974) extended the
same in the case where the iniectioh time of hot electrons
from the region of the flare is considerably greater than the
time of existence of the burst at a given fixed frequency.

The dissipation mechanism is the same Landau damping on tail
of the beam even at the decametre and metre wavelengths.
The results of Zaitsev et al. (197%) have been confirmed by
the extensive numerical work done by many authors (Takakura
and Shibahashi 1976; Magelssen and Smith 1977; Grognard 1980).,

The energy density of plaﬁma waves is given byt
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W (§) = 2= (/" (z )?—xv( 2’"5) (3.1)

3

for the final momentum distribution of the stream:

= P(z:: &)* = (7 PA’"Q) (3.2)

The mean velocity of the beam
'
Vg = (e°/ ’"‘)/L

(3.3)
where n . is the electron density in the beam, €, is the intial
energy of the beam, § = x/t, x is the distance between the photo-
sphere and the respective plasma layer, m is the mass of an
electron and 3 eff Is the effective number of collisions. The

energy density reaches its maximum when

~ Y
t=¢,..= = __3_._§.__) (3.4)
2 m

It is possible that the profiles presented here are due
to the superposition of two or three bursts caused by ordered
electron beams ejected with a constant time difference. In
the case of Type A profiles, the electron beam responsible for
the main burst should reach the.appropriate plasma level soon
after the electron beam causing the pre-rise leaves the same
level. Then the time interval 'AT' is equal to the time at which

WL (plasma wave energy density) causing the main burst reache;
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its maximum. Since we know AT from observations, we can
find the initial energy of the beam causing the main burst.
From the observed ratio PIIP, we can find the intial energy
of the first beam. If we take x = l.1 x 10ll cm and AT =
45, the V, = 1.856 x 10" em sl and v, = 0.37 x 10 cm
s-l, where Vl and V2 are the mean velocities of the first and
second beams respectively. By computing the resultant time
profile with the above initié.l ener'gies of the beams, we are
able to reproduce approximate profile of Type A and the rise
part of Type C. It is not possible to reproduce the steady decay
of Type B and Type C profiles in this manner. Note that the
superposition of WL is possible since we have used a combination
of two beams which follow independent paths. It may be possible
to construct all the time profiles by a combination of more
than two beams. But it is not clear how the electron beams

are accelerated to the above energies and ejected with constant

time difference.

The other possible explanation for the observed profiles
is that the conversion mechanism of plasma waves into electromag-

netic waves ‘and their decay show such a peculiar character.

3.3c. Conclusion

We have investigated three distinct time profiles of Type
Il bursts occurring during the periods of enhanced emission.

These are: (1) profiles where the intensity rises to a small but
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steady value before the onset of the main burst, (2) the intensity
of the main burst reduces to a finite level and remains steady
before it decays to the base level, and (3) the steady state is

present during the rise as well as the decay phase of the main

burst.

It was shown that these profiles are not due to random
superposition of bursts with varying amplitudes. They are also
probably not manifestations of f-h pairs. Some of the observed
time profiles can be due to superposition of bursts caused by
ordered electron beams ejected with a constant time delay at

the base of the corona.

3.4 Decametric absorption bursts

The absorption or sudden reductiopsare common in decimeter
and meter wavelengths (Young et al, 1961, de Groot 1970, 'Slottje
1972, Benz and Kuijpers 1976). Among the observations of
a variety of fine structures superimposed over decametric continuum
(Gergely 1982, Melrose 1982, Sawant 1982) and of smooth cdntinuum
(Gergely and Kundu, 1975), interesting absorption features have
been discovered (Sastry et al 1983, Gopalswamy et al 1933,
Thejappa et al 1983). The-absorption bursts were detected using

the Gauribidanur Radio Telescope, described in section 3.2 of

this chapter.

The interpretation of the absorption features depends
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on the mechanism of radio emission and the propagation characteris-
tics of the radio waves. Since the generation of radiation itself
may be different at different frequency ranges, the absorption
mechanism also could ‘differ. However, one can classify the
interpretations of the absorption bursts into two categories.
One is to attribute it to the temporai'y stoppage of the radiation
generation in the source itself and the other is to ascribe it
to the propagation effects. In the former case, if the radiation
generation is due to a plasma process then the reduction can
occur either due to the stoppage of the production of plasma
waves or due to the stoppage of the coversion of plasma waves
into radiation. For .example, the reduction in microwave flux
observed by Kaufman et al (1968) could be interpreted as the
temperature dependence of optical depth. If an optically thin
flux tube from where the thermal radiation emanates is heated
by the passage of cyclotron waves or a shock wave then the
optical depth decreases, hence decreasing the observed brightness
temperature. In this paper we discuss the possibility of absorption

in the propagation stage and mention the possibility in the genera-

tion stage also.

3.4a Observations

In Fig.3.9a one can see a broad-band absorption feature

with a duration of 6 s at 06h 52M09%. The absorption bursts

at 06" 53™ 23° UT is strong and has fine structure. The total

duration of the bursts is about 1.4 s. The fall time, i.e., the
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time taken for the intensity to reach the minimum value is
400 ms and the rise time, i.e., the time taken for the intensity
to reach the minimum value is 400 ms and the rise time, i.e.,
the time taken for the intensity to reach the preabsorption
level is about 1 s. The bandwidth of the absorption burst is
500 KHz, whereas the associated emission burst is narrower.
Another very-short duration (400 ms) broad-band absorption

h 53m 28% UT whose fall and rise times

burst occurred at 06
were very rapid (150 ms). Two more marrow-band absorption
bursts with bandwidths of 200 KHz and 250 KHz respectively

h 52M 325 UT and 06"'53™ 48% UT. Note the

occurred at 06
double structure in the time profiles of absorption in some channels
and that the emission bursts which occurred at the same time

in some channels are very intense compared to the absorption

bursts.

Part of another record obtained on 1981 June 25 is shown
in Fig.3.10. One can see the reduction in intensity with both
sudden and gradual onsets. Note the split time structure of
some of the absorption bursts. Another record obtained on
1981 August 20 is shown in Fig. 3.11. Here we have shown
examples of sudden decreases but with very slow recovery.
A careful examination of the time profiles of the two bursts

h h 3'2m 21S UT shows that after

occurring at 06 32™ 08° and 06
the intial decrease the intensity recovers only to about half
of the initial level and stays there for about two seconds before

attaining the preabsorption level. It is interesting to note that
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the time profiles of these two bursts occurring at different

times are exactly similar to each other.

A statistical analysis of several hundred absorption bursts

revealed the following characteristics.

1.

The absorption bursts can occur isolated or can be followed
or preceded by emission bursts. In come cases absorption
and emission can occur simultaneously in different frequency

channels.

The bandwidth of absorption bursts is always greater than
about 500 KHz whereas those of emission bursts could

be as narrow as 50 KHz.

The minimum duration of the absorption bursts is of the
order of 1 s, whereas that of the emission bursts can be

much smaller (100 ms).

The depth of the absorption is about 30-40 per cent of
the continuum level. We also noticed that in some cases
where the duration of the absorption burst is small, the

depth of absorption can be as high as 70-80 per cent.

3.4b A suggested explanation

The broad-band reductions in the intensity of continuum

radiation have been reported at high frequencies (Benz & Kuijpers

1976; Fokker 1982). Benz & Kuijpers (1976) regard that the
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continuum radiation in the decimetric wavelengths is due to
electrostatic loss-cone instability and the reduction in the continuum
is due to the filling of the loss cone by electron streams momen-
tarily, thus stopping the generation of radiation. Fokker (1982)
has suggested that the reduction in intensity need not be at
the generation stage but can also be at the propagation stage.
He proposed that the continuum radiation is ducted through
open magnetic flux tubes and the radiation is screened by inhomo-
geneities created on the path of the radiation by lateral shock
waves or solitons impinging on the flux tubes. We are concerned
here with the reductions in decametric continuum. The most
recent theory on the origin of decametric continuum is due
to Levin (1982), who ascribes the continuum to the Rayleigh
scattering of plasma turbulence generated by an anisotropic
distribution of a diffused electron beam with high transverse
temperature. Levin's mechanism does not require a closed mag-
netic field and hence the loss-cone filling mechanism is not
appropriate. So, following Fokker (1982), we assume that the

radiation is absorbed on its path, rather than at the generation

stage.

It was pointed out by Kaplan & Tsytovich (1973) that
ion-sound turbulence can scatter the radio emission of the Sun
producing additional maxima or minima in the stationary spectrum.
Melrose (1974) explored the possibility of radiation .by ion-sound
turbulence to expalin Kai's (1973) observations of shadow type

III bursts. The generation of ion-sound turbulence can be attributed



to many sources (Melrose 1974, 1982). It has also been theoreti-
cally shown that shocks under coronal conditions can generate
high level of ion-sound turbulence (Lacombe & Mangeney 1969
Kaplan & Tsytovich 1973; Klinkhamer & Kuijpers 1981). We
would like to mention that the shock generated ion-sound turbulence
of rnonthermal level can cause absorption in the decametric
continuum radiation. This is another important consequence
of the presence of shock waves,apart from what Fokker (1982)
has considered. A shock propagating perpendicular to a magnetic
filed can be a source of many types of waves, like the Langmuir,
ion-sound, ion-cyclotron, electroncyclotron etc. As pointed
out by Galeev (1976) most of the instabilities other than ion-
sound are excited at the intial portion of the shock front. Because
of these instabilities, the electrons would be essentially heated
“and the ion-sound instability with the lowest current threshold
would stop the magnetic field profile steepening at a level where
all the other instabilities are quenched. Moreover, the saturation
level of turbulence for other waves is always much less than
the ion-sound turbulence level (Spicer, Benz & Huba 1981; Kaplan
& Tsytovich 1973). Therefore, one can regard that the ion-sound
turbulence is the most favoured one. We assume that a shock
propagates perpendicular to the open magnetic field lines

in the region overlying the decametric continuum source, generating
ion-sound turbulence. The magnetic field gradient of the shock
can induce strong electric fields which can accelerate electrons

to velocities U greater than the ion-sound velocity Vg s that

o



the condition for ion-sound instability is satisfied. The change
in magnetic field H, the induced electric field E and the electron

drift velocity U are related by:

—
ITxH = =

b mee o

———

< (3.5)

where ¢ is the velocity of light, o~ - the plasma conductivity,

- oum L F
[

e the electronic charge and n, the electron density. The condition
for the ion-sound excitation can be obtained by demanding that

U must exceed Vs'

[~

JH hTT Me &
v (=) %
(3.6)
where | is the coordinate along the direction of magnetic field

3

variation. For coronal conditions (ne = 10 cm"3, Te = 106K),

the right-hand side of the above inequality works out to be

4

1.8 x 107 G em™L Following Klinkhamer and Kuijpers (1981),

the left-hand side can be estimated as 24 =~ A H(7c/ wg, )
“where A H is the jump in magnetic field across the shock and

is the electron plasma frequency. It is well known (Tidman
and Krall 1971) that AH < 3H |» Where H, is the upstream (ambient)
magnetic field. From frequency splitting and polarisation measure-
ments of typé I bursts, the coronal magnetic field at decametric
level is obtained approximately as | G (ter Haar and Tsytovich
1981). Hence for a magnetic field jump H/H, 0.18 is sufficient

4 1

to satisfy the inequality dH/dL>1.8 x 107 G cm’ .

The continuum radiation, while propagating towards the

observer, encounters the ion-sound turbulence and enters into
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a three-wave interaction. In other words, the continuum radiation
(t-wave) interacts with the ion-sound (s-wave) producing Langmuir
wave (l-wave); thus occurs a reduction in the intensity of the
t-waves. The conditions under which such an interaction takes

place will be worked out below.

If one accepts Levin's theory, then one should consider
the possibility of ion-sound turbulence generation by the return
current caused by the one-dimensional beam that separates
from the diffused beam. It is easy to show that an unusually
high beam density is required to generate the required level
of ion-sound turbulence. The fact that the return current is
unimportant even in other situations is pointed out by Smith

(1974).

Let us now estimate the effective temperature of the
ion-sound turbulence needed to absorb the radiation. Let the
ion-sound turbulence be described by assigning a central or
average frequency < w 5> and a width of Aw, ~ < >to be created
over a solid angle A. with an effective temperature <Ts>-
The energy and momentum conservation relations for the three-
wave process t—l : s, by which the radiation is absorbed, are

given by

+ k

o

il
~
-

(3.7)
and



W= Wt (3.8)

—
where ( l( , W) are the wavevector' and frequency respectively.

These processes cause a net conversion of transverse waves
into longitudinal plasma waves, provided they satisfy the condition-
under weak turbulence regime-that the effective temperature
of the t-waves and ( Wg/wg ) times the effective temperature
of the s-waves exceed that of the generated L waves (Melrose
1970). For such. a three-wave process, or its reverse process
[ + s-»t (Shukla et al. 1982), it is shown that the .coupling is
possible when the wave numbers of the s-wave and (-wave are
approximately the same, i.e.,

kz "‘s S ke<< t(,_’ ’(,

L (3.9

The dispersion relations for the interacting waves are given

by,
w,= wp (14 kf":) , kot (3.10)
ws = kg (3.11)

and
wp= o (144 ":7’;;”] , _’ié%:« L, (1)

where )_, is the Debye radius, Vs is the phase velocity of ion

sound waves and W is the plasma frequency. The other symbols
[ 3
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are standard. using the resonance conditions (3.7) and (3.8)

and defining Awf‘ wL_— W the typical wave number of the generated

[ -wave is .
— )
k = (1 Aty S w
- "3— Pe
w&) Ve , (3.13)
with
A% o Y%
sz Ve (3.14)
and
PRV
Aw, >~ 3 e
t Z —5 (3.15)
Pe

Then, the fractional bandwidth of absorption defined by .

B = 42
wp, (3.16)
is obtained as
2
B = 3 <W. >
2 w;“. (3.17)
because
kv, = < we> (3.18)

The observed fractional bandwidth of absorption B is
5x 1072, Hence the central frequency of the ion-sound turbulence
should be <w.> = % 8 w;",::. 0.18 ""pi‘ This is a stable frequency

range for the ion-sound waves because the waves of low Landau



81

damping exist with a dispersion relation (3.11) only for w, << wp. *

The transfer equation for the continuum radiation can

be written as

> oM e (3.19)

where  is the absorption coefficient and s is the spatial coordinate
along the ray path of the continuum radiation, with an effective
temperature Tt’ If L is the linear extent of the absorber and
mis independent of spatial coordinates over this region, the

optical depth could be written as

T= f/u ds = ulL (3.20)

A reduction in the intensity (absorption) occurs if the
optical depth exceeds unity, as can be seen from the solution

to the transfer equation (3.19), i.e., the condition for absorption

is

ML > 4

(3.21)
Let us now estimate the linear extent of the source. The thickness
L of the absorbing layer is defined by the relatlve bandwidth
of absorption and the scale-length of inhomogeneity L, of the
coronal electron distribution. The maximum thickness could
be taken to be :

L= 8L,. (3.22)



where
-1

= [ d%!
L= { Wp s (3.23)

In the undisturbed corona, Ln is calculated from Newkirk's formula

for electron distribution as 2 x 1()10 cm for the decametric

region. Using the observed fractional bandwidth B~ 5 x 10-2

the thickness of the absorbing layer can be obtained from Equation

(3.22) as 109 cm. The absorption coefficient can be estimated

as (Melrose 1974) -

2

_ w < Te>
pm= To & TP 2T A (3.24)
2y S;ﬂ Ve Te

2

where r 0 ° ezlmc is the classical electron radius and Te is

the electron temperature. Under coronal conditions with Ve

8

10° ¢m s'l. one can rewrite the condition (3.21) as

2 1
<T 2 > 1o Te
F<Ta>4 (3.25)
where f is the frequency of the radio-waves in MHz. For

f =35 Aa=3steradians and T, ~ 10°K, the condition (3.25)

becomes
q
CT,> > 25%1eK
(3.26)
This effective temperature is an order of magnitude more than
that required for the shadow type-Ill bursts (Melrose 1974).

The reason for this is the fact that our relative bandwidth is

82
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less than that corresponding to the shadow type-Ill case by an
order of magnitude. The (-waves build up due to the decay
process, at the cost of the contimwum radiation. Once they
have sufficient eneréy density, the condition for net coaversion

of the t-waves into [/-waves, viz.,

minimum E(%)TL p (%)7}} > 7;_ (3.27)

will not be satisfied and hence the saturation of absorption
is reached. The reverse process becomes significant and hence
the final brightness is determined by the level of the L-wave
turbulence produced due to the decay process. Once the level
of the ion-sound waves falls below the critical level, the absorption
mechanism fails to operate and so the intensity recovers back
té the continuum level. Thus the duration ‘of absorption could
be attributed to the time during which the jon-sound turbulence

exists above critical level, satisfying inequality (3.25).

3.4¢ Discussion

We have shown that the sudden reductions in the decametric
continuum can be ascribed to the absorption by jon-sound turbulence,
generated by a shock wave. [In Fig.3.12, a sketch of the suggested
model for the decametric absorption bursts is givenl. The magnetic
field gradient necessary to generate such a turbulence and the

level of turbulence necessary to cause absorption are derlved.
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The duration of the absorption could be attributed to the period
during which the ion-sound turbulence stays undamped above
thermal level. The depth of the absorption is determined by
the level of Langmuir turbulence generated as a result of the
absorption, after which the reverse interaction between the
langmuir waves and ion-sound waves will become important.
Since the conditions are most favourable to the generation of
lon-sound turbulence and most of the other instabilities are
quenched very fast in the front portion of the shock front itself,
we did not include any other instability. Nevertheless, one
can expect the generation of Langmuir turbulence, though its
level is about two orders of magnitude less than the ijon-sound
level. This small amount of Langmuir waves plays some role

in the three-wave interaction process and we have ignored it.

We would like to point out that the ion-sound turbulence
could also cause emission by interacting with the Langmuir
waves that can originate from two sources:s (i) those excited
by the shock itself and (ii) those generated during the absorption
of continuum radiation. But the conditions under which the
emission takes- place (the inequalities (3.25) and (3.27))are different
from those for absorption considered in this chapter. The presence
of the Langmuir turbulence of low level might slightly affect

the {inal brightness tmeperature of the continuum radiation.

Though we have assumed shocks travelling perpendicular

to the ambient magnetic field lines, the ion-sound turbulence
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could also be generated by oblique shock waves as discussed

by Galeev (1976).

Our interpretation is semi-quantitative and we have not
calculated, for example, the life-time of the ion-sound turbulence.
Actually, the ion-sound turbulence is generated behind the shock
where high gradients in magnetic field are formed. These gradients
could even be of a stochastic type i.e., distributed randomly
behind the shock front (Kaplan,Pikel'ner and Tsytovich 1974).
Actual time structure of the absorption could be estimated
only when the time dependence of the intensity of ion-sound
waves is known. One ma).' estimate the latter by analysing

the behaviour of the turbulence in the wake of the shock.

The fractional bandwidth we used in our interpretation
is approximate because of the limited bandwidth of our system..
The transfer equation for the continuum radiation could be used
to estimate the fractional bandwidth of absorption from the
absorption coefficient of the ion-sound turbulence calculated
by assigning an effective temperature of the ion-sound turbulence
< TS that satisfied the inequality (3.26). From Equation{3.24)

for <‘l's$ ~ 2.5 x 109

8C

K, and ‘l'e ~ 106K, M can be estimated
as 2.3 x 10" cm. If we take ML ~ 10, then L ~ 10/, so that
Equation (3.22) gives B ~ 0.02, which is in the range of observed

bandwidths.

The above model assumed that the emission and absorption
are independent of each other and hence it can not explain

the emission preceeding or following the absorption.



It is natural to ask the question as to what happens when
the shock passes through the source region itself. If the shock
is sufficiently weak so that the diffuse beam is not much affected,
then the ion-sound turbulence will interact with the enhanced
plasma fluctuations and give rise to radiation that propagates
away from the line of sight, thus causing absorption again.

If shocks propagate successively, one after another, then
depending upon the time intervals between the shocks and the
jon-sound damping time, different time structures will obtain
for the absorptions. Hence the multiple time structures could

be interpreted as due to multiple shocks.

In the preceeding disucssion we did not address to the
question of origin of the shocks. First of all it should be noted
that the decametric corona is a region where the magnetic
field makes a transition from closed to open structures and
hence one expects opening up of field llnes.. If an emerging
magnetic field line opens up adjacent to the site of the decametric
source as shown in Fig. 3.12, then it can drive a shock across

the magnetic field lines along which the continuum radiation

propagates.

In conclusion, the absorption bursts seem to reveal the
complex and "transition* nature of the outer coronma and the
non-drifting character of these bursts indicate no line of sight
velocity for the "screer! absorbing. Hence, the shocks must

propagate perpendicular to the line of sight.

~J
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CHAPTER IV

THE DRIFT PAIR BURSTS

4.1 Introduction

The most prominent and interesting radio emission phenomena,
at decametric wavelengths occurring in the solar corona, are
the drift pair bursts (DP's). After the first discovery by Roberts
(1958) many authors have studied various aspects of DPs (Zheleznya—A
kov (1965), Ellis (1969) de la Noe and M¢ller Pedersen (1971),
Sastry (1972), Abranin et al (1977), Mgller Pedersen et al (1978),
Zaitsev and Levin (1978), Suzuki and Gary (1979), Melrose (1982).
The DPs appear as two parallel drifting ridges in the dynamic
spectrum. In most of the cases both the traces start at the
same frequency, the second trace being delayed by approximately
two seconds. This time delay is almost independent of frequency
of occurrence and the drift rate. The DPs can have both positive
and negative drifts, although the former is more frequent.
The single frequency duration is small (&~ 1 s)and the bandwidth is
in the range of a few MHz to few tens of MHz. In a few cases,
three traces and in a few other cases, only a single trace were

observed. (Abranin et al, 1977).

a

Though there are few attempts to interpret the DPs (Roberts
(1958), Zehleznyakov (1965), Mgller-Pedersen et al (1973), Zaitsev
and Levin (1978), Melrose (1982)), the understanding of DPs

Is not yet complete. We present here a detalled analysis of DPs
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observed during Sept. 26-30, 1983, which brings out some additional
features like the DP chains, the vertical DPs and the decrease
of drift rate with frequency etc. The existing theories are critically

examined in the light of the new observational results.

In section 2, we present the observational results and compare
them with those available in literature. In section 3, the existing
theories are critically examined. In section 4, we give a qualitative
interpretation of DP chain and vertical DPs. Finally we present

the conclusions in section 5.

4.2 Observations

The observations were made using the swept frequency
spectrograph at Nancay (Boischot et al 1980) during Sept. 26-
30, 1983. About 1006 events of DPs were observed during the
above five days. Using the NS array of the Gauribidanur radio
telescope which is described in Chapter III, we have also observed
the DPs with a multichannel spectral receiver on 15th, 16th and
19th July 1980. The typical examples of drift pair bursts observed
at long wavelengths are shown in Fig.4.l. Previous observa-
tions indicate that the DP activity/s prominent only for a few
days. For example, Roberts (1958) found that the DP activity
was prominent for 38 days out of 250 days of observations and
de la Noe and Moller-Pederson (1971) have reported only two
days of activity out of 25 days of observations. No unusual

feature was found on the sun either in H -pictures or in magneto-
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grams (Dulk et al 1984). The DP events studied in this paper,
occurred in the range 25-65 MHz, 85% of which occur in the

range 35-60 MHz.

Previous observations are summarised in Table 4.1 depicting

the frequency range of occurrence, drift rate, single frequency

I1

durations, time delay, etc., in order to compare with our observations.

4.2.1 Time Delay

In the majority of DPs both the traces show identical
fine structures precisely at same frequency with a time delay,
although in a few cases the sfarting and ending frequencies are
slightly different. The time delay (ttz ) between the two traces
is almost constant and independent of the frequency of occurrence.
It does not seem to depend on the frequency drift, intensity
or any other parameter. Our analysis shows that for a majority

of the DPs, t12‘ lies in the range 1.5 to 1.9s.

4.2.2 Single frequency duration

The single frequency duration of each element lies in the
range 0.9s to 2.5s, similar to other observations. The duration
at a fixed frequency is not the same for both the : traces and

it does not depend either on frequency of occurrence or drift

rate.
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4.2.3 Frequency drift

The fact that a majority of DPs have reverse drift is brought
out in our analysis also where about 709% have reverse drift.
About 26% of the observed bursts drift from higher to lower
frequencies. The remaining 4% of the bursts appear as vertical
traces in dynamic spectrum implying that the drift rate is enormous-
ly large or the emission occurs simultaneously at all the frequencies.
It is clear from our analysis that in 34% of the cases the two
It is clear from our analysis that in 34% of the cases the two
traces have similar drift rates while in about 46% of the events
show slightly different drift rates for the two elements. The
magnitude of the drift rate is almost same for both forward
and reverse drift pairs, and lies In the range | to 3 MHz/Sec
[see fig. 4.2). It is very intersting to note from the fig.4.3 that
the drift rate decreases as the frequency of occurrence increases.
Our analysis contradicts the earliest results in that the frequency

drift decreases with increasing frequency. Fig.4.4 is an example

of vertical DPs.

4.2.4 Polarizon

The DPs occur in both the polarization channels with

almost same intensity (see fig.4.1 and fig.4.4) indicating that
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the DPs are very weakly polarized. It is also noticed that the

background continuum is polarized in the left handed sense, as

expected.

4.2.5 Intensity ratios

We have measured the ratio of the intensities of the elements
in DPs observed using the Gauribidanur Radio Telescope,and
found that the intensity ratio at a fixed frequency is less than

or equal to one (IRE [0.6,1D.

4.3 DP chains

Occasionally the DPs are found to occur in chains (fig.4.5)
The number of DP's in a chain ranges from 2 to 4 The chain
as a whole also has a slope in the f-t plane indicating that the
chains have drift rates similar to that of DPs. The chains occur
over a bandwidth of 10 MHz and they drift from lower to higher
frequencies in a majority of cases. About 50 DP chains were
observed of which 43 have reverse drift 7 have forward drift
and one appears like vertical trace. It is also found that the
numbers in a chain can have different drift rates as-in the case
of type I chains. The individual members may differ in the duration
at a fixed frequency the life time, that total bandwidth etc.
Among the fifty chains, 39 contain two DPs, 8 contain 3 members
and in three of the chains there are 4 members. The frequency

drift of the chains is measured and depicted in the fig. &6.
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It is clear from the histogram that the frequency drift rate lies
between 1 and 3 MHz s_l which is in agreement with the frequency
drift measurement of a single DP (Ellis, 1969, de la Noe and
Pedersen, 19713 Abranin et al 1977). - There are about 11 DP
chains whose drift rates are very large and in one among them,
the elements look like traces parallel tol frequency axis. - The
least square fit to the data points whose drift rate is less than
6 MHz s-l showed that the drift rate decreases as the frequency
increases. The curve fitted for the above data point is

1

f =-0.21f + 1.5 MHz s~ (4.1)

where f is the central frequency of the DP chain in MHz. The

main characteristics of a typical DP chain is presented in Fig.4.7.

4.4 Vertical drift pairs

Roberts (1952) noted that the frequency drift§ of some
drift pairs, he recorded was very large._ In most of these cases
the condition existed only at frequencies near 40 MHz and the
rate decreased at higher frequencies. In two cases, however
all frequencies in the burst occurred simultaneously within the
limits of measurement. Abranin et al (1977) also reported detection
of bursts with very large drift rates, which appear sometimes
like vertical traces in the f-t planre. In the present study we
have found that about 4% of the observed 1006 events are similar
bursts where the emission occurs simultaneously at all frequencies.

The time delay t, between the traces remains as in the case
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of the other DPs which is about 2 seconds. The total duration,
bandwidth and polarization also are the same as for the other

DPs.

Here one should note that in additon to the already reported
variants of DPs like hook bursts, triple bursts, etc., there are
some peculiar events like four elements with the third trace
having a small bandwidth, DP's with curved traces: events where
one of the traces appears to have a bramch trace etc. The
appearance of many DPs in the dynamic spectra is very random,
and therefore events like hook bursts or bursts which look as
if they diverge from a point or converge to a single point may

be just due to coincidence.

4.5 Interpretation

Most of the interpretations in the literature explain only
a limited number of characteristics of DPs. The complexity
with which the DPs occur in the dynﬁmic spectrum indicates
that the processes going on in the decametric corona are complex.
Therefore any simple interpretation based on one or two observa-
tional facts like drift rate etc will not explain all the features
of the DPs self consistently. The corona at decametric wavelengths
is a special region because the magnetic field lines are predomi-
nently open. This is clear from the transtion of type I to type
Il bursts. The type I bursts are supposed to occur at the top

of closed magnetic ﬁelds and when the ﬁelq lines open up,
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electron beams are ejected into the corona which subsequently
produce strom type III bursts. Some of these beams might become
diffuse due to quasi-one-dimensional relaxation and generate
decametric continuum radiation (Levin, i982). Since DPs also
occur in such a region, these electron beams in particular stages
of their evolution could supply the necessary ‘energy in DP radiation.
It is difficult to think of any other source of free energy available

in the decametric corona.

Once the electron beam is fixed as the source of energy,
it is tempting to think that the frequency drift of the bursts
is caused by thgmovement of the electron beam in the corona.
But the random slopes of DPs in the dynamic spectrum, specially
the vertical traces indicate that the drift is not caused by the
physical movement of any agency like a shock or an electron
beam. Therefore one should look for a radiation mechanism
which accounts for the observed drift rates without involving
the movement of the exciting agency. Keeping these in mind,

let us crtically discuss the existing theories.

Roberts (1958) interpreted that both components of the
drift pairs are due to plasma emission at the second harmonic
and that the first component escapes directly from the corona,
the second component is an echo, i.e. a reflection of the harmonic
radiation at the relevant plasma level, lower in the corom.
He also puts forward two possible explanations of the reverse

drift in RDPs: (1) an exciting disturbance (electron stream),
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travels downward in the corona with speed V ~(2-5) x 10* km/s.
(2) Type Il exciting electron streams encounter ‘hills' in the
electron density of the coroma. If echo hypothesis expélins
the DP burst radiation, it should also predict a similar ‘echo
for other types of bursts, especially for type III, which is not
observed. @ The other objections for echo hypothesis are !

(1) the absence of a single burst at fundamental frequency (2) the
scattering of the reflected radiation should make the second

element more diffuse, and (3) the appearance of triple bursts

etc.

Zheleznyakov (1965) pointed out that, a casual electron
stream generates an ordinary type III burst as it moves through
the outer layers of the corona. On encountering a coronal irregu-
larity denser than the surrounding corona (hill) and of comparatively
small size, the agent will excite plasma waves that get reflected
from the hill. The generated and reflected plasma wave interact
through combination scattering to produce a short lived burst
with reverse drift. He also explains the high brightness tempera-
tures of DPs, since the emission is due to combination scattering

of plasma waves. The above interpretation expalins only reverse

drift.

Mé¢ller-Pedersen et al (1978) assume the existence of
magnetosonic solitons propagating at large angles to the am-
bient magnetic field, of a streamer. Upon entering the streamer,

these pulses steepen as they propagate into the higher density,
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lower- region towards the axis. At some point the magnetic
profile will be so steep that the current density exceeds the
critical value at which low-frequency intabilities start. Through
these current instabilities, the magnetic energy of the pulse
is transferred to plasma layer in a very short time. The layer
expands with super Alfenic velocity, generating shock waves
on both sides of the inital instability point. These shock waves
generate jon sound turbulence which causes the gerneration of
Langmuir turbulence through turbulent bremsstrahlung but only
in those regions of the streamer, where plasma g is small
The time delay t12 is due to the delay involved in the inward
propagating shock crossing the axis of the streamer and entering
the low- B lregion on its far side. The emission is fundamental
plasma emission with the band width determined by that of

Langmuir waves.

According to Mgller-Pederson et al (1978), the two com-
ponents of the DPs are generated on opposite sides of the streamer.
As the magnetic field is oppositely directed in the two source
regions, emission in the first component is polarized in one
sense and the second component in the opposite sense, contrary
to the observations of Sastry (1972) and Suzuki and Gary (1979).
The theory predicts more forward DPs than reverse DPs, and
when RDPs occur they should be related to the FDPs in the
form 'hook' bursts. But observations show relatively less number
of FDPs and hook bursts and not all RDPs are related to FDPs.

There are problems in the pairing mechanism also. According
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to the theory the radiation is confined in a small range of angles
= I i i
about { = L. where 1 is the angle between the emerging ray
and the streamer axis. Further refractions and/or reflections
are required to account for two parallel rays being directed
towards the Earth. Moreover, nothing has been mentioned about

the origin of the solitons.

Melrose (1982) suggested that the two traces in a DP
are due to two rays from a single source (the echo hypothesis),
which is within an overdense flux tube inside a conical coronal
duct. Fundamental plasma radiation is assumed to be generated
over the cross section of the flux tube by an exciter which
moves up (forward DP) or down (RDP) the flux tube. Two parallel
emerging rays, one reflected from the near side of the duct
and the other from the far side of the duct give rise to two

parallel traces.

The qualitative explanation given by Melrose (1982) by
combining some aspects from Mpller-Pedersen et al (1978) and
Roberts (1958) is also not satisfactory. This is because the
exciting agency is not clearly indicated. Since Melrose (1982)
attributes the drift rate to the physical movement of an exciting
agency, the DPs which appear as vertical traces are not explained
maturally. If the electron beam is assumed as the exciting agency,
one should be clear about the origin of the electron beams because
in the decametric corona the injection of electron beams, towards

the sun is less probable. Since the magnetic field lines are
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predominantly open, one expects more of forward DPs than
reverse ones due to electron beam movement. This again supports
the idea that the drift may not be caused by the movement
of the exciting agency. Melrose (1982) predicts a frequency
difference between the two traces especially when the viewing
angle or the angle made by the flux tube with the axis of the
'duct are more. Since there are no specific limits set on these
anles, one expects more of frequency difference rather than
time delay. Melrose (1982) predicts that the two rays producing
the DPs should be separated by a distance equal to that of
the distance across the duct. This is contradictory to the observa-
tions that two rays emanate from the same region (de la Noe
and Gegeley, 1977, Suzuki and Gary 1979). According to

this conical duct hypothesis one expects a ring rather than
two points for a particular frequency because of the three
dimensional character of the duct. The conical nature of the
duct indicates that the separation between the pair should
increase with decrease in frequency whereas observations indicate

that the separation is independent of frequency.

Zaitsev and Levin (1978) proposed a new mechanism for
the generation of drift pairs. According to them, the same
stream of fast electrons which is reponsible for type III radio

bursts is responsible for the generation of drift pairs.

The generation of type Il burst is due to Cherenkov
plasma emission. The interaction of the beam particles and the

plasma waves excited, lead to theformation of a beam distribution
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function of the 'Quasi-Plateau’ type with respect to longitudinal
velocities with a certain limiting velocity Vs. Such a distribiution
is unstable relative to the excitation of plasma waves through
the normal Doppler effect, if the edge of the plateau is deformed
in such a way that, in séme regions of longitudinal velocities
V“ > Vv s @ section develops with a positive derivative of the
beam distribtuion function with respect to the transverse velocities.
The most efficient excitation of plasma waves in this case occurs
in those layers of the corona where the condition of double
plasma resonance is satisfied. Since the region of the instability
is tied into the limiting velocity V. of the plateau, while the
limiting velocity varies with time, the position of the double
plasma resonance i.e., the frequencies of the excited plasma
waves also vary with time. The direction of motions of the
resonance region and hence the sign of the frequency drift of
the marrow-band bursts depend on the local ratio of the magnetic
field gradient to the coronal density gradiént. Drift pairs with

positive and negative frequency drift are both possible.

Abranin et al (1977) Zaitsev and Levin (1978) successfully
explain the relatively small number of bursts at a fixed frequency
is due the disappearance of the positive derivative of the beam
distribution function with respect to the transverse velocities
as a result of the intense excitation of plasma waves in several

very close regions of double plasma resonance.

Abranin et al (1977) also calculate the time delay as
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- 2zZc N2y if 2 X
ta= 225 Z{ ~ consty if H/.n.., 1/2, where ‘v,
and -2, are the electron cyclotron and upper hybrid frequerncies,
Z is the distance from the injection region, ¢ and Vs are the

velocities of light and beam respectively.’

The interesting part of this theory is that the drift rate
is not attributed to any physical agency but to the shift of
the resonmance region. The theory of Zaitsev and Levin (1978)
does not explain why the majority of DPs not associated with
type III bursts and also it does not explain the excess of polarization
of DPs in comparison with storm type IIs (Dulk et al 1984).
Also one needs to change the slopes of the curves —(Z) and
L ;kn, V“ + JL'_Q‘-) very rapidly to explain the appearance of

both positive and negative drift bursts within a few seconds.

4.6 Discussion

The drift pair chains and the vertical drift pair bursts
reported by us may provide some very important clues to under-

stand the complex plasma processes taking place in the outer

corona.

4.6.]1 DP chains

The individual members in drift pair chains have the same
characteristics as the usual DP bursts. Therefore, the same
agency should be responsible for all the members. In this case

the conditions for the generation of DPs to be intermittently
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satisfied so that one sees a chain. It is interesting to compare
these chains with type I chains. In the case of type I chains
the condition for generation of individual type I bursts is intermi-
ttently satisfied along with path of a Qeak shock in the coronma
(Wentzel, 1982). The slow drift rate of the type I chains corres-
ponds to the shock velocity (Wild and Tlamicha, 1964). As pointed
out above some of the DP chains have very large frequency
drift. Therefore, the physical movement of an agency is probably
not the cause of the drift. It has to be caused by some characteris-
tic of the medium such as the double plasma resomance (Zaitsev
and Levin, 1978). Abranin etal., (1977) and Zaitsev and Levin
(1978) put forward a hypothesis that the DP bursts are generated
while the quasiplateau type electron beam with positive derivative
of the distribution function with respect to the transverse
velocities crosses the regions of the double plasma resonance
successively. Depending upon the slopes of «z,(z) and K, "V,
24ng, (z) the coordinates of double plasma resomance increase
or decrease, causing negative or positive frequency drift. The
disappearance of the instability regﬁon in the distribution function
as a result of the intense excitation of plasma waves in several
very close regions of double plasma resonance puts the constraints

on the number of bursts at a fixed frequency.

We propose that the condition for double plasma resonance
is intermittently satisfied along the extent of the beam. The
instability region appears and disappears along the spatial extent

of the path of the beam. The structure of the density or the
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magnetic field may be oscillatory in space causing the intersection
of ,(z) and K n Voo nay (z) at different points In space
at the same time at short intervals. The localized fluctuations
in density and magnetic field, as evidenced by observations

(Yakobalev, et al, 1980) may be responsible for such an oscillatory

mature.

4.6.2 Vertical drift pairs

The drift pairs which occur simultaneously in all the frequen-
cies have the drift rate tending to infinity, which is not feasible
physically, because this needs any excitihg agency responsible
for such bursts to travel with velocities faster than velocity

of light.

Abranin et al (1977) and Zaitsev and Levin (1978) proposed
that the relative slopes of /1,(z) and K, -V, + na, (z)
define the drift rate and show that the anomalously high rate
of frequency drift arises in those cases ﬁrhere the derivatives
with respect to z of the functions «f (z) =1 - -y /.rz.h and
V, /c are close in value in the region of their intersections

(c being the velocity of light).

Assuming similar arguments, Zaitsev and Levin (1978)

derived a formula for the drift rate as:
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where f is the frequency, v, is the limiting velocity of the
beam. When the frequency drift rate tends to infinity, the denomi-

nator of the above expression tends to zero i.e.,

PG —L.é_'i__LB;_".'J: o (4.3)
k v K 22 2N 22 ‘

since . k": E -2p the above equation reduces to
2 ¢

don_ Lol =_J8 £2p v (.4)
H 2z 2N oz > a2, e
for n= 13 and V, = 1/3 c; the equation becomes
' 2n L ”L’r“
28 L 28 — g.3xi10 JN_ (4.5)
2d 2z R 2% H

Now if we assume that the density in the corona where
the DPs are predominant is the same as in the unperturbed corona
and only the magnetic field is perturbed i.e., different from the
usual corona, we can write the above equation if we assume
that the density and magnetic field obey the following laws:

4.32/(a+z)
N(z) = 4.2 x 10% x 10% * 10 (4.6)

and

H(z = 0) = 0.5 (a-1)'1'5) 4.7)
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as (Dulk & McLean, 1978)

g_-lL/(o..-F‘-J)
[P LI T PRY s

P A (a+z)n-

Here we assumed that the upper limit of the DP bursts bandwidth
is around 65 MHz which correqunds to a & 1.4 solar radii
from the center, z corresponds to the radial distance in the corona
where the DP activity is confined. The equation (#.Z) can be

used as a boundary condition to solve equation (#.8? » which gives :

-
W= exp(‘_;.'f—: ){o-s(a.—:) exp - ‘:_';"_*)- D-"'*} (8.9)

Similarly if we assume that the magnetic field is unaffected
by the DP activity and only the density is affected, then we

get‘ the following differential equations

L 9N _ |-8$¥I;3(a+1-|)‘.5—,3h1 = - ""‘E" (4.10)
2N 9T a+2-)

here we have used that the magnetic field varies as given by

Dulk & McLean (1978) :

H=05(@4+z- 1)1 (4.11)

If we use



114

H({®),
2.0

1.6
1.2
0.8 :

0-4

0-0
0-00 0.05 010 015 0.20 0.25Z,

Fig. 4.8. Variation of the magnetic field H with radial

distance in the DP active region (I) and in quite
corona (ID).
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N(z = 0) = N(a) = 4.2 x 10% x 104322 (6.12)

as the boundary condition, the equation (4.10) can be solved, the

solution of which is :

_ 15 _f2ief 4 2) _
N(2)~ (a.+2-t)3 Ffa-1) x 10 / - ¢-9wo32](4_13)

In Fig.4.8 and 4.9 Wwe have sketched the variations of H and
N in DP active region and also in unaffected variation for compari-
son. It is clear from the figures that the magnetic field should
decrease very steeply when the density is not varied and the
density should increase very steeply when the magnetic field

is unaffected to produce DPs with very high drift rates.

4.7 Conclusion

We have reported some new observational results regarding
the enigmatic DP bursts occurring in the decametric region.
The reported drift pair chains and the vertical DPs indicate the
complexity of decametric corona with a free energy source which
causes these peculiar radio signatures. As the magrnetic field
in this region is predominantly open, one cannot thirk of a free
energy source propagating sun-ward most of the times to explain
the predominant reverse drift pair chains. In addition to this,
the appearance of the vertical chains and DPs rules out the possibi-

lity of an agency moving in the coroma causing the observed
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drift. These observations lend support to the idea that the reso-
nance layer in which the radiation is generated is different at
different instant of time so that one gets a slope in the frequency-
time plane. If one assumes consideraBle fluctuations in some
macroscopic parameters such as density -and magnetic field,
supported by observations (Yakobalev, 1980) then it is possible
to have drifts of all directions as the drift rate depends upon
the medium in which the fluctuation occur. Therefore, it has
been shown that the magnetic field decreases steeply if we assume
that the density of the medium is not affected by the DP activity

when the frequency drift is very high and it is shown that the

magnetic field H is given by ;

H = exp( “':: )[o.s(a-.)_'éi-p (- 43¥)-o1a z}

[~%

when N = 42 x 10* «x 10#'32/ 3*Z  And similarly if we assume
that the magnetic field is unaffected and is given by the formula

H=05%a+2z- l)_l'j,' then the variation in density in DP activity
region where _g-ﬁ — & s given by
-3 Y (M)
M(?.)fv (a.+z-|) {5(&-—\) ; io c:- [-g%le 23

There the fluctuations in the magnetic field and density can

produce very high drift rates.
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CHAPTER V

A SELF CONSISTENT APPROACH TO THE THEORY OF TYPE II
SOLAR RADIO BURSTS

5.1 Introduction

Historically, soon after the introduction of the solar radio-
spectrograph observations the slowdrift bursts had been recognized
as a special phenomenon and were classified. as type II bursts
by Wild and McCready €1950). A typical example of the dynamic
spectrum of a type II burst is shown in the figure 5.1. Usually

type II bursts are characterized by:

1. Drifting ridges of emission, with bandwidth as low as a few
MHz.

II. Fundamental and harmonic spectra of similar form.
IIIl. Splitting of both components into two bands ~ 10 MHz apart
for fundamental, ~ 20 MHz for harmonic (not seen in all

type II).

The starting frequency of the fundamental component is
usually below 100 MHz, but can also reach higher frequencies,
say 250 MHz. Correspondingly the second harmonic features

are observed at twice the frequency.

The poiarization of type I bursts is typically randoms however,

complex polarization structures can also be obtained.

Type 11 bursts, which are characterized by the slow drift
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in their spectral features from high to low frequencies are generally -
accompanied by a large flare. On the plasma hypothesis the frequen-
cy drift is found to correspond to a velocity of the order of .lO3
km/sec and the moving source had been identified with a flare-
associated collisionless MHD shock wave (Pikel'ner and Gintzburg
(1963), Kundu (1965) ). Later, direct evid;:nce for the generation
of type II radiation by shock waves was given by the space observa-
tions of interplanetary type II bursts and interplanetary shock
waves[Malitson et al., 1973, Cane et al.,, 1982). The estimates
of type 1l shock speeds are subject to considerable error because
of the uncertainty in the coronal density models. Velocities derived
from heliograph observations of source positions are even more
uncertain because of the imperfectly known effects of coronal
scattering and refraction and of ionospheric refraction [See Nelson

and Melrose, 1985].

Although it is evident that type II solar radio bursts are produced
by collisionless shock waves, there is no general agreement about
the microscopic processes that actually give rise to radio emission

since the details of the burst generation are not clear yet.

One of the possible means of burst generation by collisionless
shock waves moving across the magnetic field was proposed by
Pikelner and Gintzburg (1963) and developed by Zaitsev (1977
it is connected with the Buneman instability developing in - the
shock front. This instability is due to the relative motions . of

ions and electrons. However, the excited plasma waves heve
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low frequencies. The rising of the plasma wave frequency wWwp,
needs subsequent induced scattering on nonthermal electrons that
leads to the broadening of the spectrum upto 2 W,  and to its
isotropization. So the transformation of plasma waves into electro-
magnetic waves gives rise to the radio emission in a wide frequency
band Wp, S W = 2 Wy ., The harmonic structure of the emission
spectrum can be obtained only when the plasma wave spectrum
is isotropic and has two maxima with respect to k3 one in the
region of plasma wave pumping and the second in the region of

dissipation due to the radiation losses.

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

in the shock front.

Holman and Pesses (1983) proposed that shock dirft acceleration
of electrons could be responsible for type II radio bursts. The
streaming distribution of reflected electrons produced upstream
of the shock front is unstable to the generation of electrostatic
plasma waves, which in turn, could interact to produce the observed

radio emission.

However, the mechanisms proposed are not general. In particu-
lar, they do not describe adequately an analogy between ‘type
Il and type II bursts, which is often observed (Rober';s 1959).

Small type Il bursts can grow on time scales of seconds from
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the type II shock front, caused by electrons emitted from it.
Certain type II bursts exhibit the so-called ‘herring-bone' pattern
in the dynamic spectrum consisting of a succession of fast drifting

burst elements (Roberts, 1959).

The type Il radio bursts, as it is well known, are produced
by fast electron streams propagating along the magnetic field
lines. From the analogy between the components of the type
I bursts and the type III bursts, one can suppose that type II
bursts are also generated by streams of accelerated electrons
(McLean and Nelson 1977). It is natural to connect the radio
emission of the coronmal shock with the fluxes of the electrons
as the most general and effective way of direct generation of
plasma waves. Therefore in this case the key questions are those
of electron acceleration and of the transformation of electron
energy into electro-magnetic radiation. It is known that the radio-
emission of the type II bursts may be very strong i.e., Ty ® lO11 K

(Nelson and Robinson, 1975).

In this chapter we propose, that the majority of the type
I shocks are supercritical since the estimated Mach numbers
of the most of the type II shocks exceed the recently revised
critical Mach number Mc by Edmiston and Kennel (1984), which
lies, between 1 and 2 for typical solar wind parameters. This
fact is also supported by the studies of the forward interplanetary
shocks observed by ISEE-3 [Bavassano-Cattaneo et al 1986} where

it has been shown that a majority of the interplanetary ‘shocks
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are supercritical. We also propose fhat many of the shocks responsi-
ble for the type II radiation have an overshoot, foot and ramp
in the magnetic field structure in consistence with their supercritical
character. The reflected ions which behave like a beam in the
foot and ramp of the shock front, and like a ring in velocity just
behind the overshoot [Leroy et al.,, 1981, 1982] accelerate electrons
to ultra-relativistic energies both in the upstream as well as in
the downstream through resonantly excited low frequency waves.
[Papadopoulos (1981); Vaisberg et al., (1983); Galeev, (1984); Krasno-
selskikh et al.,( 1985), Thejappa, (1986, 1987) 1.

Regarding the shock propagation angle relative to the magnetic
field Dulk et al (1971) suggested that propagation is likely to
be more parallel than perpendicular. These authors, however,
could not arrive at any firm conclusions. Later Stewart and Magun
[1980] analyzed a case where a transverse shock seemed to be
required in order to explain the herringbone structure of a type
I burst. Therefore the observational evidence is not consistent
with either strictly perpendicular or parallel shock propagation
for all type II events. The range of shock angles over which type
Il bursts can be produced seems to be quite large. The advantage
of the proposed acceleration mechanism over the Fast Fermi
process or the shock drift acceleration [Wu, 1984; Leroy and Man-
geney, 1984; Holmann and Pesses, 1983] is that it is applicable

for a wide range of shock angles.

It is well known that in some cases the fundamental and

harmonic bands of type II bursts are split in two. The present
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model is consistent with the qualitative model suggested by Smerd
et al (1975), who attributed the split-band structure of type Il
bursts to simultaneous plasma-frequency emission from plasma
ahead of and behind a type Il shock front. Nelson and Robinson
(1975) reported that at a given frequency the U and L sources
were circular, essentially the same size a'nd in the same position
where U and L represent the upper frequency band and lower
frequency band respectively. At the fixed observing frequency
the L band is observed earlier in time than the U band and so
it is inferred that at a given time the L source is further from
the Sun than the U source confirming the model of Smerd et

al (1975) for band splitting.

5.2 Electron Acceleration

Uchida (1974) proposed that the type II radiation comes both
at fundamental and harmonic, from the low-V A regions, wheré
the shock has a relatively high Mach number. Gary et al, (1933)
reported that the Mach number of type II shock lies in the range
1.3 to 3. Kennel et al (1982) first reported that among 10 interpla-
netary shocks, the fast wave Mach numbgr MF ranged from 1.3
to 4.7, where the critical Mach number M 2.5. However
Bavassano-Cattaneo et al (1986) reported thatamong 34 forw;rd
interplanetary shock waves observed by ISEE-3 during 1978 and
1979, 19 were supercritical, seven has a Mach number close - to™
the critical Mach number, four were subcritical and the remaining

four shock were ambiguous. However, the average critical Mach
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number <MC} was taken as l.5 due to its strong dependence

on shock parameters.

Kennel et al (1982) as well as Bavassano- Cattaneo et al
(1986) have detected large amplitude low-frequency electrostatic
noise, Whistler turbulence and a high frequency (Z,fp) continuum
near each shock and for upto several hours downstream. In the
cases observed by Kennel et al (1982) no type II bursts were observed
at 1 AU, although intense impulsive Langmuir waves were observed
an hour upstream from one shock. Impulsive Langmuir waves

were present for a few minutes on either side for other shocks.

It is well known that the structure of a shock wave propagating
perpendicular to the ambient magnetic field in a collisionless
plasma undegoes a distinct change of shape when the Alfven Mach
number is increased above a critical value M. In addition to
the ramp, the spacedraft observations [Russel and Greenstadt,
1979] show that there is a precursor stru.cture of length equal
to a few C/w,,b- which appears closely associated with the presence
of jons reflected off the ramp, and is usually called the “foot'
where c is the velocity of light and W, is the ion plasma frequency.
Also it is seen [Russel and Greenstadt, 1979] that in the immediate
post-ramp region the magnetic field exceeds its downstream value
(magnetic field overshoot) and develops further dowmnstream a
somewhat oscillatory- behaviour with a scale length of an ion gyro-
radius. Leroy et al (1981, 1982) from numerical computations

showed that the reflected ions behave essentially like a beam
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in the shock front (in the foot and ramp region), whereas they
tend to form a gyrating stream in the dowrnstream region behind
the overshoot. Krasnoselskikh et al (1985) approximated the distri-

bution function of the reflected jons .in the foot and ramp as:

A = :‘)1
£y () exp (- (7 ) 5.0
b b (2|T'AVb) Y A\’b

where n is the reflected ion beam density, Vb and AVb are the
beam velocity and velocity spread respectively. More realistic
representation of the reflected ion distribution function in the
downstream, which includes thermal effects is the Dory-Guest-

Harris distribution (Dory et al 1965):

AN W2
) v n V)
4 S (* )&XP-('———:*'-*:)
= o (M) | Ay, AV L A% o T (5.2
: "

where N is the anisotropy index and 4V, (4v, ) is the thermal
A

by
speed 1(1]) to the ambient magnetic field. [Theja;:pa, 1986; Akimoto
et al 1985]. The reflected ion beam is the basic energy source
of electron acceleration. The acceleration of electrons is due
to the iom-beam-induced excitation of very low frequency plasma
oscillations propagating almost across the magnetic field. Dealing
with the mean parameters of the plasma ‘in solar coronma, let us
suppose the following inequal'ities are valid: —2e << Wy, , and
P',,l-‘—- 81n Mo gT‘»Ti)«p Here £ is the strength of the magnetic

field, n, is the background plasma density, Te’ '1'i are the electron

and jon temperatures,
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l/ .
W = hn'ﬂoe'j - and ..flj = e’JB/"mJ'C
P~ —_—
J ™y

are respectively the plasma frequency and cyclotron frequency

of J-sort particles. The low density ion beam (nb/ n, << 1) with

small thermal spread ( AVb << Vb) moves almost perpendicular
to the magnetic field and hence can effectively interact with
low-frequency plasma oscillations, which have wave vectors almost
perpendicular to the magnetic field lines. I we assume that

the oscillation frequencies and wave vectors are im the range:

L2e> w»n}/ Tmew 3 g

s, >4k, Ly,
/]

/

w
G, PV (53

where \l,-‘ = m is the thermal velocity of Jj-sort particles,

§.; = Va; / Ne¥ is the larmor radius of j-sort particles
k“ and k_L are the components of the wave vector, along and
across the ambient magnetic field, it is possible to considedr
that electrons are strongly magnetized and ions are mot. Then

one can easily write the dispersion equation for non-potential

waves:

—
(o, k) = 14 64e +E

(5.4)
where
2~ 2. 2
€ = “r. (i+ “ee \ k. w:', wt ok
\QL k’. > - —_-b.- —'-" _._|: s ———
e c 2 2 Y

I
Wt (t+:’§) (5.9

&
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is the contribution of the background plasma to the permittivity
whereas E': and &, are the reflected ion beam and accelerated
electron beam contributions respectively. The solution of (1+ E)=

is the dispersion relation ;

o [ee ]
(H ""P/u) (”w;:/ﬁ;) F .8

. . . 2
Here 4 = ""%ﬂ, is the electron to ion mass ratio, Ces ®
&

2 - A . .
k., <<l p=Be¢€ , Inthe limit of short-wave oscillations
Y
be > Yp. (5.6) describes the electrostatic oblique Langmuir
waves and their frequency is equal (at I<” = 0) to or higher
(at '(,, # 0) than, the lower-hybrid resonance frequency & ...
With wavelength increasing ie., Kc<& wpe the non-potentiality
of oscillations becomes essential, and they turn into well-known
whistlers. Here we confine ourselves to the case k; << kf;
this is justified by the fact that, as a rule, the particle’energy
density in the coronal plasma turns out to be of the same order
as the magnetic field energy density; because of this, waves

with k> k j#,have a longitudinal phase velocity of the order
of v‘l'e and thus, strongly damp. The quantity € is given

2 —
€. = We, I('}cb jv—‘
‘ M

Lzmc W ‘l‘:"" "o

and the contribution due to acclerated electrons is

(5.7)

2

o 2,
€, = Pe M A k,,g_f-'_) TS

(w-macky)!
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where ‘&,( “\7‘) is the distribution function of the ion beam;
F e is the distribution function of suprathermal electrons over

longitudinal velocities in a drift approximation and

T k. v 4 T_'i.‘ Lo
5= B3 k*h‘) “h k) (hn o)
(1+ wP"/k"c‘ ) Pt e T

[See Galeev, 1984]

Here V” and V, are the velocities of particles along and perpen-

dicular to the magnetic field, respectively.

J.2a Acceleration of electrons due to the presence of reflected

ions in the upstream (foot and ramp)

In the shock front (foot and ramp region) it is necessary
to consider only waves with ky o ~ % >4, because the lon beam
exists only in a region of finite thickness o~ __‘i_‘!{ﬁ . So the ions are
automatically unmagnetized. Since the ion beam distribution

in the foot and ramp region can be approximated by a drifted

Maxwellian/
-—s
?2f =
i (e b2 2r:™ [ 2(5)]
n — = (5.10)
ko me We KV +L0 I m, (2Y,)
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!/2 A 2.)
-2 dm exp[-%
z({.): n —_— (5.11)
-0 (7'_ ?u.')

and

-5 - .
¢ —_—— .

?'Avb (5.12)

The function Z(§.) defined in (5.11) is referred to as the plasma
dispersion function. In the present case let us consider that
—- —
w..k.vb':: W — kaCnLF’)(, ‘(AVL y SO that

. << 1 , for which
Z(G)=-2f +4 5 - » ] IL ‘ el ) (s
k

Hence

4 2
E—Zr#w}’ Mb,‘ w'l‘vb w-k\?

—eeee——— T exp- (5,
. k) 1K ’["Av\.) '=r,;=¢") (5.14)

Maximum of Im £ occurs when KV, Cosy - W= k4%, Therefore
PN
.one can write

€ = 2U “a wP° 2 e V) (5.15
‘(ZAV .
For a small growth or damping of waves (Y), such that the
inequality ¥ «« W , is satisfied, the growth (damping) is given
= |

by:
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Y = - __-EmE/(a E%w) (5.16)

Using the equation (5.5), one can write:

?E

z wl[ﬂ-i——kg————-"&"z. ]
—5“; - ";:3- Pe (H‘ w’%{‘c’) (5.17)

Using the dispersion relation (5.6), we get:

w'.a_Ei’:: 2 w;; (l-f-' w;; (5.18)
T U '

When the reflected ion beam which is approximated as
a drifted Maxwellian is present in the ambient plasma the waves
described by the dispersion relation (5.6) are unstable and the

growth rate is calculated using (5.15), (5.16) and (5.17) as :

(__) M e M/me exp (- %) (5.19)
Av,,) (1+ ""r/k1 2)

The growth of oscillations resonant with an ion beam
is in principle, limited (a) by convection of waves through
the shock front; (b) by the energy losses due to the resonance
with the electrons, W = k y° Yy - and their acceleration and
(c) by the nonlinear effects. Here we shall suppose that the
quasi-static amplitudes of the excited waves are small and

neglect their nonlinear interactions.
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In such a case the excitation of waves in the upstream
by the reflected ion beam, the relaxation of the beam and
the quasilinear acceleration of electrons are described by the

following system of equations (Vaisberg et al, 1983 Krasnoselskikh,

et al, 1985);

— =\ 3 -
(V-w)- 28 = 2B (Y+v.+7x
? o= kb ) (5-20)
— g £
T2 . e (VW) xe |- 2
a—+ m;C BV__5 a _s _5(5.21)
_ n—(_g_ LY 1o B skt
= 'm,:) (-Q-I‘T)’ Frrd L* 7

-k v\ oF
V' QFC -I"'( ) J\d “a —a_ klr 55‘0 kU “)3.—\,! (5.22)
me) Jom? P Pk ) "
i
These equations are valid in the frame of reference moving
with the shock wave with velocity Vo. Here the angle
is the angle between the ambient magnetic field vector and
—
the normal to the wave front, i.e. the angle between H and
——b
X axis, Vg = 3—%; is the group velocity of the waves. The
2
left hand side of (5.20) describes the convection of oscillations
from the region of interaction, while the right hand side of
(5.20) deals with the growth of the low-frequency waves by

an ion beam (YL), their damping due to the resonant interaction

with the electrons (Y, ) and the ions of the background plasma
().
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Before amalysing the system of equations (5.20) - (5.22),
let us make some simplifications. First, one can suppose that
only a negligible part of the ion beam energy is transmitted
to the waves and does not affect the relaxation of the ion beam
described by Eq«(5.21). This assumption is confirmed by the
observations near the Earth's bow shock and the computer simila-
tions mentioned earlier and is in good agreement with the results

obtained below.

Second, since the electrons are magnetized, their transverse
energy does not change and a one-dimensional distribution function
is enough to describe the behaviour of the electrons: f(Va)=

ij d&z-ﬂ( A To calculate the damping one should first estimate
Tn €y , where £, is given in (5.8):

o €= 1T e f(mn 3 :;+@,al=. )1; S(omoe-knledys

Since Bo is very large for the electrons we retain only the

n = 0 term in the expression (5.23). Moreover, in the small-

=2
Larmor-radius approximation, J, ( ks "4.) ~ 4 - and Eq{5.23)
2

reduces to
2
— LT W J 2&
k + ‘tz'c") /‘u

Using equations (5.16), (5.18) and (5.24), we can write the damping

of waves due to the cherenkov resonance with the electrons

as:
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'Tc_.:_’:"n" (I-f'wpf— a"_e/
w 2- ki. > Q-V” u/k
" (5.25)
The damping of waves due to background ions is:
3 _E
b
(5.26)

W

where b= E_\&,- is the phase velocity of the waves perpendicular
<+ .o

to the magnetic field relative to the background ion thermal

speed Vo, . Since ¥;<«¥e, ¥; canbe neglected. The velocity

of the resonant electrons is:

2 wo
. *?-wft A 2 + Va '7/‘:‘1-

W= — T, ve (1 + ©pe ) (5.27)
,u(l + ¥ k\-g—\ C-© (l /k“c”
2,
2 *.* B
where VA = Cfle = -——'3“‘. is the Alfven velocity.
w;,; HTimp™v

The third, and the last simplification. is due to the fact
that the term describing the wave convection is small in comparison

with Y, ; V=MV A>vg, V 5» and LHS of (5.20) is

L
M-vy) 2B o Vo g2 oA, E

-— 5.28
e &, (5.28)

X~ b
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-
Here o/ < 1 and we use the estimate a/ax‘. o~ d~ —‘%ﬁ .

Comparing (5.28) with ’YbEi one can conclude that the convection
is important only for long wavelength oscillations for which

Yb < 42; - For simplicity it is assumed that Cole L A ,
then

2
2 M L2
W= (5.29)
(1+ “ee k"c?)
Therefore the inequality Yb <2; takes the form .
'/;, 2.
Tf MTe T e M, ﬂ-xP( 1) ¢,
a3 Y. ™ (5.30)
(k Av.,) (1+ @n
e
which reduces to
2_ i/
('I") Lc/wpr. M e L( 4
__._.—-——-——-——; P
J_1 @) (144 e (5.31)
wa.
Pe
which can be rewritten as
L e
, c/w W /o
. < W< @E)
7 (5.32)

Ya.
(H— ke )3 M [ Vi
W e (

Pe. Mo
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-
The important parameter -——- ( .AV.,)

’
connected with the convection, determmes, in partlcular, the
threshold of the ion beam instability. Since the LHS of (5.32)
is less than 3/8 for all k, for the 1nstab111ty to occur 1t 1.': mc?ssary
to fulfill the condition _.?.‘_L v, ) (T-) /L -

This inequality is satisfied for % > P/m and one can take the
~convection into acco\unt only in the small part of phase volume
occupied by the oséillations. The energy of these waves is
small too. So the energy of the ion beam which is transferred
to the waves, is mainly absorbed by the electrons. As a result,

strong electron acceleration along the magnetic field lines will

occur and Fe(\/,,)will have a non-Maxwellian "tail".

We shall describe this process in more detail. The scheme
of the solution for the distribution function of the accelerated
electrons is the following. Balancing 7Y, with Ye one can
find the fraction of electrons accelerated and determine Fe(\/,,)
such that the energy lost by an ion beam is absorbed by the
electrons. Note that, when solving Eq. (5.20), we do not take
into account the finite size of the system, while the wave convec-
tion is considered in a simplified way, see e.g. (5.28). Knowing
F{V, ), one can determine the wave spectrum and estimate

the relaxation of the ion beam if it is important.

In that part of phase space (k  {s Kl ') where EZ £ 0 it
follows from (5.20) that
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i,
g 2 I/ t N
2 2 IR Y4
2Fe > 2 M ("’Pe)(,-,— ke )[ﬂ»(l&) e _ .(n;]

T — 1 3. % o MNe AVb ‘- ——
Vi) LU ALY g Fe (1+ 5 ) ¥

o>

Pe
(5.33)

In the rest of the phase space the LHS of the eq. (5.33) is negative,
because the waves should damp. Taking into account the Egs.
(5.19) and (5.25), equation (5.33) can be written as

T+ Ve —42, %0 (5.34)

It should be noted that the resomance condition (5.27)
and the dispersion relation (5.6) allow us to find cosg andW
as functions of k and V,, , so that RHS of (5.33) depends upon
both independent variables. The exact equality occurs only
for a single k = k, -~ -, for which the RHS of (5.34) reaches
its maximum. The waves with another k are damped, i.e. the
spectrum of the oscillations is streamer-type and the energy
is concentrated in a narrow band near the line k = k.~ on
the phase plane (k k, ). (See the fig. 5.2). Now our alm is to
find the maximum of RHS of (5.33) for a given electron velocity
v, . For this purpose we can eliminate k,  in the equation

(5.6) and write w = W (k, K,V, ) using the resonance condition

W =kj* V, which gives .

22 '
2 2 k°c/ &
W= Mv2e hr /“’P. - |
( wl a2 2 (5'35)
I+ __'L)[l+_‘£__‘_ ).. Ya
a -
e/ T T
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Now substitute the above expression in Eq.(5.33). To simplify

the formula let us introduce:

2 2
% ¢

w = u»n \ ; ‘ﬁ: = — N
VA Pe .
74 2.
: - m Y/
oz | e =2 (-—“ ) (5.36)
2. o AV

and write down the eq. (5.33) in the forms:

"%
[ 2 3
_2F - 2 u“(w'@ o g T '_t_’f.]}
VAR B <~ u
1% A 13

(5.37)

We are interested in the region of suprathermal velocities

L2 2 2 _
V"72-v.re,1.e.u >(u,uv.re / VA) = 4 B,. Henrce,
if pPe is not too small, one can neglect the term with u? in
(5.37). Then the maximum of the RHS of (5.37) Is reached for

2
t= E,= ;J_"T_f')zi and, it does mnot depend on u. It

implies that the distribution function of the accelerated electrons

is linear:
_% 2
F(b)= (2 e M M % WY oo
1 ' P % =3 5.38
c §:. LN (A"s) Vnz

Here we do not dwell upon the dependence of f‘ on other para-

meters for the convenience and the compactness of formulae.
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When  Pe< 'Z,L —{:—'-1 P E‘, slightly depends on u for small
velocities. Although this dependence % _(U) is easy to find and
determines the deviation of Fe (V Y ) from the linear law, this

effect proved to be insignificant and it would be ignored.

For small velocities V, = V, = (2-3) Vp, the distribution
function of the accelerated electrons merges with the thermal

electron distribution function, which is supposed to be Maxwellian

(Vh‘D v,z

V?.
Fe(v_'):]_n%. 2oy = exe( %“r:) (5.39)
A S’-““r-

5.2b Electron Accelration due to the ring distribution of reflected

ions just behind the overshoot

By numerical simulations Leroy et al (1981, 1982) showed
that the reflected ions tend to form a gyrating stream in the
down stream region behind the overshoot and evolve into a 'ring'
with a significantly large velocity spread. A realistic represen-
tation of the ring type distribution of reflected ions which includes
all thermal effects is given by ]jory-Guest-Harris distribution
(Dory et al, 1965) as given in (5.2).

The distribution function (5.2) resembles a ring or torus

in V-space. When N = 0, it reduces to a Maxwellian distribution,.
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and when N (the ring anisotropy) is large, the perpendicular

energy is concentrated near the maximum:
v, = W ay =V
L o b, b (5.40)

The average gyro energy of expression (5.2) is
) sz > = L (N+Y) 'rn-sz: LA A1 ) )'m Vz
<'2—_ ™ 2, = Ch TS L

The distribution function (5.2) has many of the features
expected for monoenergetic injection of ions corresponding to
reflected ions. The Quasi-linear wave effects will act to reduce
the anisotropy. The model given in equation (5.2) with the free
parameter N will suffice to make a determination of the growth
rate of waves given in eq. (5.6) which are unstable when such

ion beams with N 7> 0 are present in the background plasma.

K we substitute the expression (5.2) into equation (5.15),

then we obtain:

bt o 3R bra AN,
Tm€, = Pe t R e |Jte [R-H:)["__)
W+ w> ™ R (542)

©

where R= W
/k.I.AVh_L
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We can write a necessary condition for growth from inspection

of the equation (5.42). It is R2< N or, alternatively,

A
L < N a'A\/h = Vb
k, +
(5.43)
If we define
- 2 o
T,= fdf ¢ " (R+E) (5.4%)
[~]
we can derive a recursion relation
2 2 2
I: [R+ (N H|T-NRE T, (5.65)
For a = 1 equation (5.42) takes the form
3 g
T Ei = "'"“ '_”_b, w;' R e (IN“ N Iﬂ-‘) (5-#6)
(N4 )! T ©
For integers N = 0,1 we have
I,= |
(5.47)

I_' = FZ_ (RL-H:-S)

may be obtained.

from which higher order I

The Tme€E, for the lowest three orders N = 0,1,2 are given

ast

2 3 _R
P E-(Nzo) = 2T D0 . Y R e (5.43)
— 3 ﬂno Fa

w
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2.
_R
T (Nm)= 2|0 2B om w”* g€ (R=o-5)

(5.49)
and
—_ " wE 3 _Rry a2
P (M=) =7 T R R (R A 0a5)
° (5.50)

Im E; (N = 1) gives instability for R?< 0.5 and the maximum

growth occurs at a value

Ro =m5(3-f8 120 0.5 (5.51)

(see for example Barbosa et al (1985) for details). Using the
equations (5.16), (5.18) and 5.42) one can write the growth rate

as:

2
3 _R
Yo - - 2 M ual Re
w N+ m, (H- o k"vz
‘X)
A = 7 (5.52
fdf: (R+E (-R#,f)
©

K we assume that cpr o< and use the relation (5.29) for

w , we can write:

[ o]
| 2 L
2 2 R L
Y= A ) tw M g e |dfe(Rit) p'é-"‘-t,)
b (N+ov Vo (14 Ky ™
Twr ) ®
fe
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Due to the similar arguements as in section 5.2a, by analyzing

the inequality (5.33) in this case also we get an equation similar
to (5.37) which is;

- Yo 2 3 Y
_ak- _‘9'-_& (+§ - '4-(1+§) “‘; e
ou i % (—~——-_§ )[ A= s : - = ] (5.58)
where
2 200 tz N
3_R - L 2 - N Y.
-2 Vo) M j;te R+L') 1-N
T (N4 (‘\'/I) e Re ( ( R%t )(5~55)

Agian since RHS of (5.54) reaches its maximum for

I )2
= §¥= [7;5-' .._.(‘L‘. )4 1, it does not depend upon u, which implies
that the distribution function of the accelerated electrons

is linear which is:

--2 A M4 v-V
Fe(%)"—-———z— L (5.56)
n g §* ——T—\i\

For small velocities V, = V,%(2-3)V,, the accelerated

l
electron distribution function coincides with the ambinet equilibrium

electron distribution function which is supposed to be Maxwellian

VSV

2,
v
— -
I%(&)=—-T§-_?--§-ﬁf} _\*/’t;_ exp (- 2‘4’;) (.57
B A

Az Ve ‘
In fig.5.2 a sketch of the distribution function of the accelerated

electrons is given.
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F(52)

|
{

)

O Vre ‘M:

Fig. 5.2. The distribution function of theaccelerated electrons.

Vg
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J.3 Analysis of the streamer-type energy spectrum

As mentioned above, the waves are concentrated near

. ™
the line k_L = k.L (k“) = __c_fs l';‘_’ -_k“ = const on a phase plane

as shown in fig. 5.3. Therefore the frequency,

a '/3- l/
x| #e § ~ ~ >
v T % kg a‘(f') (5.58
- Va &, e 58)

AV
i
is pracncally constant for about the whole spectrum, where

v Vs f%u . As it follows from the resonant condition
= K- Vb COSep 4 the streamer consists of two straight lines

on (k, ky) making angles + ¢, with k _axis. Here

k., v,
Cos C_P*: —T% x A
(ka+ Kg) Y (5.59)

To find the wave spectrum, let us rewrite eq. (5.22) in

the following form:

_V Siw 6, TT ( E ;F![‘ﬁ)]
— FelW
7 e( ') 'm._ Q«V’ ; (2,7) VY (5.60)

Here we have used the fact that the spectrum is of the streamer—

type. For simplicity we shall consider only the regionV, > Y F L

which is the most important for the following. From {5.27)

‘ 2,
one can obtain that cos?e ..\ﬂ‘-,;- 4 . ° Substituting {5.39)

Yi

or (5.57) into (5.60) one finds after integratiors



e 146

Fig. 5.3. Streamer type spectrum.
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2 2 t
S*“* & - § s“.e (s e —‘f”—‘)x
—_— o ‘("C
(2m)
k” 3 \/U k” (5-61)
The wave energy density is:
LR
— — =
(2m) 8T (5.62)
2
= -’L’ (’u; )%I-g;we fm"noV;,
] »* 2

5.4 __a. Change in the velocity spread, b, Maximum velocity

c. Turbulence level and d. Total density of the accelerated

elections

Knowing the wave intensity one can easily find the change
of the velocity spread in the beam, § ( AVp) - In agreement

with (5.21)

S(Avb)%f_gv_? X \F/_':i

where the diffusion coefficient D is determined by the waves

(5.63)

as:

D= n.(___)fd’l CoacFEk S[w- ' )

(2:1)
= "’"65) (v‘/‘ﬁ) _w_’_ < (5.64)
[‘ (VP/VJ ]
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The assumption that the change of the growth rate of the ion
beam is small and that the energy of the beam is transmitted

to the electrons is fulfilled if § (. AV‘,) < 4V, or, as it follows
from (5.62) - (5.64), if

2. a 3 2
MV o (A% Ve ) $
A——— ~ PUBESS
e " o -?‘v;‘;;'éo (5.65)
A (3 *

To find Vh it is necessary to balance the energy fluxes, i.e.
the energy flux lost by the ion beam must be equal to the energy

flux gained by the accelerated electrons:

%@ 3
S(Mb'm; V: ) = My Vp §(aV)) = Sene, J‘“o"“t\ﬁ Fe(V)elVy -

(5.66)
From (5.34), (5.63) and (5.64) it follows thats
2 -y Y
\'f
h — Sin B A v
" AN S TAS VRN
A "l v

Note that the maximum velocity of the accelerated electrons
does not depend explicitly upon the density of the ion beam.

However the ratio Ml'/ "o determines -g, «» For example,

for shock waves with M X M, =2 F~107, g 107,
% ~ 10'1, p L= 900 and (A"b/\ ~ P, one can find

from equation (5.32) that '9' “x, 1/4 to 1/3 and after substitution
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in (5.67) one obtains:

N 2
mka:;vh me e > T

Z Pe (5.68)

So the electrons are accelerated up to suprathermal velocities

( Be~PB; ~ 10‘1). In accordance with (5.62), the level of turbulence

appears to be:

W, Sim B Y % L
~ (] 2.
-_— T"* §, Me Vi, x 5x;o'l'
Mo Te Te (5.69)

and the fota.l density of the accelerated electrons in the upstream:

(5.70)

Here we substitute Eq. (5.38) for Fe. Similarly the total density

of the accelerated electrons in the downstream is:

2
'Y):'-'-..'z—’- AM v‘\ m
s T —,0—? VI M o (5.71)
* A

for all values of the Anisotropy index N; where Fé Is given
by (5.56) and A by (5.55).



J.3 A qualitative analysis of nonlinear interactions

The self-consistent theofy of electron acceleration near
the shock front, developed above, is based on the quasilinear
approach. However, in the case of quasilinear theory for
waves with ‘(‘, < w/vh ~ ,]_,17 kJ_ s there are no re-
sonant electrons which can limit the growth of these waves.
So the growth of the waves in this region of phase space is
limited by nonlinear interaction. The full nonlinear analysis
is not the main task of this chapter, so we restrict ourselves

below only to a qualitative analysis of nonlinear interactions.

For k, fk; < ,S_/:, the strongest nonlinear effect is the
induced scattering of waves by electrons. The physics of

this process is the following: the beating of two lower-hybrid
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waves may have the phase speed close to that of the electron

thermal velocity V.. So the beating will be quickly absorbed
by the electrons leading to the nonlinear "coupling" of primary
waves and forcing the lower-hybrid waves to move outward
the region of k-space where they wer located earlier. Thus,
the waves driven by a beam will quickly leave the resonance

region in k-space, limiting the density of the waves there.

For potential waves this process and the collapse of

the lower-bybrid waves, closely connected with it, studiedin

the numerous papers (Sturman, 197% sotnikov, et al, 197%

Hasegawa and Chen, 1975). With nonpotentiality of waves taken

into account the nonlinear increment of .induced scattering by
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electrons may be found in a similar way:

2 2
R o] o{ﬁk“_ Wk )
~ I, — K -
&I F

b A

Here we use the fact that the spectral "repumping" of the waves

occurs in a differential way: for the single act of scattering

Dky (w_u;)/vn ~ kuvt-yv«fg_,
Te

As the result of the induced scattering the energy of
waves is transmitted along the line k, = 0 to the region of
greater k 19 where it is absorbed by the thermal electrons.
The part of the energy is lost during the spectral "repumping"
because of angular scattering of waves into the region of phase
space, where waves are effectively absorbed by the accelerated

electrons.

Thus, the streamer-type spectrum W(k) ~ 5( ‘(_L- _.,“)
for k, ~ V aka/V}, turns and is continued in a form of a streamer
along k_]_ axis. In this branch of a streamer there is a balance

between the induced scattering of waves and their generation
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b
Y an ion beam; Yb YNL' Estlmatmg the thickness of the streamer

as Akz~ w/Vh and substituting in (5.25) (k) - w(k) N Jilae

one obtains

2.
n 1T Wp
T o ,Pw,, T& e (] LA N
+ 2 sk ) @n® -

~ J
517( ‘) )-ﬂ-e Wa (5.73)

Mo Te

Now, balancing ‘}’bc:, YL One can find the wave energy
density on the streamer, passing along ky axis, supposing the
waves are concentrated near the maximum of the increment

Tb and k /w "%, 1. The result is

My [ Na *
MeTe EN (AVb ) (5.74)

It should be noted that the presence of shortwave oscillations
(i.e. the streamer passed along the ky axis) ma); change the
position of the main part of a streamer, k x k, << ‘_‘_‘_:5 and thus
may change '§*. To understand this fact one should keep in
mind that the nonlinear interaction of waves belonging to the
main streamer in k-space is not essential, because the main
nonlinear process for kz/k_L > JI;’ is the induced scattering of
ions and the corresponding phase velocity of the beatings is

. ] .
vth (vw-w)k-k)~V 4> Vpp so only exponentially small.
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fraction of ions takes part in this process. On the contrary,

the induced scattering caused by absorbtion of the beatings
between the waves from the main part of the streamer, k ~ Ky
and the shortwave oscillations from the tail of a streamer,
k c > °/wh is very effective because in this process all the ions

may play a role. The increment of the last process is (Sturman, 1974).

2
T = wPe ! Wy
ML

———

[URERS— ~w
~J
2 Ju meTe

~ Wﬂz ( VT'-)Z b AL )L

Vk Mo a Vb

(5.75)

R 2
Thus, for (m%°> ( VA/AVB.). > (Vh/ VT..) AT ,
YNL > 2. and in this case the just considered “cross-sectior’
induced scattering on ions is more effective in stabilizing the
waves with k < k, than the convection of oscillations considered
earlier (see (5.11)). In this case the position of the streamer

in k-space does not depend upon n:

(5.76)

Since it is difficult to determine k, c/ Whe with nonlinear effect

taking into account, we estimate it as Ty~ 0.1+ 0.3

Summarising the results of this section, we come to the

following conclusions:
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The electrons near the front of the shock may be accelerated

up to the energy of the order of mivA/2, and the density of

the accelerated particles may reach the value of Ny ~ (10'.3_-. 16~ 2)~
N, depending upon the Mach number M and the argle 6, .
Besides that the acceleration of electrons up to high energies
may also take place due to their resonant interactions with
waves locating in a narrow cone k, % 0 in k-space. However,

~

the number of such electrons is small.

3.6 _The radiation caused by electrons moving from the

shock front

Let us consider the magnetic field line moving with plasma
flow. At some moment of time this field line will touch the
front of the shock. From this end the electrons accelerated
by the shock, are injected into the background plasma. Since
the electrons are magnetized, they move along the field line,
and there is an a;mlogy between this process and that considered
by Ryutov and Sagdeev (1970), when the flow of the hot plasma
enters the half-space occupied by the cold plasma. 1If F(vz)
is the distribution function of hot electrons, one can suppose
that at a given point z >0 2 moment t?O the distribution function

and is
of electrons ie(vz, z, t) is equal to F(vz) for v, > z/t

small for all the other velocities (we consider t = 0 as the moment
of injection). However, this distribution function is unstable

and can drive Langmuir waves, which, in turn, cause fast diffusion



in v-space and form a plateau:
p(=,t v, £ u(=z,t

Lz t, ) = (2% ! " o

"fo (V" )

\/"‘ S QL (zJ +)

/

(5.77)

The quasihydrodynamic equations for p and u were obtained
and solved by Ryutov and Sagdeev (1970). Knowing p(z,t) and
u(z,t), one can find the erergy dersity of plasma waves. This
approach was successfully used in a number of papers for explaining
some features of type III Solar radio bursts (Zaitsev et al, 1972;
Zaitsev et al, 1974). In these papers it was shown that at a
given point on the field line the wave density grows when the
first group of hot electron comes, reaches its maximum value
and then decreases during the passing of slow electrons. Since
we do not know the details of the injection process, following
Ryutov and Sagdeev (1970) and Zaitsev et al. (1972, 1974) we
estimate that the energy density of Langmuir waves is approxi-

mately equal to one tenth of the energy density of hot electrons:

2
L™ %0 ek (5.78)

Substituting the density and the energy of the hot electrons,
. "5 » -
obtained in Section 5.4 in (5.78), one can find Wi > (107 10 .

n oTe'



156

Now let's consider the processes responsible for the radio

emission of the shocks moving in the Solar corona.

The high level of turbulence ensures the high efficiency
of nonlinear transformation of Langmuir waves into electromagnetic
ones at the frequencies close to wpe or .z_wpe. A number of
processes causing the generation of electromagnetic waves by
plasma turbulence were studied in connection with Solar type
I radio bursts and kilometric radio emission of Earth and Jupiter.
Among them are induced scattering of Langmuir waves by ions
(Melrose, 1970, 1974; Tsytovich, 1966; Kaplan and Tsytovich,
1972), merging of two Langmuir waves (Tsytovich, 19663 Smith,
1977; Papadopoulos et al., 1974; Smith et al., 1979), coalescense
of wupper-hybrid waves with the low-frequency electrostatic
waves (Galeev and Krasnoselskikh, 1978), the radiation due to
the collapse of Langmuir waves (Galeev and Krasnoselskikh,

1976; Kruchina et al 1980; Goldman et al, 1980).

Returning to the process considered in our paper, one
can argue that the collapse of Langmuir waves does not play
any role, since the spectrum of plasma waves driven by hot

2 a2
electrons is broad enough, ( k/\D)2 ~Vre/Vhot © Fe> WL/noTe,

and the condition of modulational instability (OTSD is not valid.
The ion-sound waves are absent because the plasma of the Solair‘
corona is considered to be isothermal (Te = Ti)' In such a case
the gereration rate for electromagnetic waves with W x W |

pe
is determined by the induced scattering on ioms. K Vo Is the
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energy density of electromagnetic waves and _vph is the phase

velocity of Langmuir waves this generation rate is (Tsytovich,

1966; Melrose, 1974):

3
~ W \.
PR
d oTe Ty, (5.79)

To estimate the brightness temperature of the emission
one should know the optical depth of the radiative region, which,
in turn, is determined by the length at which Langmuir waves
exist in the background plasma. This length may be estimated
as L~ (1/2 - 1/3) Vi b where tn is the time of electron lnjection

into the given field line, sliding along the surface of the shock

wave.

It is easy to understand that the acceleration of electrons
along the given line continues only till the moment when the
angle between the shock surface and this line exceeds some
critical value € > Ber ~ 30°. Thus, if R is the curvature radius
of the shock, the time of the injection may be estimated as
tin v Rhy.sin © <R[, which gives [~ X ';%'b . So,
one can conclude that electrons, accelerated in the shock, excite
the intense Langmuir oscillations (WL,noTe ~ 10-4-3—- 10—5) in
the wide foreshock 'region. The size of this region Is comparéble
with the radius of curvature of the shock wave or is determimd

by the long-scale irregularities of the magnetic field in the

solar coroma (if their typical size is (;<<R). Using Eq.(5.79)
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and estimating { as 1/10+1/30 of the shog:k wave front curvature,

L~ 1011 cm, one can find that plasma layer emitting the radiation

. . . 2 3 -5
is optically thick for WL/noTe > 10 (cf Wpe R) (c vh/“r..) ~107",
In this case there is an equilibrium between the electromagnetic
and Langmuir waves, and the brightness temperature of the

radioemission is equal to the effective temperature of Langmuir

waves:

Wy
MeTe (5.80)

3
T~ _Te#N Te ('“”\p)

For n_ = 108, T, = 10%  one obtains waloll K

We are not going to treat the machanisms of radioemission
at harmonics in details. It should be only pointed out that the
optical depth in this case is large too, so the brightness tempera-
ture of the harmonic emission is appeared to be approximately
equal to that of fundamental emission. This conclusion is confirmed,

at least for a part of type Il bursts, by observations.

The value of brightness temperature obtained for “i / n, Te

= 107 - 107, T~ 107 - 10! K is also in good agreement with

the observational data. For WL/noTe< 10-5

the plasma becomes
optically thin, the brightness temperature may stay at the same
level ~109 k, but the difference between the rates of generation
of fundamental and harmonic emission becomes significant,

and their brightness temperatures will differ, the fundamental

emission should be brighter.
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5.7 Bandwidth, polarization and the frequency. splitting in type

Il radio bursts

The self-consistent theory of radio emission by shocks
moving in the Solar corona developed above allows us to explain
in a natural way at least three more features of the type II
radio bursts. One is the finite band width 4w / wpe™ 107!,
the second - the relatively high degree.of burst polarization
at W pe (Suzuki et al., 1980). The former may be explained
by the finite width of Langmuir wave spectrum: Aw ~3/2 e *
(k AD)Z ~ W e v?e/v;' ~ 0.1 W pe" Besides that, the density
‘irregularities in the emitting volume may also play a significant
role. To explain the polarization one should keep in mind that
ordinary and extraordinary waves are generated in different

ways.

The induced scattering of ions comsidered above, L+ i—t,
Is a very effective way to generate the ordinary waves, since
the frequency of this electromagnetic mode slightly differs
from the frequency of Langmuir (upper-hybrid) waves, while
the frequency of the extraordinary waves is shifted from that
of upper-hybrid waves at the value of the order of e - So
the process of induced scattering gives raise mainly to thg ordinary

waves.

The extraordinary waves may be, in principle, ger_uerated
due to the merging of Langmuir waves with the lower branch

of electrostatic oscillations. However, as it was pointed out
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by Galeev and Krasnoselskikh (1978) this process occurs only

in the quadrupole approximation and so it is very slow.

Early interpretations of the splitting of fundamental and
harmonic bands involved magnetic splitting or Doppler splitting.
As pointed out by Wild and Smerd (1972), the magnetic splitting
in ‘some cases requires unacceptably strong magnetic fields,
and Doppler splitting requires a current which would cause electrons

to flow at umacceptably high speed relative to ions in a laminar

shock model.

McLean (1967) proposed an interpretation in terms of
a local inhomogeneous structure in the corona. The parts of
the shock front which are paraliel to the surfaces of constant
electron density should emit intensely at a single frequency
whereas the emission from other parts of the shock front will
be spread thinly across a range of frequencies. Mclean (1967)
analyzed an idealized quantitative model for a shock encountering
a streamer and found that the simulated dynamic spectrum re-
sembled a split-band Type II burst. A variant of McLean's mechan-
ism could explain split bands in terms of emission from two

related low V5 regions in Uchida's (1974) blast wave.

Smerd et al (1975) suggested that two bands correspond
to emission in front of and behind the shock front. The electron
density jumps at a shock front by a factor related to the shock
Mach number M AP Smerd et al (1975) estimated that‘vaines‘

in the range M, 7 1.2 to L7 (which are plausible) are sufficierit
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to account for the observed splitting.

Observations of slightly different positions for the two
components of split bands have been interpreted as evidence
in favour of McLean's (1967) model (Wild and Smerd, 1972).
However, Smerd et al (1975) pointed out that at a fixed frequency
the components from the two sides of a shock front would be
emitted at different times. Nelson and Robinson's (1975) inference
that the L source is further from the Sun than the U source
at the same time is qualitatively consistent with the mechanism

proposed by Smerd et al (1975).

Our model self consistently explains the frequency splitting,
which is one of the main characteristics of the type II bursts.
It is due to the character of the reflected ions, which excite
low frequency waves both in the upstream as well as in the
downs.tream. Due to anisotropy in the phase velocities the elec-
trons are accelerated by these waves to very high energies
along the field lines. The detailed observations of the electron
and ion distribution functions in the downstream of -the Earth's
bow shock as well as interplanetary shocks will support the
present model. The energy density of the Langmuir waves excited
by these electron beams can be approximately written as
Nl_““’)x o4 ’Y\Su(d) ”"_ii’n:,, ,5“' moTe - If one assumes that all
the energy is converted into transverse waves and the source
size s o 1 Rgs the brightness temperature can be estimated

which lies in the range 10° K to 101! k. "Nelson and Robinson



162

(1975) reported that 1;3(‘/)46(”&2.3. The difference in the number
density of the electron beams in the upstream and downstream
will account of this difference in the brightness temperature
in the two bands. If the anisotropy index N is large, the number
density in the electron beam accelerated in the upstream will
be decreased which may not be sufficient to excite observable

radiation leading to disappearance of the bandsplitting [Thejappa,
1987].

3.8 Conclusions

1. The majority of the shocks responsible for type II radiation
are supercritical, and they are characterized by the

ion reflection.

2. The reflected ions behave like a beam in the foot and
the ramp whereas they behave like a ring in the downstream.
The resonantly excite low frequency waves whose fre-
quency is near the lower-hybrid frequency both in the

upstream as well as in the downstream.

3. The electrons are accelerated by these low frequency
waves to ultra-relativistic energies due to the anisotropy

in the phase velocities.

4. The hot electrons enter the background plasma of both
in the upstream and downstream along the magnetic.
field lines and drive the Langmuir oscillations which

may reach a rather high energy levels (;.':'“L.NIO"" - ~
[ 3



5.

6.

7.

The Langmuir waves are scattered by ions and transformed
into ordinary electromagnetic waves of the same frequency

tw x Wy + Since the optical depth of the emitting plasma
layer is large, the brightness temberature of the radiation
does not depend upon the fine structure of the spectra
and appears to be of the order of lOll K. The radiation
at second harmonic is due to the merging of two Langmuir
waves. For typical parameters of the coronal plasma, the .

brightness temperature of harmonics may reach that observed

The present model fully agrees with the suggestion of Smerd

et al (1975) regarding the generation of the L and U bands in

the upstream and downstream respectively.

The brightness temperature in the L and U bands depends
on the number density in the accelerated beams. Since
the number density of the electron beam in the downstream
is less than that of upstream, the U band is fainter than
L band as experimentally observed (Nelson and Robinson,

1975).
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CLOSING REMARKS AND FUTURE OBSERVATIONS

In the introduction of our study we had broadly indicated
the difference between inner and outer corona, and classified
the types of disturbances thaf perturb the corona into two classes:
(1) particle beams and (2) shock waves. We had also argued
that both of them are interpreted since the electron beams

are mainly accelerated by shocks.

The radio bursts at long wavelengths give very Important
clues for understanding the various physical processes taking

place in the coroma in the presence of the above disturbances.

In chapter II we studied theoretically the ‘problem of
type I noise storms which‘ is believed to be caused by weak
shocks driven by the newly emerging magnetic flux from the
sunspots. We derived an expression for the growth rate of the
jon-sound waves generated by the shock gradients and the energy
density of the jon-sound (IS) turbulence saturated by quasilinear
effect. We compared the energy density of the lower hybrid
(LH) turbulence with that of IS turbulence generated under
similar conditions and show that IS turbulence grow to higher
levels. It was also shown that there is a better overlap in the
wave number space in the case of IS waves. Therefore we showed
that IS turbulence could be a better candidate for the low frequen-

cy turbulence needed to generate type 1 solar radio bursts.

In the same chapter we derived an empirical formula
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for coronal magnetic fields based on the type I chain observations
assuming that the chain is caused by a weak shock and the emission
is at local plasma frequency. The velocity of the shock calculated
from the drift rate of the chains and the density jump across
the shock obtained from the observed bandwidth are used as
the input in the Rankine Hagoniot relations and the magnetic
field is calculated. We recommend that observational programs
should be designed to test whether parallel current or perpendicular |
current in type I shocks is responsible for the low frequency
turbulence. The excitation of upper hybrid waves by trapped

particles is to be investigated.

In chapter Il we described the Gauribidanur Radio Telescope
operating at decameter wavelengths.' The ﬁnusual time profiles
of type Il radio bursts and absorption bursts in decametric conti-
nuum observed using this telescope were studied. It was shown
that the unusual time profiles of type III bursts are not due
to random superposition of bursts with varying amplitudes and
also they are not probable manifestations of fundamental and
harmonic pairs. Some of the observed time profiles could be
due to the superposition of bursts caused by ordered electron
beams ejected with a constant time delay at thé base of the
corona. This has to‘ be further investigated both theoretically
and observationally. We had also shown that the sudden reductions
in the decametric continuum can be explained as due to the
absorption by ion-sound turbulence generated by a shock wave

propagating laterally with respect to magnetic field. The duration



of the absorption was interpreted as the period during which
the IS turbulence stays undamped above thermal level. The
depth of the absorption is due to the level of Langmuir turbulence

generated as a result of the interaction between ionsound waves

and transverse waves.

Actually there is a build up of Langmuir waves upto a
level after which the reverse interaction, L+ s -t becomes

important, i.e., the saturation stage of the absorption.

In chapter IV we studied in detail the drift pair bursts.
The data on drift pair bursts, obtained using the swept frequency
spectrograph at Nancay,France, had been analysed. We detected
for the first time features like drift pair chains and vertical
drift pair bursts. We showed that the drift pair bursts and their
related phenomena like chains and vertical DPs can be understood
selfconsistently if one assumes that the double plasma resonance
layer, where the radiation is generated, is different at different
instants of time so that one gets a slope in the frequency-time
plane. It was also shown that the bursts can have all types
of drift rates if there are considerable fluctuations in some
macroscopic parameters such as density and magnetic field.
A steep variation in the magrnetic field was derived in the case
of vertical DPs when the density was assumed not to be affected
by DP activity. A more detailed high resolution observations

of DPs are necessary to build any new theory.

In chapter V we proposed that the majority of shock waves
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responsible for the generation of type II radio bursts are super-
critical. It was also proposed that the reflected ions behave
like a beam in the foot and the ramp and like a ring in the
downstream, i.e., just behind the overshoot. These were described
by drifted Maxwellian and Dory-Gust-Harris distributions respective-
ly. The ion beams were unstable and could drive the low frequency -
waves, whose frequency lies between the electron and ion cyclo-
tron frequencies. These waves were absorbed by the ambient
electrons, leading to the formation of electron "talls", in upstream
as well as downstream. On entering the cold background these
hot electrons, in turn, drive the high frequency Langmuir oscilla-
tions to high level energy densities %—r:'; T 9, in the upstream
as well as in the downstream. The conversion of plasma waves
into electromagnetic waves was caused by the induced scattering
of plasma waves off ions or by merging of two Langmuir waves.
The brightness temperatures in the lower and upper bands depend
on the number densities in the accelerated beams. Since the
number density of the electron beams in the downstream s
less than of upstream, the U band is fainter than L band as
experimetally observed. Thus it naturally explained the band
splitting in type II bursts. The role of nonlinear processes was
also studied in this chapter. Theoretically the herringbone
structure in type II bursts remains to be explained. Observa-
tionally also it is to be confirmed whether herringbones and

type II bursts are completely related.
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In conclusion we believe that a combination of high resolution
radio observations from the ground and space will enable us
to confirm the predictions like shock acceleration, shock excited

low frequency turbulence etc.
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