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Preface

The first steps of research of Solar Radio Bursts are described in the famous
monographs by Zheleznyakov (1964) and Kundu (1965). The rapid progress of
the Solar Radio Astronomy was regarded in the excellent book by Kruger (1979).
This survey covers successive development of radioheliographic observations, the
detection of spectral fine structure and various kinds of extraterrestrial observations.
A theoretical description of radio emission mechanisms was published by
Zheleznyakov (1998): “Radiation in Astrophysical Plasmas”. The solar radio
physics has grown to be an extended field, making it rather impossible for a single
person to review many topics.

The recent review by Pick and Vilmer (2008), A&A Rev. 16, 1-153: “Sixty-five
years of solar radioastronomy:” is a general historical description of the solar radio
emission in a wide aspect of its relation with X-ray emission, CME, interplanetary
shock waves, etc. This is a very useful review and may be unique, after the
monograph by Kruger (1979).

All these editions do not almost contain however any information about the fine
structure of radio bursts. The study of the fine structure of the solar radio emission is
a key to understanding the plasma processes in the solar corona. It remains a
reliable means for both diagnosing the solar corona and verifying the results of
laboratory plasma experiments on the wave—wave and wave—particle interactions.
The high time and frequency resolution data have improved our studies of similar
fine structures in stellar flares.

Already the first spectral observations of large type IV (and II+IV) bursts
revealed the rich variety of the fine structure of the radio emission in the form of
wide-band pulsations in emission and absorption with different periods, rapid bursts
(spikes) and narrow-band patches. Modulation of the continuum emission in the
form of narrow stripes in emission and absorption (zebra pattern (ZP) and fiber
bursts (FB)) appeared to be the most intriguing elements of the fine structure.
Pulsations and spikes usually accompany ZP and FB in the dynamical radio
spectra.After the short review of some elements of fine structures by Fomichev
and Chertok (1976) and the short theoretical description of the emission mechan-
isms by Kuijpers (1980), only the atlas by Slottje (1981) (with a small number of
copies) gives exhaustive experimental results about ZP and FB. If pulsations and

vii



viii Preface

spikes obtained sufficiently adequate interpretation, then for ZP and FB during
several decades more than ten different mechanisms were developed.

During last almost two decades with the space missions, such as soft X-ray
observations with Yohkoh, extreme-ultraviolet (EUV) observations with SOHO
and TRACE and now RHESSI and Hinode, we have rich information about the flare
evolution in different spectral ranges. And now, it should be studied how they could
help us to understand the processes of formation of different fine structures. The
exhaustive description of Physics of the solar corona in Aschwanden (2004)
represents a comprehensive source for this purpose.

The plan for this book resulted from a desire to have a concise up-to-date survey
of the fine structure of solar radio bursts. This volume has grown out of more than
40-year-old experience of the author in the study of spectral fine structure.

In this book we shall show the entire diversity of experimental data with the
development of the observational techniques, with the goal to confirm or disprove
theoretical models. The author does not pretend however to give an exhaustive
survey of all published works in the field of fine structure. This cannot be presented
in one volume. The author tried rather to present materials not illuminated earlier in
any reviews. Moreover, the exposition of the materials is most likely an author’s
view, without pretending to have achieved a universal description “of all and
entire”. The reader will notice that many of the figures are taken from the author’s
own work based on observations of fine structure in the meter range conducted over
more than 40 years (Markeev and Chernov 1970). To our knowledge no other
observatory in the world possesses similar high-resolution data. Therefore, the
author apologizes in advance before the colleagues who might have the impression
that their work did not receive proper citation.

Chapter 2 is devoted to radio pulsations. After several excellent reviews (Slottje
1981; Roberts et al. 1984; Aschwanden 1987, 2004), here, the preference is given to
the description of millisecond pulsations, which have not yet been described
properly.

Perhaps, the largest number of works was devoted to the fastest bursts, the
spikes. In Chap. 3, a view of the author on number of problems is given. And
again, the preference is there given to the description of the models of millisecond
spikes, which is continued in Chap. 4, since they were discovered as the superfine
structure of the zebra pattern (ZP).

Chapter 4, the largest chapter, gives a sufficiently complete description of the
historical development of both the experimental data and theoretical models of ZP
and FB.

Chapter 5 is devoted to recent observations with the highest resolution (~1 ms,
and partially much less), when several new details of the fine structure were
discovered. The description of new mechanisms of the ZP was continued, a special
attention was given to works on the improvement of model at double plasma
resonance (DPR), since in the past 3—4 years more than 10 articles were published
on this theme.
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Since this book deals with the observation and theoretical models of the fine
structure of solar radio bursts, it covers a wide field of Solar Radio Physics and will
be useful to graduate students and researchers.

Troitsk (IZMIRAN) G.P. Chernov
November 2010
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Chapter 1

Introduction

Solar radio astronomy has grown into an extensive scientific branch since its birth
in the forties of the 20-th century, initiated by the subsequent discovery of the
main basic components of solar radio emission: the quiet Sun, the slowly varying
component and various types of radio bursts including noise storms (Kriiger,
1979). It was quickly revealed that radio bursts are observed during chromos-
pheric flares.

The radio bursts were classified in five distinctive types at the dynamical spec-
trum (Wild, Smerd and Weiss, 1963) and the noise storms in the meter wave range
proved to be the most widespread manifestation of solar activity, when against the
background of the prolonged increased continuous emission numerous narrow-
band short-term bursts of type I appear at different frequencies.

Type III bursts are obviously the most frequent bursts observed from the solar
corona. They are characterized by their short duration and rapid drift from high to
low frequencies in the decimeter and meter wave ranges. It is assumed that radio
emission is generated by the beams of fast electrons at the levels of the local
plasma frequency or its second harmonic (’plasma hypothesis’).

Slow-drift type II bursts are outstanding events associated with large flares.
They occur much more rarely. The frequency drift to low frequencies is found to
correspond to the velocity of the order of 10° km s and the moving agency is
identified with a collisionless MHD shock wave set up as a result of explosion at
the time of the flare flash phase (Wild and Smerd, 1972).

Type IV bursts are a continuum radiation following type II bursts, or they are
superimposed on the time, and then such events are called type II+IV. Their radio
sources can be stationary or moving, and the continuum can be extended from me-
ter into decimeter and microwave ranges almost simultaneously (Zheleznyakov,
1964; Kundu, 1965; Wild and Smerd, 1972).

The type V burst is a broad-band continuum radiation following a type III burst
as a diffuse prolongation (usually below 150 MHz). It is assumed to be the emis-
sion of the part of electrons, producing the type III burst trapped in a magnetic
loop.

The recent review by Pick & Vilmer (2008) gives the input of radio observa-
tions to our understanding of solar and solar—terrestrial physics.

Already the first spectral observations of the large type IV (and II+IV) bursts
revealed a rich variety of the fine structures of radio emission in the form of wide-
band pulsations in emission and absorption with different periods, rapid bursts
(spikes), narrow-band patches. Modulation of the continuum emission in the form



of narrow stripes in the emission and absorption (zebra patterns and fiber bursts)
appeared to be the most intriguing elements of the fine structure (Kriiger, 1979).

Studies of the fine structure of solar radio bursts are of great importance for
both the refinement of the burst generation mechanisms and the diagnostics of the
corona plasma. The most intriguing fine structure is, undoubtedly, the zebra pat-
tern (ZP) in continuous type-IV radio bursts.

The study of the fine structure of the solar radio emission is a key to under-
standing the plasma processes in the solar corona. It remains a reliable means for
both diagnosing the solar corona and verifying the results of laboratory plasma
experiments on the wave-wave and wave-particle interactions. High time and fre-
quency resolution data have improved our studies of similar fine structures in star
flares. So, the continuum radio emission of type IV was associated for a long time
with the synchrotron emission of electrons trapped into a magnetic cloud (after the
work of Boischot (1957), but the analysis of the fine structure testified that the
plasma mechanism is predominant in the meter and decimeter wave band.

We will try to describe the development of the investigation of fine structures
from the period going from their first discovery in the solar radio emission to the
present days.

So, we intend to describe fast pulsations of solar radio emission in Chapter 2,
radio spikes, the most short-living solar bursts (< 0.1 s) (Chapter 3), zebra patterns
and fiber bursts (Chapter 4), and the recent results of theirs study (Chapter 5).
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Fig. 1.1 Examples of a zebra pattern (a), spike bursts (), and fiber bursts (c) observed by a new
system of Frequency Agile Solar Radiotelescope (Owens Valley Radio Observatory in Cali-
fornia, http://www.ovsa.njit.edu/) ( courtesy of D.Gary).



Figure 1.1 shows an excellent illustration of such fine structures in the decime-
ter range with a high time resolution, observed by a new system of Frequency Ag-
ile Solar Radiotelescope (FASR, http://www.ovsa.njit.edu/). Figure 1.2 illustrates
millisecond spikes, fast pulsations, and several stripes of the zebra pattern ob-
served simultaneously in a unique solar event of 13 December 2006 with the Chi-
nese spectrometer in the range 2.6 — 3.8 GHz.
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Fig. 1.2 Millisecond spikes, fast pulsations and several stripes of the zebra pattern observed si-
multaneously in a unique solar event of 13 December 2006 in the range 2.6 — 3.8 GHz with the
spectrometer of National Astronomical Observatory of China (NAOC) (private communication
of prof. Y.Yan).

For over more than four decades radio astronomers have been observing pulsat-
ing structures in solar radio emission. ‘Pulsations’ include a wide range of phe-
nomena of quasi-periodic patterns or fine structures observed in the metric/ deci-
metric/ microwave frequency ranges. They were usually described as series of fast
drift bursts. Pulsations are rarely observed in pure form. Usually, they are super-
imposed on other elements of the fine structure: spikes, fiber bursts, zebra pat-
terns.

Slottje (1981) was the first to summarize the observed properties of the pulsa-
tions. Aschwanden (1987, 2004) presented an extensive review of all kinds of
models for the pulsating events. Therefore it would be superfluous to repeat here
in detail the entire content of these excellent reviews (and of a number of others).
We will note only their basic conclusions, and let us try to call the reader’s atten-
tion to experimental data and theoretical models that were not yet previously de-
scribed, using both the old sources and the recent publications.

Thus, primary attention will be given to millisecond pulsations because, in the
recent years, the new solar broadband radio spectrometers of NAOC (China, Huai-
rou station) have allowed us to obtain unique information on the fine structures at
frequencies 1 — 7.6 GHz with high resolution (10 MHz and 5 — 8 ms, and partially



1.25 ms) (Fu et al., 2004). And it was discovered that in the microwave range the
same variety of fine structures was observed as in the meter range.

The “spike” type radio bursts were isolated as a special kind of the most short-
time and narrow-band bursts in the meter and decimeter wave bands with the be-
ginning of observation with high resolution. There are bursts with the duration of
dr < 0.1 s at one frequency. The spikes riveted at once the attention of research-
ers, since the brightness temperatures of the spikes 7}, can reach (and even exceed)
10" K. Such a high brightness temperature, along with the extremely short dura-
tion of the bursts and the strong circular polarization of radio emission, can only
be provided by some coherent mechanism. From the first years of the study, the
spikes are generally agreed to be an emission closely connected with the particle
acceleration and primary energy release in flares.

The most complete experimental study of spikes was executed by Tarnstrom &
Philip (1971). Then, the basic observed properties of spikes in the meter range are
summarized in the short review by Slottje (1981). Benz (1985; 1986) described
spikes in the decimeter range at the base of observations with the digital spec-
trometer IKARUS (Zurich). At last, we obtained exhaustive review of all basic
mechanisms of the excitation of spikes and their relevance to the observed pa-
rameters thanks to Fleishman & Melnikov (1998). Although now, the nature of
spikes remains not explained completely, and we will try to show this in Chapter
3.

The nature of the zebra pattern (ZP) has been a subject of wide discussion for
more than 40 years. The ZP in the solar radio emission is the simultaneous excita-
tion of waves at many (up to a few tens) of closely spaced, nearly equidistant fre-
quencies. The basic parameters of ZP in the meter wave band are represented in
the atlas by Slottje (1981). Now it is authentically known that in a regular ZP the
frequency separation between the stripes grows with frequency: from 4 — 5 MHz
at 200 MHz to ~ 80 MHz at 3000 MHz and to ~150 — 200 MHz at 5700 MHz. It
is important to note that the relative frequency bandwidth of a separate stripe in
emission remains almost stably constant with frequency, Af,/f~ 0.005.

More than ten different models have been proposed for ZPs; most of them in-
clude some emission of electrostatic plasma waves at the upper hybrid frequency
(wyy) (Kuijpers, 1975a; Zheleznykov and Zlotnik, 1975a; Mollwo, 1983; 1988;
Winglee and Dulk, 1986). In order to explain the ZP dynamics in the framework
of this mechanism, it is necessary that the magnetic field in the radio source varied
sufficiently rapidly, which, however, contradicts the fairly low field values deter-
mined from the frequency separation between the stripes. Over the past five years,
there appeared dozens of papers concerning the refinement of this mechanism, be-
cause, in its initial formulation, it failed to describe many features of the ZP.
Kuznetsov and Tsap (2007) assumed that the velocity distribution function of hot
electrons within the loss cone can be described by a power law with an exponent
of 8-10. In this case, a fairly deep modulation can be achieved, but the excitation
of waves at multiple double plasma resonance (DPR) levels is still impossible.

Fiber bursts differ from ZP stripes only by a constant negative frequency drift,
and one of the first models explained the radio emission () of fiber bursts by the
coalescence of plasma waves (1) with whistlers (w), [ + w = ¢ (Kuijpers, 1975a).



In spite of the fact that then some more models were proposed (Alfvénic solitons,
whistler solitons, MHD oscillations), this first model remains now most accepted.
After the brief review by Kuijpers (1980) the situation in this sphere of activity
was cleared up only in the review of Chernov (2006).

In Chernov (1976a; 1990), the mechanism [ + w = ¢ was proposed as an uni-
fied model in which the formation of ZPs in the emission and absorption spectra
was attributed to the oblique propagation of whistlers, while the formation of
stripes with a stable negative frequency drift (the fiber bursts) was explained by
the ducted propagation of waves along a magnetic trap. This model explains occa-
sionally observed transformation of the ZP stripes into fibers and vice versa.

The discovery of the superfine structure of the ZP, in the form of millisecond
spikes was the most significant new effect in the microwave range (Chernov et al.,
2003). The reliability of such a study strongly grew over the past few years in con-
nection with numerous observations of fastradio bursts (millisecond
spikes) during the stellar flares (Abada-Simon et al., 1995). It is amazing that the
period of star spikes in the radio burst of the classical red dwarf AD Leo coincides
with the period of spikes in the superfine structure of solar zebra stripes (~30 ms)
(Osten and Bastian, 2006).

To overcome difficulties arising in different models, a new ZP theory based on
the emission of auroral choruses (magnetospheric bursts) via the escape of the Z
mode captured by regular plasma density inhomogeneities was recently proposed
(LaBelle et al. 2003). This theory, however, fails to explain the high intensity of
radiation emitted by separate incoherent sources. In addition, the theory imposes
some stringent conditions, such as the presence of a large—amplitude ion—acoustic
wave.

The existence of a ZP in the solar radio emission can be attributed to the exis-
tence of discrete eigenmodes in the nonuniform solar atmosphere. Several aspects
of this mechanism were considered in Laptukhov and Chernov (2006); Barta and
Karlicky (2006); Ledenev, Yan, and Fu (2006). In Laptukhov and Chernov
(2006), dispersion relations were derived for a discrete spectrum of eigenmodes of
a spatially periodic medium in the form of nonlinear structures formed due to the
onset of thermal instability. The spectrum of eigenfrequencies of a system of spa-
tially periodic cavities is calculated, and it is shown that such a system is capable
of generating a few tens of ZP stripes, the number of which is independent of the
ratio of the plasma frequency to the gyrofrequency in the source.

In practically all models the discussion deals with regular ZP. Problems appear
with the interpretation of the frequently observed uncommon stripes of a ZP. For
example, for explaining the so-called “tadpoles” (submerged in a developed ZP)
special mechanisms were elaborated (Zheleznykov and Zlotnik, 1975a; Chernov,
2006). Rare attempts were made to explain other uncommon forms of ZPs (in the
form of zigzags, complex splittings of stripes into the superfine structure). They
cause big problems for the known models.

It is important to note that the model with the whistlers successfully explains
the zigzags of stripes and their splitting, and also the variations in the frequency
drift of stripes synchronously with the spatial drift of the sources of radio emission
(Chernov, 2006). Since each new phenomenon provides its uncommon parameters



of fine structure, and the entire variety of the parameters does not succeed in the
statistical systematizing, below primary attention is given to the analysis of sepa-
rate phenomena. Just such a situation stimulates many authors to elaborate on new
mechanisms.

In the present book, an attempt is made to evaluate what model most ade-
quately describes the new observational data and to find out where the ZP stripes
form (during the excitation of waves in the source or in the course of their further
propagation). Calculations show that the DPR-based mechanism fails to describe
the generation of a large number of ZP stripes in any coronal plasma model. Some
other unsolved problems or difficulties in the DPR model are also examined in de-
tail.

Here, it is shown that the new varieties of ZP succeed in explaining these phe-
nomena within the framework of known mechanisms by taking into account the
special features of plasma parameters and fast particles in the source. On the other
hand, the formation of ZP stripes due to radio wave propagation through the cor-
onal heterogeneities can be recognized as the most natural mechanism of ZP. The
mechanism related to the excitation of discrete eigenmodes of the periodically
nonuniform plasma (Laptukhov and Chernov, 2006, 2009) can yield the observed
number of harmonics. However, in this case, only the possibility of generating
harmonics in a one-dimensional stationary problem is considered, i.e., the fre-
quency dynamics of stripes is not analyzed.

During the last several years some new varieties of ZP have been recorded.
Now, it is necessary to estimate the possibility of their interpretation by taking into
account all known models of ZPs.



Chapter 2

Pulsations

2.1 Overview of oscillation phenomena

For over more than four decades radio astronomers have been observing pulsating
structures in the solar radio emission. ‘Pulsations’ include a wide range of phe-
nomena of quasi-periodic patterns or fine structures observed in the met-
ric/decimetric/ microwave frequency ranges. At the early stage they attracted the
attention of solar radio astronomers by oscillating shapes of the time profiles of
radio bursts. With the development of spectral observations it became clear that
the pulsations occur almost simultaneously over a wide frequency range. They
were described as series of fast drift bursts.

Slottje (1981) was the first who summarized the observational properties of
the pulsations (see also Kriiger (1979). High resolution observations revealed that
some pulsations consists of series of broad-band short-lived absorption pulses.
Here, “absorption” does not mean the physical process. On the contrary, some-
times such pulsations were more likely the result of interruption of the emission
process. Kuijpers (1975a) as well as Zaitsev & Stepanov (1975) and Benz & Kui-
jpers (1976) preferred, in view of their interpretation, the name ‘“sudden reduc-
tions” of intensity.

All the available results and reports of observations show that pulsations ap-
pear at a wide range of the periods (from several minutes to sub-seconds) and
emission frequencies, from meter (Rosenberg, 1970; McLean & Sheridan, 1973;
Trottet et al., 1981), decimeter (Gotwols, 1972; Bernold, 1980), and to centimeter
waves (Fu et al. 1990; Qin & Huang, 1994), among others.

Aschwanden (1987; 2004b) presented an extensive review of all kinds of mod-
els for the pulsating events, and classified them into three groups: (1) MHD flux
tube oscillations, which modulate the radio emissivity with a standing or propagat-
ing MHD wave (slow-mode magneto-acoustic oscillation, fast kink mode, fast
sausage mode); (2) periodic selforganizing systems of plasma instabilities (wave-
particle, wave-wave interactions); and (3) modulation of acceleration (repetitive
injection of particles into a loss-cone configuration). The third type may explain
the shortest periods (< 1s), and it can include nonstationary magnetic reconnec-
tion.



Pulsations are rarely observed in pure form. Usually, they are superimposed
on other elements of the fine structure: spikes, fiber bursts, zebra patterns.
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Fig. 2.1. Fast pulsations in emission and absorption superimposed onto fiber bursts in a pro-
longed type IV burst 5 February 1986. At the top is dynamic spectrum in the 224-245 MHz range
(IZMIRAN); in the middle is the time profile of the radio emission flux (1 sfu = 10%* W m™ Hz’
l) at 234 MHz (Potsdam) and in the bottom is the distribution of the modulation depth of the ra-

dio emission, AUl = (Imax — Imin)/( Imax + Imin), as a function of the pulsation period p (s). Dots

denote single pulsations, the empty small squares are complex long-period oscillations (Chernov
& Kurths, 1990).



As such a complex example in Figure 2.1 the subsecond pulsations in a pro-
longed type IV burst of 5 February 1986 are shown. The pulsations in emission al-
ternate with sudden reductions with a nonrigourous period of 0.2 — 0.8 s and both
are superimposed onto fiber bursts. The time profile in Figure 2.1 shows a large
modulation depth of the intensity / in the fast pulsations, AI/I ~ 0.6, and the
dependence of AI/I on the period p reveals a maximum with the value of p ~ 0.5
s. The statistical analysis of the modulation depth executed in Chernov & Kurths
(1990) with five other events with fast pulsations in the meter range showed a
similar behaviour of these parameters. Therefore, in order to understand the nature
of such fast pulsations, let us briefly examine the possibilities of different models.

2.2 Brief characteristics of pulsation models

The plasma model of radio pulsations in the context of beam instability is based
on nonlinear wave scattering into the nonresonant range of the wave spectrum, in
which they are damped by collisions and are converted into electromagnetic radia-
tion (Zaitsev et al. 1985; Aschwanden, 1987). It should yield a strict period p ~ 2

7wl V. (Vg is the frequency of electron-ion collisions), but it can operate effi-

ciently only for protons (Zaitsev et al. 1984).

Oscillations of loss-cone instability are determined by quasilinear effects of
damping of plasma waves on fast particles that are precipitating into the loss-cone.
The main properties of the plasma model of pulsations near the excitation thresh-

old ( y 2y, ) for loss-cone instability are an increase in the modulation depth

and a decrease in the intensity of the pulsations with an increase of their period.
The strongest pulsations should have should have the shortest period (Zaitsev et
al. 1985), which may be of millisecond value ( p ~ 1/¥ ). But since the growth
rate ) is proportional to the density of fast particles and the plasma frequency
r]h
VT Wpe,
c

a pronounced modulation may be expected only in the interior of the corona, such
as in flare loops, in which @p, ~ 10" s and n, / n,= 107 . Their most likely

application has therefore been in terms of microwave millisecond (spike) oscilla-
tions (Zaitsev et al. 1985).

Relaxation oscillations of beam instability on electrons must be maintained by
a periodic source of fast electrons and must have a low quality factor (Q, a small
number of pulsations per series).
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MHD models of pulsations are based on modulation of the plasma density in a
magnetic trap, mainly by fast magnetosonic (FMS) waves excited by protons in
Cherenkov or bounce resonance. Their period is determined only by the size of the
trap and therefore it cannot be very short. Under conditions of bounce resonance,
for example, p = R/V, = I/V, where R and [ are the radius and length of the trap,
V is the velocity of the fast particles, and V, is the Alfvén velocity, V, = (c/43
Yfue/fre) (fue and fp, are the cyclotron and plasma frequencies of electrons), for a
preiod p = 0.05 s we must assume the magnetic arch high in the corona with the
improbably small dimensions, R~ 10° cm and [~ 5 10° cm (V4=3.5-10" cm for
fue/fre = 1120 and V=10" cm s™).

MHD oscillation modes propagating in dense traps may yield the typical varia-
tion of the one-second periods and the modulation depth, including three phases: i)
a periodic phase associated with the arrival from the flare region of a low-
frequency disturbance with a maximum group velocity; ii) a quasiperiodic phase
with increasing modulation due to the interaction of the first disturbance and sub-
sequent higher-frequency disturbance which arrives at the same level in the corona
with the minimum group velocity; iii) and a decay phase (Roberts et al. 1984;
Aschwanden, 1987; 2004).

MHD pulsations are determined by weak oscillations of the magnetic field in a

FMS wave, A B<< B, (B, is undisturbed field), so they must shallow modula-

tion Al /1~A B/ B, (Rosenrauh and Stepanov, 1986).

Zaitsev et al. (1984) shown that the duration of pulse train (with the period of
several seconds) in type IV radio bursts decreases with increasing hardness of the
spectrum of high-energy protons and increases with decreasing proton flux from
the Sun (in the Earth’s orbit). Such a correlation (shown in Figure 2.2.) corre-
sponds to a MHD model of pulsations and inexplicable within the framework of a
nonlinear periodical regime of plasma instabilities.

In this case the oscillation period is determined only by the parameters of the
trap and is independent of the density and spectrum of trapped particles. The dura-
tion of a pulsating structure is determined by the trapping time of the energetic
protons sustaining MHD oscillations of the source (FMS waves). As the result of
diffusion by small-scale Alfvén waves, the characteristic time required for the pro-
tons to escape the trap decreases with increasing density and hardness of the pro-
tons, which is essentially in agreement with observational data (Zaitsev et al.
1984).

The physical coupling of the pulsations and the energetic protons is as follow.
The electrons and protons produced during the flare are partially trapped in a cor-
onal magnetic trap (loop) with an enhanced plasma density, the loop being a
source of type IV radio emission as well as a resonator for the fast mode MHD
wave. The energetic electrons are rather rapidly (over approximately a few sec-
onds) released from the trap, after which their density within the trap is maintained
at a comparatively low level, providing only the intensity required for type IV ra-
dio emission. The residence time of >10 MeV protons in the trap is substantially

10
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longer, and they excite and sustain MHD oscillations at the source, thus determin-
ing the duration of pulsating structures.
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Fig. 2.2 The variation of integral spectral index (/) in the 10 — 30 MeV range versus pulse
train duration (7 , min). The filled circles indicate 11 western flares, the open circles 8 eastern
flares (Zaitsev et al. 1984).

The protons trapped in the magnetic loop can, moreover, make a substantial
contribution to the cosmic ray flux near the Earth as well. At times less the diffu-

sion time, such protons drift with the speed vy =U 2] ®,R~10°cm s (@, is

the proton gyrofrequency, R is the radius of loop) toward the open magnetic field
lines and escape into interplanetary space. Therefore, the pulsations of type IV ra-
dio emission are predictors of the appearance of protons in the vicinity of the
Earth.

Sudden reductions (SRs) represent a special class of pulsations which are often
superimposed onto sub-second pulsations in emission and complicate the picture.
They are caused by a quench of loss-cone instability of plasma waves upon the in-
jection of new particles into the loss-cone (Zaitsev & Stepanov, 1975; Benz & Ku-
ijpers, 1976). They have the nature of deep troughs of radio intensity, so in an
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analysis of the modulation depth they must be separated from pulsations in emis-
sion, although this is difficult to do on a dynamic spectrum, since SRs, like MHD
pulsations , have a one-second scale.

Oscillations of loss-cone instability of plasma waves at the boundary between
weak and strong diffusion of fast electrons on whistlers, including the quench of
instability during the injection of new particles into the loss-cone (Trottet et al.
1981) or the model of torsional oscillations of a magnetic flux tube (Tapping,
1983) may apply only to pulsations with a long period (>> 1 s).

Thus, the known models of pulsations do not enable us to explain millisecond
pulsations with deep modulation of radio emission. In this connection Chernov
(1989) proposed the mechanism of coalescence of plasma waves with whistler
waves in which the whistler spectrum is determined by the pulsating regime of
their interaction with ion-sound waves.

Model with whistler waves. In the pulsed regime of energy transfer between
whistlers (w) and ion-sound waves (s) the combining mechanism of radio emis-
sion (#) due to the coalescence of whistlers with plasma waves (I) [ + w 2 ¢ yields
pulses of radio emission in a wide frequency range at times of maximum of whis-
tler energy (W"). As a result of decay processes, a flat spectrum of whistlers W" =
Const (with respect to frequency and angle) is established, so the absorption bands
typical for fiber bursts and zebra pattern will be washed out, and we should ob-
serve brief wideband pulses with a period of ~ 0.01 — 1 s that depends on W".

The main process resulting fast pulsations is associated with the pulsating re-
gime of coalescence and decay of s- waves with whistlers: s + s <> w. From ex-
periments it is well known that this process proceeds at both the sum and differ-
ence frequencies. The maximum increment of s- waves falls at frequencies close

to the ion plasma frequency @y . In the solar corona at the altitudes of meter and

decimeter ranges, the approximate equality @p; = ®ge/ 4 is satisfied, which fa-

vors the realization of conservation laws for processes s + s <> w at the differ-
ence frequency and the maximum increment (Chernov, 1989). Such a condition is
not satisfied in the Earth’s magnetosphere.

A second necessary condition for satisfying the conservation laws for this pul-
sating process is isotropization of the wave vectors k' and k" , since the process
proceeds for two oppositely directed vectors &' and k* and the vector k" directed at
an angle 4 "> 700 (Tsytovich, 1977). In this case, the slowest process (determin-
ing the pulsation period) is scattering of whistlers on thermal electrons. For the
usual whistler energy density (relative to thermal energy of the background
plasma) W* /nT ~ 107, this scattering time is ~ 0.3 — 0.2 s.

The merging process of plasma wave with whistlers [ + w = ¢ is very fast
(about 107 s), so the duration of one pulsation actually will not exceed the colli-

sional damping time Ve_il ~ 107s.

12
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The source of such pulsations may be located in a region of reconnection (of
high coronal loops) with a vertical size ~ (2 -5 ) 10° cm , for instance, between
magnetic islands after a flare. Such a region must contain a neutral magnetic point
of the X type with diverging shock fronts, between which the nonisothermicity
develops (T, >> T;) and ion-sound waves are excited. Even in an initially isother-
mal plasma in the reconnection region, the ion-sound waves are excited by Cher-
enkov mechanism with a large increment due to the electron drift relative to ions
V, in the current sheet. The ion-sound instability changes smoothly into Buneman
instability for V, > V7, (the thermal velocity of electrons), maintaining the noniso-
thermicity in the reconnection region (Kaplan & Tsytovich, 1973). The heating
occurs simultaneously over a wide altitude range between shock wave fronts. The
conservation laws for the processes s + s <> w and [ + w = £ can be satisfied
simultaneously over entire reconnection region only after the spectra of s- and w-
waves become isotropic due to scattering.

All these nonlinear processes are accelerated with increase in W* and W" and if

p> ve_il, then the period will decrease with increasing of W" (i.e. with increasing
pulse intensity and modulation depth), regardless of the level W' of the plasma

waves (i.e. the continuum level). For high levels of W, when p < V;l , the pulse

modulation depth Al / | will decrease sharply with decreasing period due to the

coalescence of individual pulses, when the intermittence disappears. Therefore,
the dependence of Al /| on period p should typically have a maximum at p =

-1
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Fig. 2.3. Calculation of the modulation depth A I /1 of radio emission as a function of the

pulse period p in the model based on whistlers whose level is maintained by ion-sound turbu-
lence. (Chernov, 1989).
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Figure 2.3 shows the modulation depth as a function of period calculated for
several values of W”, temperature 7, = 10°® and 3-10°, fre/fze = 30 and two values of
the parameter r — the ration of rates of rise of the radio emission in two processes,
I +w =>tand ! + i 2t The approximate domains of the pulse parameters in the
models of MHD oscillations, plasma oscillations of loss-cone instability (Pl) and
sudden reductions (SR) are also shown qualitatively. The presence of a maximum

in the dependence of Al /| on p at the value p = V(;l is the main indicator for

the model with whistlers. The number of electron-ion collisions decreases with in-
creasing T, approximately as ~7T', ~?, so a shift in the maximum with time pro-
vides information about the variation of 7, in the source. The amplitude of the
pulses increases sharply with increasing r. Then strong pulses should be observed
even against a weak continuum emission. The sharp maximum may be smoothed
out if W does not exceed 10 n,T,. If a fiber burst is superposed on the pulses,
then the modulation depth should increase due to the contribution of low-
frequency absorption.

The nonlinear oscillatory regime of loss-cone instability discussed in Zaitsev et
al.(1985) for microwave pulses, can also yield pulses in the meter-wave range.

The period of such plasma oscillations, p 27/ v, increases with increasing

er’
modulation depth and intensity.

Pulses in the model of MHD oscillations of coronal traps with FMS waves in
bounce resonance have relatively long period (= 1 s), determined only by the size
of magnetic trap, and a small modulation depth, proportional to the magnetic field

oscillation in the FMS wave, Al /1~AB/B,(AB<<B).

Thus, in this mechanism of pulsations with whistlers, the modulation depth
may be considerably higher than in other models, and its dependence on the period
is characterized by a nearly linear increase with increasing period (with different
slopes, determined by the energy level of whistlers and ion-sound waves and by
the degree to which T, exceeds T;) up to some maximum value at a period p oC
v,

In Figure 2.1 fiber bursts and SRs are superimposed onto pulsations, and since
they have absorption features, the modulation depth would be increased, which we
do observe and a “tail” distribution is associated with these additional structure.
Here, we see clear characteristic shape in the distribution with a maximum at p =~
0.45 s, which indicates the value of 7, ~ (7-8) -10° K.

The statistical analysis carried out by Chernov & Kurths (1990) revealed a

similar dependence Al /| (p) in numerous series of the fast pulsations observed

in five other radio bursts. One of the most interesting events was a small type IV
bursts on 13 July 1982 shown in Figure 2.4. Following a strong group of type III
bursts clearly defined pulsations in emission simultaneously with SR and fibers

bursts in absorption were observed for about 10 min. The Al /| (p) distribution
for six selected fragments display a similar form with maxima at p = 0.4 — 0.5 s.
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The slope of this distribution becomes stepper with time and a small decrease is
noted in the modulation depth, which indicate (in accordance with the model of
pulsations with whistlers) a gradual equalization of temperatures and a decrease in
the whistler energy in the source. This event can be related with a magnetic recon-
nection high in the corona, since the start of the corresponding microwave burst
was delayed by about 1 min relative to the meter bursts. The type III bursts (that
immediately preceded the pulsations) were probably produced by fast electrons
accelerated in a pulsed mode in the current sheet.

The mechanism of millisecond pulsations with whistlers is attractive in that it
does not require a pulsing source of fast particles or a pulsing disturbance that
propagates from the flare region.

|
TH:06: 30 UT H:ga: 40

Fig. 2.4. Pulsation in emission and absorption and fiber bursts in absorption in brief type IV
bursts on 13 July 1982. All the notations are analogous to that in Fig. 2.1 (Chernov & Kurths,
1990).
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2.3 Microwave pulsations

2.3.1 New observations

The microwave emission region is very close to the flaring region, therefore their
periodic pulsations must carry important information about the physical conditions
in flaring energy-releasing regions (Fu et al. 1990; Qin & Huang, 1994). There is a
series of new good observational data in the frequency range of 2.60 — 3.80 GHz
taken with a Solar Broadband Radio Spectrometers (SBRS, Huairou, NAOC) (Fu
et al. 2004; Tan et al. 2007). The frequency resolution of SBRS is 10 MHz, and
the cadence is 8 ms in the frequency range 2.6 — 3.8 GHz. This provides us with a
good opportunity to study the temporal behavior of the microwave quasi-periodic
pulsations.

Figure 2.5 shows three typical examples of the pulsating phenomena (in right
polarization) in big event on 13 December 2006 observed equally with other kinds
of fine structures: fiber bursts, zebra patterns, spikes (in emission and absorption).

16
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Fig. 2.5. The pulsations structures in the long-lasting event on 13 December 2006. The panel a)
shows an fragment that occurred during 03:25:52.0 - 03:25:59.0 UT, after the peak of the flare.
The panel b) shows an fragment that occurred during 03:05:30.0 — 03:05:32.7 UT, just after the
peak of the flare. The panel c¢) shows snowflake-like spikes distributed along the vertical lines of
the microwave pulsations during 03:57:21 — 03:57:29 UT, quite a bit after the peak of the flare
(SBRS/Huairou) (adapted from Tan et al. 2007).

Tan et al. (2007) carried out the statistical analysis of pulsations in this event.
There are more than 40 cases of pulsations with periods of <1.0 s. They were ob-
served at rising phase of the flare as well as at peak and post maximum phases.
The mean pulsation duration was about 10 — 13.0 s. About 75% of pulsations
events (31 in 41) had the period of p <100 ms.

2.3.2 Theoretical models

It is still an open question as to which pulsating mechanisms are relevant for the
interpretation of the observing features, and how the proposed model works in de-
tail, especially for the very short period pulsations.

Models known earlier usually dealt with the considerably larger periods of mi-
crowave pulsations. There is much evidence showing the existence of the electric
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current system in the flaring region. The disturbances of the current system pro-
duced by some beams of fast electrons propagating in the magnetic tube will lead
to dynamic processes, which in turn will stimulate radiation of the system in X-
rays and microwaves, which appeared in additional to the beam-generated radio
bursts. By this process, a pulsating regime can be triggered with the global sau-
sage mode (Nakariakov 2007); its period is in the range from several seconds to
several tens of seconds.

As the pulsations may indicate the existence of the longitudinal electric current
in the solar plasma loops, Zaitsev et al. (1998) provided another model of an LRC
circuit analog of current-carrying magnetic loop to diagnose the electric current in
the solar plasma loops.

Kliem et al. (2000) proposed another model in which the radio pulsations are
caused by quasi-periodic particle acceleration episodes that result from a highly
dynamic regime of magnetic reconnection in an extended large scale current sheet
above the soft X-ray flare loop. They think that radio pulsation is a signature of
dynamic magnetic reconnection, and that the reconnection is dominated by re-
peated formation and subsequent coalescence of magnetic islands, known as sec-
ondary tearing modes. With this model, Kliem et al. may explain the pulsations
with periods of 0.5 -5 s.

However, up to now we have not had a good model for accurately interpreting
fast pulsating events with a very short period (VSP) of several tens of milliseconds
at a frequency of microwaves.

Tan et al. (2007) proposed a new model of the tearing-mode oscillation in cur-
rent-carrying flare loops to explain the very short pulsation period. The flaring re-
gion must consist of many current-carrying compact loops. 2. In each current-
carrying flare loop, the resistive tearing mode instability will trigger the formation
of a series of multiscale magnetic islands (with different poloidal number m). The
positions of X-points is between two magnetic islands. Electron accelerations oc-
cur in the regions near each X-points, and the energetic electrons are distributed
mainly along the X-lines of the magnetic configuration in the current-carrying
flare loops. Such an electron acceleration process is a bit similar to the stochastic
particle acceleration model. The resistive tearing-mode oscillation will modulate
the plasma emission, turning the emission spectrogram into pulsating structures.
The evolution of the tearing-mode instability dominates the duration of the pulsat-
ing events, and the period of the tearing-mode oscillation governs the period of the
pulsating events.

The period of the oscillations mainly depends on several factors:

1. For the total electric current (1 ), p o I/1.
2. For the geometrical parameters of the loop, a and Ry, the loop section radius

a is especially sensitive to the period of the pulsations, p oc a’.

3. For the plasma density o0, p o« \/; ; here, p ~ Nm.

The calculated values of period are shown in Figure 2.6.
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Fig. 2. 6. Pulsation period due to the tearing-mode oscillation with different poloidal mode num-
bers in the flare loops. The fast VSP is located below the broad dashed line at 100 ms, where the
poloidal number is m > 2, and the slow VSP is located above the broad dashed line, where m < 2
(courtesy of Tan et al. 2007).

From Figure 2.6 we find that the shorter the period of the oscillation, the greater
the poloidal number m.

So, the main conclusion is that the pulsations of the microwave emission are
the result of the modulation of the resistive tearing mode oscillation in the current-
carrying flare loops.

Tan (2008) defined a set of observable parameters of short pulsations and then
discussed the possible relations among these observed parameters and their physi-
cal implications for the dynamical processes of solar eruptive events, and applied
them to interpret the nature of the pulsations.

2.4 Summary

Pulsations in the solar radio emission have been observed during more than four
solar cycles. Many theoretical models were developed several decades earlier and
described in numerous reviews and several books. However, new spectral
observations have shown that all known models do not explain the large
modulation depth, and the most developed MHD model cannot explain fast
(millisecond) pulsations both in the meter and in microwave ranges. Here, we
described, possibly, the unique model of pulsations with the whistlers, which
explains the large modulation depth in the fast pulsations (§ 2.2). It is presented
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lation depth in the fast pulsations (§ 2.2). It is presented for the meter and decime-
ter ranges, although, possibly, with the larger probability it can explain millisec-
ond pulsations in the microwave range. However, more contemporary recent de-
velopments connect millisecond pulsations in the microwave range with the
resistive tearing-mode oscillations in the current-carrying flare loops (§ 2.3.2). In
any case, the plasma model does not correspond to radio-pulsations, first of all in
the modulation depth of pulsations, possibly, because of a large extent of the
source of pulsations in height in the corona, when nonlinear oscillations from dif-
ferent parts of the source become dephased, and pulsations wash off. So, if we ob-
tain microwave spectrograms with high cadence and a high frequency resolution,
in addition to radioheliographs with high resolution in space instantaneously, then
we can distinguish the detailed electromagnetic structure of the flaring region, and
this will help us to understand the physical mechanism of the eruptive processes.
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Chapter 3

Spike bursts

Radio bursts of the type “spike” were isolated in a special kind of the most short-
time and narrow-band bursts in the meter and decimeter wave bands with the be-
ginning of observation with high resolution by Elgargy (1961) and independently
by Droge & Riemann (1961) and De Groot (1962). There are bursts with a dura-
tion of dy < 0.1 s at one frequency, total duration of dy = 0.1 — 0.5 s, and the total
frequency band at the dynamical spectrum of by = 1 — 20 MHz. Then, the most
complete experimental study was executed by Tarnstrom & Philip (1971). The
most part of their observations concerns the spikes in the noise storms in three fre-
quency intervals between 135 — 255 MHz. An important result of the statistical
study of time profiles of Zimmermann (1971) was the determination of the rise
time of the emission to the maximum equal to about 0.05 s.

Spikes are generally agreed to be a non-thermal, coherent emission closely
connected with the particle acceleration and energy release in flares, and during
the subsequent years the interest to research of spikes increased. In particular, fast
bursts were discovered in the decametric range of wavelengths (at some fixed fre-
quencies in the interval of 18 — 26 MHz) (Barrow & Sounders, 1972). Spikes were
observed in the microwave range (Droge, 1977; Stahli & Magun, 1986). The basic
observed properties of spikes in the meter range are summarized in the short re-
view by Slottje (1981). Benz (1985; 1986) described spikes in the decimeter range
at the base of observations with the digital spectrometer IKARUS (Zurich). In five
events, clear time and frequency profiles were presented; a good correlation was
found with type III bursts and hard X-ray bursts. From the flare configuration a
typical upper limit of the dimension of spike sources of 200 km is found. It was
proposed that the observed fragmentation in the radio emission should already oc-
cur in the exciter due to the fragmentation of the primary energy release (Bastian
et al. 1998).

However, the nature of the spikes remained unexplained completely for a long
time. Finally, we obtained exhaustive review of all basic mechanisms of the exci-
tation of spikes and their relevance to observed parameters thanks to Fleishman &
Melnikov (1998). After a short examination of some variations of the plasma
mechanism (Zheleznykov & Zaitsev, 1975; Zaitsev et al. 1985; Melrose, 1991) the
authors conclude that none of the modifications of the plasma mechanism can ex-
plain the totality of observational data. Being based on the observations of spikes
at the harmonic frequencies and the partial registrations of the radio emission of
spikes in the extraordinary mode they conclude that the spikes can be excited only
by the cyclotron maser mechanism (the loss-cone instability of the 1-st and 2-nd
electromagnetic cyclotron harmonics, see also Kuznetsov and Vlasov (2003)).
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The electron cyclotron maser mechanism is examined in Fleishman & Mel-
nikov (1998) in detail. Here it does not have sense to present the content of the
large review. Let us simply note that the basic objection against this mechanism
was based by many authors on the estimations of the absorption of radio emission
at the third gyro-resonance level in the corona. Furthermore, this mechanism is ef-
fective only in the sources, where the ratio of plasma and cyclotron frequencies is
less than unity (@p, /a)Be< 1), while practically all observational data provide

evidence of the inverse relationship (@p, / g, >>1), not only in the meter but

even in the microwave range. Still, it is important to note that the harmonic rela-
tionship of the frequencies (distant from the values 2:1) of the clusters of spikes
was observed only in several events in the decimeter range (Benz & Giidel, 1987;
Giidel, 1990; Krucker & Benz, 1994). In the majority of events the harmonic rela-
tionships was not discovered both in the meter and microwave ranges. Below, we
will show the important properties of spikes not taken into account by Fleishman
& Melnikov (1998) and will describe an alternative generation mechanism.

3.1 Morphological analysis of spikes in the meter range

The predominant majority of spikes are observed during noise storms, and there-
fore in describing their properties it is convenient to adhere to the spectral classifi-
cation used for type I bursts (Elgaroy, 1961; Chernov et al. 1972). The bursts not
displaying frequency drift will be classified as the s type bursts (stable). Those
drifting to lower frequencies, as the d type (direct) and those drifting to higher fre-
quencies as the r type bursts (reverse). The letter f (fast) can be added to the latter
two designations if the drift rate exceeds + 40 MHz s'. Bursts of type s in the
form of bright dots (or “sprays” (Kundu, 1965, p.260)) should also be distin-
guished from the brief wide-band bursts, although both of them are characterized
by an instantaneous bandwidth equal to the total bandwidth (b, = by). Therefore,
spikes in the form of bright dots should be designated by the symbol ss (stable
sprays), in contrast to the latter.

Spectral observations with high resolution (0.5 MHz, 0.02 s) in the 180 — 230
MHz range performed at [ZMIRAN (near Moscow) with simultaneous recording
of the circular polarization at 204 MHz gave numerous examples of all types of
spikes (Markeev & Chernov, 1970; Chernov, 1977; 1978). Examples of three
typical groups of spikes of different spectral types that were observed in a noise
storm on 3 September 1973 are shown in Figure 3.1. Recordings of the left- and
right-polarized emission components at 204 MHz are presented below the spectra.
Regardless of the magnitude and direction of the frequency drift, the emission of
all spikes is fully polarized and is observed only in the right polarimeter channel
Ig, although the polarization of the continuum emission and of type I bursts some-
times revealed changes. The recording at the fixed frequency 204 MHz gives us
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information on the form of the time profiles of the spikes, on the duration d; and
on the emission intensity above the continuum level.
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Fig. 3.1 Spectra and polarization profiles of three groups of spikes. Iz and I, — right and left po-
larization channels. The continuum level was ~ 50 10%* Wm™Hz"' and was strongly polarized
(~80%R) (Chernov, 1977).
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We see that the spikes have different frequency drift even in the same group,
and this fact could be easily explained in the plasma model, when small particle
beams are accelerated in different directions. Therefore, it is very strange that
many authors of different models try explain only short peaks of emission in a nar-
row frequency band with the relative bandwidth Af / f ~1-2 %.

The clusters of spikes are similar to the spark interferences in the dynamic
spectrum, although they were always observed during the flares simultaneously
with other types of bursts. Therefore since the beginning of the first observations
the specific doubts remained in the solar origin of spikes. Simultaneous observa-
tions in far distant observatories were necessary for the checking. This checking
was realized via the comparison of dynamic spectra of IZMIRAN with the mul-
tichannel profiles near the frequency of 169 MHz of the interferometer of Nancay
observatory. Such a comparative presentation is shown in the Figure 3.2. We see
that spikes of type ss in the noise storm on 30 October 1971 coincide exactly in
frequency (at 169 MHz) and in time, which indicates the solar origin of the bursts.
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Fig. 3.2 Spectrum of a group of spikes (ss type) and their time profiles at 169 MHz at [ZMIRAN
and Nangay observatory (France) in the noise storm on 30 October 1971 (Chernov, 1977).

In contrast to type I bursts, spikes display a grater variety of spectra which do
not always enter into the classification adopted above. Spectra of unusual spikes
are presented in Figures 3.3 and 3.4.
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Fig. 3.3 Spikes with unusual spectra: a) wide-range spikes with variable frequency drift; b)
spikes forming pairs (a splitting in time); c) spikes displaying a frequency splitting (Chernov,
1977) .

In Figure 3.3a, about 5.5 s before a strong type d spike drifted through the en-
tire range (218 — 194 MHz) there appeared two spikes repeating on the time with
the second one revealing a halt in frequency drift (a step), after which the drift re-
sumed but now the emission gradually faded. Such an appearance of complex
spike — forerunners was repeated three times in a few minutes in a noise storm on
10 June 1969. All spikes were fully polarized with the same sign as strongly polar-
ized continuum emission (Markeev & Chernov, 1970). Several pairs of spikes
split in the time and frequency are shown in Figure 3.3b. The microstructural split-
ting in frequency is shown in Figure 3.3c. The instantaneous bandwidth of each of
the split spikes in the first two pairs (on the left) is ~ 0.3 MHz.

A most unusual group of spikes in the form of J bursts is presented in Figure
3.4. In the highest-frequency burst one observes a bend in the initial section to-
ward an increase in the frequency drift. Two reversal points (or two stages of de-
scending branches are observed. The burst developed further at lower frequencies
with individual fadings, also lining up in the form of a J burst. The behavior of po-
larization in this group of spikes was also unusual. The first burst has the higher
degree of right circular polarization (~40% at the maximum) while the complex
second burst is polarized to an even lower degree (~15%). This group of spikes
was observed against a background of low unpolarized continuum. The type 1
bursts observed in this period were also weakly polarized, with degree of polariza-
tion varying from burst to burst. Thus, the unusual polarization of the spikes in
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this case reflects the complex nature of the behavior of the polarization in the
noise storm.

MHE  j—— 1015 04 UT
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Fig. 3.4 Spectrum and polarization profiles (Ig, Ir.) at 204 MHz of a complex group of spikes in
the form of J bursts. The emission is weakly polarized (Chernov, 1977).

The characteristic parameters of these spikes were: duration at fixed frequency
d; = 0.1 s, instantaneous bandwidth b, & 1- 1.5 MHz, bandwidth of occupied fre-
quencies by & 6 — 30 MHz, and rate of frequency drift df/dt =~ — 20 MHz s™ (con-
siderably less than for type III bursts).

So, all presented examples of drifting spikes testify in favor of the plasma
mechanism when spikes are excited by small particle beams with velocities less
than velocities of beams for type III bursts.

The instantaneous bandwidth and the duration of the spikes are considerably
smaller than for type I bursts, with intermediate bursts being observed even more
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rarely than spikes. The instantaneous bandwidth of a burst depends strongly on the
rate of frequency drift, while the total bandwidth of spikes varies within wide lim-
its. Thus, in one storm one may observe spikes of type ss having a bandwidth b,
~ | MHz and spikes of type r or d drifting within a wide band sometimes exceed-
ing 15 — 20 MHz. Therefore, one can actually compare spikes with type I bursts in
their duration at a fixed frequency dy. Distributions of the numbers of spikes with
respect to their duration d; plotted for bursts observed in one storm and in several
storms usually differ little and have a maximum near d; ~ 0.1 s. An example of
such a distribution for spikes observed on 3 and 4 September 1973 is shown in
Figure 3.5. The spike duration was determined from the time profile at 204 MHz
as a total time during which the emission was above the continuum level. The dis-
tribution was plotted for 97 spikes of different spectral classes. It reflects the gen-
eral character of the appearance of spikes of different duration: ~ 70% of the
bursts have duration d; = 0.10 — 0.15 s, for 20% of the bursts df =~ 0.15-0.25 s
and rare cases one observes very brief spikes with d; = 0.05 —0.07 s, with the lat-
ter including both drifting (r and d) and stable (s) spikes. A similar distribution of
spikes was also observed in neighboring frequency ranges (Tarnstrom & Philip,
1971) and in the decimeter range (Elgargy and Sveen 1973).
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Fig. 3.5 Distribution of numbers of spikes with respect their duration dr at the fixed frequency
204 MHz for the noise storm on 3 — 4 September 1973 (Chernov, 1977)
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Fig. 3.6 Dynamic spectrum of the radio spikes recorded at the Torun Centre for Astronomy (Po-
land) on 26 March 2000, beginning at 10:38:00 UT, with time resolution of 80 ps. Some drifting
spikes form chains with drift in frequency (Dabrovsky et al. 2005).

Spikes in the decimeter range have usually very high drifting rate (almost ver-
tical at the dynamic spectrum) (Benz, 1985; 1986). However, Dabrovsky et al.
(2005) discussed several events with drifting spikes (Figure 3.6) with a similarity
with the spikes in the meter range. Moreover, some drifting spikes form chains
with drift in frequency. Dabrovsky et al. (2005) single out essentially two different
kinds of spike event: one class is composed of spike clusters originating in a post-
flare phase and located far away from the main flare location (Benz et al. 2002),
and the other is composed of the clusters appeared in the main flare phase and
well correlated with other nonthermal flare emission: HXR (Aschwanden & Giidel
1992).

The many years of observations of spikes indicate that they are observed most
often in the decimeter range (at frequencies > 300 MHz (Benz, 1986). According
to observations with several spectrographs in IZMIRAN, they are observed more
rarely at frequencies 180 — 260 MHz, and considerably more rarely at frequencies
90 — 180 MHz. Observations with IZMIRAN’s spectrograph in the range 90 — 180
MHz made it possible to verify the appearance of spikes at frequencies forming
harmonic ratios, which was predicted by Zheleznyakov & Zaitsev (1975). Later,
the appearance of spikes at the harmonic frequencies in the decimeter range was
discussed by Benz & Giidel (1987) and by Giidel (1990).

A case of the appearance of spikes at harmonic frequencies in the meter range
is shown in Figure 3.7. We can see two groups of spikes at 08:57:19.7 UT (noted
by arrows) exactly at the harmonic frequencies 200 and 100 MHz, but the spikes
do not repeat the spectral forms and they belong to different spectral types.
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Sepe. 3, 1973 5 0g:57:10  UT 15 .

Fig. 3.7 Spikes at harmonic frequencies in the meter range in the noise storm on 3 September
1973 (Chernov, 1977).

At 101 — 102 MHz we see a pair of ss type spikes while three type r spikes
(displaying a microstructure) correspond to them at 202 — 204 MHz. For other
spikes (see the interval 05 — 08 s) we do not find corresponding bursts. Such a
checking was made for three noise storms, and clear harmonic pairs of spikes at
harmonic frequencies were not found.

Spikes are most frequently observed in the noise storms in the composition of
complex groups of type I bursts. As a general property of the active regions it can
be noted that in all the cases of the appearance of spikes in noise storms the noise
centers were not farther than 40° from the central meridian, on the basis of which
one can conclude that the emission of spikes is probably more directional than that
of type I bursts.

Sometimes a closer relationship between spikes and type I bursts is displayed.
In the noise storm on 10 October 1974 several events were observed in which
spikes with fast reverse drift (rf) were the forerunners of type I bursts (Figure 3.8a.
The opposite relationship appears in the spectrum b: a spike appeared as an after-
effect of type I burst, in the form of bright dot at the high-frequency edge of a re-
verse-drifting type I burst. A fine structure in the form of a drifting type d spike
observed against the background of a weaker nondrifting type I burst is shown in
Figure 3.8c. It should be noted that the fine structure of type I emission was ob-
served rather rarely. An exception was the noise storm on 3 September 1973,
when bursts with fine structure followed for several hours, although the storm was
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weak. According to the Nancay radio heliograph maps at 169 MHz the noise cen-

ter was located near the central meridian.
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Fig. 3.8 Relationship between spikes and type I bursts (Chernov, 1977).
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An example of the best expressed fine structure of the type I burst is shown in
Figure 3.8d. The burst really consists of a set of spikes with different frequency
drifts. The reality of this microstructure of the type I emission is confirmed by the
corresponding fluctuations in the time profiles of the polarization channels at 204
MHz obtained with another receiver. The polarization of these elements has no
features: the emission was fully polarized during the entire storm. Not having
measurements of the positions of the radio sources with a sufficiently high angular
resolution (< 1’), one cannot say with certainty whether the emission of individual
elements of the fine structure escapes from one source.

3.1.1 Dimensions of spike radio sources

The absence of the observations of the sizes of the sources of spikes always
impoverished studies. Many authors usually use a rough estimate of the source

dimension / of a spike by the bandwidth of the spikeAa)/ @ according to the

simple formula:

I~L Aw/w =200 km 3.1
with the magnetic (or plasma) scale length L is about 10000km and A @ / W =

0.02. This is an order of magnitude smaller than the ‘speed of light dimension’ de-
rived from the duration of spikes at 600 MHz (but compatible if the Alfvén speed
is used (Slottje, 1978)). The magnitude, derived from (3.1) is high limit of the di-
mension, and it agrees with the possible observation of a spike by VLBI technique
yielding a diameter of approximately 50 km (Tapping 1983). VLBI baseline gives
a maximum angular resolution on the Sun of 0.07"’ corresponding to a spatial
scale of 45 km. This spike was observed at the fixed frequency 1663 MHz and it
was not accompanied by a dynamic spectrum. In literature, the cases are available,
when the authors discuss pulsations (without the dynamic spectrum), whereas a
zebra pattern on the spectrum is observed, or spikes are discussed, although the
wide-band pulsations are really observed. However, the equating of diameter with
the linear dimension / (along the height in the corona) assumes the spherical form
of radio source. Actually, taking into account the mechanism of generation, the di-
ameter can considerably exceed .

In the meter range the angular resolution is much worse. On 19 July 1971 two
spikes were observed in IZMIRAN with spectrograph covering the frequency
band 151 — 187 MHz and a radiometer at 169 MHz, and in Nangay Station with a
multichannel 159 — 179 MHz spectrograph and a 169 MHz radio heliograph. Ab-
solute positions were measured to 1’ accuracy, the angular resolution was ~3.4’
and the time resolution was 0.05 s. All the data are assembled in Figure 3.9 in a
common time scale. Two spikes, each lasting ~ 0.1 s, occurred ~ 0.32 s apart at
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12:18:31.7 UT. They covered the 165 — 176 MHz frequency band and showed no
frequency drift.

The 151 — 187 MHz spectrograph had a sensitivity of & 5 sfu (1 sfu = 107 W
m? Hz"). The spikes were recorded during a noise storm with a weak continuum
of = 16 sfu. The storm was associated with the active region situated near the
central meridian. Both spikes were weak, reaching an intensity of only =~ 14 sfu.
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Fig. 3.9 Dynamic spectrum and radiometer profile at 169 MHz recorded on 19 July 1971 at
IZMIRAN, compared on the same time scale with multichannel spectrograph and radio helio-
graph tracing obtained in Nancay. The isophote contour interval is 2 sfu. The pair of arrows at
the top marks the spikes (Chernov, 1982).

Since the bursts had coincident time profiles despite the widely separated sta-
tions, they were evidently of solar origin. The vertical scale in the bottom panel is
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the distance in arc minutes in East — West (E — W) direction from the central me-
ridian (0’).

Despite the presence of an interference (vertical features in the isophotes) it is
clear that at the instance when spikes occurred, all the isophotes associated with
the noise center between 3.5’E and 5.5°W broadened. If we estimate the size of
the spike sources from the half-broadening of the noise storm source (~4’) and
the instrument resolving power (3.4’), we obtain the value [(4) - 3.4)]" =
2.1°. If the spike sources were fairly large, comparable in size with the background
burst sources (= 5° — 10’), then their excitation might have attributable to mecha-
nisms that could briefly involve an entire extended background source. These ob-
servations suggest, however, that the spike sources actually are several times
smaller in diameter than noise storm sources and even type I burst sources.

The first two-dimensional observations with VLA enabled the visible spike
source size (70”) at 333 MHz (Krucker et al. 1995). This value will be coordinated
with the sizes of spikes at the frequency of 169 MHz given above. The time reso-
lution of VLA is low (=~ 1.667 s), nevertheless, it was firmly established that the
center of mass of sources slightly changed (by 10” — 25””) between the main inten-
sity peaks (separated by 2 + 4 s) on the time profile.
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Fig. 3.10 Spike positions in the course of the X1.9 event on 2000/07/12 superposed on an
SXT/Yohkoh image (AIMg filter, 5” resolution) taken at 10:21:18 UT. The centroid positions of
the spike sources at 432 MHz as observed by the NRH are drawn with error bars representing
their scatter in time. Group 2 (large error bars): 10:53:20--10:53:40 UT; group 3 (small error
bars): 11:01:00--11:01:10 UT. The hard X-ray intensity at 10:30:40 UT as observed by
HXT/Yohkoh (M1 channel) is displayed by isophotes (Benz et al. 2002).
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Fig. 3.11 Centroid positions of spikes observed on 2000/07/12 13:38--13:40 UT at 432, 410,
327, and 236 MHz by the NRH (from left to right). They are superimposed on a TRACE image
at 195 A with 1” resolution showing the difference between the image at the end of the spike
event and the image just before (Benz et al. 2002).

In the more recent paper of Benz et al. (2002), the spike positions (with the
Nans>cay Radioheliograph) have been compared with the location of hard X-ray
emission and the thermal flare plasma in soft X-rays and EUV lines. Two exam-
ples are presented in Figures 3.10 and 3.11. The decimetric spikes are found to be
single sources located some 20” to 400” away from the flare site in hard or soft
X-rays. In most cases there is no bright foot-point nearby. In at least two cases the
spikes are near loop tops. These observations do not confirm the widely held view
that the spike emission is produced by some loss-cone instability near the foot-
points of flare loops. On the other hand, the large distance to the flare sites and the
fact that these spikes are all observed in the flare decay phase make the analyzed
spike sources questionable sites for the main flare electron acceleration. They pos-
sibly indicate coronal post-flare acceleration sites.

3.1.2 Relationship of spikes with other bursts

A great variety of spikes was observed simultaneously with type III bursts. A spe-
cial attention was paid to the appearance of spikes in the high-frequency edge of
type III bursts (Tarnstrom & Philip, 1971, Bastian et al. 1998). Long-standing ob-
servations in IZMIRAN showed that spikes appeared not only at the moments of
the type III emission but also in the intervals between bursts, and in the entire
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spectrograph band. One can distinguish two types of spikes connected with type
IIT emission. The first is a series of similar drifting spikes, miniature type III bursts
(see e.g. Figure 2 in Chernov (1974a)). Spikes with duration of ~0.1 — 0.15 s were
superposed on longer and more intense type III emission and had about the same
frequency drift —60 — -80 MHz s™'. But the emission of the spikes was sharply dis-
tinguished on the polarization recordings. All the type III bursts had a weak degree
of polarization or were unpolarized while the spikes were fully polarized.

The spikes of the second type in the type III emission were not similar to the
latter, they occupied a small frequency band, and belonged to different type. But
here, they were also strongly polarized. An excellent example of such spikes is
shown in Figure 3.12. The spikes interleaved with type I bursts and both drifted
from 220 MHz to 190 MHz in one minute. Therefore, it is possible that they are
emitted from the different sources.

Spikes were observed in several type II burst. They accompany the main type II
emission harmonics in low- or high-frequency edge. Their spectral characteristics
are about the same as for spikes in noise storm: the most spikes drift in frequency.
But they are, however, unpolarized like the whole type II burst, in contrast with
strongly polarized spikes in the noise storms (Chernov et al. 1975).
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Fig. 3.12 Numerous spikes of type ss and a chain of type I bursts observed in a complex of type
III bursts on September 4, 1973 (Chernov, 1977).

These spikes differ from the well-known ‘herringbone’ structure observed in

type II bursts in their considerably smaller duration, emission bandwidth and in-
constant frequency drift.
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A complexity of registration of weak spikes at the high level of type IV contin-
uum bursts explains the reason of their rare detection. In the meter range it is pos-
sible to select two types of spikes observing in the type I'V bursts.

1)  Very short-time (=~ 0.02 — 0.05 s) spikes in the narrow bandwidth, from
point like bursts up to 5 —10 MHz, usually without frequency drift. Such

spikes are most frequently being observed in the decimeter range where
they appear by klusters (or spray) of hundreds (and even thousands) of
spikes in a broad frequency bandwidth.

2)  Broadband short-lived spikes; they look like the instantaneous strengthen-
ing of continuum, therefore, they are called even as spike brightenings
(Bakunin & Chernov, 1985). They differ from fast pulsation by absence of
a strong periodicity, they look like isolated bursts arbitrarily scattered in
the spectrum.
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Fig. 3.13 Klusters of spikes in the range 1.1 — 1.34 GHz with extremely high time resolution, of
1.25 ms in the spectrum of the NAOC spectrometer (private communication of prof. Yan Y.).

An excellent example of such a kluster of both kinds of spikes in the range 1.1

— 1.34 GHz (with extremely high time resolution, of 1.25 ms) in the spectrum of
the NAOC spectrometer is shown in Figure 3.13. These spikes have complex po-
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larization, we can see as moderate polarized spikes as well as very strongly polar-
ized.

In spite of noticeable differences in their properties, many authors explain both
these two kind of spikes by the maser instability (Fleishman & Melnikov, 1998,
and references therein).

3.2 Millisecond spikes in the microwave range

In the microwave range the spikes are observed in the most diverse forms: from
the instantaneous in the broad band to the points-like at the limit of instrument
resolution. The drifting spikes can possess the most diverse drift and even zigzag
shape. Besides, as it was found out in recent years, the instantaneous spikes are
superfine structure of other elements of the fine structure, in particular, different
fibers and zebra-stripes.
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Fig. 3.14 The event on 28 November 1997 with instantaneous millisecond spikes: the top two
panels show left and right polarization profiles at 3160 MHz, bottom panel — dynamic spectrum
in the range 2.95 — 3.41 GHz. All spikes are fully right hand polarized (Chernov et al. 2001a).
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Chernov et al. (2001a) the first presented the detailed analysis of two events
with millisecond spikes observed with SBRS (NAOC, Huairou station) in the
range 2.6 — 3.8 GHz (120 channels). Figure 3.14 shows the dynamic spectra and
left and right polarization profiles of a cluster of spikes. The spectrometer had the
frequency resolution of 10 MHz and the time resolution of 8 ms.

The duration of each spike is at the 8 ms limit of the instrument resolution.
Spikes are visible in only one right polarization channel, i.e. the spike emission is
fully polarized. In the dynamic spectrum each spike is visible only in several fre-
quency pixels, i.e. their frequency bandwidth is less or equal to 10 — 30 MHz
(Af/f<0.007).

Several examples of millisecond spikes with a strong polarization in the same
frequency band were analysed in Wang et al. (2008), in a unique long lasting (> 2
hours) event with spikes in emission and absorption on 13 December 2006.

In some experiments spikes were observed with short-base interferometers.
From these observations, upper limits on the visible source sizes can be derived.
The first such observations were done with a two-element interferometer at a fre-
quency of 2.8 GHz (Gary et al.(1991)). From an analysis of a burst with a time
profile consisting of a continuum and spikes superimposed on it, an upper size to
the spike source was derived to be 28 .

Huang and Nakajima (2004) defined the location of microwave spikes (in the
range 2.6 — 3.8 GHz) using simultaneous source positions at 17 GHz with No-
beyama Radio Heliograph. The source at 17 GHz was located in one foot-point of
a small bright coronal loop with strong photospheric magnetic field, and the au-
thors assumed that the electron cyclotron maser instability and gyro-resonance ab-
sorption dominate, respectively, the rising and decay phase of the spike event.

Measurements of spatial characteristics of drifting spike sources are made
available, through a combined analysis of the data from the Siberian Solar Radio
Telescope (SSRT) (Smolkov et al., 1986) and from the NAOC spectropolarimeter
(Fu et al., 1995). Such a combination was made for the first time by Meshalkina et
al. (2004). Figure 3.15 shows the time profiles of intensity (R+L) and polarization
V (R-L) and 1D position of the sources of SSRT and the dynamic spectrum of
SBRS (5.2 - 7.6 GHz) for drifting spikes with positive frequency drift. The sub-
second pulse (SSP) belongs rather to spike with the duration dr ~ 0.15 s. The po-
larization degree was moderate ~ 30%.

The fine temporal structure of flare bursts was recorded by the EW and NS ar-
rays separately to provide 1D images (scans) of the solar disk. The time taken to
record the information for a full two-dimensional image is too large (every 2-3
min) to be feasible for observing sub-second events, whereas one-dimensional
scans can be made in a much shorter time (every 14 ms). The top right panel
shows that according the one-dimensional (1D) map the source position of the
spike burst was about 30 arcsec apart from the center of the background burst
source. The intersection point of 1D scan projections passing through the source
emission maximum gives us its location on the two-dimensional map. This is
shown in Figure 3.16. Bottom panels show the superposition of SSRT radio maps and
MDI magnetograms.

41



42

Meshalkina et al. (2004) presented results of data analysis for 18 similar spike
events. A high degree of polarization was recorded in the all SSP events of differ-
ent spectral type. Despite the high polarization the photospheric magnetic field
under the SSP source does not exceed 250 G. Typically the sources of subsecond
pulses are far from AR sunspots with large magnetic fields. Most of the SSP
sources are very close to the neutral line. Such an arrangement indicates that SSP
sources are located at the tops of magnetic loops. As a consequence, the predomi-
nant mode of the electromagnetic wave can be confidently determined only for
events with a large distance from the SSP source to the neutral line.

In half the background bursts, the sign of the degree of polarization suggests the
extraordinary wave mode. This mode can be generated in an optically thin layer of
emitting flare plasma by the gyrosynchrotron mechanism. In 6 events the spike
sources were located well apart from the neutral line (no less than about 10 arc
sec), and they were polarized, as a rule, in the sense of an ordinary wave. Note that
the source positions of the spikes, recorded in the same flare, are close to one an-
other, and no reversal of the polarization was observed in this case. Interpretation
in terms of a maser mechanism is in conflict with these observations.

August 21,2002/SSRT/Flux Intensity and Polarization Siberian Solar Radio Telescope/North-South/Intensity (R+L)
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Fig. 3.15 21 August 2002. Left: 1D time profiles in intensity and polarization from SSRT at 5.7
GHz. Top right: time development of 1D scans SSRT. Bottom right: dynamic spectrum from
NAOC (Meshalkina et al. 2004).
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As a rule, the SSP sources are well apart from the strong magnetic field, and
the SSP emission corresponds to not less than the 5-10 cyclotron frequency har-
monics, if we take the value of magnetic field at the photospheric level. At such
high harmonics maser mechanisms are not effective (Fleishman and Melnikov,
1998).

The size of spike sources is unexpectedly high value, of several tens of
arcseconds (top 1D scans in Figure 3.16). From the total set of SSRT data for 30
events, the size of spike sources varies from 3.5 to 46 arcseconds. (Altyntsev et al.
1996; 2003). Although, Alekseev et al. (1997) found by VLBI method much less
size (< 1 arcsecond) in the decimeter range.

?1'21.08.027 East_West |

Fig. 3.16 Top: the SSP source position relative to the background burst from 1D scans for NS
and EW, respectively (solid line — 1D scan of SSP source (time 04:02:32 UT), dashed line — 1D
scan of background burst (time 04:02:51 UT) (these scans were normalized), contour — 2D inten-
sity (the nearest to SSP, time 04:03:25 UT), shading — intensity (2D map of background burst —
time 04:01:09 UT). Bottom: superposition of 2D SSRT maps (contour left — intensity of the
nearest 2D map to the SSP — time 04:03:25 UT), contour right — polarization) on the MDI mag-
netograms (white color — N, black — S, dashed line — neutral line) Black cross shows radio SSP
source. Scale in arc min, north on the top (Meshalkina et al. 2004).
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The most intriguing phenomenon with spikes on 29 May 2003 is analyzed by
Chernov et al. (2011). Figure 3.17 shows the dynamic spectrum of NAOC in the
range 5.2 — 7.6 GHz (two bottom panels) in Left and Right polarization channels
and simultaneous profiles in intensity (R+L) and polarization (R-L) of NAOC co-
incided with corresponding profile of SSRT at 5.7GHz (two top panels). The spec-
trum shows that the emission consists in whole of spikes. The spikes with duration
of 5 — 10 ms and frequency bandwidth of 70 — 100 MHz do not present any fre-
quency drift, and they formed fast drifting bursts, slow-drifting fibers, zebra pat-
tern stripes etc. Latin numbers I - V mark five fragments of zebra stripes with dif-
ferent drift and frequency separation.

Eight spike peaks marked by numbers 1 — 8 above the profiles well coincide in
both stations. The source positions of these spikes are shown in Figure 3.18 pre-
senting also the source position of the background bursts at 5.7 GHz (SSRT) and
at 17 GHz (the Nobeyama Radio Heliograph (NoRH)).

The spike source positions were defined by the crossing of two N-S and E-W
1D scans. These 1D scans yield intensity profiles with maximum time resolution
(14 ms) and intensity distribution of isolated spikes in comparison with intensity
distribution of the background burst. Such data for the spike number 8 are shown
in Figure 3.19. The diagram of SSRT did not reveal a broadening of the spike
sources; therefore their sizes can be estimated as <15 arcseconds. The spike emis-
sion was weakly polarized (20 — 30%). The determination of the wave mode en-
counters the difficulties of the precision determination of the polarity of magnetic
field near the neutral line.
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Fig. 3.17 Comparison of 1D time profile (NS) of SSRT (b) with time profiles in intensity (R+L)
and polarization (R-L) (a) and dynamic spectrum in L and R polarization channels (d and c) of
NAOC (Huairou). All the emission consists in whole of spikes (Chernov et al. 2011).
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Fig. 3.18 Positions of the radio sources at 5.7 GHz (SSRT) and 17 GHz (NoRH) overlaid on the
MDI magnetogram (the broad line is neutral magnetic line). The position of Left polarized local
source at 5.7 GHz at the moment 02:17:54.8 UT is marked by gray dashed line. The position of
Left polarized source at 17 GHz (elongated along the S-W direction) is shown by bold dashed-
dot line. Crosses are positions of centers of spike sources with numbers 1 — 8 (Chernov et al.
2010).

Thus, with this example of the event 29 May 2003 we can conclude that the
spikes are emitted by a mechanism of the background burst emission. In this case,
it is completely improbable so that the spikes would be excited by miniature
beams of fast particles or so that they would be the consequence of the primary
flare energy release. All other elements of the fine structure (such as different fi-
bers and zebra patterns with the spiky superfine structure) could be related with a
modulation of the background burst emission, e.g. due to the nonlinear interaction
of high-frequency plasma waves with low-frequency waves, such as ion-acoustic
and whistler waves.
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Fig. 3.19 Left two panels: time intensity profiles received by time display of the 1D scans. Right
two panels: 1D NS and EW scans of the intensity distribution at the maximum of spike number 8
relative to intensity distribution of the background burst. The horizontal line in the upper left an-
gles shows the dimension of the point source at the half intensity level (spatial resolution) (Cher-
nov et al. 2010).

In Chapter 4 one more event on April 10, 2001 is described (in connection with
zebra pattern) in which all the emission also consisted of spikes. The clusters of
the spikes in the range of 4.5-7.5 GHz were tightly saturated, and the spikes are
superimposed on each other, which hampered to measure their parameters even
with the resolution of 5 ms. In this connection Rozhansky et al. (2008) suggested a
tool with which to decompose the cluster onto individual Gaussian spikes. Nita et
al.(2008) develop the algorithm of this an automated technique for fitting the spec-
tral components of solar microwave spike burst. The method helps to study the
variation of the spike distribution parameters, such as amplitude, bandwidth, and
related derived physical parameters, as a function of time. The authors conclude
that the spikes are a secondary phenomenon, rather than a manifestation of the
primary energy release and particle acceleration.
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3.3 Interpretation of the spike emission

3.3.1 The generation of the spike bursts by electron beams

The dynamic spectra of drifting spikes in the noise storms can seem like the spec-
tra of miniature type III bursts. Sometimes these two types of bursts are hard to
distinguish, from which one can assume that the mechanism of generation of
spikes and type III bursts are similar. The closer connection between spikes and
type I bursts is not a contradiction, since the plasma hypothesis is also the most
popular for type I bursts while the great variety of spikes in noise storms can be
connected with different conditions in the source.

Duration and instantaneous band of spikes

Long time there were only some hypotheses on the generation of spikes in the first
stage of quasi linear relaxation (Tarnstrom & Philip, 1971). Only detailed exami-
nation relates to the spikes in the HF edge of type III bursts (Zheleznykov & Zait-
sev, 1975). The broadband drifting and instantaneous spikes require special ex-
amination. First of all, it is important to examine the kinematic effects of the
motion in the corona of the small beams, which radiate in the narrow frequency
band. In contrast to type III bursts the parameters of the electron beams producing
spikes provide the rapid switching on of the emission (for which the instantaneous
injection of the beam is required) and cessation of the generation of plasma waves
after characteristic time of a plateau formation in the electron velocity distribution
function due to the effect of quasi linear relaxation (Kaplan & Tsytovich, 1972,
Sec. 8):

r, =40n,/n,@p, , (3.2)

where n, and n;, are the concentrations of background plasma and of beam, @p, is

the electron plasma frequency. Conversely, type III bursts are characterized by a
slow rise in the beam concentration in the injection region and the subsequent ef-
ficient flying-off of the electrons with a distribution function which is in a quasi
steady state (Zheleznykov & Zaitsev, 1970). For a concentration ratio n./ n, ~ 107

and @p,= 2 77-200 MHz the time is 7 ol & 0.3 s. It determines the total duration

of a spike. The establishment of a plateau and the absence of efficient flying-off of
the electrons generating the spikes indicate a small velocity dispersion in the
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beam. The assumption that the velocity dispersion is small, (AV /V < 0.1) is
also needed to explain the narrow instantaneous spectral band of the spikes.

Because of the electron velocity dispersion the emission at a fixed frequency
escape from an extended region in the corona. Let us estimate the value of the ve-
locity dispersion and the extend A X of the beam required to explain the narrow
instantaneous emission band b, =1 — 2 MHz.

It is known that the driving of the plasma waves takes place on the inner slope
of the particle velocity distribution function where its derivative is positive
of, 1 oV > 0. In accordance with the dispersion equation for the plasma waves, an

electron beam with a velocity dispersion from Vto V + AV moving into outer
layers of the corona emits in a band from the highest frequency, emitted by the
slowest particles in the tail section of the beam (where fp. = fper), fur = free (1 +3

VTi /2V2), to the lowest frequency, emitted at the front of the beam (where fp. =

oets fie = fouie [1+3VE 2(V+ AV

Here, it is assumed that the particle velocity V is approximately equal to the
phase velocity V,, of the wave, which is >> Vp. (the electron thermal velocity).
From this we obtain:

by =fur— fir ® A foo+ 3 foa VIV + AV (AV IV ), (3.3)

For a more precise estimate of the band b, we must also allow for a small con-
tribution of the emission from the region already abandoned by the beam. If the

plasma waves decay in a finite time, due to electron-ion collisions V,, for exam-
ple, then the residual emission widens the band b, on the HF edge by an amount ~
Vv, ! grad fp.. In order to obtain the value of b, ®1 MHz one must assume in

(3.3) that the extent of the beam is AX = Afpe/ grad fpe ~0.5-10% cm, while the
velocity dispersion must be << 1, AV /V =0.05, which was taken into account
in the last approximation in (3.3). The estimates were made for fp. = 200 MHz,
Vre = 5-10° em (T, = 10°K), V = 5-10° cm s™, and grad fy. ~1 MHz/10° cm (in
Newkirk’s model).

In estimating the duration of the emission at a fixed frequency f; we consider
that the plasma waves at one frequency are generated in the height interval Ah
corresponding to the interval Afp. = fpes — fre1 of plasma levels from which the ra-
diation of this frequency, generated by electrons with velocities Vand V + AV ,
escapes. We find size of this interval by analogy with Eq.(3.3):

Afoe = 3NV + AV (AV IV ). (3.4)

What we said above is explained in Figure 3.18 by a graph of the dependence
of the plasma frequency on the velocity of the particles emitting at the fixed fre-
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quency f;. Figure 3.20 shows two particle beams moving along grad fp. and having
the following parameters:

a) AX = 10® cm and V=(5.1-5.3) 10’ em s (this velocity corresponds to a
frequency drift of~ — 50 MHz s in Newkirk’s model of n, for a coronal streamer);

b) AX=0.5-10°cm, and V= (3.1 -3.3) - 10° cm s™' (the frequency drift ~ — 30
MHz s

The slope of the leading and trailing fronts are connected with the flying-off of
the particles (the slow ones lag behind) and depend on the time of injection. The
brief duration of the spikes allows one to assume that instantaneous injection oc-
curs directly in the source. The initial position of beam b is shown by a dashed
line.

?}JG’ MHz
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135 r
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Fig. 3.20 Dependence of plasma frequency fp. on velocity V of fast particles emitting at one fre-
quency f; = foe (1 +(3/2)( VTze/ V:a) 4AX=10"cm, V=(5.1-5.3)-10° cm s, and AV [V =
0.2;b) A X=0.510°cm, V=(3.1-3.3)-10°cms",and AV [V = 0.07 (Chernov, 1978).

These two diagrams give a comparative idea of the particle beams generating a
type I bursts (beam a) emitting in the frequency band b, ~3.5 MHz and a spike
burst (beam b, b, ® 1.4 MHz). It is shown that the fixed frequency f; = 204 MHz is
emitted from the height interval Afp. determined by Eq. (3.4).
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After a short excitation time of the plasma waves, connected with the time
scale of the beam, the plasma waves must decay owing to collisions in the corona.
At frequencies of ~ 200 MHz the damping constant, defined as the collision time

Ve ! , 18 ~0.03 — 0.5 s, comparable with the time in which the beam passes through
the region Ah = Afy./ grad fp. emitting at the fixed frequency. Therefore, the
duration of the emission at one frequency will be composed of the sum of these

times:
di (Ah+ AX)V+ v, (3.5)

Taking the parameters of beam b in Figure 3.20 as Ak = 0.5-10° cm, AX =
0.6:10® cm, and V;l =~ (.05 s, we obtain d; =0.09 s.

In this model the frequency drift of spikes must be a consequence of the
movement of the beam in the inhomogeneous solar corona. The very fast reverse
drift observed in groups of spikes (“rain” like events) may be explained by the

group delay of radio emission in the height interval AX.

Rise and decay times of emission

It is known that for type III bursts the flying-off of the beam reveals in an increase
in the duration of the burst with a decrease in frequency (Aubier & Boischot,
1972). The velocity dispersion in the electron beams producing spikes is very
small, so that their dispersion is weakly expressed (see Figures 3.3 and 3.4). This
effect can be detected, however. Spectra of four spikes, obtained by the spectro-
graph of the IZMIRAN and profiles at several fixed frequencies, obtained simul-
taneously by the multichannel receiver in Nancay are shown in Figure 3.21 (Cher-
nov, 1978).

The values of the frequency drift of each burst ( { ), the duration d; of the emis-

sion at the corresponding frequency at the 1/e level, the ratio of the rise time ¢, of
the emission from the 1/e level to the maximum value, and the decay time 74 from
the maximum to 1/e level are entered alongside the profiles. The profiles of drift-
ing bursts a) and c) reveal a clear increase in duration with a decrease in fre-
quency. The ratio #, / t; grows at the same time. Thus, the time profiles of the
spikes reveal properties characteristic of type III bursts. The only difference from
type III bursts is that the durations of the drifting spikes increases mainly through
an increase in the rise time #,, while type III bursts display an increase in the decay
time of the emission with an increase in the total duration at different frequencies
(Aubier & Boischot, 1972). A study of the time profiles of spikes at several fre-
quencies indicates that the decay time of the emission is about the same in all the
bursts. No definite dependence between the rise and decay times for each burst is
revealed in this case. A similar result was obtained by Elgargy & Rosekild (1973)
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as a result of an analysis of a large number of spike profiles observed at several
frequencies. We note one more property characteristic of spikes, which can be
traced in Figure 3.21: the ratio #, / t4 grows with a decrease in the drift rate. Thus,
spikes display properties characteristic of the emission caused by a beam of fast
particles traveling the corona. In contrast to type III bursts, however, the emission
ceases in a section of the profile close to the maximum. Further, the profile is
characterized only by damping of the emission, as a consequence of which one
observes an increase in t, / t; with a decrease in frequency for drifting spikes of
type d and fd and about the same damping time for all the bursts. Instantaneous
spikes of type s in Figure 3.21 do not display such a clear dependence, so that in
this case the electron beam is probably not able to travel any appreciable amount
in the corona during the lifetime of the burst, i.e. type s spikes are characterized by
instantaneous emission in a wide frequency band (~ 5 MHz for burst b)), after
which the emission only decays.
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Fig. 3.21 Spectrum (IZMIRAN) and time profiles, obtained with the multichannel spectrograph
(Nangay), for four spikes (a, b, ¢, d) observed in noise storm on 24 October 1971. The duration
of the drifting spikes (ds, s) at the 1/e level grows with a decrease in frequency together with the
ratio f, / t4 of the rise time to the decay time of the emission (Chernov, 1978).

An analysis of the sections of decay of the emission in the profiles of 19 spikes
at frequencies of from 163 to 179 MHz and of 31 bursts at 204 MHz indicates an
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exponential damping of the emission (Chernov, 1978). An example of time pro-
files plotted on a logarithmic scale of intensity (/) at two successive frequencies
for a drifting spike is presented in Figure 3.22.
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Fig. 3.22 Dynamic spectrum of a spike (IZMIRAN) and its time profiles (Nangay) (Chernov,
1978) .

The sections of the profiles below the dashed line are nearly straight, which in-
dicate an exponential decay of the emission. Assuming that the process of damp-
ing of the plasma waves on electron-ion collisions is the most likely cause of the
decay of the emission, we obtain a method for determining the plasma temperature

in the emission source by measuring the damping constant 7, (as the time of an e-

fold decay of the emission on the exponential sections of the spike profiles by the
well-known equation (Zheleznyakov, 1964; Aubier & Boischot, 1972)):
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T.=0.65-107 #3723 (3.6)

Numerous reports are known on determination of the kinetic temperature in
the solar corona from the rate of damping of type III bursts emission (Zimmerman,
1971; Aubier & Boischot, 1972 and others). The unsatisfactory nature of the re-
sults consisted in the fact that overstated values of the temperature (up to (5-6)
-10°K) were obtained for the most part. The errors in the determination of coronal
temperature were pointed out in Fomichev & Chertok, (1970) and Riddle (1974).
The results of Zheleznyakov & Zaitsev (1970), Zaitsev et al.(1972) and Zaitsev et
al.(1974) indicate that the purely exponential damping due to collisions cannot
take part at all in the decay of type III emission. The profiles of spikes are there-
fore very interesting as one of source for determining the coronal temperature.

The cessation of the action of the emitting agent at time close to the emission
maximum is due to the rapid passage of the miniature beam through the region of
generation at a fixed frequency. For example, the beam b) in Figure 3.20 crosses
the region Afp. in a time not exceeding 0.03 s. To determine the damping con-
stant we selected single spikes whose profiles were not distorted by neighboring

bursts or fluctuations in the background emission. The damping constant 7, and

values T, averaged over N bursts observed on different days at different frequen-
cies are presented in Table 3.1

Table 3.1: Coronal temperature 7. determined from the damping constant 7y in the spike pro-

files (adapted from Chernov,1978).

Date F(MHz) N Ty ) T, (10°K)
10.06.69 204 6 0.021 0.59
17.06.70 204 3 0.023 0.63
3.09.73 204 22 0.019 0.55
24.10.71 179 3 0.016 0.42
19.11.71 179 3 0.022 0.51
24.10.71 176 4 0.019 0.44
19.07.71 169 4 0.026 0.53
30.10.71 169 3 0.030 0.58
24.10.71 163 2 0.029 0.54

All the values of T, determined from separate bursts lay in the range of (0.41 —
0.72) -10° K the size of which is probably connected with the error in determining
the damping constant, since T, does not display a definite frequency dependence.
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These values of T, are found to be lower than the values usually adopted for active
regions un the corona (~ (1 -2) -10° K) obtained from other sources. These esti-
mates thereby confirm the hypothesis advanced by Elgargy (1963) that the kinetic
temperature of the plasma in noise centers (which are identified with filaments ly-
ing far from coronal condensations) can be somewhat lower than in neighboring
regions as a result of their screening by the magnetic field.

Another alternative explanation is possible, however, for the faster damping of

plasma waves than fallows from the collision time v,* =74 ~ 0.05 s for T, ~ 10°

K. First of all, we consider that the excited plasma waves are driven to lower wave
numbers (into a region of higher phase velocities) as a result of differential scatter-
ing on thermal ions. A more efficient mechanism of damping of the plasma waves
is probably turned on in successive stages of scattering. Such a mechanism may be
Landau damping on fast beam particles corresponding to the outer slope of the
hump in the particle velocity distribution function fy, where of, /dV < 0. These

particles do not radiate, but they hardly absorb either, since the energy density of
the plasma waves in this region of phase velocities is low. Efficient damping on
fast particles will occur only in the case when the phase velocity grows by a small
amount in one act of differential scattering, as a consequence of which the wave
does not go out of resonance with the beam. Let us estimate the size of the jump in
phase velocity of a wave in one act of scattering.

It is known that scattering on ions will be efficient if the relative change
Ak /k in the wave vectors during scattering satisfies the inequality:

” 3VT26 Vih s (3.7
which follows from the conservation laws and the dispersion equation for plasma
waves (Tsytovich, 1970, Eq. 8.21).

Let us assume that V,, is approximately equal to V, the particle velocities,
which for spikes must in the range of (3 — 6) -10° cm s (less than for type III
bursts and greater than 6Vr., so that Landau damping on the surrounding plasma
would be unimportant). Then for Vg, =5 10 cm s and V =3.1 -10° cm s”! the
quantity on the right side in (3.7) will be ~0.048, which indicates the differential
character of the scattering. The phase velocity varies in approximate the same ra-
tio, Ak/k AV 5, Ny, , so that with a velocity dispersion 4V /V ~ 0.1 in the beam

the plasma waves will not go out of resonance with the beam during the first two
acts.

If we assume that the spectrum of the plasma waves remains one-dimensional
during the lifetime of a burst, then the time for single scattering on ions in an iso-
thermal plasma will be determined by the relation (Tsytovich, 1970):
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n. m
7 zie—elvTev . (3.8)
43 a)PeW

Since spikes are usually more than an order of magnitude weaker than type III
bursts we can assume that here the energy of excited plasma waves does not ex-
ceed W =107 Ny, Me V2. Then, adopting the values of n./n, = 107, Wpe=4r- 108
Hz, Vi = 5 10 ecm s, and V=3.1-10° cm s, we obtain T = 107 s. The time
for Landau damping on fast beam particles also comprises about the same value
(for example, see Eq. (6.1.2.2) in Akhiezer et al. (1974)). Thus Landau damping
can accelerate the absorption of the plasma waves, which probably explains the
somewhat understated temperatures determined from the time profiles of spikes
with allowance only for collisional damping.

Landau damping on fast beam particles becomes especially efficient in veloc-
ity-nonmonotonic beams in which all the faster particles arrive at the leading front
of the beam from behind during the lifetime of the burst. Then the plasma waves
excited ahead of the beam will remain in resonance with the beam during multiple
scatterings on ions. The majority of spikes are probably generated by such veloc-
ity —nonmonotonic beams in which the generation of plasma waves can cease be-
fore the establishment of a plateau, as soon as the fast rear particles reach the lead-
ing front, i.e. after a time dy ~ AX /AV , where AV is the total velocity dispersion

in the beam.

Calculation of time profile

The fast electrons are not able to expand in the short lifetime of the beam produc-
ing a spike. But an analysis of the time dependence of the emission power of
spikes is complicated by the fact that the emission damping constant 74 comprises

a value comparable with the entire duration of the burst, and 74 can be determined

only by Landau damping on fast beam particles. Because of this, one observes
spike profiles with different relations of the rise and decay times of the emission.
In this case wave absorption is one of the important factors forming the time pro-
file. Therefore, in contrast to type III bursts, for spikes one needs a more system-
atic allowance for plasma wave absorption in the system of quasi-linear equations
describing the time dependence of the plateau level and the particle momentum
(Eq. (9) and (10) in Zaitsev et al. (1972)). This fact and the need to choose a con-
crete nonuniform particle distribution function make the above mentioned system
of equations unsolvable and prevent the transition to self-similar solutions.

But during the short rise time of the spike emission (¢, = 0.03 s) the profile must
be determined mainly by the shape of the distribution function along the beam,
which allows one to neglect quasi-linear effects in the first moment after injection
and to pass on to some model representation.
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Fig. 3.23 Shape of particle distribution function in a nonuniform beam, at the front of the beam
fir (V) and at the its trailing front f; (V). A symbolic volume with a positive increment y| of beam
instability is distinguished by a heavy line. Particles emitting at one frequency f; in the interval of
plasma levels A fPe at the moment of the emission maximum at this frequency are distributed
along the hatched surface (Chernov, 1978).

But the allowance for the integration of emission in an extended region (radiat-
ing at one frequency) is a difficult problem. This is clarified by the diagram in
Figure 3.23, where the particle velocity distribution functions at the leading front
of the beam (f;; (V)) and its tail sections (f; (V)) are shown. Particles with different
velocities, distributed along the hatched surface whose projection onto (fpe; V)
plane is the curve fp. = f; (1 — (3/2)(VT%3 IV 2 )) , emit at one frequency f; at a fixed
time. Plasma oscillations are driven on the inner slope of the distribution function.
The symbolic volume with a positive increment y; ocnp( AV / \Y )72 of the beam

instability in this region is distinguished by a heavy line. As the beam moves in
the direction — grad fp. the emission at the frequency f; begins to rise as soon as its
leading front crosses the curve f; = const. The efficient generation of the plasma
waves is maintained through the increased concentration of fast particles at the
trailing front. Then, the maximum in the generation at the frequency f; comes at
the moment when the emission is integrated within the maximum height interval
(A fp, max) and the intersecting surface covers a region with the maximum in-

crement at the trailing front of the beam (it is shown hatching at just this moment
tmax in Figure 3.23).
Thus, at each moment in the interval A fp, the increment takes values located

along the envelope of such an intersecting surface. Since its area is a complicated
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function of the plasma frequency fp., the velocity dispersion AV /V , and the con-

centration ny, (which varies with time), the time dependence of the energy of the
plasma waves, which must have the form

T . .
W(t) - .[ J‘O ez}/( fPe’AV/V’nb )t e_(T_t)Td dt dfPe , (3.9)
Afpe

cannot be reduced to an analytical form suitable for calculation. In this case the
group delay of the radio emission at the frequency f; from the interval A fp,is not

taken into account in (3.9), since its maximum value Aty :Ah/Vglr is a small
quantity: Aty =0.5-10°/7.5-10" = 0.007 s.

We note, however, that the time profile of the emission at the frequency f; from
the height interval A fp, can be represented as the result of the passage through

this interval of an instantaneous emission band whose low-frequency slope is de-
termined by the variation of the distribution function along the beam while its
high-frequency slope is determined by the particle velocity distribution at the trail-
ing front of the beam (since the slowest particles from the deepest plasma levels
contribute to the emission at the highest frequencies). Such an instantaneous band
can be called the idealized band, since it reflects the nonuniformity of the beam at
the initial time without allowance for plasma wave absorption.

To simplify the calculations we assume that the beam instantly emits plasma
waves in the frequency band from f;; to f,, (see Figure 3.24) with a linear fre-
quency profile of intensity. These considerations allow us to pass to the solution of
a simpler problem which qualitatively accurately reflects the physical process of
formation of the time profile and permits numerical calculations to be made. In
Figure 3.24 the height interval from the level f; to fo + 4 fin which emission at
one frequency can be generated is marked on the axis of plasma frequency fp. (or
of height in the corona). We assume that the emission power in this interval de-
clines with height from the maximum W = 1 at the level fy + A f (corresponding
to the level of escape of the ordinary wave) to zero at the level f; by the linear low
W, ¢ =(1/Af)(f—fy). The start of the emission is due to the arrival of this in-

terval of the instantaneous band whose low-frequency slope occupies the frequen-
cies from f;; to fi; +b/2, and for simplicity it is also given by a straight line W, =
(2/b)(f - fi). The instantaneous band crosses the interval A f at the rate of the fre-
quency drift df/dt = - a (direct drift), which determines the time dependence of the
frequency in the form fi; = fy + A f— at . Thus, the power of the plasma waves
generated at the given time will be proportional to the area under the curve deter-
mined by the product of the straight line W, ¢ and W, (it is hatched in Figure

3.24a).
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Fig. 3.24 Diagram explaining the simplified model for calculating the time profile of a burst: a)
the rise of the emission is connected with the passage of the instantaneous band b of the burst
through the interval A f in which the emission at one frequency declines from 1 to 0; b) analo-
gous diagram explaining the decay of the emission (Chernov, 1978).

But the time dependence of the emission power with allowance for the expo-
nential factor determining the damping of the plasma waves can be approximated
by the expression:

T fo+af
W, ~ J'e*(””fd dt IWN W, df
0 ffr
5 T fo+af
__ % oM | alim _ _
e !e dt fj(f £ )(f -, )df (3.10)
fr

After the time 7| = b/2a the emitting activity of the beam begins to decay,
which is connected with the passage through the interval A f of the decaying HF
slope of the band b. Since the HF slope of b is determined by the shape of the
beam at its trailing front, the inclination of the straight line W ,; must be reversed

in accordance with Figure 24b. The generation ceases at the time 75 =b/a when f;
=fo —A f, after which the time profile is characterized only by damping of the
plasma waves with a damping constant 74 . Taking the integrals and simplifying

the expressions it is easy to obtain four stage-by-stage equations for calculating
the time profile of a burst. Here, it is assumed that the flux of electromagnetic
waves is proportional to the power of the plasma waves, i.e. the source remains
optically thin to radio emission in the process of wave conversion.

36 time profiles were calculated for different combinations of burst parameters
within the limits of the following values: @ = 10 — 50 MHz s, h=1-2MHz, A4 f
=0.5 - 1.1 MHz, and 74 = 0.050 — 0.0125 s. Since the observed profiles have a

diverse character, individual profiles of single spikes, not distorted by neighboring
bursts, rather than averaged profiles were compared with the calculated profiles.
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Fig. 3.25 Calculated (dashed line) and experimental (solid line) normalized profiles of spikes
with direct frequency drift (Chernov, 1978).

Figure 3.25 shows that one is able to find a calculated profile (dashed line),
characterized by only one set of parameters a, b, A f, and 74 which is in satisfac-

tory agreement with each observed profile (solid line). The damping constant is
uniquely determined from the matching of the final sections of decay of the emis-
sion, since the generation of plasma waves ceases at a time pertaining to the decay
on the section nearer the maximum. By assigning a model of the electron concen-
tration, we can estimate the size 4 X of the electron beam and the velocity disper-
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sion AV /V , using Eq. (3.3) and (3.4), for each burst from the parameters A fand
b obtained from the matching of the profiles.

Later, an analysis focusing on the temporal properties of spikes was carried out
by Giidel & Benz (1990) who organized dedicated observations of decimeter wave
spikes at several frequencies between f = 361 MHz and f= 1110 MHz with high
time resolution (from 0.5 to 10 ms). A steep rise and a short saturation phase were
normally followed by an exponential decay. They did not find a distinct correla-
tion between the spike duration and the decay rate, nor between the peak flux and

the decay rate. This and a rather fixed value of the decay rate (74 = 29 — 32 ms)

suggests a decay mechanism inherent to the plasma at a given density level (colli-
sional damping).

Giidel & Benz (1990) found that the rise phase does not display an exponential
growth; a better description, although lacking any straightforward physical mean-
ing, is given by the Gaussian profile.

In the above calculations of spike profiles in the meter range, the not exponen-
tial rise phase is described by a spline exciter function (3.10). Giidel and Benz de-
convolve the exciter function (f{z)) from an observed profile, using a similar ex-
pression:

t
Wi~ = je’“’t (L)t (3.10a)
T

—00

the convolution of f{#) and damping function et
Giidel & Benz (1990) obtained also an important dependence of the spike dura-
tion dr on frequency in a broad frequency range of 200 — 1000 MHz. The durations

follow an inverse power law dependence, d; ~ f “L342013 1 the subsequent years

this dependence was refined at other frequencies (Zlobec & Karlicky, 1998) and
with the more high resolution, of 1 ms (Meszarosova et al. 2002; 2003). It was ex-

panded to 3GHz, and this refined law d; ~ f 1292008 giffers significantly in a sta-

tistical sense from the intuitively expected behavior d; ~ £, which requires a
physical interpretation based on ECME mechanism (Sirenko and Fleishman,
2009).

The experimental data in Figure 3.26 correspond to frequencies from 0.2 to 3
GHz. Though radio spikes have been observed at frequencies at least up to 5.5
GHz, their durations at such frequencies do not exceed 2.5 ms, and so have not
been measured reliably. Therefore, a new modeling in frames of ECME was per-
formed for the frequency range 0.3—3 GHz in Sirenko and Fleishman (2009). Only
the results of the model for the second harmonic of the extraordinary wave are
consistent with the observed behavior. Thus, this wave is a probable candidate for
the dominant mode in spike bursts. Let's remind that this mechanism is effective
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only in the sources, where the ratio of plasma and cyclotron frequencies is near
unity (@pe /a)Be ~1).
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Fig. 3.26 Observational data on the frequency dependence of the durations of solar millisecond
narrow-band radio spikes at 0.2-3 GHz. The best fit to these observations is a power law with
exponent 1.29 + 0.08 (Rozhansky et al. 2008).

In this connection, let us note that estimations of the magnetic field strength
according to the parameters of ZP and fiber bursts give only value of B =125 G at
the plasma level of 5 GHz, which will be coordinated with the extrapolated values
(see Fig. 10 in Chernov et al. (2000)).

Furthermore, the spikes are generated most likely by different mechanisms in
meter-decimeter and microwave ranges.

Polarization

The data presently available indicate a strong circular polarization of spikes ob-
served simultaneously with bursts of types I, III, and IV. In this case the signs of
polarization of the spikes and types I and III bursts coincide, i.e. they correspond
to the ordinary wave. The unpolarized spikes observed in the form of the micro-
structure of a type II burst on 3 May 1973, are an exception.

The polarization may be connected both with the mechanism of generation and
with the conditions of the escape and propagation of the radio emission. But if one
mechanism of generation is adopted for the spikes observed in different events
then the presence of unpolarized emission indicate that the mechanism yields un-
polarized emission, and the degree of polarization is determined by the conditions
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of escape and propagation of the emission in the corona. In this connection, it is
known that a difference in the optical depths for the ordinary (o) and extraordinary
(e) waves cannot provide a high degree of circular polarization (Zheleznyakov,
1964). Let us therefore consider the influence of the conditions of escape of the
radio emission from the corona.

It is known that only the o-wave may emerge from the source if its frequency
satisfies the inequality (Zheleznyakov, 1964):

fF?e fB
—Pesy-Be 3.11
f2 f G-I

Since in the process of transformation of plasma waves into electromagnetic
emission as a result of induced scattering on ions the emission frequency remains

close to the frequency of the Langmuir waves, f2 =~ f2 (1+3V3 /V 2), by substi-

tuting this expression into the inequality (3.11) and dropping the small terms we
obtain the following condition for fully polarized emission:

fee <3ﬁ.
fpe V2

(3.12)

From this we can find the lower limit for the magnetic field strength in the
source. For a frequency f = 204 MHz, V¢, = 5-10° cm s, and velocities V =(3.3
—5) -10° cm s™ (see Figure 3.18 for the corresponding plasma frequencies) the
magnetic field strength must exceed the values B = 4.8 — 2.2 G respectively,
which are probably easily realized in noise storm centers where the majority of
electron beams producing spikes are created.

But the condition (3.11) may not be satisfied for the spikes observed in type II
bursts, since the frequency of the fundamental tone for type II bursts corresponds
to the plasma concentration behind the shock front, where it exceeds the undos-
turbed plasma concentration by two to three times. As a result, unpolarized spikes
should be observed in type II bursts, since all the unpolarized type II emission
emerges from a region lying above the level of escape of the e- wave.

It should be noted that the emission of spikes can be fully polarized in some-
what smaller fields also if one allows for the driving of the plasma waves into a
region of higher phase velocities, as suggested in Zheleznyakov & Zaitsev, 1975).
In this report they also predict the existence of spikes at the second harmonic of
the local plasma frequency, for which the absence of appreciable polarization
should be a characteristic difference from spikes at the fundamental frequency.
But spikes at the second harmonic were not detected in the observations discussed
in Chernov (1977). If the second harmonic is not formed, this may be connected
with an inefficiency of the process of Raman scattering of plasma waves on each
other owing to the weak intensity of the waves in the nonresonance region of the
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spectrum. In contrast to the situation for type III bursts, in the sources of weak
spikes the plasma waves are not able to grow to the required level during a few
acts of differential scattering.

Influence of group delay of radio emission on the frequency drift of solar
radio bursts

The effect in which radio waves are subject to group delay in the corona should
result in distortion in the dynamic spectra of solar radio bursts at meter wave-
lengths, since emission usually occurs at frequencies just above the local plasma
frequency. It is especially important to isolate the group delay effect in pure form,
i.e. the group delay of radio frequencies emitted instantaneously in a broad fre-
quency band, to understand whether this effect could have distorted published val-
ues of the frequency drift in various bursts. Let us attempt to consider the actual
conditions in the source, primarily the extent of the source in the corona and the
velocity dispersion of the emitted electrons. As we know, the emission at each
frequency propagates at its own group velocity, which is also different for differ-
ent modes (Ginzburg, 1967):

Ve = ¢/[Noo + fldN, Jdf)], (3.13)

where N, is the refractive index for for o- and e- waves, c is velocity of light. The
group velocity varies only at the frequencies for which the refractive index N,.
<<1. Therefore the group delay in the solar corona can be taken into account on a
distance of the order of three solar radii. The group propagation time can be calcu-
lated from the expression:

4Ry

_ [ 9
= Iﬂ (3.14)

Ps

where p; is the distance from the emitting source to the center of the Sun in solar

radii R,. Simple estimates (Zheleznyakov & Zatsev, 1975) and certain calcula-
tions (Elgargy, 1969; Chertok, 1973) indicate that the propagation time difference
for signals of different frequencies (and different modes) is usually small (=0.1-
0.2 s). The mechanism of emission and the extent of the generating region at one
frequency were usually left out of account, although these both factors would
probably play an important role in forming the dynamic spectra of short-lived
bursts.

The group propagation time was calculated on the basis of (3.14) using quasi-
longitudinal approximation for N, .:
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2 fe / 12
Nge=1- , (3.15)
' 1+(fge/ f)|cose|

where o is the angle between the propagation direction and the magnetic field. A
plasma mechanism was assumed for generation of the emission, whose frequency
was set equal to the Langmuir frequency f = fp, (1+3V3 /V2 )2, where the

approximation k, = a/V was used for the wave number of the Langmuir waves.
Substituting (3.15) into (3.13) and (3.13) into (3.14), we obtain:

1/2
. o/ f2 .\ fo /2
t :R_®‘4[ 1i(fBe/f)|C05a’| ~ fpze/fz 12
Yo 1+ (fg/f)|cOS|

x[(li( foo ! f)lcosa|) " + (1 ( fge/ )|cosa|)‘2]
(3.16)

The value of cosa was assumed to be near unity. Since the calculation is made
only for the meter range, it is possible to use the corresponding models for the
electron density n. = 16.52-10%-10***” ¢m™, which is double the density in
Newkirk’s model (Newkirk, 1961), and the magnetic field strength B = 0.050 -
10*'97 G. This last model was obtain from radio observations (Fomichev & Cher-
tok, 1968) and it ensures a magnetic field of about 2 G at the level of fp. = 200
MHz.

Then the relations for fp/f and fg/f are simplified to fp/f = 1/

(1+ 3VT2e /V 2 )1/ 2= 1/b, Jeelfee = alp, where a is a constant equal, for example, to

0.385 for B = 2.3 G. After substitutions, expression (3.16) is reduced to tabular in-
tegrals, and we can obtain an analytic expression that greatly reduces the volume
of the calculations (see in details Chernov, 1990c).

It is important to note that simple replacement of the transverse-wave fre-
quency by the Langmuir frequency for the integration of (3.16) (this is implied in
the calculations of many authors (in particular, of Elgaroy (1969) and Chertok
(1973)) may give incorrect results, since in so doing we replace the dependence of
Ve on the wave number of the transverse wave, V, = 0w/ 0k, by the dependence
of multiplier b on the velocity V, i.e. use the wave number of the Langmuir waves,
k; = alV. Since k; << k, the calculation should replace the dependence of b on V
with the dependence of b on k;, which is a function of k; as a result of differential
scattering of plasma waves on thermal ions. Such an expression for k, was used in
Chernov (1990c), based on formula (12.6.1.5) in Akhiezer (1974).

65



66

€€c 1€'0 6oLz
0'802
e
*a. 6oLz
119 o*o o
e
EE 602
1,
w ogz v
Q-Q .
€6z 10°0 W ol
e 602 2
W 042 = dv w
6Lz 19%0 “ viez|
T
“. 1 Loz
e 1"122
08z 160 g
b
s
e 0'802
B 1122
08z 10%0 i
o
" A Aol
(smd) 35 = ..” e
92s2H 040 o, .EmE..m. uedv 111

baay

Aauan

— (THI)

1492
}
(2]
20€ 100
c_— g
R 61z 62z
>
._:mo—.u s év . —
sl 0'Lzz
982 E'o
22se
9'012 |
X 9'152
. 3o 0'L2z P
062 100 LA -
* ae M
R ez | 2 .
w 015 4v =
R 9'%52
iz |
g66- 19'0 v9
6 L0z T'¥I2
Tor: e Y
" 68~ B0 &0
L¥s= o raie 1 um; M -“
9°0i2 3 Lz
" u . 9'152
alz 100 91z wm m
e 201 00 b
A 4 s
Hé__:.w..w iv 6z r_a:_ﬁww %q bt :
: . 7 252
DzaE w0162 =TA w 016"t 2 09 o
vg=H sws (0T 27T = A w 0T 8T =4V |

66



67

Fig. 3.27 Examples of dynamic spectra (in three columns, I, II, III) calculated for instantaneous
burst distorted by group delay of radio emission at minimum electron velocity Vain = 1.2:10° cm
s in a magnetic field B = 2 G for two source sizes (4 o). The dots represent the position of the
ordinary wave and the crosses those of the extraordinary wave; the frequency ranges studied are
indicated at the left, the time scales at the bottom, and the values used for the velocity dispersion
AV/V and the calculated frequency drift rates df/dt at the right of the spectra (Chernov, 1990c).

The calculations covered various combinations of source dimensions 4 o, elec-
tron velocities, and velocity dispersion 4V/V. The source leading edge was located
at the plasma level fp.; = 206.866 MHz, where, according to the model, g =
1.231853, and ten source sizes were taken at intervals of about 10® cm for small
dimensions and 10° cm for more extended sources.

It was assumed that radio emission is excited instantaneously in this fixed
source. The calculation was performed for the o- and e- waves with several mag-
netic field values (from 1 to 10 G) with a preliminary check of the condition for
escape of the latter from the source. The entire burst frequency band was divided
into 11 equally spaced fixed frequencies. The program constructed the dynamic
spectrum of the instantaneous frequency band with distortion by the group delay.
The results are presented in Figure 3.27 in three columns (I, I, III).

The calculations indicated that in most cases the group delay in the burst band
is so small that it is difficult to detect it in the dynamic spectrum. Thus, the group
delay At,, = 0.07 —0.09 s is obtained for a velocity 5 - 10° cm s and source sizes
from 10000 to 20000 km (Figure 3.27, columns IIla and IIId). The most interest-
ing effects are observed with low electron velocities (column I) as a natural result
of the approach of the source to the level at which the waves can escape from the
corona, i.e. with the decrease of V. In this case, the group delay from a compact
source (of ~10® cm) creates a negative frequency drift (about —680 MHz s (Fig-
ure 27, Ib, ¢, d). As the source became larger (of ~10° cm), the delay in propaga-
tion through the source becomes noticeable at high frequencies and results in a
positive frequency drift (Ie). At large velocity dispersion we then observe a sign
change of the frequency drift in the burst band (If). This is a very subtle effect,
however, because the burst front curves on a time segment of 0.036 s. It is inter-
esting that the trailing edge of the burst is also cured, but antisymmetrically with
respect to the leading edge. This unsteadiness of the frequency drift results from
the fact that when the velocity dispersion is large, radiation at a given frequency
escape from the corona in a rather extended range of heights. Here, the roles of the
two competing group-delay effects (high-frequency delay in propagation through
the source and low-frequency delay due to the decrease in V,, near escape level)
are opposed to one another at the upper and lower points of this interval.

At small velocity dispersion (4V/V < 0.1), the difference between the delays of
the o- and e- waves causes splitting of the burst into two parts with different po-
larization. This splitting was predicted in Elgargy (1969) for double bursts with
reverse drift, for which delays of approximately 1 —2 s were obtained. These cal-
culations indicate that when the emission mechanism and the extent of the
generating region at a given frequency are taken into account, the split
components may have either positive or negative drift, depending on the
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have either positive or negative drift, depending on the dimensions of the source
(negative drift is associated with compact sources). However, the maximum split-
ting is only about 0.16 s (Ia, d, e), and the second component has mixed polariza-
tion in the case of wide dispersion in a compact source (Ic, d). This splitting is at-
tained only as a result of the delay of the e- wave near its escape level with low
particle velocities of V ~ 2.5 Vr.. In this case the Landau damping by the thermal
plasma becomes significant, with the result that the split bursts can only be ex-
tremely weak. It is weak type I bursts that have shown variation (and even sign
changes) of polarization in noise storms (Chernov et al. 1972).

As we go to higher velocities, the splitting between o- and e- waves decreases:
at V.=2.9-10" cm s it is approximately of 0.05 s (Figure 3.27, Ila, d, f), and at V
= 5-10° cm s™ it is difficult to detect (see column III), consistent with the obser-
vations of Chernov et al (1972).

Another important inference follows from these calculations. We see from Id,
IIf, IIId, f that if the source parameters support an instantaneous broad emission
band (= 30 — 50 MHz), the group delay produces no noticeable frequency drift
(high slope in dynamic spectrum). The radiation from the compact source acquires
a negative drift of — 600 MHz s (Figure 3.27.1). In this case, screening of the e-
wave may even mean that there are no paired bursts with different polarization.
Calculations indicate that this wave would not escape from the source if the mag-
netic field exceeds of 5 G.

A positive frequency drift of about 300 MHz s occurs with high particle ve-
locities in an extended source. It is these weak broadband spike bursts that are
sometimes observed during noise storms and type IV bursts (Bakunun & Chernov,
1985).

Thus, the group delay is too small, it can cause only very large frequency drift.
This means that the frequency drift due to motion of the radiating agent in the co-
rona (which, for example, amounts to about — 100 MHz s for type III bursts at
the discussed frequencies) cannot be affected noticeably by group delay. Such in-
creases are too small that they cannot be used to explain the total compensation of
frequency drift as proposed in Elgargy (1980). If such compensation did indeed
occur, type III bursts with moderate drift rates would never be observed because
the group delay cannot be switched in for some bursts and switched out for others.
It is always created in the corona, but this effect is weak. It is also impossible to
use group delay to explain the frequency drift of ‘s’- burst as proposed in Zaitsev
& Zlotnik (1986).

3.3.2 Ion-sound model of microwave spikes

As we noted above, the ECME mechanism is encountered serious problems at in-
terpretation of microwave spikes, though the authors forget often to remind about
that in their conclusions (Fleishman & Melnikov, 1998). The main obstacles are

68



69

the high values of the magnetic field strength in a source, at times exceeding those
at photosphere level.

To avoid some difficulties Wang & Li (1991) proposed a model of nonlinear
parametric instability for millisecond spikes. But except definitive difficulties with
the carrying-out of the matching conditions for the coupling process of two elec-
tromagnetic waves with whistler wave, the pump electromagnetic wave must be
strong for the nonlinear parametric instability. It should be to propose also enough
seldom conditions high in the solar corona for a whistler instability with very
small whistler wave numbers k,, << ap/c. Moreover such model can explain only
strictly periodic spikes.

The solution of the nonlinear Shrédinger equation for the pump wave in Wang
& Li (1991) with the consideration of the Miller force (ponderomotive force in
the equation of the electron motion) contradicts to the conclusion of Wentzel &
Aschwanden (1991): the maximum energy density inferred in the spike emission
by ECME is at least two order of magnitude less than the energy density at which
electron entrainment sets in.

Thus we have not so far a well accepted emission mechanism to explain main
spike parameters at microwaves. Although there is general agreement, that the
emission mechanism has to be coherent, it is unclear whether it is by gyroemission
or plasma emission as one proposed in Altyntsev et al. (1998).

Chernov et al. (2001a) proposed that the propagation of fast shock fronts
through the microwave source could generate fast bursts of spikes. They discuss
the model of spike emission due to the coalescence of Langmuir waves with ion-
sound waves.

According the observations discussed in Chernov et al. (2001a), spatial and
time coincidence of HXR and microwave sources testifies about the same fast
particles responsible for those emissions and a common acceleration source which
is usually proposed connected with magnetic reconnection at middle heights in the
corona (= 10000 km). Fast particles accelerated in such a region can propagate
upward direction and cause meter radio bursts and downward direction and cause
successively decimetric, microwave and HXR emissions. Similar scheme was
proposed for spikes by Fu et al. (1990) at the wavelength =21 cm.

According to well accepted ideas shock fronts are the place of Langmuir, ion-
sound and whistler instabilities. All these waves are usually observed in situ ob-
servations in interplanetary shocks and in the front of earth bow shock (Gurnett et
al., 1979).

According to conclusions from the observations of microwave spikes (Figure
3.14) a mechanism of spike emission must operate in direct association with shock
fronts, where Langmuir and ion-sound waves instabilities are developed. There-
fore the most probable mechanism of spike emission may be the interaction of
plasma Langmuir waves with ion-sound waves [+s = . This process is well stud-
ied by Tsytovich (1970), and for type I bursts by Melrose (1980) and Benz &
Wentzel (1981), and in a direct connection with decimetric spikes was firstly pro-
posed by Kaastra (1985).

As Benz and Wentzel (1981) proposed, ion-sound waves are generated by cur-
rent driven instability in a current sheet in a small magnetic reconnection region.
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The waves generate an anomalous resistance and create the conditions for their ex-
istence with T, >>T;. Although Melrose (1989) believes, that the mechanism by
which these wave are generated is not understood and there is no basis for expect-
ing them to be present in the corona other than by analogy with the interplanetary
medium (Gurnett et al.1979). In such a case ion-sound waves could be really pre-
sent only in the narrow shock fronts. In the same time all energetic estimations of

Benz & Wentzel (1981) for the coalescence [+s = f remain available for our con-

sideration here. However the three wave matching conditions was not strictly veri-
fied.

To be certain in a reality of the resonance coupling / and s waves in the solar
corona we must verify the matching conditions of frequency and wave vector at
the sum frequency /+s = t and at the difference frequency [ = ¢ +s (the decay
process):

W+ W= W, k +k, =k, 3.17)

to determine the ranges of possible angles between the wave vectors of all reso-
nance modes and magnetic field direction B (6, 6;, 6).

Therefore we use simple dispersion relations for all modes but with allowance
for the magnetic field:

wf = b, +3kEVE +wh, sin? 6, (3.18)
-1
w? =kZc? + wée[u Dee cos H‘J : (3.19)
25
wl=kZv?. (3.20)

It is evident from the dispersion curves that only ordinary wave can participate
in such an interaction, at least for usual wave numbers k; and k, >ap./c which are
the most probable when the emission source is located between the escape levels
of ordinary and extraordinary waves, although according to Tsytovich (1970) in
the whole range of k;, i.e. api/v; < kg < ape/V1e i0on-sound waves can interact with
Langmuir waves. We simplify the first two equations using expansions subject to
the condition that their second and third terms are small and apo/wp.>> 1:

22 2 a2
o~ pg| 1+ 3k'\£Te+“’Bes'2 b1, 3.21)
Wpe 205,
2.2
0y = 0pg| 14508 _ @8 cocp | (3.22)
2a)Pe Za)Pe
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We substitute these expansions in the first resonance condition (3.17) & X a\= ¢,
, then determine kt2 from the result, and substitute it in the relation for wave num-
bers:

ki =k? +kZ +2k ks cos@ (3.23)
where @ is the angle between the vectors k; and k; . We obtain:

k? =i2(wpea)Be COS O, + wh, Sin? 6 + 3KV + 2ksUs) . (3.24)
c

Using the procedure to eliminate k;, we estimate cos 8, :

2 2
Ope Wge | Kg c s Wpe Wpe

2.2 2 2
cos 6, =kL[k—'(1—3ViJ¢ 2:2—'cose+1]—%sin2 0,2 KsUs (395

Here the ratio k/k; is used as a convenient parameter. It is easy to verify that for
small values of &, and 4, justified by the evident fact that the coalescence I+s —t
and the decay [ — 1 +s take place respectively with almost antiparallel or parallel
wave vectors Kk; and K; (an analogy exists with the similar processes of Langmuir
waves and whistlers (Fomichev and Fainstein, 1988; Chernov and Fomichev,
1989)) and for a small magnitude of the ratio wgs/ap, ~ 0.1, the quantity cos 8, is
determined mainly by the last term in (3.25). Taking into account that the lower
sign corresponds to the process at the sum frequency [ + s —¢ with k; ~ — &, and
the upper sign to the process at the difference frequency ! — ¢ + s with k; k&, and
that k24, = wy , we can write:

6, ~Farccos?2 Os (3.26)
Dpe

The angle @, is somewhat larger or smaller than this value, depending on the sign
of the bracketed term in (3.25); the sign, in turn, is governed mainly by the ratio
kv/ks , which is very close to unity, i.e., k, is directed in the side of the biggest from
k;, ks . The bracketed term in (3.25) changes sign when

2 2
(ﬁ] (1—3—\/28]—2(&J0056+1=0 ) (3.27)
ks C ks

In such a case
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k icosHi\/coszﬁ—(l—3VTze/c2)

ks 1-3V2 /c?

(3.28)

In order for k/k, to be real-valued, it is necessary that cos® 4 — (1-3 VZTL/c2 ) >0,

ie., COSH>iﬁ1—3VTze/C2 , so the upper bound of the angle 6 < 1.28" is ob-

tained at the coronal temperature T, = 10° K, or for V.~ 3.89 X 10°cms ', and
#< 8.14" for T, =2 X 10" K. We then obtain from (3.28) the two values k/k, =
1.00235 and 0.99816, i.e., the bracketed term in (3.28) changes sign when the ratio
ky/k, passes through unity. The evident condition | cos #|< 1 leads to the limitation
of k, from above: k; < 0.5a4/2; . This value is about two times bigger than the
Debye length kp = abp/Vr,, therefore the interaction is possible in the whole range
of k; and k;  k, . The range of 8, for a simple rough estimation from (3.26) will
determined by the frequency range of s-waves: wp; < &, < «p;. Substituting these
limiting frequencies in (3.26), we obtain that the decay at the difference frequency
yields the emission of ~waves in the range of angles 62° <4 < 89" and, respec-
tively, for the coalescence at the sum frequency 91" < 4 < 118" .

According to Benz and Wentzel (1981) Is-interaction becomes the most effi-
cient with a high intensity of s waves, when unit optical thickness is reached over
merely a few meters. It is easy to show that in an optically thick source the inter-
actions at the frequencies w, = w; & w, can be equally efficient and the maximum

brightness temperature can be derived (similar to the procedure in Benz and
Wentzel (1981) and in Chernov and Fomichev (1989)):

T, = 1@pe NNy (3.29)
Ks NN,

where £ is Planck’s constant, K is Boltzmann’s constant, and N,, N, are the di-
mensionless wave intensities ( NV, << N, (or wave quantum densities). That is the
theoretical estimation. From the observation we obtain:

27z W, 0143.10'S
Kg kZak, 212

Ty , (3.30)

where 7 is the optical depth of the solar corona for the electromagnetic emission.
Here, the designations are similar to Fomichev and Fainstein (1988): S(s.f.u.) is
the burst flux in solar flux units, f is the frequency in GHz, and [, is the linear
source size perpendicular to the line of sight in units of 10'° cm. So that with a
flux emission 100 s.f.u. and a burst source of 10® cm we obtain the observed T, =

7 X 10P K, i.e., close to the value predicted in Benz and Wentzel (1981), for in-
stance, with a small value of density energy of plasma wave W, ~ 10 ' erg cm °
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for isotropic I-waves, and W, = (h/( 27r)3 )a/pel\hk,2 Ak} . So with a solid angle (2
<1,k ~ Ak~ 5 X 102 cm™ we find from (3.29) for N, <<N, , T,~ 5.7 X 10"
K.

Here, the duration of a separate spike is not connected with the parameters of a
beam of fast particles (as in the beam instability). It can be determined by the local
very short time of recovery of the nonisothermicity of plasma (after a burst from
the miniature region) and subsequent temperature balance. Specifically, this cha-
otic process of spike release from the turbulent plasma can explain the chaotic ap-
pearance of spikes in the clusters, which count hundreds and thousands of bursts.

The model under discussion helps us to propose a new explanation of the ob-
servations of decimetric spikes at harmonics ‘s’ = 2-6 (Giidel, 1990). The relativ-
istic ECME seems implausible in the decimeter range, where the plasma emission
mechanism usually plays a main role. As a detail, conformity of spikes at different
harmonics was not observed. We may relate the emission of consecutive fre-
quency bands of spikes with consecutive magnetic islands with X- point configu-
rations along a vertical magnetic current sheet. Frequency bandwidths at each
harmonic show the vertical size of a zone between two fast shock fronts propagat-
ing from one X- point, and the frequency separation between the centers of each
spike band (or harmonic frequency) is defined by the size of magnetic islands be-
tween X-points. Multiple magnetic islands are usually supposed during the resto-
ration of the magnetic structure after the escape of CMEs and were obtained in
multiple numerical modelling of magnetic reconnection.

3.4 Summary

We have presented all the currently available observational data on radio spikes,
the most short-living solar bursts (s 0.1 s). We have tried to analyze through me-
ter, decimeter and microwave ranges, since such a full analysis is absent in any re-
view or book. In the meter range the spikes are more often observed in noise
storms, and sometimes they are a superfine structure of type I bursts. Although,
spikes reveale their own superfine structure, in the form of frequency and time
splitting. Spikes are also observed in the type III group bursts, but they appeared
independently of the latter. The spikes are usually strongly polarized with the
same sign as type I and III bursts. Therefore, the spike emission was rather related
with ordinary wave. Only spikes observed in type II bursts were unpolarized, as
the whole type II emission. Several available positional observations gave unex-
pectedly large dimensions of the spike sources, of 70°” — 400’ in the meter range
and < 15° at microwaves. It is possible to select two types of spikes observed in
the type IV bursts: very short-time (= 0.02 — 0.05 s) dot-like spikes (most fre-
quently being observed in the decimeter range where they appear as klusters of
hundreds of bursts), and broadband short-lived spikes (spike brightenings). All pa-
rameters of spikes in the meter range indicate the plasma generation mechanism
(the beam instability). The high degree of polarization and the absence of spikes at
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the harmonic (2:1) frequencies testify that spikes emit at frequencies near the local
plasma frequencies. The modeling of spike profiles and calculations of the group
delay from the spike source confirm the plasma emission mechanism for spikes.
The ECME mechanism runs into serious problems when interpretating the micro-
wave millisecond spikes: the main obstacles are too high values of the magnetic
field strength in the source (wpe < wg.). The probable mechanism is the interac-
tion of plasma Langmuir waves with ion-sound waves ([+s = f) in a source re-
lated with shock fronts in the reconnection region. In such a case, the duration of a
separate spike is not connected with the parameters of fast particles (as in the
ECME mechanism). It can be determined by the local very short time of recovery
of the nonisothermicity of plasma (after a burst from the miniature region) and
subsequent temperature balance. Specifically, this chaotic process of spike release
from the turbulent plasma can explain the chaotic appearance of spikes in the clus-
ters. Below, section 5.3.1 will be dedicated to the analysis of millisecond spikes in
the absorption, because of their connection with the zebra pattern.
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Chapter 4

Zebra pattern and fiber bursts

Already the first spectral observations of the large type IV (and II+1V) bursts re-
vealed a rich variety of the fine structures of the radio emission, in particular, a
modulation of the continuum emission in the form of narrow stripes in the emis-
sion and absorption. Stripes in emission and absorption against the continuum
background of solar type IV radio bursts in the meter and decimeter wave ranges
are tradit