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PREFACE

Solar radio astronomy has been developing for over 70 years. The 
first steps of research of Solar Radio Bursts are described in the fa-
mous monographs by Zheleznyakov (1964) and Kundu (1965). The 
rapid progress of the Solar radio astronomy was regarded in the ex-
cellent textbook by Krüger (1979). The theoretical description of ra-
dio emission mechanisms was published by Zheleznyakov (1998) in 
«Radiation in Astrophysical Plasmas». The fine structure of the solar 
radio emission was regarded in the monograph by Chernov (2011) 
«Fine structure of Solar Radio Bursts».

Recent advances in the study of the solar radio emission fine 
structure were presented in several reviews (Chernov, 2012, 2016) 
and monograph (Chernov, 2019, see References in the Introduction).

Here, we continue a comparative analysis of competing gene-ra-
tion mechanisms of the zebra pattern (ZP) (under conditions of dou-
ble plasma resonance and in the model with whistlers) based on new 
data. The zebra structure has long been recorded in Jupiter’s magne-
tosphere, and here we note major differences from solar observations.

We also tried to clarify the generation mechanism of type II 
bursts, since a difficult situation has now emerged, when many papers 
appeared with a  detailed investigation of the relationship between 
shock waves (sources of type II bursts) and coronal mass ejections 
(CMEs) but without analyzing the mechanisms of radio emission. It 
is recalled here that the main generation mechanism of type II bursts 
is related to the Bunemann instability.

This textbook covers wide field of the solar radio physics and it 
will be suitable for graduate students and researchers.

The authors are grateful to Chinese colleagues for kindly provi-
ding spectra from Huairou Station of the National Astronomical 
Observatory of China (NAOC).

Our gratitude to all co-authors for help in collecting of informa-
tion and to colleagues for the agreement to demonstrate their pub-
lished data.
November, 2023 	 G. P. Chernov

Moscow, Troitsk (IZMIRAN)
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Chapter 1
INTRODUCTION

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 pattern (ZP) in continuous type IV radio 
bursts. The nature of the ZP has been a subject of wide discussion 
for more than 30 years. The ZP in the solar radio emission is 
the simultaneous excitation of waves at many (up  to a  few tens) 
of closely spaced, nearly equidistant frequencies. The basic 
parameters of ZP in the meter wave band are represented in the 
atlas of Slottje (1981). The historical development of observations 
and theoretical models is assembled in the review and monograph 
of Chernov (2006, 2011).

Many recent results were presented in the monograph Chernov 
(2019) with an emphasis on a comparative analysis of competing 
generation mechanisms: under conditions of double plasma 
resonance and in the model with whistlers.

Each new phenomenon provides uncommon parameters of fine 
structure, and the entire variety of the parameters does not succeed 
in the statistical systematizing. Just such a situation stimulates many 
authors to elaborate on new mechanisms. Previously, up to a dozen 
new mechanisms for the ZP were proposed; their brief analysis was 
carried out in previous reviews (Chernov, 2012, 2016).

Chapter 2 is devoted to the main features of the ZP model 
with whistlers, as there are sometimes erroneous references in the 
literature, mainly when explaining many ZP stripes. A number of 
properties of the emission and absorption bands seen against the 
background of the type IV radio continuum (zebra structure) are 
explained by resonance switching in whistler instabilities for an 
anisotropic-beam-type distribution function (similar to the fan 
instability). The whistler instability can switch from a normal to an 
anomalous Doppler resonance in accordance with the shift of the 
distribution function maximum during a  hollowing of the beam. 
This effect manifests itself as smooth or abrupt (depending on the 
whistler energy density) oscillations of the zebra-structure bands 
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on the dynamical spectrum. Simultaneously, absorption appears at 
the low-frequency edge of the bands (Chernov, 1996).
Chapter 3 deals with slow drifting radio fibers. So far, no attention 
has been paid to the isolated fibers that occasionally appear in the 
meter and decimeter ranges. Here we give and discuss examples of 
the dynamic spectra of such bursts obtained many years ago. As 
a generation mechanism for such fibers, the process of interaction 
of whistlers with Langmuir plasmons was suggested. An analysis of 
conditions for the realization of this process in solar magnetic 
arch structures and its efficiency was carried out (Chernov, 
Fomichev, 2023).

Chapter 4 is devoted to analysis of fine structure differences 
in the dynamic spectra of moving and stationary type IV radio 
bursts. For the case of a moving source, the generation mechanism 
largely depends on the magnetic structure of the source (expanding 
magnetic arcade or isolated plasma cloud). In this case, the 
connection with coronal mass ejections and shock waves is also 
important. Second pulsations are explained by MHD oscillations 
of the source in the form of a magnetic loop or a cloud. The absence 
of other fine structures in the continuum of moving type IV bursts 
may be due to the critical angle of the loss cone for the excitation of 
whistlers (Fomichev, Chernov, 2023).

Chapter 5 is devoted to the main generation mechanism of  
type II radio bursts. In studies of solar radio bursts of type II, a difficult 
situation has now emerged, where many papers appeared with 
a  detailed investigation of the relationship between shock waves 
(sources of type II bursts) and coronal mass ejections (CMEs), 
but without analyzing the mechanisms of radio emission, without 
which it is impossible to understand the fragmented structure of 
the dynamic spectra and the connection between type II bursts in 
the meter range and type II interplanetary bursts (in dkm and km 
wavelengths). Here, the model of the radio source is based on the 
generation of radio emission within the front of the collisionless 
shock wave where the Buneman instability of plasma waves 
is developed. In the frame of this model, the Alfven magnetic 
Mach number must exceed the critical value, and there is a strict 
restriction on the perpendicularity of the front. Estimations of the 
critical Mach numbers for the ordinary plasma parameters in solar 
flares give values Мcr 1.1–1.3 easily realized in the flare events. The 
model allows us to obtain information about the parameters of the 
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shock waves and the medium by the parameters of type II bursts. 
The estimates, obtained in this paper for several events with the 
band-splitting of the fundamental and harmonic emission bands, 
confirm the necessary conditions of the model. This mechanism 
allows to explain all the main parameters of radio bursts including 
the fine structure (Chernov, Fomichev, 2021).

Chapter 6 gives the analysis of a series of works to improve the 
mechanism on improving the zebra model on DPR in the background 
of complex spectra in comparison with the whistler model.

The DPR mechanism encounters difficulties in explaining the 
dynamics of the ZS bands (sharp change in the frequency drift of 
the bands, a large number of harmonics, frequency splitting of the 
bands, their ultra-thin structure in the form of millisecond spikes, 
the transition of radio fibers into zebra stripes and back). So, works 
on its improvement began to appear (mostly in a dozen papers by 
Karliсky and Yasnov). The whole game goes on the variability of the 
ratio of magnetic field and density height scales and the tolerance 
of some plas∆ma turbulence in the source. This already indicates 
unsuitability of the DPR model. Several phenomena are known in 
which it is clear that the ratio of height scales does not change in 
the ZS loop-source. It was noted earlier that the realization of the 
DPR at many harmonics of the cyclotron frequency is not realized 
for any models of the density and magnetic field in the corona 
(Chernov, 2019, p. 215–220). It was shown that all the main details 
of the sporadic zebra-structure in the August 1, 2010 phenomenon 
(and in many other phenomena) can be explained within the 
framework of a unified model of zebra-structure and radio fibers in 
the interaction of plasma waves with whistlers. The main changes 
in the zebra-structure bands are caused by the scattering of fast 
particles on whistlers, leading to a switch of the whistler instability 
from the normal Doppler effect to the anomalous one.
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Chapter 2
MANIFESTATION OF QUASI–LINEAR DIFFUSION  

IN WHISTLERS IN THE FINE STRUCTURE  
OF TYPE IV SOLAR RADIO BURSTS

Abstract. A  number of properties of the emission and absorption 
bands seen against the background of the type IV radio continuum 
(zebra structure) are explained by resonance switching in whistler 
instabilities for an anisotropic-beam type distribution function 
(similar to the fan instability). There should be continuous diffusion 
in whistlers when there is a prolonged injection of particles. The 
instability can switch from a  normal to an anomalous Doppler 
resonance in accordance with the shift of the distribution function 
maximum during a  hollowing of the beam. This effect manifests 
itself as smooth or abrupt (depending on the whistler energy 
density) oscillations of the zebra-structure bands on the dynamical 
spectrum. Simultaneously, absorption appears at the low-frequency 
edge of the bands, since the instability of plasma waves within the 
whistler wave packet instantaneously decreases due to diffusion.

2.1. Introduction
The sources of type IV solar radio bursts are magnetic traps in which 
a  loss-con distribution of energetic particles forms, exciting high-
frequency (plasma) and low-frequency waves, in particular, whistlers. 
Emission and absorption bands against the background of the type IV 
continuum are conventionally divided into two types: zebra structure, 
observed at meter wavelengths (<300 MHz), with a predominantly 
positive frequency drift, and fiber bursts (intermediate drift bursts, 
IDB), with a negative drift (Slottje, 1981).

The radio emission (t) of IDB fibers is unambiguously associated 
with the merging of plasma waves (l) with whistlers (w): l + w → t 
(Kuijpers, 1975). The absorption accompanying every fiber at the 
low-frequency edge is explained by the efficient removal of plasma 
waves by the process l + w → t or by screening of the radio emission 
by density inhomogeneities (Kuijpers, 1975; Mann et al., 1987).

The most common mechanism proposed for the zebra structure 
is emission in bands at double-plasma-resonance (Zheleznyakov, 
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Zlotnik, 1975) and related schemes (Mollwo, 1988; Winglee, Dulk, 
1986); in nearly all such mechanisms, the origin of the absorption 
between the bands of enhanced emission is not considered. The most 
substantial inconsistency of double-plasma-resonance mechanisms 
is that they require a rapid time variation of the magnetic field to 
explain the dynamics of the zebra structure bands, while very low 
magnetic field strengths are implied by the approximate equality 
of the frequency separation of the bands (∆f) and of the electron 
gyrofrequency (fce ). As a rule, the implied magnetic field strengths 
(H) in the source vary irregularly with height in the corona (Slottje, 
1981), and are considerably lower than those required for the 
magnetic pressure to be greater than the kinetic pressure (β < 1), 
which is a condition for the existence of a magnetic trap.

In most of their basic parameters, however, zebra structure 
bands and IDB fibers display notable similarities: they have 
the same frequency separation between bands (Slottje, 1981), 
location for the absorption at the low-frequency edge, and depth of 
continuum modulation. They also both have strong polarization, 
corresponding to the ordinary wave (Chernov, 1976a). The 
collected observational data suggest that the zebra structure bands 
and IDB fibers are related, and that their origin can be explained 
by a  common mechanism ̶ the interaction of plasma waves with 
whistlers: l + w → t (Chernov, 1976b). The fibers are likely 
associated with channeled propagation of whistlers from the depths 
of the corona along a trap, while the zebra structure is associated with 
non-channeled propagation oblique to the magnetic field, mainly at 
the top of the trap (Mal’tseva, Chernov, 1989). Long-term spectral 
fine structure observations reveal a number of features that cannot 
be easily described in the framework of proposed mechanisms 
for the zebra structure. For instance, in a  number of events, we 
observed quasi-parallel bands with a  wavelike frequency drift  
(Fig. 2.1); a  continuous transition of zebra-structure bands with 
wave-like drifts to typical IDB fibers with constant negative drift; 
or strange fibers in type II bursts, similar to the zebra structure, but 
without absorption at the low-frequency edge. We do not yet have 
a satisfactory explanation for the absorption at the low-frequency 
edge of the enhanced emission bands.

We show in this paper that these previously unexplainable 
features, as well as a  number of basic properties of the zebra 
structure and fibers, can be understood in the framework of the  
l + w → t mechanism, but only if we take quasi-linear effects into 
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consideration  – the scattering of fast electrons on the whistlers 
excited by them and on plasma waves (Breizmann, 1987; Omura, 
Matsumoto, 1987).

In models for the merging of plasma waves with whistlers for 
fibers with intermediate frequency drift (IDB fibers), quasi-linear 
effects have been used to explain the periodic excitation of whistlers 
(Kuijpers, 1975). In some models, the passage of electrons into the 
loss cone during interaction with whistlers and the formation of an 
electron distribution with a «gap» have been employed to explain 
pulsations of the radio emission (Yao, 1985). For the moderate 
and strong diffusion that is most likely to occur in solar magnetic 
traps, however, finer features of the dynamics of the loss-cone 
distribution function should also appear in the radio emission. The 
particles could be accelerated both by electric fields in the explosive 
phase of a flare and by shock waves at large heights in the corona. At 
the top of the trap (especially for small bottle ratios), a distribution 
of electrons can form in which the longitudinal velocities exceed 
the transverse velocities (υ|| > υ⊥) and the loss-cone angles are 
moderate. Such distributions excite whistlers at arbitrary angles to 
the magnetic field (Kennel, 1966; Yip, 1970).

The possibility of non-longitudinal wave propagation consi-
derably broadens the energy range of the electrons interacting 
with whistlers in a given frequency band; this is so because, in this 
case, diffusion takes place not only in the normal Doppler effect 
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Fig. 2.1. Dynamical spectrum of zebra-structure bands with wave-like 
frequency drift in the type IV burst of March 12, 1989. The «F» labels 
above the spectrum refer to the times when zebra-structure bands (Z) with 
a constant drift toward low frequencies (df/dt < 0) become similar to fiber 
bursts
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(conventionally used for longitudinal propagation), but also in the 
anomalous Doppler effect and Cherenkov resonance (Bespalov, 
Trakhtengerts, 1986; Shapiro, Shevchenko, 1987). Real hollow-
beam distributions have been directly measured at the fronts of 
interplanetary shock waves (Potter, 1981).

2.2. Formulation of the problem
Numerous data has been accumulated from theoretical and 

numerical studies of wave-particle interaction, mainly aimed at 
explaining satellite and ground-based observations of magnetospheric 
whistlers (Breizmann, 1987; Omura, Matsumoto, 1987; Kennel, 
1966; Bespalov, Trakhtengerts, 1986; Shapiro, Shevchenko, 1987; 
Trakhtengerts, 1984; Gendrin, 1981; Ossakov et al., 1973; Ossakov 
et al., 1972). In fact, these results have not been applied to the 
interpretation of solar phenomena, although whistlers are widely 
used to explain the fine structure of solar radio bursts.

In this work, we explore the possibility of applying known 
theoretical and numerical results on wave-particle interactions to 
the conditions in the solar corona. The most complete numerical 
simulations, which included both whistlers and electrostatic 
(plasma) waves, were carried out by Omura and Matsumoto (1987) 
using a distribution function in the form of a monoenergetic and 
warm beam with a  loss-cone. Such beams may also be typical 
for energetic particles captured in solar magnetic traps which are 
sources of type IV bursts. Under the conditions of moderate or 
strong diffusion occurring in whistlers (typical for the solar corona), 
the lifetime of fast electrons is ~10 min, which is comparable to the 
duration of series of the radio emission fine structure (Bespalov, 
Trakhtengerts, 1986). Omura and Matsumoto (1987) showed 
that diffusion in whistlers and plasma waves is separated in time. 
Initially, there is energy diffusion in plasma waves (hollowing of 
the beam); however, it is known that nonlinear effects can damp 
the plasma wave instability (Stepanov, 1985). At the second stage, 
there is diffusion in whistlers, primarily in angle. It is important to 
note here that only a small fraction of the particles fall into the loss 
cone (Omura, Matsumoto, 1987; Ossakov et al., 1987), and the 
instability may be supported by a series of particle bounces between 
the ends of the magnetic traps.

After discussing general aspects of the quasi-linear theory 
in Section 2.3, we chose a  distribution function in the form of 



14

an anisotropic beam (2.8, see after Fig. 2.2) and investigated its 
possible dynamics during diffusion in whistlers; this investigation is 
based on Gendrin (1981), the results of which are fully applicable 
to conditions in the solar corona. Below, this analysis, together 
with the numerical simulations of Omura and Matsumoto (1987), 
the analytical results of Breizmann (1987), and the theory of fan 
instability in whistlers of Shapiro and Shevchenko (1987), allows 
us to qualitatively show that it is possible for a whistler instability 
to switch from a  normal Doppler resonance to an anomalous 
resonance during diffusion. Thus, without solving a  new quasi-
linear problem, we will attempt to estimate possible manifestations 
of these effects in the fine structure of solar radio bursts.

In Section 2.4, we apply the necessary numerical estimates to 
the conditions in the solar corona. It is usually assumed that the 
energy release in sources of type IV bursts is extended, which eases 
the problem of replenishment of the distribution function during 
diffusion by both bounces in the trap and periodic injection of new 
particles.

In Section 2.5, we show that only by taking into account the 
diffusion of fast particles in whistlers and plasma waves it is possible 
to explain naturally the most controversial observational fact ̶ 
the formation of absorption in the continuum between bands of 
enhanced emission.

2.3. Some aspects of the quasi-linear theory
It is known that the spectra of naturally-excited whistler waves 

satisfy the validity condition of the quasi-linear approximation, in 
which particles wander in a  multiple-wave field. Essentially, the 
spectrum (∆ωw) must be rather broad and the relative amplitude 
of the wave must be modest (Bespalov, Trakhtengerts, 1986; 
Trakhtengerts, 1984; Karpman, Shklyar, 1976):

	 Dww   [(Hw ⁄H0) kwcev⊥]1/2,	 (2.1)

where Hw/H0 is the relative amplitude of the magnetic field of the 
wave, k is the wave number, ωce is the electron gyrofrequency, and 
υ⊥ is the electron velocity component transverse to the magnetic 
field. Condition (2.1) is better satisfied by solar whistlers than 
by magnetospheric whistlers. For example, for typical values of  
Hw/H0 ~ 10–4, ωw/ωce ~ 0.1, and an approximate equality of the 
wave phase velocity ωw/k, and υ⊥ we obtain from (2.1) ∆ωw/ωw > 3 ×  
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× 10–2. For the inverse inequality to (2.1), the particle is completely 
trapped in the wave field (Trakhtengerts, 1984). Note that loss-
cone instability yields whistler spectra bounded above, ∆ωw/ωw <  
< 0.1–0.2, excluding significant group spreading of the whistlers 
over several seconds of propagation in the corona.

If a  fast particle interacts with whistlers at the cyclotron 
resonance
	 ɷw – k||v|| – sɷce = 0 	 (2.2)
(k|| and v||  are components of the wave vector and velocity parallel 
to the magnetic field), it moves along the diffusion curves
	 υ⊥ 

2 + (v|| – ωw/k||)2 = const 	 (2.3)
in the direction of decrease of the distribution function F(υ⊥, 
v||) (Gendrin, 1981). If the resulting flux of particles in velocity 
space is directed toward increasing particle energy, energy in the 
given range of velocities will be transferred from resonant waves 
to particles, and the wave will weaken. This physical process finds 
its theoretical reflection in the identity operator [which has the 
meaning of a derivative along the curve (2.3)] in formulas for the 
whistler instability increment γw and the distribution function 
diffusion equation (Gendrin, 1981; Gul’el’mli, 1979):

Λ
∧

= (sωce ⁄ωυ⊥) (∂⁄∂υ⊥) + (k|| ⁄ω) (∂/∂v||) | v|| = (ω – sωce)/k||.(2.4)

According to Bespalov, Trakhtengerts (1986) and Gul’el’mli 
(1979), the general expressions for γw and ∂F/∂t have the form
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where nh/nc is the relative number density of hot and cold particles 
and Gks is a weighting function defining the emission contribution 
per particle per whistler wave. The sign of the increment 
depends on the sign of the operator Λ

∧

. For example, in the 
normal Doppler resonance, when s = +1 in (2.2), the waves and 
particles are oppositely directed (k|| < 0 or ω/k|| < 0), and should 
be negative for positive values of the operator γw. Therefore, the 
dominant contribution to the emission comes from the part of the 
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distribution where ∂F/∂v|| < 0 and ∂F/∂υ⊥ > 0. The contribution 
to the anomalous Doppler instability (s = –1 in (2.2)) comes from 
particles in the part of the distribution where the signs of these 
derivatives are opposite. Therefore, whether the predominant 
instabilities are in normal or anomalous resonances, will depend on 
whether there is an excess of particles with υ⊥  or  v||, respectively.

The operator Λ
∧

 can be simply expressed in terms of the 
derivative of the distribution function with respect to the particle 
energy ∂F/∂E (Gendrin, 1981):

	 Λ
∧

⊥ ⊥∂ ∂ + =∼ ∼ � �2 2 2υ υ υ υ υ ωp pF E E k/ | ; / .	 (2.7)

This relationship implies that, for positive increments, the 
derivative ∂F/∂E should be positive for motion in the direction of 
decreasing F. This in turn means that the diffusion curve (D) should 
lie between the constant-density curve (F) and the constant-energy 
circle (E) (Gendrin, 1981). This relation and the physical meaning 
of the diffusion interaction are visually depicted by the graphical 
determination of the increment signs for different resonances 
presented in Fig. 2.2 for an anisotropic beam distribution function
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where Cn is a normalization constant and j is the loss-cone index.
Quasi-linear diffusion establishes a plateau along the diffusion 

line, i. e., Λ
∧

 = 0 (by analogy with the plateau state in the quasi-linear 
theory of plasma oscillations (Galeev, Sagdeev, 1973). Interaction 
in the normal resonance leads to the passage of particles into the 
loss cone (Ossakov et al., 1973; Karpman, Shklyar, 1976). In the 
anomalous Doppler effect, the longitudinal velocities are hollowed 
out of a beam-type distribution (2.8), but the particles do not fall 
into the loss cone; instead, they diffuse in pitch angle toward high 
υ⊥ (Shapiro, Shevchenko, 1987; Lyons, Williams, 1984).

During the lifetimes of particles in a trap in the moderate and 
strong diffusion whistler modes (several tens of seconds for solar 
magnetic traps (Bespalov, Trakhtengerts, 1986; Bespalov et al., 
1987)), the loss cone is emptied twice during each bounce period. 
Therefore, after a short period of particle injection, the instability 
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for both normal and anomalous resonance will be periodic, with 
a period (tp) of the order of a second: for a trap length l ~ 1010 cm 
and velocity v ~ 1010 cm/s, we obtain tp ~ (1/2)(l/v) ~ 0.5 s.

The abnormal-resonance instability favors the confinement of 
particles in the trap. This confinement probably explains the longer 
sequences of zebra structure caused by anomalous-resonance 
whistler instability compared to those of IDB fibers, due to normal-
resonance whistlers.

The above effects allow us to estimate the importance of 
alternating switch-on of whistler instabilities due to the normal and 
anomalous Doppler effects, if the distribution function can support 
this dynamic transition. Two such distribution functions are an 
anisotropic high-energy beam (2.8), which can form in shock 
fronts (Wu, 1984), or a ring distribution (Vlahos, Sprangle, 1987). 
The loss-cone anisotropy of these distributions is determined by 
the acceleration mechanism – reflection from magnetic mirrors 
(shock fronts). Whistler instability has primarily been considered for 
longitudinal propagation in the normal Doppler effect (Kuijpers, 
1975; Kennel, 1966; Berney, Benz, 1978). It is known, however, 
that the contributions from all three resonances (s = 0, ±1) to the 
instability are comparable for oblique propagation (Kennel, 1966). 

D

D E ~ const

vp vp v‖

V┴

∂F/∂v‖ > 0
∂F/∂v‖ < 0

αlc

γnorm > 0

γanom > 0

Fig. 2.2. An anisotropic-beam type (2.8) distribution function (F) in the (v||,) 
plane with loss cone αlc. Thin circular lines denote levels of constant particle 
energy E. Arrows labelled D indicate the direction of particle diffusion toward 
decreasing F. Thick lines are levels of equal density of F. vp is the phase 
velocity, γanom > 0 is the domain of anomalous Doppler whistler instability, 
and γnorm > 0 is the region of normal Doppler resonance instability
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Shapiro and Shevchenko (1987) considered a turn of the beam in 
transverse velocity for the anomalous resonance, termed the fan 
instability. An initial distribution function in the form of a beam 
in longitudinal velocity turns in transverse velocity as a  result of 
the excitation of oscillations and quasi-linear diffusion; a  new 
distribution function in the form of a beam in transverse velocity is 
established, if ω/k|| < v||. In our case, this last inequality is fulfilled 
even more strictly. In addition, this is one of the conditions for 
excitation of whistler waves in the anomalous resonance.

An initial distribution function in the form of a  beam in 
longitudinal velocity is most probable under the conditions of 
multiple, repeated flare processes at large coronal heights during 
large-scale events. The unusual properties of the zebra structure 
(Fig. 2.1) can be understood in the framework of a mechanism of 
periodic whistler instability. The analog of fan instability considered 
above provides smooth (or rapid) switching of the instability from 
the anomalous to the normal Doppler resonance, which implies 
a  smooth (or abrupt) change of the frequency drift of the zebra-
structure bands. The frequency drift is determined by the direction 
of the whistler group velocity. In the anomalous resonance, the 
directions of the waves and particles coincide, while in the normal 
resonance, they move in opposite directions. The character of the 
fan instability will depend on the specific parameters of the plasma 
and beam.

2.4. Numerical estimates
The complete solution of the quasi-linear problem for the 

three resonances with particle sources and losses is very difficult, 
and has not yet been obtained either analytically or numerically. 
Usually, a simplified problem is posed, and quasi-linear equations 
are solved numerically for one resonance and one oscillation mode 
with a  loss-cone distribution function (Ossakov, 1972; Ashour-
Abdalla, 1972). In addition to the known effects of the passage of 
slower particles into the loss cone and the formation of a «gap» in 
the distribution, the calculations in (Ossakov et al., 1973; Ossakov 
et al., 1972) also showed a simple shift of the distribution function 
maximum toward the initial loss cone for large velocities.

Periodic fan instability in a  self-oscillatory mode was first 
considered in (Parail, Pogutse, 1981) in the framework of a theory 
of microwave spikes with millisecond periods; this analysis was 
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based on instability switching from the Cherenkov to the normal 
resonance for tokamak plasma parameters, which are far from 
cosmic parameters.

The condition for switch-on of the self-oscillatory mode 
obtained in (Parail, Pogutse, 1981) indicates that the increments 
for both resonances are comparable if there is sufficient beam 
temperature anisotropy and if the longitudinal velocity source 
power is moderate, so that particles cannot instantaneously leave 
the emission region. In our case, these conditions are fulfilled for 
a hollow-beam distribution function.

It is known that whistler diffusion occurs mainly in the pitch 
angle. Transforming the expression for ∂F/∂t to a  dependence 
of the distribution function F on pitch angle α, we obtain 
a diffusion equation in which the pitch angle diffusion coefficient 
Dα significantly exceeds the velocity diffusion coefficients when  
v  ω/k||, which is satisfied in our case. According to Kennel (1969), 
the coefficient Dα is proportional to the wave energy:

	 D H Hw
ceα ω α∼ / /cos0( )( ) . 	 (2.9)

For a  reasonable wave amplitude relative to the background field 
Hw/H0 ~ 10–4 and ωce ~ 107 s–1, we obtain a simple estimate for the 
timescale for pitch angle diffusion by ∆α ~ 1: tD = Dα

–1 ~ 1–2 s.
These values are consistent with the timescales for sign 

alternation of the zebra-structure band frequency drift in Fig. 2.1. 
Thus, we indeed observe the diffusion of fast electrons in whistlers 
in the radio emission fine structure.

The most complete numerical simulation of whistler diffusion 
of a beam with conical anisotropy in the normal Doppler resonance 
has been carried out by Omura and Matsumoto (1987). Fig. 5 
in Omura and Matsumoto (1987) shows the initial values of the 
volume and planar distribution functions F(v⊥, v||), the linear 
increment γ, and the distribution height at the beam center. This 
figure also shows the hollowing of F in pitch angle. It is important 
to note that, when F is hollowed in v⊥, a beam in the longitudinal 
velocities is formed in time t ~ 1300ωce

–1: ∂F/∂v|| > 0.
Thus, the term ∂F/∂v|| in operator Λ

∧
 in (2.4) remains positive, 

the operator Λ
∧

 in (2.5) and (2.6) will be non-zero, and diffusion 
toward increasing v⊥ will continue, but in the anomalous Doppler 
resonance. As can be seen from Fig. 5 in Omura and Matsumoto 



20

(1987), the wave gradually weakens (decreases with spreading 
of the beam in pitch angle). Since only a  small fraction of the 
slowest particles falls into the loss-cone, however, the resonance 
switching can repeat many times, as in the tokamak spike mode 
(Parail, Pogutse, 1981). Particle replenishment will occur through 
bounce motions in the trap; if the particles arrive in phase with the 
growth of the longitudinal velocity bump (i. e., at the moment of 
alternation of the sign of the frequency drift), the instability will be 
sharply enhanced. We probably observe this effect when we detect 
short zebra-structure spikes in the dynamical spectra in some events, 
seen as herring-bone structures over a broad frequency range.

The beam relaxation time-scale trel ~ γ–1 in Omura and 
Matsumoto (1987) is of the order of 3000 ωce

–1. Correcting for 
coronal plasma and beam parameters (plasma frequency ratio  
ωpe/ωce ~ 20, nh/nc ~ 10–6), this time-scale should be about 3 · 107  
gyro-periods (in  Omura and Matsumoto (1987) nh/nc ~ 10–2,  
ωpe/ωce ~ 2). For a gyrofrequency of ~5 · 107 Hz, we obtain  
trel ~ 0.8 s, which is close to our estimate of the diffusion timescale 
tD ~ 1 s.

An initial distribution in the form of a  beam with conical 
anisotropy (2.8) will be unstable to both normal and anomalous 

D
D

F

E

v‖

V┴

∂F/∂v‖ > 0; ∂F/∂v┴ < 0

∂F/∂v‖ < 0; ∂F/∂v┴ > 0

γnorm > 0

γanom > 0

Fig. 2.3. Schematic presentation of the fan instability – switching of whistler 
instability from normal Doppler cyclotron resonance (cross-hatched F 
regions) to anomalous resonance (single-hatched regions) due to the shift of 
the maximum (bump) of the distribution function F during diffusion along 
the diffusion curves D (arrows) from large values of v⊥ (where the operator  
Λ
∧

< 0) to large v|| (where Λ
∧

 > 0)
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resonances. The regions of positive increment instability 
determined from Fig. 2.2 are shaded in Fig. 2.3. The cross-hatched 
areas refer to particles that are unstable to the normal resonance  
(γnorm > 0, where ∂F/∂v|| < 0, and ∂F/∂v|| > 0), and the single-hatched 
areas refer to those unstable to the anomalous Doppler resonance 
(γanom > 0, where ∂F/∂v||  > 0, and ∂F/∂v||  < 0). According to the 
calculations of Omura and Matsumoto (1987), the beam will empty 
in pitch angle. The gradual diffusive accumulation of particles with 
maximum F along v|| (later along v||) will mean a gradual switching 
of the instability from anomalous to normal resonance. Fig. 2.3 
schematically shows the shapes of the distribution at small and 
large pitch angles for two such times. Pitch angles close to 90° 
cannot be reached when there is particle motion with conservation 
of the first adiabatic invariant. At a qualitative level, we can say that 
when there is a large particle number density in the beam, diffusion 
will be rapid and resonance switching (alternation of the sign of the 
frequency drift) will be abrupt.

2.5. Formation of absorption between emitting filaments
The origin of the absorption usually accompanying the fibers 

and zebra structure at the low-frequency edge is a very nontrivial 
question, often bypassed by many authors. For example, the 
double plasma resonance mechanism produces only emission 
bands (Kuijpers, 1975; Zheleznyakov, Zlotnik, 1975; Winglee, 
Dulk, 1986). In the whistler fiber model, it was assumed without 
proper detailed analysis that plasma waves within the whistler wave 
packet volume are efficiently evacuated in the process of merging 
with whistlers, l + w → t, and only residual l-waves scattered on 
thermal ions result in a decreased continuum level (Kuijpers, 1975; 
Chernov, 1976b).

A  more concrete basis for this effect can only be associated 
with the evacuation of resonant l-waves with small wave numbers 
kl in the process l + w → t, which are achieved in the course of the 
differential scattering of l-waves. The maximum transformation 
to electromagnetic radiation takes place precisely at low kl, since, 
according to Tsytovich (1967), the rate of growth of the radio 
emission is

	 ∂ ∂ = + ∂ ∂( )(



W t W W k W kt li t l l l l/ / / ,α 	  (2.10)
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where Wt and Wl are the energy densities of electromagnetic and 
plasma waves and αli is a transformation coefficient. For small kl, the 
dominant term in the brackets is Wl/kl. Small kl are also resonant in 
the process l + w → t, however. Turning to quantitative estimates, 
only ~10–2–10–3 Wl is transformed to electromagnetic waves in 
a source that is optically thick to the process l + w → t. Detection 
of such weak absorption is at the resolution limit of spectrographs.

Another explanation of absorption is based on the assumption 
that the radio emission is screened by plasma-density enhancements 
created by the whistler wave packet (Mann, 1987; Bernold, 
Treumann 1983). However, simple estimates show that the 
creation of a  one-percent plasma density enhancement requires 
the improbably high relative density of whistler energy Ww/neTe ~  
~10–3, while the values achieved by weak turbulence are five orders 
of magnitude lower (Kuijpers, 1975; Fomichev, Fainshtein, 1988).

In relation to this, we will consider the role of quasi-linear 
effects. First of all, it is natural to adopt a Maxwellian distribution 
function with loss-cone anisotropy for the electrons responsible 
for type IV continuum emission (Kuijpers, 1975; Winglee, Dulk, 
1986). Since this distribution is unstable to whistlers, we must take 
into account the influence exerted by the diffusion of fast particles 
in whistlers to plasma wave excitation.

For large loss-cone angles (v|| > v||), the main contribution to 
whistler instability is given by the normal Doppler resonance for 
longitudinal propagation (kw || H0). In this case, plasma waves with 
the maximum increment are excited at the double plasma resonance 
frequency for quasi-transverse propagation (kw  || H0) (Stepanov, 
1985; Fomichev, Fainshtein, 1988). This situation is characteristic 
for the bases of magnetic traps (for heights at decimeter emission 
wavelengths). Because of the diffusion of fast particles on whistlers, 
the distribution function maximum instantaneously shifts toward 
greater longitudinal velocities (Omura, Matsumoto, 1987) and 
smaller pitch angles. As a  result, the plasma-wave instability 
sharply weakens, because the l-wave excitation increment at the 
upper hybrid frequency is several times more sensitive to changes of 
the loss-cone angle αlc than are whistlers. A comparison of Figs. 3 
and 8 in Berney and Benz (1978) shows that the increments γw and 
γl are nearly equal for αlc ≈ 10°, while for ≈ 2 · 10–5ωce, we have 
γl ≈ 5γw. This decrease of γ l  with decreasing αlc is the main cause 
of continuum suppression within the whistler wave packet volume.  
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As in the first hypothesis, the zebra-emission band will lie at a higher 
frequency ωt = ωt + ωw.

The calculations of (Omura, Matsumoto, 1987; Ossakov et al., 
1973; Ashour-Abdalla, 1972) obviously show that a gap distribution 
with positive derivative ∂F/ ∂v|| is formed in the course of diffusion 
in the normal Doppler resonance. Melrose (1975) was the first to 
stress the importance of this effect in astrophysical plasma. The 
minimum velocity at which the beam forms is determined by the 
minimum frequency in the whistler spectrum, in accordance with 
the resonance condition (2.2). For typical values k|| ~ ωpe/c (c  is 
the velocity of light) and ω/ωce ~ 0.1, we obtain v|| ≈ 43vA (vA is the 
Alfvenic velocity). A beam with such velocities efficiently excites 
plasma waves along the field (kl

|| H0) in the Cherenkov resonance. 
Therefore, the emission of plasma waves (and, consequently, 
of radio continuum) will be enhanced in regions adjacent to the 
whistler wave packet, amplifying the contrast of the continuum 
depression along the low-frequency edge of the fiber. This scheme 
offers a  natural explanation for the continuum enhancement 
usually observed in a  series of fibers and zebra structure (Aurass, 
Chernov, 1983).

If the initial whistler diffusion proceeds in the anomalous 
Doppler resonance in «oblique» whistlers (when v|| > v⊥) and the 
plasma waves have kl || H0, the plasma-wave level will also be reduced 
because of the beam turn in transverse velocity. The plasma-wave 
instability at the upper hybrid frequency will gradually grow, also 
increasing the absorption contrast.

Thus, in any case, the reduction of the plasma-wave level due 
to electron diffusion on whistlers can explain the absorption at the 
low-frequency edge of a  fiber. Another important observational 
fact is simultaneously explained: the small delay of the beginning 
of the emission band relative to that of the absorption in fibers (see 
Fig. 2 in Bernold, Treumann, 1983).

According to the arguments above, the weakening of plasma 
waves should begin instantaneously, and the merging mechanism 
at the combined frequency ωt = ωl + ωw requires, according to 
conservation laws, either oppositely directed or nearly aligned 
wave vectors and in order for decay at the difference frequency  
ωt = ωl – ωw to take place (Chernov, Fomichev, 1989).

Therefore, in any case, some time is needed for the isotropization 
of the wave vectors. While the plasma waves become isotropic nearly 
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immediately, whistlers undergo comparatively slow scattering 
on thermal electrons, and especially on thermal ions (Tsytovich, 
1971). According to estimates given in Chernov (1989), this time 
should be ~0.2–0.3 s. Radio flux fluctuations in both emission 
and absorption on profiles along fibers occur on nearly the same 
timescales; these fluctuations could also be associated with the 
quasi-linear diffusion of fast particles on whistlers, which proceeds 
at different rates at different levels in the trap during the lifetime of 
a fiber.

In a number of events, we have also observed fiber structure 
in type II bursts (see, e. g., Fig. 3 in Aurass, Chernov, 1983), 
associated with the propagation of shock waves through the solar 
corona. The main peculiarities of these fibers are the absence of 
any evident absorption at the low-frequency edge and their long 
duration (up  to 40–50 s). Observations of interplanetary shock 
waves (Richter et al., 1985; Tokar et al., 1984) testify to the 
presence of plasma waves and whistlers in front of the shock. It is 
therefore natural to interpret the fiber structure of type II bursts as 
a manifestation of whistler propagation through clusters of plasma 
waves ahead of the shock front. Plasma waves and whistlers can be 
generated only by electrons reflected from the shock and therefore 
possessing loss-cone anisotropy. However, there cannot be trapped 
fast particles in front of an oblique, collisionless (in a general case) 
shock wave, and therefore the interaction of whistlers with fast 
particles cannot be extended. After each pulse injection of particles, 
the excited whistlers and fast electrons disperse in space. Judging 
from the negative frequency drift of fibers, whistlers propagate 
forward from the front (or  remain nearly standing). Therefore, 
whistlers should be excited in the anomalous Doppler resonance, 
when the particles and waves propagate in the same direction, but 
at large angles. Thus, a beam of particles with conical anisotropy 
escapes along the magnetic force lines, while whistlers propagate at 
a large angle to the field and, after a certain isotropization, interact 
with plasma waves. The lack of strict periodicity of fibers is also 
a consequence of the absence of quasi-linear effects. Without the 
diffusion of fast particles in whistlers, there should not be any 
absorption at the low frequency edge of fibers, which is confirmed 
by observations.

Thus, we have shown that it is natural and necessary to take into 
account the quasi-linear effects of the diffusion of fast electrons with 
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loss-cone anisotropy on whistlers; this allows us to explain certain 
very important properties of fibers with intermediate frequency 
drifts (IDB or fiber bursts) and the zebra structure in type II and 
IV solar radio bursts. This analysis demonstrates the suitability 
of mechanisms for the merging of plasma waves with whistlers to 
explain the structures considered above.
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Chapter 3
SLOWLY DRIFTING RADIO FIBERS

Abstract. The fine structure in the continuum radiation of type IV 
solar radio bursts is very rich of various structures (zebra-structure, 
fibers, pulsations, spikes, etc.). But so far, there is no attention to 
occasionally appearing isolated fibers in the meter and decimeter 
ranges. Here we give and discuss the examples of dynamic spectra of 
such bursts obtained many years ago (in the meter waveband from 
1969) and as well in recent years (in the decimeter and microwave 
wavebands from 2003 to 2013). Isolated fibers are observed mostly 
in the decimeter range (although there are examples in both the 
meter and microwave ranges), and they reveal a number of features 
of classical fibers bursts. As a mechanism generation of such fibers 
the process of interaction of whistlers with Langmuir plasmons was 
suggested. The analysis of conditions for realization of this process 
in solar magnetic arch structures and its efficiency was carried out. 
The estimates of intensity of low frequency turbulence (whistlers) 
and magnetic field strength in the solar corona were obtained by 
data of radio fibers.

3.1. Introduction
Observations with the radio spectrographs in meter and decime-

ter ranges began many years ago (Wild, Smerd, Weiss, 1963). Many 
characteristics of the solar radio bursts were obtained, including 
their fine structure, after the publications of Boischot, Haddock 
and Maxwell (1960) and Elgarøy (1959). With the development of 
spectral observations in the continuum emission of type IV radio 
bursts, broadband pulsations of different periods, the fastest spike-
type bursts and the most mysterious periodic bands in emission and 
absorption – zebra structure and fiber-bursts or bursts with inter-
mediate frequency drift were discovered. The development of solar 
radio astronomy is described in several large monographs, namely 
Kundu (1965), Zheleznyakov (1964, 1970) and Krüger (1979).

Theoretical models of the origin of the fine structure of type IV 
continuum radio bursts (zebra-structure, fibers, pulsations, spikes etc.) 
have been developing for more than 50 years (Chernov, 2006, 2011).  
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For the zebra structure, the model on the double plasma resonance 
is most often discussed (although a dozen alternative models have 
been proposed), and for fibers the model on whistlers. Although 
the latter immediately combined an explanation of both zebra 
stripes (with a  variety of frequency drift) and fibers (usually with 
a constant negative frequency drift) on the grounds that observations 
sometimes showed a  continuous transition on the spectrum of 
zebra stripes to fibers and back (Chernov et al., 1975; Chernov, 
1976). At the same time, it was hardly noticed at the beginning that 
sometimes, instead of numerous zebra stripes or fibers, isolated 
stripes appeared. Since they were more often observed in the events 
where there were also numerous stripes, this suggested that the 
models used should allow the formation of unusual isolated fibers 
as well. All this was considered in the meter wavelength range.  
The first spectra of strange isolated slowly drifting fibers in the 
meter range were shown in (Boischot, Haddock, Maxwell, 1960) 
even before the first publication of Elgarøy about zebra structure. 
The authors called the unusual intertwined stripes in the event of 
November 4, 1957 as «spaghetti», although no one would doubt now 
that it was a zebra structure, noting after all a singularity: the stripes 
were not regular in frequency but intertwined with each other, and 
lasted about 4 minutes in the narrow frequency band 160–175 MHz.

And in about 50 minutes there were single bands, lasting 
more than a  minute with a  fluctuating frequency drift, but al-
most parallel to the time axis. Moreover already then the so-
lar origin of the stripes was confirmed, as their spectra were 
identical in the two observatories, separated by 2,000 km. 
We are observing the fine structure of solar radio bursts already in 
the sixth cycle of solar activity (see https://www.izmiran.ru/stp/
lars/). In the top ten works, the spectra obtained in the remote 
observatories managed to compare, and they always coincided 
in frequency and time, which confirms the solar nature of bursts  
(Chernov, 2011).

Slowly drifting fibers have already been recorded in the first 
observations with the IZMIRAN high-resolution spectrograph 
in the range 190–220 MHz in 1969 (see Fig. 3 in Markeev,  
Chernov, 1971 and Fig. 1 in Chernov, 1974) (see also1 Gorgutsa et 
al., 2001). These first reports of such bursts were observed in groups 

1 https://www.izmiran.ru/stp/lars/
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of fast spike-type bursts during noise storms. The frequency drift of 
the fiber was on average about 30 MHz/s through the entire range 
190–220 MHz, although ordinary spikes usually show no frequen-
cy drift and occupy a narrow frequency band of 1–10 MHz. In this 
work, these bursts are referred to as slow drift spikes. In contrast to 
type III bursts particle beams must have a non-monotonic distri-
bution of the particle velocity (with increasing velocity to the tail 
of the beam), which neutralizes the fast frequency drift. The first 
report of such bursts was in paper by Markeev and Chernov (1970).
Furthermore, in several events we observed unusual long fibers  
(0.5–2 min) non-drifting (almost parallel to the time axis), which are 
close in parameters to the fibers in the paper by Boischot, Haddock 
and Maxwell (1960). Here, we show in Fig. 1 a remarkable example 
of such fibers from IZMIRAN’s archive of spectra on the October 12,  
1981. This phenomenon has been discussed in various aspects in the 
works of Aurass and Chernov (1983) and Chernov (1997).

A large radio burst in a wide band was associated with a large Hα 
flare of magnitude 3B with coordinates S15, E09. Fibers appeared 
at the very beginning of the phenomenon at 06:26 UT, with the 
maximum radio burst in the meter band (3000 s. f. u. at 204 MHz) 
occurring 7 min earlier than the maximum in the microwave band 
(about 2300 s. f. u. at 3000 MHz), i. e., the flare energy release began 
high in the corona. In the descending phase of the burst, the fibers 
were accompanied by a zebra structure (Fig. 3.1) for ~15 minutes 
in the meter range (Aurass, Chernov, 1983).

Subsequently, suggestions have been made to use just 
strange isolated fibers as important signs of other connections.  

Fig. 3.1. Slowly drifting fibers in the flare continuum (after a type II burst at 
06:26 UT) and the zebra structure background (at 06:43 UT, below) in a high 
resolution spectrum in the frequency range 186–236 MHz in the major radio 
burst of October 12, 1981 (IZMIRAN spectrograph, Gorgutsa et al., 2001)
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For example, in the event of October 12, 1981 (Fig. 3 in Aurass, 
Chernov, 1983) and February 3, 1983 (Fig. 12 in Bakunin et al., 
1991), the unusual long (0.5–2 min), almost non-drifting solitary 
fibers at the maximum phase of radio bursts in the meter range are 
recognized as signs of fast coronal mass ejections (CME) in large 
events. Analysis of the 3.02.1983 event in Bakunin et al. (1991) 
showed that the radio emission of fibers was associated with the 
capture of the whistler packet between the shock front and the tan-
gential rupture, before the reverse shock wave.

With the development of radio spectral observations in the 
decimeter and microwave wavelengths, it became clear that slowly 
drifting fibers were observed there as well.

3.2. New observations
New observations do not necessarily correspond to the most 

recent by date. Basically, it means the registration of similar slow 
drifting fibers in the last 20 years, but hardly discussed in the pub-
lications. Most of these bursts have been observed in the decimeter 
band thanks to observations at station Huairou (NAOC, China; Fu 
et al., 2004).

One of the most evident examples of strange slow drifting fibers 
is the event on 30.11.2004 (Fig. 3.2), associated with a  small C5 
(GOES X ray) outburst.

The maximum radio emission was in the decimeter band  
(100 s. f. u. at 1415 MHz, 1 solar flux unit = 10–22 Wm–2Hz–1). The 
flare of C4.8 (GOES 1–8 Å) occurred in the active region (AR) of 
NOAA 10708 (N09 E33) between 06:32–07:22 UT 2.

The SXR (GOES) and 1415 MHz radio burst maxima coincid-
ed in time around 06:58 UT. A small intensity radio burst turned 
out to be rich in fine structure in the decimeter range 1–2 GHz. 
Almost from the beginning of the phenomenon, fiber bursts were 
observed, especially after 06:38 UT. Then a zebra structure, mainly 
in the cloud of spike bursts, and after 06:46 UT, groups of fibers, 
with different frequency drift and emission bandwidths, dominat-
ed. Occasionally, fibers consisting of spike-like bursts appeared, 
all the way up to our fiber at 06:59:52 UT. Such a complex set of 
almost simultaneous fine structures is difficult to analyze, so let us 
first consider our individual isolated fiber.

2 https://solarmonitor.org/index.php?date=20041130&region=10708
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This is an isolated fiber on a  low continuum with saw-tooth 
changes of frequency drift in the range of 1.34–1.1 GHz for 2.5 s  
at some moments similar to a fiber burst (but without obvious ab-
sorption from the LF edge) and without zebra elements in the im-
mediate surroundings. The origin of such a fiber remains unknown, 
although saw-tooth drift is often observed in zebra stripes. The ra-
diation is strongly polarized, and one can only observe that the fi-
ber appeared to be some sort of HF boundary of a weak continuum. 
All of the signs noted do not give clear preference to any model of 
zebra formation or fiber bursts. The latter also appear in groups and 
with a constant drift, most often to low frequencies.

Another unknown fiber in the same range was obtained on 
October 26, 2003 (Fig. 3.3), but in the course of a powerful X1.2 
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of China in the left and right polarization channels of the November 30, 2004 
event in the decimeter band 1.1–1.34 GHz (Fu et al., 2004)
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(GOES) in AR 10486 (S15 E31) flare and a large type II+IV radio 
burst with a maximum in the decimeter range of 650 000 s. f. u. at 
606 MHz3.

About 20 short zebra structure series and fiber bursts against 
a  background of fast decimeter pulsations were observed in the 
range of 1–2 GHz during more than 2 hours (06:13–08:40 UT). 
The parameters of the fine structure changed in a  complex way. 
In the beginning, the emission was almost not polarized, which is 
unusual for the decimeter range. The main property of the zebra 
stripes was that they rapidly drift in the frequency and change signs 
when crossing the regions with pulsations. But after about 06:25 UT, 

3 https://solarmonitor.org/index.php?date=20031026&region=10486 

Fig. 3.3. Dynamic spectra of the Huairou station of the National Observatory 
of China in the left and right polarization channels of the October 26, 2003 
event in the 1.1–1.54 GHz decimeter band (Fu et al., 2004)
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the polarization became strong right sign, indicating the dynamics 
of the radio sources.

An isolated fiber changes sharply the direction of frequency 
drift twice in 1.9 s in the range 1.1–1.214 MHz. There are no zebra 
stripes in the nearest spectrum bands and at the beginning and end 
of the fiber it is more like a fiber burst, only with the opposite fre-
quency drift and no absorption from the LF edge of the fiber. This 
appeared at the time of the X-ray burst maximum and on a growing 
high type IV continuum, so it can be assumed that the source may 
have been magnetically trapped, but the absence of zebra and fiber 
bursts at this time complicates the choice of an unambiguous emis-
sion mechanism. The general appearance of fibers is more char-
acteristic of fiber bursts, but with the source trapped between the 
leading edge fronts of the CME and the shock wave.

Fig. 3.4. Dynamic spectrum in the 1.1̶ 1.34 GHz decimeter band. And the 
intensity profile at 1.148 GHz (in arbitrary units) from the Huairou station of 
the National Observatory of China in the July 13, 2005 event (Fu et al., 2004)
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Another example of an isolated fiber in the decimeter range is 
shown in Fig. 3.4.

This isolated fiber with a constant positive drift reveals absorp-
tion from the LF edge can almost definitely be considered as a fiber 
bursts type.

The event was rather complicated, after a  moderate flare of 
M1.1 in the western region 10786, N11 W82, the continuum burst 
in the decimeter band lasted almost 2 hours. None of the observers 
recorded the II+IV burst, although there was a rich fine structure in 
the decimeter continuum: zebra, pulsations, fibers, spikes4.

Moreover, our fiber appeared at the end of another continuum 
burst (Fig. 3.5).

4 �https://solarmonitor.org/data/2005/07/13/meta/noaa_events_raw_20050713.txt 

Fig. 3.5. Dynamic spectra of the Huairou station of the National Observatory 
of China in the left and right polarization channels of the July 13, 2005 
phenomenon in the 1.1–1.228 GHz decimeter band (Fu et al., 2004)
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And one minute before our burst, almost the same fiber was ob-
served, but against a background of fast pulsations in emission and 
absorption, with the fiber reacting only to absorption (dips in the 
intensity profile shown above the spectrum in Fig. 3.6). Further, 
for almost 20 minutes, spikes appeared in the background of fast 
pulsations, zebra structure and fibers (fiber bursts).

Fig. 3.6. Dynamic spectrum in the decimeter band 1.1–1.34 GHz, the Huairou 
station of the National Observatory of China and the intensity profile at  
1.164 GHz (in arbitrary units) in the July 13, 2005 event (Fu et al., 2004)
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Fig. 3.7. Dynamic spectra of the Huairou station of the National Observatory 
of China in the left and right polarization channels of the September 12, 2004 
event in the 2.6–3.2 GHz microwave band (Fu et al., 2004)

In the microwave range, slow drifting fibers have also been ob-
served, mostly during large radio bursts (Figs. 3.7 and 3.8). One 
may also note the isolated fiber in Fig. 3 in Fomichev, Chernov 
(2020) observed in a  large radio burst on November 18, 2003 at 
08:25:12–08:25:15 UT. It looks identical on the spectra of two ob-
servatories separated by nearly 7 thousand km, confirming the solar 
nature of the event. Although all three cases can be recognized as 
off spurs of a zebra structure with one or two stripes.
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Fig. 3.8. Dynamic spectra of the Huairou station of the National Observatory 
of China in the left and right polarization channels of the November 4, 2013 
event in the 2.6–3.14 GHz microwave band5

3.3. Discussion
1. Thus, isolated slow drifting fibers have been observed mainly 

in the decimeter range, although there are examples in both the 
meter and microwave ranges. They exhibit a number of features of 
classic fiber bursts. But why they are isolated, whereas fiber bursts 
tend to appear in large groups, which is naturally associated with 
the whistler model, whose excitation is characterized by periodicity, 
and related both to nonlinear instability processes (whistler 
scattering on fast particles, interaction with ion-sonic waves) and 
to the bounce period of the particle beam trapped in the magnetic 
trap (Chernov, 2006). The frequency drift differs sharply from the 

5 https://solarmonitor.org/index.php?date=20131104 
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fiber burst: sometimes it is almost absent (long fibers in the meter 
range, noted in the introduction). Or it has a saw-tooth character 
(Fig. 3.3).

All the slow drifting bursts (the examples of dynamic spectra 
of some bursts are shown above) have been observed at the back-
ground of wide band continua named as type IV radio burst. Sourc-
es of this continuum radio emission are coronal magnetic loops in 
the solar atmosphere (Stepanov, Zaitsev, 2018). In such magnet-
ic arc structures loss cone distributions of fast electrons superim-
posed upon a thermal background are formed which are unstable 
for plasma waves (ωl, kl) and whistlers (ωw, kw). A coupling process 
of whistlers with plasma waves (ω + l → t) can lead to generation of 
electromagnetic (t) waves, in our case radio fibers. Such a mecha-
nism was used to explain the generation of fibers with intermediate 
drift (Kuipers, 1975), later an analysis of the conditions for realiza-
tion of this process and its efficiency in the solar corona was given 
in (Fomichev, Fainshtein, 1988). As is well known, the conditions 
of spatio-temporal synchronization (or  the conservation laws for 
energy and moment) must be satisfied in such an interaction
	 ωl + ωw = ωt    kl + kw = kt . 	 (3.1)
The frequencies and wave numbers appearing in these relations 
must satisfy the dispersion relations for the corresponding branch 
of oscillations in a plasma:
	 ω2

l = ω2
L + k2

l V 2
Те, 	 (3.2)

	 ω ωt L tk c2 2 2 2= + , 	 (3.3)

	 ω ω ωw w H Lk c= 2 2 2/ . 	 (3.4)

Here VТе = (kBT/me)½ is the electron thermal velocity, kB is the 
Boltzmann constant, ωH = еН/meс is the electron gyrofrequency, 
ωL = (4πe2N/me)½ is the electron Langmuir frequency, N is the 
electron density, and H is the constant magnetic field strength.

Equation (3.4) is written for the case of longitudinal propaga-
tion of a whistler and ωw  ωH . The basis for such an assumption is 
the fact that frequencies close to ωH resonant cyclotron absorption 
becomes important. According to Ginzburg (1967), half-width of 
the resonance line ∆ω/ω = √2 VТеn/ с  (n  = ωL/(ω ωH)½  1 
is the index of refraction for whistlers. For ωH /ωL ~ 0.1, 
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VТе /с ~ 1.5 · 10–2 (T ≈ 106 К) we obtain ∆ω/ω ~ 0.2–0.4. Nu-
merical calculations of the cyclotron absorption coefficient in the 
coronal plasma have also shown that whistlers are strongly damped 
at frequencies ω > ωН/2.

For ωl ≈ ωL, ωt ≥ ωL and ωL  ωН, the case of interest for us, 
and also using the relation k2

t  = k2
l    + k2

w + 2kl · kw · cos θ (θ is the 
angle between the directions of propagation of the whistler and the 
plasmon) that follows from kl + kw = kt we can obtain from Eqs. 
(3.1)–(3.4) the frequencies and the wave numbers of interacting 
waves. For the conditions in the sources of type IV bursts we obtain 
kl ≈ kw and kl ≈ – kw, i. e., plasmons and whistlers with approxi-
mately equal and oppositely directed wave vectors take part in the 
interaction. Also, we can obtain the estimates for the frequencies 
and the wave numbers of interacting waves

	 ωl ≈ ωL (1 + β2
Т ωw/2ωH), kl ≈ kw ≈ (ωL/с) · (ωw  /ωH)½. 	(3.5)

It should be noted that all the conclusions and estimates given 
above under assumption that HF electromagnetic waves are the 
ordinary mode. Analysis for the extraordinary showed that the 
synchronization conditions (3.1) are not satisfied for any values of 
kl/kw and ωH /ωL, and hence the generation of extraordinary waves 
through the interaction of plasma waves and whistlers is impossible. 
Therefore, the polarization of the radio emission in this case will 
correspond to the ordinary wave, which agrees with observations.

In the frames of this model the generation of whistlers occur 
in low part of the coronal magnetic loop, and propagating towards 
the higher levels of the solar atmosphere with decreasing magnetic 
fields whistlers will approach and reach the levels where strong res-
onance cyclotron absorption takes place because of increasing of 
parameter ωw/ωH. This effect can explain more rare registration 
of such fibers in meter waves range in comparison with decimeter 
wave range.

2. Let us use the relations obtained above to estimate the pa-
rameters of the sources of type IV radio bursts. First of all, let us 
estimate one important parameter, the turbulence level of whistlers 
in the source. To do so we use the data on the observed radio flux 
S and the brightness temperature Teff of the emission in fibers. For 
frequency f ≈ 0.3 GHz the observed values of S ≈ 102–103 Wm–2 
Hz–1 correspond to Teff  1014 K. The brightness temperature Teff  
of the emission is determined by formula
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	 Тeff = 2πWk /k2
t kB, 	 (3.6)

where Wk = Wt /∆kt is spectral energy density. Substituting the 
expressions for kt = (ωL/с) · (2ωw/ωL)½ and ∆kt = (ωL/с) · (ωw/2 ·  
· ωL)½ here and adopting the values ωw/ωH = 0.25, ωН /ωL = 0,1 we 
obtain Wt  ≈ 10–9 erg · сm–3. Then taking value of Wl = 10–5– 10–6 
erg · см–3 for the level of plasma turbulence in the source of type 
IV bursts (Stepanov, 1973) we obtain the estimation Ww = 2 · 10–10 
erg · cm–3 for the level of low-frequency turbulence of the whistler 
type in a coronal arch.

Another important parameter that can be estimated from the 
characteristics of filamentary bursts is the magnetic field H. To 
find the magnetic field we use the value of frequency drift of bursts 
which within the frame-work of our model is determined by the 
group velocity of propagation of the whistlers, and we can write
	 (LN /с) · df/dt = (fH · fw)½ (1 – fw /fH)3/2, 	 (3.7)
where LN = N (dN/dr)–1 is the scale of electron density 
inhomogeneity in the solar corona. On the other hand, from Eqs. 
(3.1)–(3.4) it follows that ∆ωt = ∆ωl + ∆ωw, ∆ωl = ½ · βT 2 ·  
· ωL /ωH· ∆ωw and ∆ωt ≈ ∆ωl. On this basis we may adopt the 
emission and absorption bandwidths frequencies approximately 
equal, and write
	 ∆fb = fw , 	 (3.8)
where ∆ fb is the observed frequency bandwidth of brightening. 
Using the data on the frequency drift df/dt and ∆fb (Elgaroy, 
1982; Chernov, 2011) as well the model of the height distribution 
of electron density in the corona we can obtain estimates of the 
magnetic field in the emission source from Eqs. (3.7) and (3.8). Thus, 
using the doubled model of Newkirk for the density distribution, 
usual for the meter range, and values df/dt = 7.4 МHz/s, ∆fb = 2.1 
MHz for source at frequency f = 300 МHz we obtain the estimate  
H ≈ 5 Gs, and for the source at frequency f = 150 МHz with  
df/dt = 3.1 МHz/s, ∆ fb = 11 MHz we obtain H ≈ 1.4 Gs.

The Newkirk model predicts a variation of the electron densi-
ty Ne, with the distance r, from the center of the Sun that has the 
form:
	 Ne = 4.2 · 104 104.32R /r = 4.2 · 104 e9.95R /r [cm–3], 	 (3.9)
where R is the solar radius (Newkirk, 1961).
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Other peculiarities of the dynamic spectra of radio fibers (low 
frequency drift, irregular changes of frequency drift including chang-
es of sign of drift, etc.) may be connected with features of non-linear 
processes of generation of whistlers and their interaction with fast 
electrons in arch-like magnetic structures in the solar atmosphere.

An isolated fiber means no bounce period and non-linear pro-
cesses cause only a sawtooth-like nature of the frequency drift. In 
principle, both of these cases are perfectly acceptable. For exam-
ple, in open magnetic field configurations. Interactions with fast 
particles are still possible, at least once. Multiple new injections of 
fast particles, leading to a change in the whistler instability from 
normal to anomalous resonance, are also possible (Chernov, 1990; 
Chernov, 1996). The latter process causes an abrupt change in the 
direction of the whistler group velocity, which determines the fre-
quency drift, which explains the saw-tooth character of the fiber. 
However, the fiber in Fig. 3.6 in the background pulsation is sur-
prising in the absence of a saw-tooth frequency drift, although new 
beams of fast particles clearly took place to be, according to the 
pulsation model in emission and absorption.

The absence of fiber frequency drift in the meter range can 
probably be explained by the advance of the whistler wave packet 
almost across the plasma frequency gradient (along the plasma lev-
els). In addition, there is still the effect of some compensation of the 
whistler group velocity when its direction is changed. In this case 
a wave-like frequency drift should rather appear. When the whistler 
instability switches from a normal Doppler effect to an anomalous 
one, the whistler group velocity reverses (Chernov, 1996). If this 
process is slowed down (e. g., by additional particle injection), the 
fibers can remain almost parallel to the time axis on the spectrum.

3.4. Conclusion
The isolated radio fiber bursts observed mainly in the decime-

ter range and given in this paper, display a number of features of 
classical fiber bursts. The process of interaction of whistlers with 
Langmuir plasmons was suggested as a mechanism of such radio 
fibers generation. Analysis of the conditions for realization of this 
process in the coronal magnetic arch structures with forming of the 
distribution function of fast electrons of loss-cone type and its effi-
ciency was carried out. Unusual peculiarities of dynamic spectra of 
such fibers (irregular frequency drift including a change of sign of 
frequency drift, etc.) can be connected with features of nonlinear 
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processes of generation of whistlers and their interaction with fast 
electrons in arch-like magnetic structures in the solar atmosphere. 
The estimates of intensity of low frequency turbulence of whistler 
type and magnetic field strength in the sources of radio emission 
were obtained by data on radio fibers.
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Chapter 4
FINE STRUCTURE OF TYPE IV SOLAR  

RADIO BURSTS, CONNECTED WITH STATIONARY  
AND MOVING SOURCES

Abstract. Different types of fine structure in the continuum 
emission of type IV radio bursts are considered with respect to 
different types of emission sources, stationary and moving. In 
the case of stationary sources, the origin of the fine structure is 
associated both with processes in individual magnetic loops (quasi-
periodic acceleration, magneto hydrodynamic (MHD) waves) 
and with large-scale processes associated with the propagation of 
MHD disturbances, formation of loop arcades and simultaneous 
discrete particle accelerations, resulting in pulsating radio emission 
character. For the case of a  moving source, the generation 
mechanism largely depends on the magnetic structure of the source 
(expanding magnetic arcade or isolated plasma cloud). In this case, 
the connection with coronal mass ejections and shock waves is also 
important. Second pulsations are explained by MHD oscillations 
of the source in the form of a magnetic loop or cloud. The absence 
of other fine structure in continuum of type IV moving bursts can 
be related to the critical loss-cone angle for whistler to be excited.

4.1. Introduction
All the types of solar radio bursts, type IV continuum radio 

bursts are characterized by the most diverse and complex fine 
structure of their dynamical spectra. Most such bursts are associated 
with powerful flares and coronal mass ejections (CMEs). The 
fine structure of the continuum radio emission has been studied 
since 1959, following observations by Elgarøy (1959). The variety 
of types of fine structure complicates its classification, and this 
makes its interpretation difficult. Nevertheless, it is possible 
to identify the main elements of the fine structure, as well as 
the most characteristic combinations of these elements. At the 
same time, according to observations on radio interferometers 
and radioheliographs, type IV radio burst sources can be both 
stationary and detecting movement. Accordingly, radio sources in 
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such cases are called «stationary sources» and «moving sources». 
Therefore, for a theoretical interpretation of fine structure of radio 
bursts it is necessary to take into account the type of source and 
physical conditions in which this or that mechanism of generation 
is realized. In this paper, based on the available experimental data, 
an attempt is made to classify the fine structure of type IV radio 
bursts taking into account the type of source.

4.2. Experimental data on type IV moving radio bursts
The dynamic spectra of moving sources are a  uniform 

continuum drifting to low frequencies in the meter wave range 
(typically <200 MHz) for tens of minutes: simultaneous bursts of 
stationary sources last longer (hours) than moving bursts (tens of 
minutes). Large progress in type IV observations of moving bursts 
was made with the introduction of the Kulgoora radioheliograph, 
first at 80 MHz, then at 40, 160, and 320 MHz (Wild, 1967).  
Figure 4.1 shows an example of a  moving type IV burst source 
(«isolated plasma cloud»), when the radiation source at a  fixed 
frequency of 80 MHz moved radially to very high heights.

Such source properties are consistent with the cyclotron nature 
of the emission of moderately relativistic electrons in the magnetic 

Fig. 4.1. The spatial relationship between the rising prominence observed in 
Hα (sketched from a photograph) and the 80 MHz radioheliogram sources 
(denoted by the positions of the centroids at various times) (fragment of 
Fig. 3 in Riddle, 1970)
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field of the cloud. Gary et al. (1985) considered a moving type IV 
radio burst on June 29, 1980 at 02:33 UT on three frequencies of 
the Kulgoora radioheliograph, 40, 80, and 160 MHz, with simulta-
neous observations on the SMM coronagraph. The authors check 
the already known observations (Riddle, 1970) (see Fig. 4.1). But 
the authors showed that the radiation of the moving burst was at 
the second harmonic of plasma frequency. The 80 MHz source was 
moving along the dense part of the CME at the 40 MHz plasma 
level (plasma mechanism).

Another variety of type IV moving burst sources is the rising 
shock front (Fig. 4.2, A), where the appearance of radio emission 
is associated with synchrotron emission of electrons accelerated on 
the shock wave (Boischot, 1957; Gopalswami, 2016).

Obtaining images of type IV radio burst sources has led to much 
better understanding of the development of sources and processes 
of radiation generation (Pick, Vilmer, 2008). It was found that the 
most probable is the plasma mechanism of radiation at the fun-
damental plasma frequency or at its second harmonic. A  similar 
conclusion was made in (Trottet et al., 1981) to explain the short-
term modulations of the radiation of a moving type IV radio burst 
source. The moving radio bursts were associated with MeV elect- 
rons injected into expanding magnetic arcs behind the leading edge 
of the CME. Some narrow-band bursts were associated with explo-
sive emissions (Pick et al., 2006).

Fig. 4.2. Two types of possible sources of type IV moving radio bursts: (A) 
a moving front and (B) a magnetic cloud (Gopalswami, 2016)
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With the development of optical observations on coronagraphs 
(SOHO/LASCO), type IV moving radio bursts began to be used to 
understand the nature of CMEs because of their close space-time re-
lationship. The continuum usually contains no fine structure, except 
for pulsations with second or minute periods. Examples can be seen 
in the spectra of a new radio spectrograph in the 85–35 MHz range 
(Gauribidanur Low Frequency Solar Spectrograph near Bangalore, 
India) (Ramesh et al., 2013).

A variety of fine structure types of radio bursts are described in 
many articles (see, for example, Chernov, 2011, and literature cit-
ed there). The most characteristic elements are: a) fiber burst ̶ look 
on the dynamic spectrum as a narrow-band drifting brightening of 
the continuum, accompanied on the low-frequency side by a sim-
ilar band in the absorption; b) pulsations – quasi-regular sequence 
of broadband amplifications and attenuations of continuum, usu-
ally without noticeable frequency drift; c)  zebra-structure – sys-
tem of numerous frequency alternating bands in emission and ab-
sorption. We observe both regular zebra structures, when bands are 
characterized by almost constant or smoothly changing frequency 
drift, and irregular or non-stationary zebra structures with repeated 
and sharp changes in magnitude and direction of frequency drift 
almost synchronously in all bands; d)  spikes – narrow-band and 
short-term bursts at the background of continuum radiation, etc. 
During powerful solar flares, different types of fine structure can be 
observed in various combinations.

4.2.1. The Bastille flare of July 14, 2000

A clear example of a moving source of an IV burst is the obser-
vations of the dynamical spectra during the famous Bastille flare of 
July 14, 2000 (X5.7/3B-class eruptive flare) (Reiner et al., 2001; 
Chertok et al., 2001). A  detailed analysis of fine structure of the 
radio burst in the meter range is presented in (Chertok et al., 2001 
and Caroubalos et al., 2001). The declining phase of the flare in the 
270–180 MHz range of the IZMIRAN spectrum in Fig. 4.3 marks 
a  drifting continuum without any clear signs of fine structure.  
According to data of the ARTEMIS-IV radio spectrograph, the ab-
sence of a fine structure in drifting continuum is also confirmed at 
higher frequencies, up to 600 MHz (Fig. 4.4).

It is important that this continuum accompanied a type II ra-
dio burst at lower frequencies. Only later appeared pulsations with 
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Fig. 4.3. The Bastille flare on July 14, 2000. According to IZMIRAN: (a) 
dynamic spectrum in the range 25–270 MHz; (b) and (c) time profiles  
at 204 and 3000 MHz. Along the vertical axes in parts (b) and (c) 1 s. f. u. =  
= 10–22 W/m2Hz. The spectrum (a) shows several type II bursts (aa, bb, cc) 
and a slowly drifting decimeter continuum (ee) (Fig. 3 in Chertok et al., 2001)
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periods of tens of seconds, but most likely related to the arising 
stationary type IV radio source (Fig. 5d in Chertok et al., 2001). 
A  rich fine structure was observed in the stationary continuum 
from 10:38 UT to 10:50 UT in the 250 to 430 MHz range in the 
form of numerous fibers (fiber bursts) at the background of seconds 
pulsations. An illustrative example of such a fine structure is pre-
sented in (Caroubalos et al., 2001). A fragment of Fig. 6 from this 
work is shown in Fig. 4.5.

Adopting the possible radio source model shown in Fig. 4.2, 
we can say that the rich fine structure at the high frequencies of 
the meter range was excited in a closed loop (magnetic trap) type 
source, while the drifting continuum source was located higher in 
the magnetic cloud above the advancing front.

Analysis of simultaneous dynamic spectra of IZMIRAN and 
Chinese spectrographs in the 1–7.5 GHz range showed that the 
drifting continuum appeared still at frequencies around 1.5 GHz, 
as the non-drifting one did, after 10:45 UT. In (Wang et al., 2001) 
the spectrum obtained on the spectrograph of IZMIRAN was 
combined with the spectra of Chinese spectrographs in the 1–7.5 
GHz range, and a fine structure in the form of drifting fibers in the 
5.2–7.0 GHz frequency range was registered at the beginning of 
the phenomenon and in the 1.0–1.3 GHz frequency range at the 
very end of the phenomenon.

Fig. 4.4. According to the ARTEMIS-IV radio spectrograph data, the 
absence of a  fine structure in the drifting continuum is also confirmed at 
higher frequencies, up to 600 MHz ARTEMIS-IV (fragment of Fig. 2 in 
Caroubalos et al., 2001)

200
300
400
600

10.00 11.00 11.1010.10 10.20 10.30 10.40 10.50 UT

200
300
400
600

Artemis–IU ASG Data, Jul 14 2000. Integration time=5.00 sec



51

A significant feature of the Bastille flare is revealed by a  joint 
analysis of dynamic spectrographs from IZMIRAN spectro-
graphs, SOHO/LASCO white light coronagraph data, and detailed 
TRACE EUV ultraviolet images (Chertok et al., 2001; Aschwan-
den, Alexander, 2001; Masuda et al., 2001). It turned out that the 
radio emission pulsations observed at different phases of the flare 
coincided with the formation of magnetic loop arcades, and the 
temporal characteristics of individual pulsations practically coin-
cided with the time of the formation of individual loops and the 
time intervals between them.

4.2.2. The phenomenon of November 3, 2003

In a unique phenomenon on November 3, 2003 in the radiation 
of the moving continuum we observed unusual fibers in the meter 
range, passing into the decameter range on the spectrum WIND/
WAVE (Fig. 4.6). The motion of the radio source in the meter range 
is shown in Fig. 6 in (Vršnak et al., 2006) by the source positions 
at several frequencies of the radioheliograph Nançay (France). 
The radio fiber source was located between two shock fronts after 
overtaking the fast front of the slow one (Chernov et al., 2007a). 
The frequency drift of the fibers was close to the drift of the type II 
burst band, and the emission of the fibers was probably caused by 
enhanced emission from inhomogeneities in the CME tail. Thus, 
unusual narrow-band fibers appear to be the predominant type of 
fine structure in the drift continuum.

Fig. 4.5. Behavior of the derivative signal of the Bastille flare according to the 
ARTEMIS-IV radio spectrum during one minute in the 265–241 MHz range. 
Fine structure of the stationary source is impressive in its complexity: two 
families of fibers (fiber bursts) with different frequency drifts and overlapping 
each other were observed against the background of fast broadband pulsations 
of radiation. At the high-frequency edge of the spectrum, a developed zebra-
structure is visible. (Fragment of Fig. 6 from Caroubalos et al., 2001)

10:38:00 10:38:10 10:38:20 10:38:30 10:38:40 10:38:50 10:39:00

300

400

Artemis–IU SAO Data, Jul 14 2000. Integration time= .10 sec



52

Fig. 4.6. The continuation of the filament structure in the continuum from 
the meter range to the decameter range and fragments of U-bursts and fibers 
in the type II burst in the low-frequency part of the spectrum: (a) spectrum 
of IZMIRAN spectrograph at 90–25 MHz, (b) spectrum RAD2, WIND/
WAVE 14–1 MHz (Fig. 6 in Chernov et al., 2007a)
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Similar fibers have been observed before thanks to simulta-
neous observations on spectrographs IZMIRAN and UTR‑2 
(Chernov et al., 2007b). In two phenomena, slow drifting fibers 
for nearly 4 min at 28–18 MHz on August 16, 2002, and two fiber 
fragments for 25 and 50 s at 19–21 MHz and 27.5–29.5 MHz 
on August 18, 2002, respectively, were observed against a diffuse 
continuum (Fig. 5 and 6 in Chernov et al., 2007b).

The radio sources of both phenomena were located between the 
leading edge of the CME and catching up it with fast shock fronts. 
The radiation came from elongated plasma inhomogeneities in 
the tail of the CME. It is interesting to note that in the first (and 
very weak) phenomenon, the fibers revealed a superfine structure 
in the form of periodic fibers (fiber bursts), with long fibers beco- 
ming similar to rope-like fibers (Chernov, 2008). It is assumed that 
the excitation of rope-like fibers is associated with the generation 
of whistlers in the magnetic trap between the leading edge of the 
CME and the shock front, where the velocity distribution function 
of energetic electrons with a loss-cone is formed. Therefore, even 
a single particle beam due to bouncing motions in such a trap will 
lead to periodic whistler excitation. Thus, the radio source of a type 
IV moving burst is not always uniquely explained by an advancing 
front with a  magnetic cloud (Fig. 4.2); in each phenomenon the 
sources have their own features.

Pulsations of radiation with periods of tens of seconds are pro- 
bably associated with MHD oscillations or MHD waves propagat-
ing from the bottom of the flare region.

In recent years, the development of observations with the  
CALLISTO and LOFAR radiospectrograph networks allows to 
analyze moving radio bursts in more detail (Morosan et al., 2021). 
It shows that half of all type IV bursts are associated with moving 
sources. A closer connection with CMEs was found, allowing us to 
analyze the mechanism of particle acceleration in the CME tail. 
In this work, authors admit the possibility of a cyclotron nature of 
the radio emission source at the initial temporal stage and with the 
predominance of the plasma mechanism at the subsequent stage, 
when the source rises to greater distances.

4.3. Source models and possible emission mechanisms
Based on the totality of experimental data, the following char-

acteristics of type IV continuum burst sources can be noted.
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1. Stationary sources – a wide range of frequencies (from mi-
crowave to meter wavelength range), a large variety of fine structure 
(zebra-structure, pulsations, fiber-bursts, spikes, points in emis-
sion and absorption, tadpoles, etc., as well as their combinations).

2. Moving sources – frequency range from decimeter to deca-
meter range, fine structure – pulsations, fibers.
In most works theoretical interpretation of the fine structure of 
type IV radio bursts, associated with stationary sources, is based 
on the analysis of physical processes in a separate arc – a magnetic 
loop, in which the distributions of fast particles with loss-cone are 
naturally formed. Thus, within the framework of such a  source 
model, the most common theory of zebra-structure generation –  
radiation at different levels of double plasma resonance (DPR), 
where the upper hybrid frequency (ωUH) becomes equal to the 
integer number of electron cyclotron harmonics sωBe: ωUH = (ω2

Pe +  
+ ω2

Be)1/2 = sωBe (Zheleznyakov et al., 2016). As an alternative 
mechanism, the mechanism of non-linear interaction of Langmuir 
plasmons with whistlers l + w → t in a magnetic trap-type source is 
discussed. Within the framework of the same ideas, the generation of 
fibers in emission and absorption can be explained (Chernov, 2011).
With the injecting accelerated electrons with a  non-equilibrium 
momentum distribution into the trap, the development of cyclotron 
instability of Bernstein modes with their nonlinear conversion 
(fusion) into electromagnetic waves is possible. Such a model allows 
us to explain the generation of «tadpoles» and their various varieties 
(Zheleznyakov, Zlotnik, 1975).

A  number of models are proposed to explain radio emission 
pulsations, caused by variations of medium parameters (density, 
magnetic field), associated with fast magnetosonic waves, excited in 
magnetic tubes. When interpreting the pulsations under the plasma 
mechanism of continuum generation, the periodic modulation 
of radio emission may also be a consequence of pulsating modes 
of beam and loss-cone instabilities (Zaitsev, Stepanov, 1975). 
Another approach explaining pulsations is based on the analysis of 
flares with a complex spatio-temporal structure. In such flares, the 
process of prolonged energy release occurs sequentially in different 
places in the active region (Ishkov et al., 1985). For example, in 
the well-known Bastille flare, a  close correlation was established 
between the appearance of a  sequence of separate short-period 
broadband radio bursts (which can be classified as pulsations) and 
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the formation of separate magnetic loops. Since such structures 
are observed in complex flares during the post-eruptive phase, 
the overall picture may include the propagation of a  large-scale 
disturbance in the solar atmosphere that initiates successive 
processes of reconnecting magnetic field lines (e. g., in helmet-
like magnetic field configurations) and simultaneous particle 
acceleration, formation of magnetic loops (together, forming 
a magnetic arcade), and generation of individual radio bursts upon 
injection of accelerated particles into individual loops (an example 
of this situation could be the Bastille flare (Reiner et al., 2001; 
Chertok et al., 2001)).

More complicated situation still exists with interpretation of 
fine structure in moving sources of type IV bursts. First, experi-
mental data do not allow us to make a definitive conclusion about 
the nature of the generation mechanism of the continuum radio 
emission itself; in different cases there are arguments both in favor 
of the plasma generation mechanism, and in favor of the cyclo-
tron (synchrotron) mechanism, or in their combination. Secondly, 
unlike stationary sources, the geometrical structure of the source 
is not clear – a magnetic cloud or an elongating region (possibly 
a magnetic tube) following a large-scale disturbance. In both cases, 
the connection of radio emission sources with CMEs and shock 
waves (type II bursts) is obvious.

A brief review of the fine structure in the known phenomena 
shows that in moving radio bursts only occasionally broadband 
pulsations with periods of a few seconds or tens of seconds appear. 
In several phenomena with specific source features (overtaking 
fronts), a series of fibers with frequency drift characteristic of type 
II bursts were observed. At the same time, these fibers sometimes 
reveal an ultra-fine structure in the form of rope-like fibers. The 
latter were associated with the source between the shock-wave 
fronts, in which periodic whistler packets can be excited.

The magnetic cloud, shown in Fig. 4.2 as a  continuum 
source of type IV moving bursts, is a trap for flare electrons and 
protons. A  magnetic loop with increased density is a  resona-
tor for fast magnetosonic waves excited by accelerated protons 
(Rosenberg, 1970). The oscillation period of a fast MHD mode 
in a loop with radius R much smaller than length L is approxi-
mately equal to value T ≈ R(CA + Cs)–1/2, where CA is the Alfven 
speed, Cs is the speed of sound. For real values in the corona of 
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(CA  + Cs)1/2 ≈ 108 cm s–1 and R ≈ 108–109 cm, the oscillation 
period can vary from 1 to 10 s. The fast MHD mode of oscillations 
changes the plug ratio in the loop with such a period. In the plasma 
mechanism, continuum emission is excited by energetic electrons 
with loss-cone instability, so MHD oscillations can lead both to 
periodic modulation of energetic electrons falling out from the trap 
and to changes in plasma parameters in the source, and, as a result, 
to pulsation of radio emission with the same period (Zaitsev et al., 
1984). In sources that are magnetic traps for energetic electrons, 
whistler and Langmuir waves can also be excited simultaneously, 
whose fusion will lead to the generation of fibers as part of type 
IV bursts.

But we still need to understand why other types of fine structure 
(fiber-bursts, spikes, zebra-structure) are usually not observed and 
appear only in specific conditions, when the source is located, for 
example, between two shock fronts (Chernov et al., 2007a).

Such a cause may be related to the critical loss-cone angle for 
whistler excitation. According to estimates (Mann et al., 1989) for 
solar coronal conditions, this angle is ~3.58° and it increases with 
increasing magnetic field strength. Attempts to relate the field in-
crease to the passage of a  fast MHD mode give too small an in-
crease of ~10–2, which is insufficient for an appreciable increase 
in the pitch-angle (Mann et al., 1989). However, if the perturbing 
agent is a shock front in which the field increases several times, the 
loss-cone instability increases dramatically.

4.4. Conclusion
A large variety of fine structure of dynamic spectra (temporal 

and spectral parameters) of solar continuum type IV radio bursts 
indicate, on the one hand, a great variety of physical parameters 
of radio emission sources (magnetic loops, loop arcades, magnetic 
clouds, regions behind CME and shock waves), on the other hand, 
possible connection with different mechanisms of radio emission 
generation (cyclotron or plasma). Close connection of type IV 
radio bursts with CME propagation in the solar atmosphere testi-
fies also to close connection of radio emission characteristics with 
physical processes accompanying large-scale disturbances, in par-
ticular, with restructuring of magnetic structure of active regions, 
processes of magnetic reconnection, particle acceleration, and 
generation of turbulence of various types. Further observations and 
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studies of radio bursts with high temporal, spatial and spectral res-
olution are needed to elucidate the connection between all these 
processes and the fine structure of radio bursts. In particular, it is 
important to study the parameters of sources of individual pulses 
and their variations in the composition of long-term quasi-periodic 
structures of type IV continuum radio bursts. The absence of other 
fine structure in the continuum of moving type IV bursts may be 
due to the critical angle of the loss cone for whistler excitation.
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Chapter 5
ON THE ISSUE OF THE ORIGIN  

OF TYPE II SOLAR RADIO BURSTS

Abstract. Type II solar radio bursts are among the most powerful 
events in the solar radio emission in the meter wavelength range. 
It is generally accepted that the agents generating type II radio 
bursts are magnetohydrodynamic shock waves. But the relationship 
between the shock waves and the other manifestations of the 
large-scale disturbances in the solar atmosphere (coronal mass 
ejections, Morton waves, EUW waves) remains unclear. To clarify 
the problem it is important to determine the conditions of type 
II radio bursts generation. Here, the model of the radio source is 
based on the generation of radio emission within the front of the 
collisionless shock wave where the Buneman instability of plasma 
waves is developed. In the frame of this model, the Alfven magnetic 
Mach number must exceed the critical value, and there is a strict 
restriction on the perpendicularity of the front. The model allows 
to obtain the information about the parameters of shock waves and 
the parameters of the medium by the parameters of type II bursts. 
The estimates, obtained in this paper for several events with the 
band-splitting of the fundamental and harmonic emission bands 
of type II bursts, confirm the necessary conditions of the model. 
In this case registration of type II radio bursts is an indication on 
the propagation of shock waves in the solar atmosphere, and the 
absence of type II radio bursts is not an indication on the absence 
of shock wave. Such a situation should be taken into account when 
investigating the relationship between type II radio bursts and other 
manifestations of solar activity.

5.1. Introduction
Type II solar radio bursts are among the most powerful events in the 
solar radio emission in the meter wavelength range. On the dynamic 
spectrum, they appear as two harmonically related bands (in a ratio 
of 2/1) slowly drifting in frequency from high frequencies to low 
frequencies (Wild et al., 1954; Zheleznyakov, 1964; Kundu, 1965). In 
addition to the harmonic structure, bursts of this type have a various 
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fine structure of the dynamic spectra ̶ splitting of each of the harmonic 
bands into two sub-bands, a  herringbone structure characterized 
by the appearance of rapidly drifting bursts both towards low and 
towards high frequencies, patchy structure, etc.

At present, it is generally accepted that the agents generating 
type II radio bursts are magnetohydrodynamic shock (MHD) 
waves. Such MHD shock waves in the solar corona can be gen-
erated by solar flares, coronal matter ejections (CMEs), and fast 
plasma flows in the regions of reconnection of magnetic field lines 
(termination or quasi-stationary shock waves). In recent years, the 
spacecraft observations have shown (Cane, Erickson, 2005) that 
shock waves and type II radio bursts are also observed in the inter-
planetary plasma (they are called interplanetary shock waves, and 
decameter and kilometer type II radio bursts, respectively).

Numerous studies of the relationship between coronal shock 
waves and coronal (in the meter wavelength range) radio bursts of 
type II with interplanetary shock waves and decameter (Dm) and 
kilometer (km) radio bursts of type II, as well as the identifica-
tion of the type of shock waves (explosive or piston, in front of the 
CME) still did not give a clear picture.

In studies of solar radio bursts of type II, a difficult situation has 
now emerged, when many papers appeared with a detailed inves-
tigation of the relationship between shock waves (sources of type 
II bursts) and coronal mass ejections (CMEs), but without taking 
into account the mechanisms of radio emission, without which it is 
impossible to understand the fragmented structure of the dynamic 
spectra, the connection between type II bursts in the meter range 
and type II interplanetary bursts (in Dm and km wavelengths), as 
well as the relationship of type II radio bursts with other manifesta-
tions of large-scale disturbances in the solar atmosphere (Moreton 
waves, extreme ultraviolet waves, EUV).

In a recent article by Cairns et al. (2020) it was shown that all 
the shock waves are piston waves at the leading edge of the CME, 
and only the bursts with very high initial frequencies (~800 MHz) 
could be connected with explosive shock waves. At the heights of 
decimeter-range sources, only waves in the extreme ultraviolet ra-
diation (EUV) are usually observed, and CME formation occurs 
higher in the corona. Detailed analysis of the unique set of obser-
vational data on the event of November 4, 2015 (ground based and 
space observations in optic, X-ray and UV ranges, and in wide ra-
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dio diapason from 1000 MHz to 40 kHz) during which three meter 
type II bursts were observed in the same active region, showed that 
only the last (and the weakest of the three) had continuation as an 
interplanetary burst up to frequencies of ~20 kHz. Type II bursts 
are interpreted in terms of shock-drift acceleration and magnetic-
mirror reflection at shocks; development of a beam distribution of 
reflected electrons; growth of Langmuir waves via the beam insta-
bility, and non-linear wave-wave processes that convert Langmuir 
wave energy into radio emission near the electron plasma frequen-
cy fpe and near 2 fpe (Knock et al., 2001).

In (Maguire et al., 2020) questions were raised not only about 
the relationship of type II bursts with CME (explosive or piston 
type of shock wave?), but also on the evolution of the Alfvén Mach 
number M = Vsh/VA (Vsh and VA are the shock wave velocity and the 
Alfvén velocity) and on the initial and final frequencies of bursts. 
The Mach number was determined in three different ways: 1) from 
the geometry of the shock front propagation (in the CME images 
in extreme ultraviolet and LASCO), where the key parameter is the 
distance between the shock front and the CME nose; 2) by ratio 
of the CME velocity to the Alfvén velocity; and 3) by value of the 
band splitting in type II bursts according to the method proposed 
by Vršnak et al. (2002), where the origin of the splitting branches is 
interpreted in terms of the plasma emission from the upstream and 
downstream shock regions (behind and ahead of the shock front) in 
accordance with the model of Smerd et al. (1974). Analysis of the 
event of September 2, 2017 when the type II burst was observed at 
frequencies of 80–20 MHz (according to the Irish Low Frequency 
Array (I–LOFAR) data) showed that all three methods give consis-
tent results and the same tendency of evolution of the Alfvén Mach 
number: the type II radio emission emerged from near the nose of 
the CME when MA was in the range 1.2–1.4 at a heliocentric dis-
tance of ~1.6 Rs, and the emission ceased when the CME reached 
~1.7 Rs, despite an increasing Alfvén Mach number up to 4.  
It was suggested that the radio emission cessation is due to the lack 
of quasi-perpendicular geometry at this altitude, which inhibits ef-
ficient electron acceleration and subsequent radio emission.

The work of Zucca et al. (2014) showed a detailed correspon-
dence between CME and the shock front as a  piston one in the 
phenomenon of November 6, 2013. The interpretation of splitting 
of the second harmonic at frequencies of 550–150 MHz as radia-
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tion ahead of the front and behind the front is confirmed by obser-
vations of radio sources with the radioheliograph in Nançay. How-
ever, the authors do not continue their analysis of the continuation 
of the burst at lower frequencies of 80–40 MHz (shown there in 
Figs. 2 and 11). It was suggested that at these distances the shock 
front of blast type was formed as a result of interaction the CME 
with the coronal hole, propagated independently of CME, and had 
no continuation at km waves.

In paper of Corona-Romero et al. (2015) it is affirmed that 
all the interplanetary shock waves associated with km type II 
bursts were explosive, at least beyond ~21 RS (i. e., at frequencies  
≤1 MHz). A  blast regression technique is used to determine the 
speed and position of the front. It was found that the velocity of 
shocks near the Earth’s orbit in all the considered 8 phenomena 
(CME/shock front) was higher than the speed of the corresponding 
CMEs, and the calculated time and velocity agree with their values 
measured in the Earth’s orbit.

The first concepts, that type II radio bursts are observed only at 
meter wavelengths, have changed in recent years with the expan-
sion of qualitative observations. In particular, the bursts have been 
observed with the initial frequencies far in the decimeter range, 
~800 MHz (Cairns et al., 2020) or even ~1200 MHz (Pohjolainen 
et al., 2008), that is, at the altitudes where type II bursts can only be 
caused by explosive shock waves.

An intermediate case is the work of Zimovets et al. (2012), 
which presented the results of unique observations of the type II 
burst on November 3, 2010: simultaneous observations of radio 
spectrum in the range of 550–150 MHz, the positions of radio sourc-
es at ten frequencies between 445 and 151 MHz with the Nançay 
radioheliograph, plasma ejections in the extreme ultraviolet lines  
(AIA/SDO) and hard X-ray source (RHESSI). It has been shown 
that the onset of the type II burst was associated with a shock wave 
at the leading edge of the plasma ejection, i. e., unambiguously with 
a piston shock wave. But after about 20 s, the velocity of the shock 
front doubled, it moved away from the ejection and then propagat-
ed like an explosive front. The authors estimated the Mach number 
from the parameters of splitting of the second harmonic bands and 
obtained very small values, M 1.06–1.16. The authors conclude 
that in this case, the particles were somehow accelerated since the 
type II burst was observed.
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The results of a statistic study of the relationship between shock 
waves and their velocities with CME for 1997–2005 were giv-
en in the work of Rahman et al. (2012). It was found that out of  
101 CMEs, 52 phenomena did not contain both meter and km type 
II bursts. In 38 events, both meter and km bursts were observed. 
But the continuation of the meter burst in the km range was ob-
served only in 23 phenomena. 12 interplanetary CMEs (ICMEs) 
had high velocities, ≥2000 km/s. It is noteworthy that velocities of 
the interplanetary shock waves in all the phenomena exceeded ve-
locities of the corresponding interplanetary (MP) CMEs. In all 101 
events shock wave arrived the Earth’s orbit before (MP) CME, and 
the distance between shock wave and (MP) CME was minimum  
(~17 RS) in the events with high velocity, but the distance was 
maximum (~35 RS) in the events in which CME was accompanied 
only by a km type II burst (without the meter one).

The issue of the relationship between meter type II bursts with 
interplanetary bursts was considered in the work of Cane and  
Erickson (2005). Over three years of observations on WIND/
WAVES, 31 km type II bursts were detected as a direct continua-
tion of meter bursts. The most important result is a different nature 
of the bursts, since all km bursts were characterized by the absence 
of a clear harmonic structure and clumpy parameters. All the in-
terplanetary bursts were associated with piston shock waves in the 
front of fast CMEs, and meter bursts with other shock waves (pos-
sibly explosive). Thus, they were not their direct continuation in 
the interplanetary space.

Dependence of different manifestation of type II radio bursts 
in decametric, metric and kilometric ranges on power of the solar 
flares was discussed in review of Pick et al. (2006). It was remarked 
that the blast-wave shocks, connected with the metric type II burst, 
did not propagate in the interplanetary space. In most cases the 
type II radio bursts in decametric and kilometric range were con-
nected with the piston shocks. The unclear connection of type II 
radio bursts in decametric and metric ranges with different eruptive 
events observed in white light, radio, optical lines, UV, and X-rays 
was also noted.

Although the idea, that a driver for type II radio bursts is a shock 
wave, is generally accepted, all the estimations of their parameters 
(velocity, Alfven number M)  and plasma parameters (magnetic 
field, density) were done in many works only from kinematic con-
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siderations in terms of plasma parameters and the shock front ve-
locity without considering a specific mechanism of radio emission. 
For example, Bacchini et al. (2015) consider the acceleration of 
particles to speeds above the ion-acoustic speed sufficient for type 
II radiation. Their calculations show that a perpendicular wave can 
exist at the beginning, and it becomes parallel with distance in the 
corona. Obviously, such estimates cannot unambiguously explain 
the beginning and end of the emission from a type II burst.

Similar estimates were made by Mann et al. (1995). The cri- 
tical values of the Mach number Мcr for quasi-parallel fronts are 
between 1.2 and 2.3, and for quasi-perpendicular fronts are be-
tween 1.5 and 2.8. It was concluded that a  longitudinal wave is 
considered preferable, but the possibility of a perpendicular wave 
is not excluded.

It is necessary to note also that type II radio emission exhi- 
bits often burst-like and irregular (fragmented) dynamic spectra. 
It means, that the conditions for the radio emission to be generat-
ed are fulfilled irregularly and in distinct regions along large-scaled 
shock front.

Below, for clarification of these issues, we discuss the possibi- 
lity of obtaining information on the parameters of solar plasma and 
shock waves necessary for generation of type II radio bursts.

5.2. Discussion of the mechanism of radio emission
Experimental data on type II bursts (high effective radiation 

temperature Teff – Tc, sharp non-stationarity and a  narrow fre-
quency band, the complexity of the dynamic spectrum, short du-
ration) indicate a coherent generation mechanism, since it is co-
herent radiation that is closely related to wave amplification that is 
realized only in limited frequency intervals and with special types 
of plasma particle velocity distribution that exist for a limited time. 
At present, it is generally accepted that the agent generating type II 
radio bursts is magnetohydrodynamic shock (MHD) waves. Such 
MHD shock waves in the solar corona can be generated, for ex-
ample, by solar flares and coronal matter ejections (CMEs). This 
connection is supported by the numerous studies of the connec-
tion between type II radio bursts and these eruptive phenomena 
(CME, ultraviolet waves, Moreton waves) (e. g., Smith, Harvey, 
1971; Harvey et al., 1974; Thompson et al., 2000; Klassen et al., 
2000; Tripathi, Raouafi, 2007; Warmuth, 2010; Zhukov, 2011), as 
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well as a  proximity of the estimated velocities of agents exciting 
type II radio bursts and the Alfvén velocities in the solar corona. 
In constructing the theory of type II radio bursts, the most diffi-
cult problem was the generation of plasma waves, in particular, the 
implementation of non-equilibrium electron distribution functions 
in the shock front. A number of theories have been put forward to 
address this problem.

In papers of Cairns et al. (2020) and Knock et al. (2001) the 
generation of type II bursts is associated with the drift acceleration 
of electrons at the perpendicular shock front, the formation of flux-
es of accelerated electrons, the excitation of Langmuir waves in the 
region ahead of the shock front and their transformation through 
non-linear wave-wave processes into radio emission at frequencies 
close to the electron plasma frequency fpe and its second harmonic  
2fpe. Such model was used in many papers (Knock et al., 2001; 
Vršnak et al., 2001; Vršnak et al., 2002; Zucca et al., 2014; Magu-
ire et al., 2020; Cairns et al., 2020) in the analyses of type II radio 
bursts. However, within the framework of such a model, a number 
of the problems remain in the interpretation of such characteristics 
of bursts as a narrow bandwidth of the emission bands in frequency 
and a fine structure of the bands of splitting type. This model ex-
plains the acceleration and the formation of fluxes of accelerated 
electrons and the excitation of Langmuir waves in the upstream 
region of the shock front, but the issue of formation of fluxes of ac-
celerated electrons in the downstream region remained uncleared. 
Therefore, the origin of split-structure in the frame of this model 
remains also unknown.

Another approach for explanation of the complex structure of 
type II radio bursts is based on the possibility for radio emission to 
be generated in different parts of the shock front (McLean, 1967). 
Particularly, Holman and Pesess (1983) suggested that the elec-
trons responsible for the type II bursts might get accelerated from 
the shock flanks. In recent paper (Majumdar et al., 2021) it was 
shown that in the event of January 26, 2014 (with CME and type 
II burst) the source of radio emission was indeed located in the 
flank of the shock front. Nevertheless, the geometrical interpreta-
tion presuming a several source-emission sources cannot account 
for behavior of the splitting structure (synchronized intensity and 
frequency drift variation) because of the space separation of such 
sources and their moving in different coronal regions.
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The most consistent theory of the generation of type II radio 
bursts was put forward by Pikel’ner and Guntsburg (1963) and later 
developed in (Zheleznyakov, 1965; Zaitsev, 1965; Zaitsev, Kaplan, 
1966; Zaitsev, 1968; Zaitsev, 1977). It is based on the laminar the-
ory of weak collisionless shock waves (M < 2) propagating perpen-
dicular to the magnetic field.

If the number of collisions in plasma is sufficiently small (as oc-
curs in the solar atmosphere ̶ chromosphere and corona), the 
shock front is an oscillatory structure consisting of a sequence of 
solitons of compression or rarefaction (Sagdeev, 1964). The type 
and scale of this structure depend on the Alfvenic Mach number  
М = Vsw /VA (here, Vsw is the shock wave speed and VA = H0/
(4πN0 mi)1/2 is the Alfven velocity), the angle θ between the front 
plane and the direction of undisturbed magnetic field H0, and the 
parameter α = H0

2/4πN0mec2 = ω2
H0

/ω2
L0

, where ωH0
 = eH0/mec,  

ωL0 = (4πe2N0/me)1/2, N0 and H0 – electron density and strength 
of the upstream magnetic field, correspondently, and c is the speed 
of light. Here value θ = 0 corresponds to transverse propagation 
of the shock wave relatively the upstream magnetic field, and  
θ = π/2 corresponds to longitudinal propagation. As shown by 
Zaitsev (1970), shock waves differ qualitatively at θ < θcr and θ > θcr 
(sinθcr = Vsw/c). The shock transition occurs through a sequence of 
solitary compression waves at θ < θcr and through a  sequence of 
rarefaction waves at θ > θcr. The characteristic scale of a solitary 
wave, e. g., for compression waves at θ ≈ 0 (quasi-transverse prop-
agation) is δ ≈ с/ωL0 (1 + α + α2 me /mi)/(1 + αme /mi)3/2. The in-
homogeneity of the magnetic field in solitons makes the electrons 
drift in the plane of the shock front. The relative drift velocity of elec-
trons and ions V*  = 4 · 21/2 · 3–3/2 c ωН0 (ω2

L0
 + ω2

Н0
) –1/2 (М – 1)3/2 

exceeds the thermal electron velocity VTe = (kТ/me)1/2 if
	 М > Мcr = 1 + [8πN0 kТ(1 + α) H0

–2]1/3 	 (5.1)
(k = 1.38 · 10–16 erg/K is the Boltzmann constant) (Zaitsev, 1969). 
This leads to the generation of plasma oscillations (the Buneman 
instability) and, as a result of the induced scattering of plasma waves 
on fast electrons, to the generation of electromagnetic radiation. 
This mechanism made it possible to develop a  comprehensive 
model of the source of classical type II bursts (Zaitsev, 1977) and 
to explain all the parameters of radio bursts including the fine 
structure.
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Within the frame of this theory, the observed characteristics of 
type II radio bursts are related both to the parameters of the solar 
corona and to the parameters of shock waves: 1. The observed fre-
quency of the fundamental tone of type II radio bursts f is close to 
the plasma frequency of plasma waves excited in the shock front 
which is determined by the value concentration of electrons N in 
that section of the front, where the supercriticality (the ratio of the 
relative drift velocity of electrons and ions) is maximum, it is es-
sential that value N > N0 (concentration of electrons in upstream 
region of the shock. 2. The same statement is valid for the observed 
relative frequency drift velocity f –1df/dt. 3. The splitting of the dy-
namic spectra δf of type II bursts is due to the fact that the maxi-
mum supercriticality on the forward slope of the leading soliton is 
realized at lower values of the plasma concentration than on the 
trailing slope due to the heating of electrons by the Buneman insta-
bility. Thus, it is possible to formulate a system of equations connec- 
ting the quantities f, f –1df/dt, and δf determined from the dynamic 
spectrum with unknown values of the concentration N0, magnetic 
field H0, and Mach number M (Zaitsev, 1968; Fomichev, 1972).

This system of equations includes not only the effects associat-
ed with the inhomogeneity of the concentration and magnetic field 
in the solar corona, but also effects caused by changes in the inten-
sity of shock waves. This means that from the observed characteris-
tics of type II bursts, one can obtain important information on the 
nature of the propagation of shock waves in the inhomogeneous 
plasma of the solar corona, as well as the parameters of the lat-
ter (magnetic field, density). The first such estimates were given in 
(Zaitsev, 1968; Fomichev, 1972). The obtained calculations for М, 
Н0 and front velocity VR for nine bursts were very diverse. Despite 
the fact that each phenomenon is purely individual, it was conclud-
ed that the onset of the burst is associated with the achievement of 
the Mach number of the critical value, and the end of the burst with 
a possible overturning of the front, when the Mach number contin-
ues to grow (M > 2). The absence at that time of information about 
the trajectory of the shock front relative to the magnetic field lines 
did not allow to associate the interruption or termination of radio 
emission generation with the type of shock wave (perpendicular or 
longitudinal).

The laminar structure of shock waves moving along the magnetic  
field in plasma with β = 8 πN0kТ/H0

2  1 exists in the range  
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1 < M < 1.5. The front of the shock wave also involves a drift current 
directed across the disturbed magnetic field. However, the relative 
velocity of electrons and ions Vd in this case is much lower than 
the electron thermal velocity VTe; therefore, the ordinary Buneman 
instability occurring in transverse shock waves does not develop. 
Instead, a modified Buneman instability with a very low excitation 
threshold Vd > VTi develops in longitudinal shock wave at Тe ≈ Тi. 
The excitation condition begins to be satisfied in front sections at 
Alfvenic Mach number М > 1 + (VTi /2VA)½

 (Zaitsev, Ledenev, 
1976). As a result, longitudinal waves are excited at the lower hy-
brid frequency ω ≈ (ωНe ωНi)

½ with an energy density of about W 
≈ N0me Vd

2 in the saturation mode (Galeev, Sagdeev, 1973). The 
energy of these waves is transferred to particles; electrons are heat-
ed to the temperature Тe ≈ Тi ≈ H0

2/8πN0, i. e., acquire an average 
thermal velocity Vt ≈ ½ (mi /me)½ VA. In the solar corona, VA ≈ 5 ·  
· 107–108 сm/s; therefore, Vt ≈ (1–2) · 109 сm/s significantly ex-
ceeds the thermal velocity of electrons in the undisturbed corona 
(VTe ≈ 5 · 108 сm/s), and the concentration of fast electrons escap-
ing beyond the front can reach Ns ~ ½ (me/mi)½ N0 ≈ 10–2 N0 ac-
cording to the conclusions made by Zaitsev and Ledenev (1976). 
In other words, the front of a longitudinal shock wave at β  1 and 
at sufficiently large Mach numbers is an emitter of fast electrons, 
which, falling into a cold plasma behind the front, can excite co-
herent plasma waves and be a source of radio emission. But in this 
case, it remains difficult to explain the narrow frequency range of 
radio emission and the appearance of split components of each of 
the harmonics of type II bursts. The lower efficiency of longitu-
dinal shock waves for generating type II bursts fully explains the 
statistics in the work of Rahman et al. (2012): only in 23 events out 
of 101 the meter burst continued at km waves, since the appearance 
of longitudinal shock waves in the interplanetary medium is more 
likely than the perpendicular ones.

Thus, in the frame of the discussed model of the source of type 
II radio bursts, the following conditions must be fulfilled: 1)  the 
shock wave must be relatively intense, since the excitation of turbu-
lence in shock waves requires that the Mach number exceed a cer-
tain critical value Мcr, and 2) the shock wave must be perpendic-
ular, a slight deviation Ө from Ө = 0 makes the conditions for the 
excitation of plasma waves in the shock front more stringent, and 
at Ө ≥ Vsw/s ≈ 0.033 ≈ 2°, the generation of plasma waves stops  
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almost completely. It means that the source of radio emission can 
be formed at any part of the shock front (bow or flanks) simultane-
ously or in different times, depending on where and when the spec-
ified conditions are fulfilled (sufficient intensity and perpendicular-
ity of the shock front, that is М > Мcr and Ө = 0), and the dynamic 
spectrum of type II radio bursts can represent either continuously 
drifting stripes or have an interruptive and a blob structure.

Important role of variation of this angle is confirmed by 
the two-dimensional MHD-modeling of the filament explo-
sion accompanied by coronal EIT waves, diming and CME for-
mation, carried out by Pomoell et al. (2008). Figure 6 in their 
paper shows the geometry of the magnetic field and the shock 
front, where it can be seen that the leading edge of the front 
propagates strictly perpendicularly to the force lines, and on 
the side parts the front crosses the force lines four times, there-
fore, on these parts of the front, radiation can be interrupted. 
Another interesting type II burst is considered by Christaphi et al. 
(2020). The burst observed on July 15, 2017 at LOFAR’s LBA sta-
tion in the 3–50 MHz range, at the initial stage (the first 30 seconds) 
was without frequency drift and then continuously transformed 
into a type II-like burst with the negative frequency drift. The au-
thors attribute this phenomenon to the formation of a shock front 
during the interaction of CME with a coronal ray. Here, the radia-
tion was not interrupted, the front remained perpendicular only on 
the flanks of the front. But at the first stage, it spread the coronal 
beam, and the radiation source moved almost along the levels of 
equal density. Subsequently, the front shifted almost across the lev-
els, which is responsible for the appearance of the frequency drift.

Thus, although the question of shock waves as drivers of type 
II solar radio bursts is considered as generally accepted, however 
many questions, such as the relationship of shock waves with flares 
and coronal mass ejections, the type of shock waves (perpendicular 
or longitudinal), the relationship of meter type II radio bursts with 
kilometric type II bursts, and coronal shock waves with interplan-
etary shock waves are awaiting their decision. In this connection, 
it is of interest to analyze the origin of the fragmented structure of 
type II burst. Such a structure may be connected with propagation 
of shock wave in the inhomogeneous (density, magnetic field) solar 
atmosphere. In this case the characteristics of type II bursts reflect 
the characteristics of the medium where shock was propagating, 
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and a possibility appears to know what parameters of the medium 
and their variations can lead to forming these dynamic spectrum 
(with interruptions and reactivations of radio emission).

To make clear this issue it is important to determine an ade-
quate mechanism for the generation of type II radio bursts. Below 
we will try to get the additional answers to these questions using 
the data from observations of several type II bursts in the frame 
of the generation mechanism within front of a collisionless shock 
wave (based on the development of Buneman instability of plasma 
waves), which makes it possible to obtain estimates of the corona 
and shock waves parameters. We will be interested, in particular, in 
estimations of the Alfven Mach number M, the critical value Мcr 
and their variation during type II radio bursts (or their fragments), 
that is, the parameters which can determine a duration of the radio 
emission.

5.3. Observations and results
Dynamic spectra of the type II radio bursts are very diverse, 

associated primarily with the diffuseness of the spectrum and the 
clumpy structure of the spectrum, when it is difficult to trace both 
harmonic bands and their clear splitting into two sub-bands. There-
fore, it is necessary to choose suitable type II bursts and, basing 
on their parameters, to answer the questions why intensive bursts 
in the meter range after powerful flares sometimes do not extend 
in the decametric and kilometric ranges, and, vice versa, less ex-
pressive bursts after moderate flares are observed in the interplan-
etary space. The complexity of unambiguous judgments on these 
issues is discussed in the review by Pick et al. (2006). There it was 
noticed that the blast wave associated with a  meter type II burst 
rarely passes into the interplanetary space. And most of the type 
II radio bursts in the Dm and km ranges are associated with piston 
shock waves. It is also noted that the picture sometimes becomes 
more complicated when the radiation is clearly emanating from the 
flanks of the shock front. However, the generation mechanism in 
this paper is only mentioned, that this is a plasma mechanism in the 
presence of fast particles, and it is not verified what is the reason for 
the beginning and end of type II radiation (without estimates of the 
critical Mach number).

For further analysis we use the database of radio spectral ob-
servations at IZMIRAN (https://www.izmiran.ru/stp/lars/Mo-
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reSp.html) and the dynamic spectra of type II bursts, which were 
given and discussed in the published papers. Additional data are 
obtained from the CME catalog (SOHO/LASCO) and radio spec-
tra (WIND/WAVE and STEREO AB spacecraft). Data on flares 
in the optical, ultraviolet and X-ray ranges from the SDO space-
craft are available at https://solarmonitor.org/index.php?date 
To answer the questions why large bursts in the meter range after 
powerful flares sometimes do not go into the Dm and km ranges, 
and, vice versa, less expressive bursts after moderate flares continue 
in the interplanetary space, we estimate the parameters of shock 
waves generating type II radio bursts. Here we estimate the Alfvén 
Mach number at the moments of the beginning and end of the type 
II radio bursts (or their separate fragments) and compare them with 
the critical value of the Alfvén Mach number. As indicated in the 
previous section, in the frame of the model with excitation of plas-
ma turbulence within the front of a collisionless shock wave, the 
observed characteristics of type II radio bursts (frequency of the 
fundamental tone f, relative frequency drift velocity f –1df/dt, split-
ting of dynamic spectra δf) are related both to the parameters of 
the solar corona, and with the parameters of shock waves (Zaitsev, 
1968; Fomichev, 1972).

1. The observed frequency of the fundamental tone of type II 
radio bursts, more exactly the low frequency line fL in bursts with 
splitting, is close to the plasma frequency of plasma waves excited 
in the shock front which is determined by the value concentration 
of electrons N in that section of the front, where the supercritical-
ity (the ratio of the relative drift velocity of electrons and ions) is 
maximum, it is essential that the value N > N0 (concentration of 
electrons in upstream region of the shock,
	 f = 1/2π (N0Z 4 πe2/me)1/2, 	 (5.2)

where 	 Z = 0.94 (1 + 0.28 M2)½ – 0.06.	  (5.3)
2. Time differentiation of (5.2) (neglecting the changing of 

Mach number in comparison with the changing of electron densi-
ty) gives expression for relative frequency drift velocity
	 f–1 df/dt = 1/2 Vsh · L–1 (N0) · (cos α)–1, 	 (5.4)
where α is angle between the density gradient and the direction of the 
shock motion, and L = N0 (dN0 /dR)–1 is a scale of inhomogeneity 
of density in the undisturbed solar atmosphere.



73

3. The splitting of the dynamic spectra δf of fundamental and 
harmonic bands of type II bursts in two sub-bands (low frequency 
fL and upper frequency fU) is due to the fact that the maximum su-
percriticality on the forward slope of the leading soliton is realized 
at lower values of the plasma concentration than on the trailing 
slope due to the heating of electrons by the Buneman instability. 
The expression of the dependence of relative value of splitting δf/f 
on Mach number M is rather cumbersome (Zaitsev, 1968; Fomi-
chev, 1972; Zaitsev, 1977). Such a dependence is shown in Fig. 5.1.

It is important to note that the observed frequency of the fun-
damental tone of type II radio bursts (or the frequency of the low 
frequency line in bursts with splitting fL) is close to the plasma 
frequency of plasma waves excited within the shock front which 
is determined by the value of concentration of electrons N in that 
section of the front, where the ratio of the relative drift velocity of 
electrons and ions is maximum, but not by the value concentration 
of electrons N0 in the upstream region of shock.

Fig. 5.1. Dependence of Mach number on relative value of frequency splitting 
δf/f of fundamental band of solar type II bursts (Fomichev, 1972)
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Derived a  self-consistent system of equations connects the 
quantities f, f –1df/dt, and δf/f determined from the dynamic spec-
trum with unknown values of the concentration N0, magnetic field 
H0, and Mach number M, the solution of which gives the sought 
parameters.

The procedures of estimation of the shocks and of the plas-
ma parameters are as follows. Firstly, for each frequency f, Mach 
number M is evaluated by the observable relative value of splitting 
δf/f from the known dependence of δf/f on M (or  from Fig. 5.1) 
and Z. Then, from equations (5.2) and (5.4) N0 can be obtained:

	 N0 = 1.2 · 104 · f 2 · Z–1, 	 (5.5)

and by known L (N0) the velocity of shock wave can be obtained

	 Vsh = 2L (N0) · f –1 · df/dt · (cos α)–1 ,	 (5.6)

and magnetic field

	 H0 = 4.9 · 10–10 · Vsh · f · M–1 · Z–1/2.	  (5.7)

In these expressions f is in MHz, and Vsh is in cm/s.
Because of the plasma nature of the mechanism of generation 

of radio emission, all the estimations of parameters of the envi-
ronment and shocks depend on the coronal density model N(R). 
Here we will use the often used 2 Newkirk density model (Newkirk, 
1961). Frequency drift of type II radio bursts depends on both 
shock velocity, angle α between the density gradient and direction 
of the shock motion, as well as on shock wave intensity (because  
N = N0 · Z). In each separate event the value of angle α is unknown, 
therefore further we possess the averaged value (in the angle inter-
val (0 – π/2)) cos α = 0.636, it corresponds if to use the 3 Newkirk 
density model. In the cases when the harmonic emission band in 
type II bursts is stronger and better defined than the fundamental 
band then all the measurements were performed at the harmonic 
emission band and divided into two for the fundamental band.

5.3.1. Event of November 3, 2003 

This event is the example of a large burst with a continuation 
of radio emission in the decameter wavelength range (at  09:50–
10:10 UT in Fig. 5.1). This was a  GOES X3.9 class flare, and it 
was already the third flare of this class in the active region NOAA 
10488 (N08W77) during the day. The phenomenon was very 
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complex and was described in details in the works of Chertok et 
al. (2005), Vršnak et al. (2006), and Chernov et al. (2007). The 
detailed analysis of the observations (the Hα wave signature, soft 
X-ray wave signature, the EUV wave signature, the radio date of 
the Nancay Multifrequency Radioheliograph, the dynamic spec-
tra from a number ground-based observatories covering the range  
20–800 MHz and 0.8–4.5 GHz, the radio emission spectrum in 
the range 1.075–13.825 MHz from the wind spacecraft) did not 
allow to get a clear answer on the question whether the shock waves 
(generating the type II bursts) are the CME-driven shocks or are of 
the flare initiated shocks (Vršnak et al., 2006).

Here we will be interested in the parameters of shock waves 
generating the type II bursts. By the IZMIRAN’s data the type 
II burst started at 09:49 UT at 270 MHz (Fig. 5.2). The dynamic 
spectrum shows a  complex pattern with several type II emission 
bands and multilane structure. For analysis we chose the fragment 

Fig. 5.2. Dynamic spectra of type II radio bursts in the phenomenon of 
November 3, 2003 in the meter range (IZMIRAN, below) and in the 
decameter range (above, the wind waves Rad2 spectrum)
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of the dynamic spectrum in the time interval 10:00–10:08 UT in 
the frequency range 90–28 MHz where it is possible to measure 
the parameters of the splitting lanes (oblique dark lines in Fig. 5.3). 
Consider the segment of the burst at the fundamental band in 
the time interval 10:00:30–10:01:30 UT in the frequency range  
66–48 MHz. This segment started about 10:00:30 UT in the fre-
quency range 62–54 MHz, and at this moment (beginning of the 
segment) the frequency drift (df/dt) of the band at the fundamental 
frequency between 10:00:30 and 10:01 UT turns out to be about  
0.11 MHz/s, the relative drift rate amounts to (df/dt) · f –1 ~ 0.002 s–1,  
the frequency of the low frequency sub-band fL ~ 54 MHz, the 
frequency of the upper frequency sub-band fU ~ 62 MHz, the 
splitting of the dynamic spectra δf is about 8 MHz. Following the 
procedure of estimation of the shocks and of the plasma parame-
ters (Zaitsev, 1968; Fomichev, 1972), using these data we obtain 
the Alfven magnetic number M ~ 1.33, and Z ~ 1.1. It means 
that the electron density in the upstream of the shock N0 ~ 3 · 
· 107 cm–3 corresponds to the plasma frequency ~50 MHz. For 
the standard 2 Newkirk coronal density model we obtain then the 
estimates of the full shock velocity Vsh ~ 2200 km/s and the mag-
netic field H0 ~ 3.3 G. At last, we have an estimates of the critical 
value of the Alfven magnetic numbers Мcr ~ 1.15 and 1.2 for the 
coronal temperatures T ~ 106 K and 2 · 106 K, correspondingly.

At the moment of the end of this segment (10:01:30 UT) 
the parameters of the radio burst were as follows: the frequency 
drift df/dt ~ 0.08 MHz/s, the relative drift rate (df/dt) · f–1 ~  
~ 0.0016 s–1, the frequency of the low frequency sub-band  
fL ~ 48 MHz, the frequency of the upper frequency sub-band  
fU ~ 54 MHz, the splitting of the dynamic spectra δf is about 
6 MHz. Then, we obtain the estimates M ~ 1.27, Z ~ 1.07,  
N0 ~ 2.5 · 107 c–3, Vsh ~ 2000 km/s, H0 ~ 2.5 G, and the criti-
cal value of the Alfven magnetic numbers Мcr ~ 1.14 and 1.18 for 
the coronal temperatures T ~ 106 K and 2 ·106 K, corresponding-
ly. The estimates presented above show that the parameters of the 
shock remain practically constant, and the condition M > Мcr is 
fulfilled during all the duration of the segment. Therefore, the most 
probable reason of the end of the segment is that the shock wave 
enters a region where the magnetic field orientation was very dif-
ferent, and the shock wave became a parallel (that is a condition of 
the perpendicularity was violated).
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It should be noted that in accordance with the observa-
tions on SOHO/LASCO C2 (Solar and Heliospheric Observato-
ry), https://cdaw.gsfc.nasa.gov/movie/make_javamovie.php?-
date=20031103&img1=lasc2rdf&img2=wwaves. velocity of the 
CME was about ~1500 km/s in the beginning of the event with 
a low slowing-down up to distances 30 RS. According to Vršnak et 
al. (2006) the shock front overtook the CME. The estimates of the 
velocity of shock wave obtained above (~ 2000 km/s) are in a good 
accordance with these data.

5.3.2. Event of February 21, 1999

This event was included in the list of 18 coronal type II bursts 
recorded in the decimetric-metric wavelength range and was dis-
cussed in Vršnak et al. (2002). The dynamic spectrum of the type 
II burst (their Fig. 1) showed the fundamental and harmonic emis-
sion bands, both frequency bands split in two sub-bands at fre-
quencies below 100 MHz. The measurements were performed at 
the harmonic emission band because of stronger intensity, and only 
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Fig. 5.3. An enlarged fragment of the spectrum of the IZMIRAN radio burst 
on November 3, 2003. Thin oblique dark lines show the split bands at the 
first harmonic used to determine the Mach number. Two marks of 48 MHz 
on the Y-axis is a  result of stacking of partly overlapping frequency bands 
(90–45 MHz and 50–25 MHz) of two spectrographs
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a part of the fundamental band could be seen in this event. The up-
per frequency (fU) and low frequency (fL) bands of the band-split 
emission are marked there by the lines that follow the two emission 
ridges. In this dynamic spectrum it can be seen three consecutive 
fragments with interruption of the radio emission between the frag-
ments. Following the method in the previous section we determine 
the parameters of shock wave and the solar corona during all the 
fragments. For the estimates we used the two-fold Newkirk density 
model (2N model) and all the parameters of radio emission will be 
given for the fundamental band.

Fragment 1 (~ 10:00:30–10:02:00 UT):
The beginning: fL ~ 36.5 MHz, the relative frequency split-

ting δf · f –1 ~ 0.13, the Alfven magnetic number M ~ 1.27, and  
Z ~ 1.07. It means that the electron density and the plasma fre-
quency in the upstream region of the shock N0 ~ 1.28 · 107 cm–3 and  
f0 ~ 32.5 MHz. For the relative drift rate (df/dt) · f –1 ~ 0.0013 s–1 
we obtain the estimates of the shock velocity Vsh ~ 1000 km/s and 
the magnetic field H0 ~ 1.25 G. At last, we have the estimates of 
the critical value of the Alfven magnetic numbers Мcr ~ 1.15 and 
1.2 for the coronal temperatures T ~ 106 K and 2 · 106 K, corre-
spondingly.

The end: fL ~ 32 MHz, the relative frequency splitting δf · f –1 ~ 
~ 0.14, the Alfven magnetic number M ~ 1.32, and Z ~ 1.086, the 
electron density and the plasma frequency in the upstream region of 
the shock N0 ~ 1.08 ·107 cm –3 and f0 ~ 29.5 MHz. For the relative 
drift rate (df/dt) · f –1 ~ 0.0012 s–1 we obtain the estimates of the 
shock velocity Vsh ~ 1050 km/s and the magnetic field H0 ~ 1.1 G.  
At last, the estimates of the critical value of the Alfvеn magnet-
ic numbers give Мcr ~ 1.15 and 1.19 for the coronal temperatures  
T ~ 106 K and 2 · 106 K, correspondingly.

Fragment 2 (~ 10:03:30–10:04:45 UT):
The beginning: fL ~ 28.5 MHz, the relative frequency split-

ting δf · f –1 ~ 0.13, the Alfven magnetic number M ~ 1.28, and  
Z ~ 1.07, the electron density and the plasma frequency in the up-
stream region of the shock N0 ~ 9.4 · 106 cm–3 and f0 ~ 27.5 MHz. 
For the relative drift rate (df /dt) · f –1 ~ 0.0012 s–1 we obtain the 
estimates of the shock velocity Vsh ~ 1100 km/s and the magnetic 
field H0 ~ 1.0 G, the estimates of the critical value of the Alfven 
magnetic numbers give Мcr ~ 1.15 and 1.19 for the coronal tem-
peratures T ~ 106 K and 2 · 106 K, correspondingly.
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The end: fL ~ 27.0 MHz, the relative frequency splitting  
δf · f –1 ~ 0.14, the Alfven magnetic number M ~ 1.34, and  
Z ~ 1.09, the electron density and the plasma frequency in 
the upstream region of the shock N0 ~ 8.2 ·106 cm–3 and  
f0 ~ 25.8 MHz. For the relative drift rate (df/dt) · f –1 ~ 0.0012 
s–1 we obtain the estimates of the shock velocity Vsh ~ 1150 km/s 
and the magnetic field H0 ~ 1 G, the estimates of the critical 
value of the Alfven magnetic numbers give Мcr ~ 1.14 and 1.17 
for the coronal temperatures T ~ 106 K and 2 · 106 K, corre-
spondingly.

Fragment 3 (~ 10:05:30–10:07:00 UT):
The beginning: fL ~ 26 MHz, the relative frequency splitting  

δf · f –1 ~ 0.14, the Alfven magnetic number M ~ 1.3, and Z ~ 1.08, 
the electron density and the plasma frequency in the upstream 
region of the shock N0 ~ 7.7 · 106 cm–3 and f0 ~ 25 MHz. For 
the relative drift rate (df/dt) · f –1 ~ 0.0012 s–1 we obtain the esti-
mates of the shock velocity Vsh ~ 1000 km/s and the magnetic field  
H0 ~ 0.94 G, the estimates of the critical value of the Alfven mag-
netic numbers give Мcr ~ 1.13 and 1.16 for the coronal tempera-
tures T ~ 106 K and 2 · 106 K, correspondingly.

The end: fL ~ 24.0 MHz, the relative frequency splitting δf · f –1 ~  
~ 0.14, the Alfven magnetic number M ~ 1.3, and Z ~ 1.08, the 
electron density and the plasma frequency in the upstream region 
of the shock N0 ~ 6.6 · 106 cm–3 and f0 ~ 23 MHz. For the relative 
drift rate (df/dt) · f –1 ~ 0.001 s–1 we obtain the estimates of the 
shock velocity Vsh ~ 1090 km/s and the magnetic field H0 ~ 0.9 G, 
the estimates of the critical value of the Alfven magnetic numbers 
give Мcr ~ 1.12 and 1.15 for the coronal temperatures T ~ 106 K 
and 2 · 106 K, correspondingly.

The obtained estimates of the parameters of shock waves (Alfven 
magnetic number M) and of the solar corona (density, magnetic field 
and the critical value of the Alfven magnetic numbers Мcr) show that 
the condition M > Мcr is fulfilled during the duration of all three seg-
ments. Moreover, the relatively small variability of these parameters 
during all the burst allows to assert that the most possible reason of 
the origin of such fragmented structure in type II radio burst (with 
the attenuation or cessation of emission between the fragments) is 
that the shock wave enter a region where the magnetic field orien-
tation was very different, and the shock wave became longitudinal 
(that is a condition of the perpendicularity was violated).
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By the data of SOHO/LASCO C2, C3 (https://cdaw.gsfc.
nasa.gov/CME_list/) the velocity of the corresponding CME was  
~ 480 km/s in the beginning of the event with a low slowing-down, 
and the velocity became ~ 345 km/s at 20 RS.

5.3.3. Event of October 9, 1997

The dynamic spectrum of band-split type II burst in this event 
is given in Vršnak et al. (2001) (their Fig. 3a). It is an example of 
metric (i. e., coronal) type II burst in the 80–50 MHz range with 
well defined band-splitting. The obtained values of the relative 
split (δf · f –1) and the relative frequency drift((df/dt) · f –1) are also 
shown there as a function of time t (at six time moments). It can 
be noted that the relative split was approximately constant, and the 
relative frequency drift showed a slight decrease. Below, following 
our model, we give the estimates of the parameters of shock waves 
and the medium at the same time moments as given in the paper.

Moment 1: the Alfven magnetic number M ~ 1.4, and Z ~ 1.16, 
the electron density and the plasma frequency in the upstream re-
gion of the shock N0 ~ 6.3 · 107 cm–3 and f0 ~ 69.5 MHz, the shock 
velocity Vsh ~ 680 km/s and the magnetic field H0 ~ 1.65 G, the 
estimates of the critical value of the Alfven magnetic numbers give 
Мcr ~ 1.24 and 1.3 for the coronal temperatures T ~ 106 K and  
2 · 106 K, correspondingly.

Moment 2: the Alfven magnetic number M ~ 1.35, and Z ~ 1.1, 
the electron density and the plasma frequency in the upstream re-
gion of the shock N0 ~ 5.7 · 107 cm–3 and f0 ~ 67 MHz, the shock 
velocity Vsh ~ 600 km/s and the magnetic field H0 ~ 1.45 G, the 
estimates of the critical value of the Alfven magnetic numbers give 
Мcr ~ 1.24 and 1.3 for the coronal temperatures T ~ 106 K and  
2 · 106 K, correspondingly.

Moment 3: the Alfven magnetic number M ~ 1.37, and Z ~ 1.15, 
the electron density and the plasma frequency in the upstream re-
gion of the shock N0 ~ 4.7 · 107 cm–3 and f0 ~ 62 MHz, the shock 
velocity Vsh ~ 670 km/s and the magnetic field H0 ~ 1.4 G, the 
estimates of the critical value of the Alfven magnetic numbers give 
Мcr ~ 1.24 and 1.3 for the coronal temperatures T ~ 106 K and  
2 · 106 K, correspondingly.

Moment 4: the Alfven magnetic number M ~ 1.34, and Z ~ 1.09, 
the electron density and the plasma frequency in the upstream re-
gion of the shock N0 ~ 4 · 107 cm–3 and f0 ~ 57 MHz, the shock 
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velocity Vsh ~ 690 km/s and the magnetic field H0 ~ 1.37 G, the 
estimates of the critical value of the Alfven magnetic numbers give 
Мcr ~ 1.23 and 1.29 for the coronal temperatures T ~ 106 K and  
2 · 106 K, correspondingly.

Moment 5: the Alfven magnetic number M ~ 1.35, and Z ~ 1.1, 
the electron density and the plasma frequency in the upstream re-
gion of the shock N0 ~ 3.1 · 107 cm–3 and f0 ~ 53 MHz, the shock 
velocity Vsh ~ 675 km/s and the magnetic field H0 ~ 1.3 G, the 
estimates of the critical value of the Alfven magnetic numbers give 
Мcr ~ 1.23 and 1.29 for the coronal temperatures T ~ 106 K and  
2 · 106 K, correspondingly.

Moment 6: the Alfven magnetic number M ~ 1.25, and Z ~ 1.07, 
the electron density and the plasma frequency in the upstream re-
gion of the shock N0 ~ 3 · 107 cm–3 and f0 ~ 49.2 MHz, the shock 
velocity Vsh ~ 700 km/s and the magnetic field H0 ~ 1.65 G, the 
estimates of the critical value of the Alfven magnetic numbers give 
Мcr ~ 1.23 and 1.28 for the coronal temperatures T ~ 106 K and  
2 · 106 K, correspondingly.

These estimates show an approximate constancy of the inten-
sity (the Alfven magnetic number) and shock velocity practically 
during all the duration of this type II burst. However, the estimates 
at the sixth moment (end of the last segment of the band) give the 
Alfven magnetic number M ≤ Мcr, therefore the cease of radio 
emission can also be interpreted as a consequence of the relative  
weakening of shock wave.

By the data of SOHO/LASCO C2, C3 (https://cdaw.gsfc.
nasa.gov/CME_list/) the velocity of the corresponding CME was  
~247 km/s in the beginning of the event with a small acceleration, 
and the velocity became ~456 km/s at 20 RS.

5.3.4. Event of November 4, 1997

This event was also discussed in Vršnak et al. (2001), and it 
is an example of the type II burst in the dekameter to kilometer 
wavelength range associated with the shock detected by in situ mea-
surements at 1 AU. The dynamic spectrum of this burst in the fre-
quency range 250–120 kHz is given in their Fig. 2, and it shows 
a  fragmented, patchy emission pattern. For our analysis we used 
the fragment at 19:30:00–20:15:00 UT. To estimate the parame-
ters of shock wave and the parameters of the interplanetary plasma 
the density model and normalization procedure of Leblanc et al. 
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(1998) was adopted, and the radial motion of the radio source was 
assumed as presumably corresponding to the shock velocity in the 
range of radial distances from the Sun R > 10 RS.

The beginning: fL ~ 137 kHz, the relative frequency splitting  
δf · f –1 ~ 0,33, the Alfven magnetic number M ~ 1.85, and Z ~ 
1.25, the electron density and the plasma frequency in the upstream 
region of the shock N0 ~ 1.84 · 102 cm–3 and f0 ~ 122 kHz. For the 
relative drift rate (df/dt) · f–1 ~ 3.9 · 10–5 s–1 we obtain the esti-
mates of the shock velocity Vsh ~ 1000 km/s and the magnetic field  
H0 ~ 3 · 10–3 G, the estimates of the critical value of the Alfven 
magnetic numbers give Мcr ~ 1.1 for the temperatures T ~ 105 K.

The end: fL ~ 122 kHz, the relative frequency splitting δf · f–1 
~0,3, the Alfven magnetic number M ~ 1.85, and Z ~ 1.25, the 
electron density and the plasma frequency in the upstream region 
of the shock N0 ~ 1.46 ·102 cm–3 and f0 ~ 110 kHz. For the relative 
drift rate (df/dt) · f–1 ~ 3.9 · 10–5 s–1 we obtain the estimates of the 
shock velocity Vsh ~ 900 km/s and the magnetic field H0 ~ 3 · 10–3 G, 
the estimates of the critical value of the Alfven magnetic numbers 
give Мcr ~ 1.08 temperatures T ~ 105 K.

In this event the constancy of the parameters of the shock wave 
is in accordance with the connection of the shock wave with the 
coronal mass ejection. Under such conditions the fragmented 
structure of radio emission can be observed when specified condi-
tions (sufficient intensity and perpendicularity of the shock front, 
that is М > Мcr and θ < θcr) are not satisfied during the propagation 
of shock in some regions of the solar atmosphere.

Note also, by the data of SOHO/LASCO C2, C3 (https://cdaw.
gsfc.nasa.gov/CME_list/) the velocity of the corresponding CME 
was ~700 km/s at 20 RS, that is the shock front overtook the CME.

It can be noted that the estimated values of the strength of the 
upstream magnetic field in general are in good agreement with the 
results of Vrsnak et al. (2002), namely, the magnetic field strength 
is about 5–1 G at R ~ (0.6–1) RS. The estimates of parameters of 
the shock wave and, especially, of the magnetic field strength in the 
interplanetary space (at distances >10–20 RS) by the parameters of 
the kilometer type II bursts were obtained in the first time.

5.4. Conclusion
The presented analysis shows that the physical relationship be-

tween CME/flare and the coronal waves (Moreton waves, EUV 



83

waves, shock waves) is quite complex. Comparison of observations 
with theoretical analysis provides an evidence that the coronal 
shock and the associated type II burst emission can be due to the 
energy release in the flare as well as to the CME expansion. Inves-
tigations of the parameters of type II radio burst can give a valuable 
information about the MHD shock evolution in the non-homoge-
neous coronal and interplanetary plasma, as well as on the param-
eters of the medium where shock wave is propagating. But when 
analyzing such radio bursts it is important to take into account the 
generating mechanism of radio emission. In many papers the gene- 
ration of type II bursts is associated with the drift acceleration of 
electrons at the perpendicular shock front, the formation of fluxes 
of accelerated electrons, the excitation of Langmuir waves in the 
region ahead of the shock front and their transformation through 
non-linear wave-wave processes into radio emission at frequencies 
close to the electron plasma frequency fpe and its second harmonic 
2 fpe. However, within the framework of such a model, a number of 
the problems remain in the interpretation of such characteristics of 
bursts as the narrow bandwidth of the emission bands in frequency 
and such a  fine peculiarity of the structure of bands as the band 
splitting. This model explains the acceleration and the formation 
of fluxes of accelerated electrons and the excitation of Langmuir 
waves in the upstream region of the shock front, but the issue of 
formation of fluxes of accelerated electrons in the downstream re-
gion remained not resolved. Therefore, the origin of split-structure 
in the frame of the model, where the lower frequency and the high-
er frequency bands are emitted from the upstream and downstream 
region of the shock, remains unknown.

Here we used the model of the classical type II bursts based 
on the generation of plasma oscillations (the Buneman instability) 
within the front of collisionless shock wave and the induced scat-
tering of plasma waves on fast electrons. This mechanism allows 
to explain all main parameters of radio bursts including the fine 
structure. In the frame of this model of the source of type II radio 
bursts, two conditions must be fulfilled: 1) the shock wave must be 
relatively intense (the Mach number exceed a certain critical value 
Мcr), and 2) the shock wave must be perpendicular, a slight devia-
tion from perpendicularity Ө (~2o) results in cessation of the gene- 
ration of plasma waves. It means that shock wave is not a source of 
radio emission if any of these conditions is not satisfied. It means 
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also that the source of radio emission can be formed at any part of 
the shock front (bow or flanks) simultaneously or in different times, 
depending on where and when the specified conditions are ful-
filled, and the dynamic spectrum of type II radio bursts can either 
represent continuously drifting stripes or have an interruptive and 
a blob structure. In particular, the analysis of the fragmented dy-
namic spectra in a number of the event showed that the condition 
M > Мcr was fulfilled throughout all the fragments, and the most 
possible reason of the end of radio emission in the fragments was the 
transiting a shock wave from a perpendicular shock to a longitudinal 
shock (that is a condition of the perpendicularity was violated).

Investigation of band-splitting presented in this paper shows 
that it can be consistently interpreted in terms of the emission from 
the regions within the forward slope and the trailing slope of the 
leading soliton of collisionless shock wave. In the frame of such 
a model it is possible to estimate the parameters of the shock and 
their evolution during the propagation in the inhomogeneous mag-
netoplasma, and the parameters of the medium (density and mag-
netic field) where the shock is propagating. The results obtained 
here show that the reason for fragmented structure of type II bursts 
can be both the variation of intensity of the shock wave during 
propagation in a  strongly inhomogeneous and turbulent plasma 
and the transiting of the shock from perpendicular to longitudinal 
and vice versa.

It should be remarked that the dynamic spectra of type II bursts 
have very diverse fine structure. Besides the fundamental and 
harmonic bands, their split in two sub-bands, the herringbones, 
fragmentation of the radio emission, there are many nother types of 
fine structure of the dynamic spectra. A number of types of the fine 
structure in the meter range were observed with the IZMIRAN’s 
radio spectrographs and in papers (e. g., Korolev et al., 1973; Urbarz 
et al., 1977; Fomichev, Chertok, 1977; Markeev et al., 1981; Ishkov 
et al., 1985). Many of these types of fine structure were confirmed by 
the high-resolution LOFAR observations of a strongly fragmented 
type II burst on August 25, 2014 (Magdalenic et al., 2020). In 
addition, in this paper it was reported on the first observation of 
a peculiar splitting of the already split harmonic band. Now it is not 
clear whether such a peculiarity is intrinsic (common) for type II 
radio bursts or not. In the frame of the model used here the reason 
of such double spitting can be a collisionless shock wave which has 
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the second source of emission connected with the second well-
formed soliton. Such situation needs a special theoretical analysis. 
But it is also very likely that such structure can appear if several 
sources of the radio emission are formed along the large scale shock 
front where the condition for generation of radio emission are 
fulfilled. Taking into account the various location and spacing of 
these sources (with various parameters) the simultaneous presence 
of these sources can result in forming of the different type of fine 
structure (double splitting, many lines, blobs and others).

Our analysis allows to conclude that meter bursts starting at fre-
quencies <200 MHz usually turn into interplanetary bursts as long 
as the perpendicularity of the shock front remains. Bursts starting 
in the decimetric wavelength range (>500 MHz) do not go into the 
long wave range; they are usually associated with explosive shock 
fronts that slow down even in the meter range. Thus, registration 
of type II burst is the evidence of the propagation of perpendicular 
shock wave, but the absence of type II burst is not the evidence of 
the absence of shock wave. Such a situation can be one of the rea-
sons of the ambiguous relationship of type II radio bursts with the 
other manifestations of the solar activity (Hα wave, Moreton wave, 
EUV wave). 
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Chapter 6
ON IMPROVING THE ZEBRA MODEL ON DPR

ON THE BACKGROUND OF COMPLEX SPECTRA

Abstract. Understanding the nature of the fine structure of radio 
emission is one of the most important criteria for testing the 
mechanisms of radio emission. The discussion on the origin of 
the zebra structure (ZS) has been going on for more than 50 years 
(Chernov, 2011). In these works it is usually postulated that the 
Double Plasma Resonance (DPR) mechanism always works if 
there are fast particles in the magnetic trap. However, it encounters 
difficulties in explaining the dynamics of the bands (sharp change 
in the frequency drift of the bands, a large number of harmonics, 
frequency splitting of the bands, their ultra-thin structure in the 
form of millisecond spikes, the transition of radio fibers into zebra 
stripes and back). So, works on its improvement began to appear 
(mostly in a  dozen papers by Karlitsky and Yasnov). The whole 
game goes on the variability of the ratio of magnetic field and 
density height scales and the toleration of some plasma turbulence 
in the source. This already indicates the unsuitability of the DPR 
model. Several phenomena are known in which the ratio of height 
scales does not change in the ZS loop-source. It was noted earlier 
that realization of the DPR at many harmonics of the cyclotron 
frequency is not realized for any known models of the density and 
magnetic field in the corona (Chernov, 2019, p. 215–220). It was 
shown that all the main details of the sporadic zebra-structure in 
the August 1, 2010 phenomenon (and in many other phenomena) 
can be explained within the framework of a unified model of zebra-
structure and radio fibers in the interaction of plasma waves with 
whistlers. The main changes in the zebra-structure bands are 
caused by the scattering of fast particles on whistlers, leading to 
a switch of the whistler instability from the normal Doppler effect 
to the anomalous one.

6.1. Introduction
Understanding the nature of fine structure of the radio emission 

of solar radio bursts is one of the most important criteria for testing 
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radio emission mechanisms. The zebra structure belongs to the most 
remarkable type of fine structure. It appears on dynamical spectra as 
regular bands in emission and absorption. It has been described in nu-
merous papers and monographs since the first publication by Elgar-
oy (1959): Kuijpers, 1975; Slottje, 1981; Chernov, 1976, 2006, 2011. 
The discussion about the origin of zebra structure has been going 
on for more than 50 years (Chernov, 2011). The most frequently 
discussed mechanism is based on double plasma resonance (Zhele-
znyakov, Zlotnik, 1975a):

	 ωUH = (ω2
Pe + ω2

Be)1/2 = sωBe,	 (6.1)

where ωPe is the electron plasma frequency, ωBe is the electron 
gyro frequency under conditions where ωBe  ωPe (Kuijpers, 1975; 
Zheleznyakov, Zlotnik, 1975a, b; Kuijpers, 1980; Mollwo, 1983, 
1988; Winglee, Dulk, 1986). These works usually postulate that the 
mechanism always works if there are fast particles in the magnetic 
trap. However, it faces a  number of difficulties in explaining the 
dynamics of the ZS bands (sharp changes in the frequency drift 
of the bands, a large number of harmonics, frequency splitting of 
the bands, and their ultrafine structure in the form of millisecond 
spikes). Therefore, works on both its improvement (Karlický et al., 
2001; LaBelle et al., 2003; Kuznetsov, Tsap, 2007) and creation of 
new models began to appear.

In a dozen of works by Karlitsky and Yasnov, the method of 
estimating the number of harmonics of electron gyro-frequen-
cy was improved within the framework of the DPR, mainly in 
the direction of its increase, bringing it to 170–200. At the same 
time, no comparisons with other models were made as a  rule.  
Here, we will note some of their important results with attraction 
of their discussion in the framework of the alternative zebra model 
on whistlers.

6.2. Complex spectra of zebra pattern
Fig. 6.1 and 6.2 show the spectra of zebra structure with differ-

ent band parameters both with time and at different frequencies. 
Here it is difficult to justify the application of the mechanism on 
the DPR even for some parts of the spectrum, ignoring the others.

Almost simultaneously with the DPR model, an alternative 
mechanism for the interaction of plasma waves (l) with whistlers 
(w) was proposed, l + w → t (Chernov, 1976, 1990). In this mo- 
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del, the above-mentioned subtle effects of the zebra-structure (ZS) 
bands are explained by quasi-linear effects of the interaction of fast 
particles with whistlers. The mechanism with whistlers became its 
natural development after its application by Kuijpers (Kuijpers, 
1975) for fibers (fiber bursts), when in some phenomena a continu-
ous transition of ZS bands into fiber-bursts and back was observed. 
The most important details of this mechanism are presented in the 
Discussion section.

In the primary work on the DPR mechanism of Zheleznya-
kov and Zlotnik (1975a) it was shown that the relative width of 
the increment band in the hybrid band turns out to be incredibly 
narrow δω/ωBe ~ 2.5 · 10–4. Such a value is obtained only under 
the condition that the dispersion of the particle beam velocities is 
generally discarded as an infinitesimal quantity in the estimates. 
In Benáček, Karlický, Yasnov, 2017, it is shown that taking into 
account the hot particle velocity dispersion and the cold plasma 
temperature severely limits the efficiency of the DPR mechanism. 
Karlický and Yasnov then made major contributions to improve 
the mechanism on DPR in a dozen of their papers. In a  recent 
paper Yasnov and Karlický (2020) made an important update in 
this activity.

Fig. 6.1. Complex zebra structure in the range of 180–270 MHz in the event 
of 18.07.2000
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In the paper of Yasnov and Chernov (2020) it was pointed out 
the importance in analyzing any event of taking into account the 
variation of the ratio of the magnetic field and density height scales 
in the source of the zebra structure. For example, in (Yasnov, Cher-
nov, 2020) this ratio was considered constant and the advantage of 
the whistler mechanism was shown for the 21.06.2011 event.

In the introduction of (Yasnov, Karlický, 2020) the authors 
mentioned all the main papers on zebra-structure observations and 
theoretical mechanisms to explain it (more than 20 papers), which 
saves us from repeating them here. They proposed an improved 
method to determine the gyro-harmonics of zebra bands, which 
is essential to determine the electron density and magnetic field 
strength in the zebra source. Compared to previous methods, a new 
assumption is made that the ratio R = Lbh/Lnh (where Lbh and Lnh 
are the magnetic field height and density scales) varies in the source 
in a more generalized form. Almost free manipulation of the vari-
ability of R allows to obtain for the 21.06.2011 phenomenon new 
values of gyro-harmonics numbers around 115 (instead of 50–60 
in (Yasnov, Chernov, 2020)), and in other phenomena up to 170. 
These estimates are not in agreement with the previous results of 
Benacek et al. (2017), where it is shown that in real parameters the 
amplitude of the loss-cone instability increment drops significantly 
by the 30th harmonic.

This fact alone demonstrates the unsuitability of the proposed 
model improvement on the DPR, in particular for determining the 
harmonic number of zebra-structure bands by manipulating the 
variability of the ratio of the height scales of the magnetic field and 
the density in both one phenomenon and different ones.

In previous papers (Karlický, 2014) it was assumed that all 
frequency variations of zebra stripes are caused by some kind of 
turbulence. Recent papers attribute everything to the propagation 
of a  fast magnetosonic wave (Karlický, 2022), since a strict peri-
od of fluctuations coinciding with the classical cosine function has 
been determined. Interestingly, the 17.08.1998 phenomenon is 
analyzed once again, after first being considered in Zlonik et al. 
(2009). These are fast pulsations of zebra-structure packets (similar 
to type III bursts) against a background of pulsations in absorption. 
Zlonik et al. (2009) believed that two non-equilibrium distribution 
functions were present in the source: one with a loss-cone velocity 
distribution, responsible for the continuum emission, and the other 
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of DGH type, capable of inducing the DPR effect by inducing the 
zebra structure. Karlický (2022) does not mention this. The DPR 
mechanism is assumed to work and the harmonic number at the 
lower frequency is determined by a new method developed (men-
tioned above).

So large unlikely harmonics stimulate one to recall an alterna-
tive interpretation of this phenomenon. The review by Chernov 
(2019, pp. 72 and 73) notes some properties on the spectrum with 
ZP packets that have not been considered anywhere since the work 
of Zlotnik et al. (2009). Not all ZP packets have negative frequency 
drift (like type III bursts). A number of moments with positive drift 
can be seen. It is also visible between ZP packets, and one can see 
continuous zebra stripes throughout the five packets with notice-

Fig. 6.2. Complex event of 1.12.2004 with smooth transition of fibers (fiber 
bursts) into zebra-structure bands with saw-tooth frequency drift in the range 
1.1–1.34 GHz (Huairou station, PRC)
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able saw-tooth frequency drift. Between the ZP packets pulsations 
in absorption have a varied frequency drift.

Similar spectra with almost vertical zebra packets have been ob-
served in many phenomena, starting with the excellent example in 
Fig. 6 in (Slottje, 1972). In the phenomenon of 03.07.1974, similar 
zebra packets appeared for several hours (Slottje, 1971; Chernov, 
1976). Previously, we have already shown the advantage of the whis-
tler model for interpretation of the 21.06.2011 phenomenon (Yasnov,  
Chernov, 2020). Even earlier, a mechanism with whistlers based on 
the scattering of fast particles on whistlers was used to explain the 
saw-tooth frequency drift of zebra stripes in the known phenome-
non of 25.10.1994 (Chernov, 2005). Whistlers are always generated 
simultaneously with plasma waves at the upper hybrid frequency by 
fast particles with a cone velocity distribution. The scattering pro-
cess on whistlers was used in (Chernov, 1990) and in more detail in 
(Chernov, 1996, 2005). There, an important property of the pro-
cess is considered: change in the direction of the frequency drift of 
zebra bands must correlate with change in the direction of the spa-
tial drift of their radio sources (see Fig. 2 in Chernov, 2019, p. 13).  
When fast particles scatter on whistlers, the distribution function 
changes, the generation of whistlers can switch repeatedly from 
normal Doppler effect to anomalous one. In these cases, the group 
velocity of whistlers changes sign to opposite (smoothly or sharp-
ly depending on the parameters of fast particles). And as a result, 
the frequency drift of the bands synchronously changes to reverse. 
Karlicky and Yasnov usually analyze phenomena with regular ze-
bra bands, but more often the spectra are very complex with super-
position not only of fast pulsations, but with fiber bursts with dif-
ferent frequency drift, which are sometimes difficult to distinguish 
from ZSs.

We are now reviewing a large archive of major phenomena in 
order to find out what model explains better than most of them. 
In the DPR model the whole game is based on the vari-
ability of the ratio of the magnetic field height and densi-
ty scales. This already shows unsuitability of the DPR mod-
el. Several phenomena have already been selected in which it 
is clear that the ratio of height scales does not change in a  loop. 
And, Karlicky and Yasnov usually analyze phenomena with a large 
number of bands without touching many other effects on the same 
spectrum. For example, ignoring explanations for the saw-tooth 
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frequency spectrum of the bands, connection with fast pulsations, 
abrupt transitions, jumps in band parameters at the same frequen-
cies, and other points.

6.3. Discussion
Application of the DPR mechanism is simply postulated. After 

a large review by Zheleznyakov et al. (2016), there is now no need 
to repeat its description in detail. It remains the most cited in the 
analysis of the zebra structure. It is based on the generation of plas-
ma waves at the upper hybrid frequency ωUH by fast electrons with 
velocity distribution function with a  loss cone. Their subsequent 
transformation into electromagnetic waves produces continuum 
radiation that can be sharply amplified at DPR levels, where ωUH 
is approximately equal to an integer number s of electron cyclotron 
harmonics (≈ sωce). This simple algebraic relation is the basis of the 
beautiful zebra-structure theory (which has become almost classi-
cal) presented by Zheleznyakov and Zlotnik (1975b) and support-
ed later by Winglee and Dulk (1986).

The basic condition for existence of many DPR levels implies 
that the scale of magnetic field heights should be much smaller than 
the scale of density heights. However, this condition is shown in 
the listed works in the form of a hypothetical scheme without nu-
merical scales on the axes, including Fig. 2 in the review by Zhele-
znyakov et al. (2016).

If we try to use for this purpose the known analytical expres-
sions for density and magnetic field dependence in the corona, no 
known models confirm the possibility of the formation of many 
DPR levels in reasonable sizes of zebra-structure sources. For il-
lustrative purposes, see Figs. 6 and 7 in (Chernov, 2019, p. 217), 
raising doubts in general about the use of a model on DPR to ex-
plain the numerous zebra stripes, even disregarding many effects of 
the complex dynamics of stripes.

Fig. 6.4 shows the calculation of DPR levels using the usual 
(conventional) parameters of the coronal plasma using the baro-
metric formula: electron temperature Te = 1.2 · 106 K, initial plas-
ma frequency fP0 = 3800 MHz at altitude hB0 = 20 000 km. If we use 
the dipole dependence of the magnetic field for cyclotron harmon-
ics, harmonics with s ≥ 50 go to much higher altitudes ≥100 000 km. 
Thus, excitation of waves simultaneously at 34 DPR levels in the 
corona is not feasible in any real density and magnetic field models.
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In recent works, Karlický and Yasnov proposed an exotic mod-
el (Fig. 3b) with a hump on a smooth density decay (Selhorst et al., 
2008), on the steep slopes of which DPR conditions must be ful-
filled to generate a large number of harmonics (Yasnov, Karlický, 
Stupishin, 2016).

Fig. 6.1 shows a spectrum with the duration of about 45 s with 
a complex zebra structure, but in the absence of regular bands, it is 
difficult to find a moment where one could at least apply the DPR 
mechanism. A broad band in the absorption is wedged between the 
zebra structure, against which a chain of narrow-band (rope-like) 
fibers develops (Chernov, 1997, 2008). 

In Fig. 6.2, the structure of bands changes dramatically in 15 s, the 
fibers (similar to fiber bursts, smoothly transforming into zebra stripes 
with a  wave-like frequency drift). Obviously, the ratio of the field 
height and density scales cannot change appreciably in a few seconds.

Zebra spectra with saw-tooth frequency drift of the bands were 
considered in (Karlicky, 2014) on the example of the spectra of the 
Ondr̂ejov observatory in the decimeter band in the 01.08.2010 phe-
nomenon. Without going into details, we note that the aim of the 
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paper was to show that within the model on the DPR, the source 
of the zebra structure is in a turbulent state based on the Fourier 
analysis of the time profiles of the intensity of bands with frequency 
(and from the relations ωUH ≈ ωpe and ne ~ ω2

pe with the plasma 
density). The Fourier profile of the density fluctuations is taken as 
the calculated zebra band profile (apparently assuming that this 
does not require proof). The power spectrum of fluctuations has 
a stepped form (degree slope) with index – 5/3, coinciding with the 
Kolmogorov spectrum for turbulence.

Independently of this work, it was shown in (Chernov et al., 
2018) that all the main details of the sporadic zebra-structure 
in the August 1, 2010 phenomenon can be explained within the 
framework of a unified model of zebra-structure and radio fibers 
in the interaction of plasma waves with whistlers (without strong 
plasma turbulence in the source). The main changes in zebra-
structure bands are caused by the scattering of fast particles on 
whistlers, leading to a switch of the whistler instability from the 
normal Doppler effect to the anomalous one (Chernov, 1996, 
A Manifestation of Quasilinear Diffusion in Whistlers in the Fine 
Structure of Type IV Solar Radio Bursts). There the main refer-

Fig. 6.4. Altitude dependence of the plasma frequency in accordance with 
the barometric law (heavy line) and altitude profiles of the electron cyclotron 
harmonics s (light lines) in the solar corona. For the electron temperature 
Te = 1.2 · 106 K and initial frequency fP0 = 3800 MHz at the altitude of  
hB0 = 20 000 km, 34 DPR levels form between 2600 to flame 3800 MHz in 
the plasma layers (from Laptuhov, Chernov, 2009)
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ences on fan instability one can find in papers: Gendrin, 1981; 
Shapiro, Shevchenko, 1987; Parail, Pogutse, 1981.

6.4. Simulation
In connection with the remark above about impossibility of ob-

taining many levels of DPR in any known density and magnetic 
field models (see Fig. 6.4), we can mention the work of M. Karlický 
(2022) (Modeling of the solar radio zebra). In fact, it is not a simu-
lation, but a fitting of the plasma parameters in the source to obtain 
model points on the zebra band on the spectrum coinciding with 
the observed ones, without calculating the radiation generation in 
the framework of the mechanism on the DPR, but simply plotting 
a graph like Fig. 6.4. And the main conclusion at the end confirms 
our conclusion (without reference), since the chosen field values do 
not coincide with any known models. There is also a businesslike 
conclusion at the end: it is necessary to continue calculations of the 
increments of the upper hybrid waves for large harmonic numbers 
(in the paper s = 120–124).

On the spectrum of Fig. 6.2 at its beginning one can see 
a smooth transition of fibers (fiber bursts) into zebra stripes with 
saw-tooth frequency drift. The same transition or reverse tran-
sition was observed in the phenomenon 01.08.2010. Karlicky 
(2014) does not discuss this effect, which is probably due to the 
fact that earlier in (Karlicky, 2013) the whistler model of fiber 
excitation (Kuijpres, 1975) was rejected and a  new, or tweaked 
model was proposed by Treumann et al. (1983) based on Alfvén 
solitons.

6.5. Explosive instability 
     (Fomichev, Fainstein, Chernov, 2009)

The proposed mechanism, based on stabilization of explosive 
instability in the cascade of ion-sound harmonics, turns out to be 
much more effective than the mechanism of generation of ion-
sound harmonics under the interaction of whistlers. It provides 
a  large number of sound harmonics with frequency separation 
independent of the ratio of plasma and cyclotron frequencies in 
the source and growing with frequency (in accordance with obser-
vations). No additional rigid conditions are imposed. The former 
condition of acceleration of mono-speed beams of weakly relati- 
vistic particles, which is usually realized in any large flare, remains.
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6.6. Related experiments and observations
6.6.1. Laboratory experiments 

       (Viktorov, Mansfeld, Golubev, 2015)
To confirm the effectiveness of the DPR mechanism, reference 

is sometimes made to perhaps the only work on the generation of 
radiation at the DPR in a laboratory plasma experiment (Viktorov 
et al., 2015 (EPL, 109 (2015) 65002)). Although now references to it 
are gradually quieting down (Chernov, 2019) (Latest data…), since 
ambiguous results are demonstrated there: the radiation recorded 
only complex bands at the second harmonic of the cyclotron fre-
quency, while the experiment demonstrated the third harmonic as 
well (in Fig. 2). And if it were so easy to model, one would expect the 
experiment to be repeated many times, which would really be a proof 
of the mechanism’s work. However, there were only assurances of 
the authors (after the report at the conference in response to ques-
tions) that they are trying to obtain radiation at the third harmonic.  
It is noteworthy that Viktorov et al. (2015) show in their experi-
ment the simultaneous generation of whistlers at frequency near 

Fig. 6.5. Dynamic spectrum of the plasma radiation. The types of kinetic 
instabilities considered in the paper are highlighted: 1 – the initial stage of 
ECR discharge (rarefied plasma); 2 and 3 – stages of the developed discharge 
(dense plasma); 4 –̶ the beginning phase of plasma decay (dense plasma); 
5 – decaying plasma (rarefied plasma). Three lines on the spectrogram show 
time variation of the corresponding frequencies 2fce0 (green), fce0 (white) and 
1/2fce0 (red), where fce0 ≡ fce (z center) is the electron cyclotron frequency in 
the center of the magnetic trap on its axis (fragment Fig. 2 from Viktorov et 
al., (2015)). Note the strict periodicity of whistler generation
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0.5 fce in Fig. 3b and a complex-shaped band near frequency of 2 
fce in Figs. c and d), but the authors did not include these facts in 
the topic of their paper.

The world network of CALLISTO radio telescopes does not yet 
allow us to use its spectra; almost 90% of them are subject to local 
interferences and the low frequency resolution of the pure spectra 
does not allow us to record the ZS bands. 

6.6.2. Zebra pattern in decametric radio emission of Jupiter 
       (Panchenko et al., 2018)

Observations of the ZPs similar to the zebra patterns (ZPs) in 
the solar radiation (Litvinenko et al., 2016) were performed by the 
large ground-based radio telescope URAN‑2 (Poltava, Ukraine). 
ZPs are strongly polarized radio emission with a duration from 20 s 
to 290 s and flux densities ~105–106 Jy (normalized to 1 AU), that 
is, 1–2 orders lower than for its moon Io decametric radio emission 
(DAM) (Fig. 6.6). The frequency splitting between stripes slightly 
increases with the emission frequency (in 43 events), usually be-
tween 0.5 and 1.5 MHz. In all examples, the strips exhibit rapid 
wave-like frequency drift, remaining quasi-equidistant to one an-
other. All these facts are similar to solar ZP.

Unlike the solar corona, Jupiter’s plasma is strongly aniso-
tropic, that is, fpe  fce, in most of regions of the magnetosphere. 
Therefore, the mechanism of DPR with electrons cannot explain 
our observations since it requires extremely high plasma densi-
ty which is very unlikely in Jovian magnetosphere. Zlotnik et al. 
(2016) proposed an alternative mechanism of zebra structure for-
mation in Jovian kilometer radiation. The model is based on the 
DPR at the ion cyclotron harmonics. The mechanism involves 
excitation of the ion cyclotron waves at low hybrid frequency and 
then a  non-linear transformation of this low-frequency emission 
to the high-frequency wave due to coalescence process with a high 
frequency mode.

The DPR with the ions can be operated in the regions where  
fpe   fce, which is fulfilled in most of regions of the Jovian mag-
netosphere. Therefore, the DPR effect at the ion cyclotron har-
monics can be realized for much less plasma density than the DPR 
effect at the electron cyclotron harmonics. In this case, fLH ≈ fpi (fpi 
is the ion plasma frequency) and the resonance condition is fLH = 
sfci. The low-frequency plasma waves cannot escape the source and 
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should be first transformed to the high frequency electromagnetic 
waves (fem) in a  non-linear coalescence process with a  high-fre-
quency mode (e. g., with plasma waves at upper hybrid frequency). 
Coalescence of these waves (fem = sfci + fce) results in generation 
of electromagnetic waves with a spectrum in the form of ZP. Nev-
ertheless, additional theoretical studies are needed to clarify the 
non-linear modes conversion from the low-frequency ion cyclo-
tron waves to the high-frequency electromagnetic waves.

6.7. Preliminary conclusions
A brief review of possible alternative mechanisms of excitation 

of zebra-structure in connection with the noted difficulties of the 
DPR mechanism shows that the whistler mechanism and explo-
sive instability (scattering of non-linear ion-sound waves on par-
ticles) can serve as possible models for simultaneous excitation of 
many zebra bands. They do not require any additional conditions 
(or constraints) on the plasma parameters.

There are more developed theories, but there is no final deci-
sion on them. For example, propagation through a medium with 
inhomogeneities assumes their presence with certain small scales 
(Laptuhov, Chernov, 2009).

We have considered several of the most recent events with new 
peculiar elements of zebra patterns. Important new results are ob-
tained by simultaneous studies of the positions of radio sources, 
using Nançay Radio Heliograph at 164 and 236 MHz. In particu-
lar, correlation between the direction (sign) of the frequency drift 
of stripes on the spectrum and the direction of drift of source in 
space is discovered. In most events the polarization corresponds to 

Fig. 6.6. Examples of ZPs observed by URAN‑2 radio telescope (fragment of 
Fig.1 from Panchenko et al. A&A 610, A69 (2018))
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the O-radio mode. All new properties are considered in the light 
of both what was known earlier and new theoretical models. All 
the main properties of the emission and absorption stripes can be 
explained in a model involving interactions between electrostatic 
plasma waves and whistlers, taking into account the quasi-linear 
diffusion of fast particles with the loss-cone distribution on whis-
tlers. Within the framework of this mechanism alone not simply 
the stripes in the emission and absorption are explained, but also 
the entire dynamics of stripes on the spectrum and of their radio 
sources (splitting of stripes, movements of the sources, superfine 
spiky structure).

In two events (July 24, 2004 and November 3, 2004) the large-
scale ZP consisted of small-scale fiber bursts. The appearance of 
such uncommon fine structure is connected with the following 
special features of the plasma wave excitation in the radio source: 
both whistler and plasma wave instabilities are too weak at the very 
beginning of the events (the continuum was absent), and the fine 
structure is almost invisible. Then, whistlers generated directly at 
DPR levels «highlight» the radio emission only from these levels 
due to their interaction with plasma waves.

A unique fine structure was observed in the event December 13, 
2006: spikes in absorption formed dark ZP stripes against the ab-
sorptive type III-like bursts. The spikes in absorption can appear in 
accordance with the well-known mechanism of absorptive bursts. 
The additional injection of fast particles filled the loss-cone (break-
ing the loss-cone distribution), and the generation of the continu-
um was quenched at these moments, which was evidenced by the 
formation of bursts in absorption. The maximum absorptive effect 
occurred at the DPR levels. The parameters of millisecond spikes 
are determined by small dimensions of the particle beams and local 
scale heights in the radio source.

Thus, in each new event new special features of the fine struc-
ture are revealed. However, they are usually related with the var-
ied conditions in the source. In such a case, one ought not to find 
a special emission mechanism for each event, which was repeatedly 
done before. The DPR model helped to understand several aspects 
of unusual elements of ZPs. In this connection, the calculations 
of growth rates of upper hybrid waves with a different distribution 
function of fast electrons inside of the loss-cone is very important 
(Kuznetsov, Tsap, 2007). However, discussions concerning the va-
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lidity of taking into account of one or several harmonics in a hy-
brid band continue. At the same time, Laptuhov and Chernov 
(2009) showed that simultaneous existence of several tens of the 
DPR levels in the corona is impossible for any realistic profile of 
the plasma density and magnetic field (if we do not assume the 
order of magnitude of the local density and magnetic field scale 
heights to be smaller).

Since all known models still have deficiencies, the attempts to 
create new theories continue. We examined three new theories. 
The formation of transparency and opacity bands during the prop-
agation of radio waves through regular coronal inhomogeneities is 
the most natural and promising mechanism. It explains all main 
parameters of regular ZP. The dynamics of ZP stripes (variations in 
frequency drift, stripe breaks, etc.) can be associated with the prop-
agation of inhomogeneities, their evolution, and disappearance. 
Inhomogeneities are always present in the solar corona, however 
direct evidences of the existence of inhomogeneities with scales of 
several meters in the corona are absent, although ion-sound waves 
could serve this purpose.

The mechanism of scattering of fast protons on ion-sound har-
monics in explosive instability looks as very uncommon, and it re-
quires a number of strict conditions. Although fast protons always 
exist in large flares, and the presence of non-isothermic plasma is 
completely feasible in the shock wave fronts.

The last two models could be useful in describing large radio 
bursts. All three models are related to a compact radio source. The 
number of discrete harmonics does not depend on the ratio of the 
plasma frequency to the gyrofrequency in the development of all 
three models. The latter circumstance can eliminate all difficulties 
that arise in the DPR model.

The short event May, 29 2003 provided a wealth of data for 
studying the superfine structure with millisecond resolution. All 
the emission in the spectrum in 5.2–7.6 GHz frequency range 
consisted of spikes of 5–10 ms duration in the instantaneous 
frequency band of 70 to 100 MHz. These spikes make up a su-
perfine structure of different drift bursts, fiber bursts and zebra 
pattern stripes. The coalescence of plasma waves with whis-
tlers in pulse regime of the interaction between whistlers and 
ion-sound waves ensures best explanation for generating spikes 
(as initial emission).
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We have shown that polarization of the ZP corresponds to the 
ordinary wave mode and it changes in accordance with the dynam-
ics of flare processes. Simultaneous or consecutive appearance of 
ZP in different frequency bands is obviously connected with the 
dynamics of flare processes.

A  future analysis is needed to clarify whether a  radio source 
showing ZP is really related to a closed magnetic loop, and if it is 
located at lower altitudes than the source of the pulsations, as is 
shown by the radio spectrum of ZP at the high frequency boundary 
of pulsations. New solar radio spectral imaging observations should 
help to compare the source sizes of different fine structures, and 
reveal their possible motion.

In Chapter 5 the model of the radio source of type II bursts is 
based on the generation of radio emission within the front of the 
collisionless shock wave where the Buneman instability of plasma 
waves is developed. In the frame of this model, the Alfven magnetic 
Mach number must exceed the critical value, and there is a strict 
restriction on the perpendicularity of the front.

In the whistler model radio sources of fiber bursts and ZP are 
moving, and the spatial drift of ZP stripes should change synchro-
nously with the changes of frequency drift in the dynamical spec-
trum. In the DPR model, the ZP source must be rather stationary.

In almost all papers the interpretation of ZP begins with the 
most accepted DPR model. Above, we highlighted several addi-
tional problems with this model in the explanation of complicated 
events. We showed that the event on December 14, 2006 examined 
in highly cited papers in terms of the DPR model, could be likewise 
explained in terms of the whistler model, taking into account the 
propagation of whistlers along a magnetic trap.

The «fingerprint» form of the ZP in the decameter band is also 
discussed in the DPR model, whereas it can be simply related with 
the whistler propagation in magnetic islands. Zlotnik et al. explain 
the fast frequency drift and lifetime of the ZP in terms of the FMA 
waves which modulate the DPR mechanism, while Karlický (2013) 
used the density perturbations in the FMA waves (modulating the 
continuum emission) as a source of ZP without any attraction of 
the DPR.

The DPR mechanism was even used to interpret zebra-like 
stripes in microwave radiation of the Crab Nebula pulsar, despite 
numerous problems with the plasma parameters. Those problems 
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motivated Karlický to develop a  ZP model, based on the FMA 
waves, for pulsars.

Simultaneous appearances of fibers and ZP, and the smooth 
transition of zebra-stripes into the fibers and back indicate the 
united mechanism for the formation of different drifting stripes in 
emission and absorption within the framework of the interaction of 
plasma waves with whistlers, taking into account quasi-linear inter-
action of whistlers with fast particles and with ion-acoustic waves.

In contrast with the DPR model, the whistler model explains 
many specific features of ZP:

– weak zebra stripes with different scales in a broadband fre-
quency range;

– simultaneous appearance of fiber bursts, fast pulsations and 
spike-bursts;

– the oscillatory frequency drift and the frequency splitting of 
stripes;

– change in the spatial drift of radio source synchronously with 
the frequency drift of stripes in the spectrum;

– the millisecond superfine structure of stripes;
– the rope-like fibers.
Presence of ion-acoustic waves can be considered justified in 

the source in the vicinity of magnetic reconnection with the out-
going shock fronts. The propagating ion-acoustic waves can serve 
as natural heterogeneities, passing through which electromagnetic 
waves shape the additional stripes of transparency and opacity in 
the spectrum. Laptukhov and Chernov (2019) showed that alter-
nating transparency and opacity stripes in the spectrum of radio 
waves passing through such plasma structure (the ZP effect) can be 
observed at any angle of incidence.

It should be noted that the relative significance of these several 
recently proposed mechanisms remains uncertain. Simultaneous 
or consecutive appearance of ZP in different frequency bands is 
obviously connected with the dynamics of flare processes.

For a comprehensive discussion of comparative analysis of ob-
servations of ZP and fiber bursts and different theoretical models 
we refer the reader to the review of Chernov (2011).

Due to the joint observations using Chinese spectrographs at 
the YNAO and Huairou observatories and at the Institute of Ter-
restrial Magnetism, Ionosphere, and Radio wave Propagation, 
Russian Academy of Sciences, we demonstrated a wide variety of 
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sporadic ZPs in the decimeter and microwave ranges during the 
event on August 1, 2010. The ZPs were observed in a pulsing re-
gime with a sharp (saw-toothed shape) variation in the direction of 
the drift of stripes. Various combinations of zebra stripes with fiber 
bursts and their continuous transition from one form to another 
were observed. The zebra stripes reveal a superfine structure of mil-
lisecond duration.

General properties of the fine structure of radio emission are 
usually related to the dynamics of the burst process: sign and 
degree of the circular polarization, various combinations of the 
ZPs and fiber bursts, and pulsing character on the dynamical 
spectrum.

The main details of the sporadic ZP in the event on August 1, 
2010, were explained within the model of the ZPs and fiber bursts 
during the interaction of the plasma waves with whistlers. Main 
variations in the ZPs stripes are caused by the scattering of fast par-
ticles on whistlers, which leads to the switching of whistler instabil-
ity from the normal Doppler effect to the anomalous one.

We demonstrated several events with radio fine structures in 
which the positional observations could be a  determining factor 
for selection of the radio emission mechanism. It is very import-
ant to compare the source sizes of continuum and different fine 
structures, and to know whether the radio source is moving (shock 
wave) or not.

Radio sources of fiber bursts and ZP in the whistler model must 
have moving sources, and the spatial drift of ZP stripes should 
change synchronously with changes of frequency drift in the dy-
namical spectrum. In the DPR model the ZP source must be rather 
stationary.
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