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Abstract: Radio bursts provide important diagnostics of energetic phenomena of the Sun. In particu-
lar, bursts in decimetric and metric wavelengths probe the physical conditions and the energy release
processes in the low corona as well as their association with heliospheric phenomena. The advent of
spectral radio data with high time and high frequency resolution has provided a wealth of informa-
tion on phenomena of short duration and narrow bandwidth. Of particular value are spectral data
combined with imaging observations at specific frequencies. In this work we briefly review the results
of a series of observations comprised from high-sensitivity, low-noise dynamic spectra obtained with
the acousto-optic analyzer (SAO) of the ARTEMIS-IV/JLS solar radiospectrograph, in conjunction
with high time-resolution images from the Nançay Radioheliograph (NRH). Our studies include fine
structures embedded in type-IV burst continua (mostly narrow-band “spikes” and intermediate drift
“fiber” bursts) and spike-like structures detected near the front of type-II bursts. The implications of
the observational results to theoretical models are discussed.

Keywords: sun: corona; sun: radio radiation; acceleration of particles; magnetic reconnection;
sun: radiation mechanisms: non-thermal; sun: meter-wavelengths and longer; sun: activity; sun:
flares; sun: ejections; sun: magnetic fields

1. Introduction

Solar radio bursts provide a unique diagnostic of the development of flare/CME events
in the low corona (see for example, [1–5]); their onset and evolution coincides with an
extended opening of the magnetic field and/or solar flare reconnection [6,7] accompanied
by energetic-particle acceleration and injection into interplanetary space as well as shocks
(e.g., reviews by [8–10]). Their signatures in microwave, decimetric, and metric and longer
waves trace disturbances propagating from the base of the corona to interplanetary space.
The radio signatures associated with the onset of these energetic phenomena on the Sun
constitute potential radio precursors of space weather disturbances (e.g., [11–15]), including
Solar Energetic Particles (SEPs).

Often the radio bursts encase groups of smaller bursts with different time scales,
referred to as fine structure (FS). Our understanding of metric radio burst fine structure con-
tinuously improves with the advent of radio data with high time and frequency resolution.
As the radio bursts provide readily available diagnostics of the development of energetic
phenomena of the Sun, their fine structure may provide the details. To this end, high
resolution dynamic spectra are required. Furthermore, radio imaging data supplementing
the corresponding dynamic spectra are equally necessary.

The complexity of the processes associated with the flare/CME event development is
reflected in a diversity of forms in dynamic spectra, which exhibit a variety of fine structures
in time and frequency; these are characterized by a wide range in period, bandwidth, am-
plitude, temporal, and spatial signatures. The fine structures may be used for the detailed
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study of the magnetic field restructuring and the corresponding energy release associated
with solar flare/CME events (e.g., reviews by [16,17]). A number of morphological taxon-
omy schemes, mostly in the microwave and the decimetric frequency range, have been
presented [18–26], of which the most recent are also the most comprehensive. In the metric
wavelength range, Bouratzis et al. [27] proposed a morphological classification consistent
with the works mentioned in this paragraph; in their work, fine structures were divided
in five basic classes with two or more subclasses each, thus providing a more structured
approach (see Section 3).

The wide variety of fine structures necessitates the limitation of the present review
to specific categories, in line with the authors’ recent results. Thus, we focus on the study
of fine structure associated with type-IV and II solar radio bursts at metric wavelengths.
Emphasis is placed on the analysis of narrow-band bursts associated with type-IV continua
and type-II shocks (Sections 4, 5 and 5.3) and of the intermediate-drift bursts embedded in
the type-IV continuum (Section 6). We also include a more general but brief reference to
the remaining types of fine structures. All of these are part of an ongoing research program
for the detailed study of the fine structure at metric wavelengths as discussed in Section 7;
zebras, pulsations, etc., will be studied in subsequent works.

This review is organized as follows. The observations and data analysis are pre-
sented in Section 2, which includes a brief description (in Section 2.1) of the capabilities of
the ARTEMIS-IV/JLS multichannel radio-spectrograph and the Nançay radio-heliograph
(NRH) and a discussion of the advantages of the dynamic spectra–radio images combina-
tion. In Section 2.2, the data processing techniques are outlined. In Section 3, we present a
flexible and readily expandable scheme of fine structure classification, and we provide a
brief overview of the FS properties. Our results of the study of spike and fiber bursts based
on joint ARTEMIS-IV/JLS–NRH oservations are presented in the following Sections 4–6.
In Section 7, we summarize and discuss the results exposed in the previous sections; the
discussion includes the constraints imposed by the observational results to the often ques-
tioned theoretical interpretations (Sections 7.1–7.3). Finally, the future prospects in this line
of research are discussed in Section 8.

2. Observations and Data Analysis
2.1. Instrumentation

The high resolution dynamic spectra were provided by the ARTEMIS-IV/JLS solar
radio spectrograph, which operates at the Thermopylae Satellite Telecommunication Station
(38.824166◦ N, 22.686666◦ E) since 1996 [28–32]. It consists of a 7 m parabolic antenna
covering the metric range (650–110 MHz), which has a beamwidth of 4.6◦ degrees at
650 MHz. To this, a dipole aerial adapted to the decametric range (100–20 MHz) was
added in October 2002 (see also technical description at http://artemis-iv.phys.uoa.gr/
ARTEMIS%20PRESENTATION%20FOR%20LOIS.htm (accessed on 23 July 2023)). Two
receivers operate in parallel, a sweep frequency analyzer (Analyseur de Spectre Global
ASG) covering the 650–20 MHz range in 630 channels with a cadence of 10 samples/sec
and a high sensitivity multi-channel acousto-optical analyzer (Spectrographe Acousto
Optique-SAO), which covers the 270–450 MHz range in 128 channels at 100 samples/s.
The narrow band, high time resolution SAO recordings are used in the analysis of the fine
temporal and spectral structures and they constitute the major data set of this work. The
broad band and medium time resolution data of the ASG, on the other hand, are used for
the detection and analysis of radio emission from the base of the corona to ∼2R�. Our
data are not calibrated; in the dynamic spectra we subtract the background value for each
channel and use a logarithmic flux display.

http://artemis-iv.phys.uoa.gr/ARTEMIS%20PRESENTATION%20FOR%20LOIS.htm
http://artemis-iv.phys.uoa.gr/ARTEMIS%20PRESENTATION%20FOR%20LOIS.htm
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Two-dimensional images of the Sun, usually at five frequencies (164, 236.6, 327, 410.5,
and 432 MHz) were obtained from the Nançay Radio Heliograph (NRH) [33,34], which
is a synthesis instrument that provides two-dimensional images of the Sun with 150 ms
time resolution and 1.13′ to 1.57′ angular resolution at 432 MHz. The angular resolution
improves significantly (0.6′ EW and 0.75′ NS) when 1D images are computed using the
baselines of the EW and NS antennas. This stems from the fact that the contribution of
the extension antennas to the 1D images is significant, but it is almost negligible for the
2D images. All five frequencies are within the spectral range of the ASG, while the last
three are also within the range of the SAO. The 2D NRH images from the Nançay site
(https://rsdb.obs-nancay.fr/ (accessed on 23 July 2023)) supplement the ARTEMIS-IV/JLS
dynamic spectra by providing information on the position and on the morphological
evolution of the radio features on the solar disk (See for example [35–38]). Furthermore, the
imaging information contributes to the determination of the nature of the emission.

Additional data, regarding the overall time evolution of the flare/CME events, were
obtained from observations of the SOHO/LASCO white-light coronagraph [39–42] (https:
//cdaw.gsfc.nasa.gov/CME_list/index.html (accessed on 23 July 2023)), the Transition
Region and Coronal Explorer (TRACE) EUV images [43], the NOAA Solar Geophysical Data
catalogs, the soft X-ray (SXR) online light curves from GOES (https://www.ncei.noaa.gov/
data/goes-space-environment-monitor/access/full/(accessed on 23 July 2023)) [44,45]
and the Extreme Ultraviolet Imaging Telescope (SOHO/EIT) onboard SOHO [46] images.
Furthermore, the associated signatures of electron acceleration were obtained from Hard
X-ray (HXR) from the RHESSI [47,48], the MTI/HXRS [49] and the BATSE/GRP [50,51]. In
the absense of HXR recordings, microwave data from the Radio Solar Telescope Network
(RSTN, [52]) at 4.995 GHz and, occasionally, from the 2.695 GHz channel of the Trieste Solar
Radio System (TSTS, [53]) were used as HXR proxies.

2.2. Data Analysis

In this section, we present numerical processing techniques for the enhancement of
fine structures and the measurement of their bulk parameters. We further discuss the
derivation of the exciter speed from the frequency drift rate.

2.2.1. Enhancement of Fine Structures in Dynamic Spectra

As overlapping fine structures in dynamic spectra are embedded in the broad band
and longer timescale continuum emission, we used the following techniques for their
enhancement and separation:

• Suppression of the continuum background: It was performed by means of high-
pass filtering in time, using either Gaussian filters or time derivatives (differential
spectra), which enhanced fast time-varying spectral structures, such as pulsations,
fibers, and zebras.

• Separation of overlapping fine structures: It was used mostly in the case of the type-IV
data set. We used both high-pass and low-pass filters on dynamic spectra along the
frequency axis. In this case, the high-pass filtering provides pulsation suppression and
facilitates detecting fibers and similar structures, while the complementary low-pass
filtering provides suppression of drifting structures, such as fibers (see [30,32] for a
detailed description of this method).

An example of background suppression followed by separation of overlapping fine
structure is presented in Figure 1.

https://rsdb.obs-nancay.fr/
https://cdaw.gsfc.nasa.gov/CME_list/index.html
https://cdaw.gsfc.nasa.gov/CME_list/index.html
https://www.ncei.noaa.gov/data/goes-space-environment-monitor/access/full/
https://www.ncei.noaa.gov/data/goes-space-environment-monitor/access/full/
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Figure 1. An example of ARTEMIS-IV/JLS/SAO dynamic spectrum at 10 ms resolution, showing
fiber bursts overlapping pulsating structure. (a) Original spectrum. (b) Differential spectrum (time
derivative of flux). (c) After high-pass filtering along the time axis, which suppresses the continuum
emission. (d) After an additional high-pass filter along the frequency axis, suppressing broad-band
pulsation features. (e) Same as (c), after low-pass filtering along the frequency axis suppressing short
time-scale features, fiber bursts in this case.

2.2.2. Measurement of Bulk Parameters

Most of the fine structure bursts appear in groups and clusters. Their study necessitates
the use of autocorrelation analysis of their intensity-time profiles or 2D autocorrelation
function of the dynamic spectrum for the measurement of their bulk parameters, i.e., the
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duration at fixed frequency, the instantaneous bandwidth, the periodicity, and the frequency
drift rate. The results need to be corroborated by direct measurement of parameters at
subsets of clearly isolated fine structures. The fine-structure bursts of interest in this
work, narrow-band bursts and intermediate-drift bursts, differ in the details dictating an
adaptation of the methodology for each type, as described in this section.

In the case of spike groups, a 2D autocorrelation of the dynamic spectra provides
the average spike duration, the frequency drift rate, and the bandwidth for a group of
spikes. An example is shown in Figure 2. The results were validated by a semi-automatic
evaluation of the duration and the instantaneous spectral width for the entire data set of
narrow-band bursts. These were identified by inspection, and the width was determined
by fitting the temporal and spectral profiles with a smooth curve. An example of the
computation of the spectral and temporal width of a spike is presented in Figure 3. It
shows part of the dynamic spectrum of a spike group and the measurement of the width of
temporal and frequency profiles of an individual spike.

Figure 2. SAO dynamic spectrum of spikes during a six-second interval at full time resolution (10 ms).
Dotted lines mark the frequencies of NRH data at 327.0, 410.5, and 432.0 MHz. The insert in the top
right corner shows the autocorrelation function. (From [54] reproduced with permission).

Figure 3. Measurement of the width of temporal and frequency profiles of an individual spike within a
cluster shown in the dynamic spectrum (a). Panel (b) shows the spectral profile and panel (c) the temporal
profile. Panel (d) shows the full temporal profile at 340 MHz. (From [54], reproduced with permission).

Similar to the method outlined above is the measurement of the spike duration and
size in 1D NRH data through fitting of the positional and spectral profiles with Gaussians
(Figure 4).
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Figure 4. Measurement of the duration and size of an individual spike in the NRH 1D (a) recording
(same method as in Figure 3). Panel (b) shows the NRH total normalized flux in the east-west
direction and panel (c) the temporal profile at 327 MHz. In panel (d), we present the ARTEMIS-
JLS/SAO time profile at 327 MHz for comparison. The red curves in panels (b,c) trace the Gaussian
fit used in the duration and width measurement of the spikes. The bright bands above and below the
main one are due to sidelobes. (From [55] reproduced with permission).

In the case of fiber bursts, which have a significant frequency extent, the characteristics
of individual fibers were determined by means of a semi-automatic tracking algorithm
which followed the peak of the flux from one frequency channel to the next [56,57]. This
procedure was used in the measurement of the total bandwidth ∆ f , the total duration ∆t
and the drift rate d f /dt of individual IDBs. In Figure 5a we show the track of individual
fibers isolated from a group by this algorithm. In Figure 5b tracks as a function of difference
from start time are plotted; the average track calculated from the fiber frequency drift (red
line) is also plotted for comparison.

Figure 5. (a) Tracking of individual fibers. (b) The same tracks are presented as a function of time
from start. The red line corresponds to the average track reconstructed from integration of the drift
rate measured using cross-correlation. (From [57], reproduced with permission).

For the measurement of bulk parameters of fiber burst groups, 2D autocorrelation,
cross-correlation, and 2D Fourier transform were used. The frequency-averaged 2D au-
tocorrelation gave us the fiber duration, δτ, computed from full width at half maximum
(FWHM) of the central peak; the bandwidth, δ f , of the emission was similarly obtained
from the central peak of the time-averaged 2D autocorrelation (Figure 6d,e respectively).
The fiber repetition rate (cadence) T−1 within the group was calculated from the position
of the first peak of the autocorrelation function on the time axis. Lastly, the bulk frequency
drift rate, d f /dt, of the group was estimated from the inclination of the 2D-autocorrelation
function. The 2D-autocorrelation method gives only the average characteristics of the fiber
bursts in a group, as opposed to the tracking algorithm mentioned above. However, it
is fast, accurate, and easy to implement. Furthermore, the comparison with the tracking
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algorithm for individual bursts in our data set indicates that the values of the parameters
of interest differ less than ∼10% between the two.

Figure 6. (a): Original dynamic spectrum of a fiber group. (b) The same dynamic spectrum, filtered
similarly to Figure 1c. (c): The two-dimensional autocorrelation function of the region delimited by
the box in (b); the time lag in seconds is on the horizontal axis. (d,e) Profiles of the 2D autocorre-
lation function in the horizontal and the vertical direction, along the blue dashed lines in panel (c).
(From [57], reproduced with permission).

The fiber group drift rate as a function of frequency (and hence of time) was calculated
by choosing a ten-channel spectral window and sliding it on the dynamic spectrum. The
frequency drift was derived from the time shift of each channel with respect to the central
one at each location of the sliding window, obtained by means of 1D cross-correlation
(see Figure 7 for example); the characteristic curvature of the fiber burst in the dynamic
spectrum is a result of the frequency drift rate decreasing with time.

When two or more fiber groups with different drift rates overlap on the dynamic
spectra, the 2D Fourier transform was used for the estimation of the bulk frequency drift
rate, d f /dt, of each group as proposed by Tsitsipis et al. [58,59]. In this case, the 2D Fourier
transform of the dynamic spectrum was converted to polar coordinates, (s, θ). Then, the
spectral power was plotted as a function of the polar angle, θ, by integrating along the
radius. In Figure 8, we show how this process separates well the different fiber groups
in the inclination θ plot (panel b) and in the plot of the mean frequency drift rate, d f /dt
(panel c).
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Figure 7. Dynamic spectrum from SAO (a) for the fiber group (same group as in Figure 5) used in the
computation of drift rate at a sliding frequency window using cross−correlation on each position
of the window. Panels (b,c) show the frequency as a function of time shift from the first and last
frequency window, labeled respectively with 1 and 2 in dynamic spectrum. Panel (d) shows the
variation of the drift rate with frequency (From [57], reproduced with permission).

Figure 8. (a) Dynamic spectrum with two overlapping groups of intermediate−drift bursts. (b) Am-
plitude of the corresponding power spectrum as a function of the polar angle on the FT plane. (c) The
same amplitude as a function of drift rate. The two peaks at 6◦ and 129◦ correspond to drift rates of
0.132 s−1 (fast drift burst) and −0.012 s−1 (typical fiber group), respectively (From [57], reproduced
with permission).

2.2.3. Drift Rate and Exciter Speed

In is well known, since the early days of solar radio astronomy, that the frequency
drift rate in metric wavelengths is related to the speed of the exciter. Assuming that the
radio emission is at the plasma frequency or the first harmonic, the emission frequency
is associated with the electron density; hence, the speed of the burst exciter, vexc, can be
computed from the frequency drift rate, using the expression

vexc =
ds
dt

=
dz

dt · cos φ
=

H f

cos φ

(
d f
f dt

)
(1)
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where s is the distance along the path of the exciter, z is the height above the photosphere,
and φ is the angle between s and z. H f is the frequency scale height which is twice the
density scale height, H; for an isothermal corona we have:

H f = 2H =
2kT

µmpg�

(
R

R�

)2

(2)

where k is the Boltzmann constant, T is the temperature, µ is the mean molecular weight (0.6
in the corona), mp is the proton mass, g� is the acceleration of gravity in the photosphere,
and R (=z + R�) the distance of the emission region from the center of the sun. Substituting
numerical values we obtain

H f [Mm] ≈ 100T[MK]
(

R
R�

)2

(3)

The vertical source size, ∆R, is obtained by multiplying by the ambient coronal plasma
frequency scale height, H f , by the the relative bandwidth, δ f / f .

∆R = H f

(
δ f
f

)
(4)

For a given frequency, R can be computed from a coronal density model, yet this
calculation is affected by ambiguities introduced by variations in the ambient medium
properties and the model selection. A thorough discourse on coronal density models has
been provided by Pohjolainen et al. [60,61].

In our fine-structure calculations [54,55,57,62], we have used the twofold Newkirk [63]
model and the hybrid model of Vršnak et al. [64]. These well-established quiet-Sun models
have frequency scale heights which are almost constant within the SAO frequency range
and not too different from the barometric scale height at T ≈ 1.5 MK. For the former,
we have H f = 140 × 103 km for emission at the fundamental and 190× 103 km at the
harmonic, and for the latter H f = 100 × 103 km for emission at the fundamental and
150× 103 km at the harmonic. Under the circumstances, an average frequency scale height
of H f ≈ 120× 103 km at the fundamental and H f ≈ 170× 103 km at the harmonic was
deemed acceptable.

The frequency drift rate from which the speed of the exciter is computed has a natural
upper limit corresponding to the speed of light, c. An approximate upper bound of the
relative frequency drift rate may be derived for both the fundamental (F) and the harmonic
(H) from Equation (1):(

d f
f dt

)F

max
≈
(

c
H f

)
≈ 2.5s−1,

(
d f
f dt

)H

max
≈ 1.75s−1 (5)

When frequency drift rates beyond the limits set by Equation (5) are measured, they are
referred to as “superluminal” exciter apparent motion; this observational contradiction may be
resolved in two ways: First, the local scale height might be less than predicted by quiet-Sun
models. Secondly, following Poquerusse [65], Klassen et al. [66], Benz et al. [67], a geomet-
ric correction which accounts for the radio emission “time of flight” needs be applied to
both the measured speed,Vm, and the relative frequency apparent drift rate, (d f / f dt)m:

V = Vm ·
(

1 +
Vm

c cos θ

)−1

⇔
(

d f
f dt

)
=

(
d f
f dt

)
m
·
(

1 +
Vm

c cos θ

)−1

(6)

where V is the actual exciter speed and θ is the the angle between the exciter path and
the line of sight. Thus, for an exciter moving outwards in the radial direction, this factor
is unity at the solar limb, but at the center of the disk and for an exciter speed of 0.7c,
it is ≈4. The effect of the correction factor is quite pronounced in the case of exciter
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speeds exceeding c/10. This is often the case with bursts of the type-III family, drifting
narrow-band structures, and pulsations

Alternative interpretations of apparent superluminal velocities have been provided in
terms of multiple sources (see Section 6.2.2 below and [68]) as well as in terms of geometric
effects [38].

3. Fine-Structure Classification in the Metric Wavelength Range

The criteria used in the development a fine-structure classification scheme were
based on the morphology of the fine structure on dynamic spectra from the ARTEMIS-
IV/JLS/SAO receiver. The basic data set was in the metric wavelength range, yet we
have strived for a flexible scheme capable to accommodate different fine structure fre-
quency bands, including the highly complex structures of the microwave range. The
results are consistent with the Ondrejov catalogue [23,24,26], which was based on data
in the 0.8–2.0 GHz range. However, at variance with previous attempts, we opted for a
more structured approach adopting two-level classification. The fine structures were thus
allocated into five basic classes, corresponding to coarse-grained spectral features. Each
basic class was further divided in two or more subclasses based on the finer details of the
spectral features [27]. This two-level hierarchical arrangement serves the diversity of the
microwave–decimetric bursts which exceeds that of their counterparts in the meter range
and below [69]. Details of the two-level scheme are given in the following Sections 3.1–3.5.
In the classification process, statistical results were also obtained regarding the association
of the various types with the various phases of the flare/CME phenomenon, which could be
useful in understanding details of the evolution of the solar energetic phenomena through
their radio signatures.

3.1. Featureless Broadband or Diffuse Continuum

This class includes both diffuse segments of type-IV bursts and radio emissions of
smaller bandwidth and duration, such as slowly drifting bursts and patches. Intensity
variations within the smooth periods of the recorded type-IV bursts might qualify as
patches too. In Bouratzis et al. [27], long periods of broadband continuum were found to
overlap in time with the SXR emission and with embedded intermittent periods of the fine
structure mentioned in Sections 3.2–3.5 below. The smooth periods devoid of fine structure
varied between 0% and 60% of the type-IV continuum duration; the relatively longer
smooth periods were found to increase with the duration of the type-IV burst. Although
periods of featureless diffuse continuum have been recorded in abundance in the past,
our data suggest that fine structure may still be detected at sufficiently high resolution
and sensitivity.

3.2. Pulsating Structures

The dynamic spectra pulsating structures appear either as drifting or stationary
(see [17] for a review); the shortest groups of these structures with durations ∼10 s are
known as isolated broadband pulses in [23,24,26]. They are considered as the result of
quasi-periodic acceleration episodes in reconnecting current sheets [7]. The ensuing kinetic
plasma instabilities and the corresponding energetic electron populations are thought to
produce the characteristic radio signature which are known as quasi-periodic pulsations
(QPPs). In the microwave frequency range (0.8–2.0 GHz), drifting QPPs are thought to be
among the possible flare radio precursors as they were found to precede the flare onset by
∼1–4 min [70].

3.3. Narrow-Band Bursts

The signatures of small-scale acceleration episodes (see review by Nindos et al. [10])
manifest themselves as narrow-band bursts of the type-III family: spikes, dots, and subsec-
ond patches [71], depending on their shape in the dynamic spectra. Part of the same family
are the III(U) and III(J) narrow-band bursts [25,72] and the supershort structures (SSSs)
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found embedded in the metric solar type-IV continua [73,74]. The high time-resolution of
the SAO receiver made the morphological distinction possible between a large number of
different narrow-band structures of the ARTEMIS-IV/JLS data set, such as narrow-band J
or U bursts, and the unusual inverted U burst. The duration and bandwidth distributions,
however, did not show any clear separation in groups (see Table A1 of the Appendix A).
The narrow-band bursts occasionally comprise the “superfine structure” (or “hypefine
structure”) of various type of bursts as already mentioned in Section 1. Examples of radio
bursts formed from spike chains are type-III bursts in the 1–2 GHz range [75], pulsating
structures in the 2.6–2.8 GHz range [76], etc. Furthermore, the narrow-band bursts are part
of both the type-II and the type-IV-associated fine structure; as such, they are discussed
further in the following Sections 4 and 5.1. We note that type-I bursts, superposed on
type-I continua (noise storms) at metric frequencies (See [77]), also have small duration
and bandwidth and spike-like dynamic spectra. Their duration and bandwidth is close to
the type-II-associated spike-like bursts and the type-IV-associated spikes observed in the
same frequency range [78,79]; high-resolution observations by Iwai et al. [80] corroborate
this similarity.

3.4. Intermediate-Drift Bursts

The intermediate-drift bursts are characterized by their drifting stripe-like form, whose
drift rate exceeds that of the type-II bursts but does not reach the type-IIIs and their absorb-
tion ridge. They include the typical fibers [81–85], the narrow-band rope-like fibers [86–89],
the narrow-band fibers, and the fast drift fibers (FDBs). The fiber bursts are mainly detected
drifting along coronal magnetic structures and, in particular, postflare loops. In the metric
wavelengths, they usually appear some minutes after the first energy release marked by
the first HXR or microwave peak (see, for example [27], Figure 9). The intermediate-drift
burst radio emission has been interpreted as the result of whistler–Langmuir [82–84] or
Alfvén–Langmuir wave interaction [90], based on their characteristic drifting stripes in
emission and absorption; they provide, thus, a valuable radio–diagnostic of Solar Coronal
Magnetic Fields [91,92]. The theory of whistler (or Alfvén) origin stipulates a three-wave
coupling process (l + w→ t or l + A→ t), where whistlers (w) or Alfvén (A) coalesce with
the Langmuir waves (l) of the type-IV background, resulting in transverse wave emission
(t). The three wave interaction (l + w→ t or l + A→ t) depletes the background Langmuir
wave energy, resulting in the absorption ridge at the the plasma frequency (low-frequency
side of the fiber) and produces enhanced emission at the sum of the frequencies of the
interacting waves. A different approach was presented recently by Ni et al. [93,94], who
considered the production of fundamental electromagnetic radiation (ordinary mode, O) at
the plasma frequency induced by the resonant coupling of Z-mode and whistler (w) waves
(Z + w→ O); this might offer an alternative IDB interpretation. In Section 6 below, where
the intermediate-drift bursts are described in more detail, we posit that the l + w → t
interaction is the dominant fiber emission process at the metric wavelength range. The
Alfvén–Langmuir wave interaction case, on the other hand, is improbable as it requires too
high a magnetic field at the coronal height corresponding to this range.

3.5. Emission Bands

The zebra family is the the emission bands and it shows significant diversity, including
the classic or pulsation-superposed zebra patterns, the fiber-associated zebras [88,95], and
the zebras with a drifting emission envelope [96]. The corresponding emission mechanism
interpretations vary from double plasma resonance [97,98], Bernstein modes, or plasma
waves trapped in resonators, and more (see Nindos et al. [10], Chernov [95]). The rare
lace-burst, first reported by Karlický et al. [99], is also member of the zebra family; its
emission has been attributed to the double plasma resonance [6,100,101], and observational
evidence in support of this interpretation has been provided by Chen et al. [102]. The zebra
bursts exhibit stripes in emission and absorption comparable to the fibers, and hence they
provide an additional radio–diagnostic for Solar Coronal Magnetic Fields [91,92].
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Some uncommon band structures from the metric–decimetric frequency range have
been also included in this class:

• A single-emission band, designated as evolving emission line (EEL), first reported by
Chernov et al. [103] in the 350–450 MHz frequency range, at the low-frequency cutoff
of a pulsating structure, and by Fu et al. [25] and Ning et al. [104] in the GHz range
is included in this class, although the emission mechanism appears to be somewhat
different from the zebras. After Chernov et al. [103], the observed EEL was the result
of electrostatic maser at double plasma resonance.

• Some “serpentine” single-emission bands recorded in the ∼5 GHz frequency and
designated as a “quasi- periodic drifting” structure ([25], Figure 9), or “M-shaped
structure” ([105], Figure 3) may be classified, either as emission bands or as narrow-
band bursts of the type-III family (M-Bursts).

• A structure detected at about 1416–1420 MHz by Oberoi et al. [106]. It consists of a
group of short 2–4 ms parallel stripes with a relative delay with decreasing frequency.
The total duration of the group is about 16 ms. Due to the band structure, this burst
may be considered as a group of emission bands; the short time scale and frequency
bandwidth of these bands, however, show some similarity of this burst to narrow-band
burst chains.

4. Type-IV-Associated Narrow-Band Bursts (Spikes)

The narrow-band bursts are characterized by very small duration (∼50 ms in the
metric frequency range) and bandwidth (δln f ≈ 1–2%). They often appear embedded
in the continuum background of the type-IV radio bursts. In the lower frequency range
(metric and lower wavelengths), the narrow-band bursts are thought to be signatures of
small-scale acceleration episodes which induce enhanced Langmuir waves by means of
bump-on-tail instability. These in turn are converted into electromagnetic radiation in the
fundamental and the first harmonic of the local plasma frequency. In the microwave range,
on the other hand, they are interpreted as gyrosynchrotrons or electron cyclotron masers
(see [107–109]). In this section, we summarize our results, presented in Bouratzis et al. [54].

4.1. Characteristics of Individual Bursts and Chains

The characteristic parameters of both individual narrow-band bursts and chains, such
as their duration, δτ; bandwidth, δ f ; and drift rate, d f /dt, were measured using the
methods presented in Section 2.2. For the individual spikes, the semiautomatic algorithm
described in Section 2.2 was used on a selection of 11,579 narrow-band bursts (see example
in Figure 3). In Figure 9a,b, we present histograms of the duration and the bandwidth of
the narrow-band structures. For comparison, the spike durations and spectral widths in
the 11 MHz–7.40 GHz range, published in a number of articles, are given in Table A1.

Figure 9. (a) Histogram of spike duration; the line is an exponential fit. (b) Distribution of the relative
instantaneous bandwidth of spikes. (Adapted from [54]).

The individual spike characteristics, such as normalized (or relative) bandwidth, δ f / f ,
and duration, δτ, were found to be on the average 2% (≈7.8 MHz) and 100 ms, respectively,
with the bandwidth tending to increase with duration. The observed relative bandwidth
corresponds to a spike vertical size of about 2.4–3.4 ×103 km (see Equation (4)). A small
number (less than 1% of our data sample) of outliers were found, with δ f / f ≈ 0.2. These
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corresponded to the very rare broadband spikes, first reported in [110] in the 175–235 MHz
range, and are shown in the left panel of Figure 10. In the right panel of the same figure we
show a cluster of typical narrow-band structures for comparison.
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Figure 10. Dynamic spectra of narrow-band bursts obtained by the ARTEMIS–JLS/SAO at high
resolution (10 ms). (a) Broadband spike bursts. (b) Typical narrow-band structures. (From [54], repro-
duced with permission).

The spike frequency drift rate, d f /dt, was measured on a sample of 295 spikes, some
of which showed positive (sunward) and some negative (outbound) drifts (see for example
Figure 11) with average rates of 506 MHz s−1 and −390 MHz s−1 respectively; these
correspond to relative frequency drifts of 1.43 s−1 and −1.12 s−1. In addition to the drifting
spikes, a number of spikes with non measurable drift was also recorded.
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Figure 11. ARTEMIS/SAO high resolution (10 ms) dynamic spectra of drifting narrow-band struc-
tures. (Left): A group of bi-directional spikes. Above the line there are negative drifting spikes and
below are positive drifting spikes. (Right): Spikes with positive and negative drifts. (From [54], re-
produced with permission).

A number of parallel chains were found, where the spikes of the low-frequency chain
had negative drift, while the corresponding spikes of the high frequency chain had positive
drift (Figure 11, left). These “bi-directional spikes” appear to be the signatures of a sequence
of small-scale X-reconnection events. The small number of the observations of such chains
is probably due to the fact that they are quite difficult to distinguish within spike clusters.
Moreover, as already mentioned in Section 3.3, narrow-band bursts have been recorded on
dynamic spectra in diverse forms, such as type-III, -III(U), and -III(J) narrow-band bursts,
spikes, dots, and subsecond patches and supershort structures (SSSs) [25,71–74]. Examples
are shown in Figure 12.

In dynamic spectra, as a rule, spike bursts tend to cluster close to one another in time
or in frequency. When large groups of individual spikes are grouped within a very short
time interval (.1 s) over a wide frequency range, the clusters are labeled as columns[111].
In our data, the reverse (sunward) drifting columns had an average group drift rate of about
517 MHz s−1 (logarithmic drift rate d f / f dt ≈ 1.36 s−1); the negative (outbound) drifting
columns, on the other hand, had d f / f dt ≈ 3.25 s−1 (−1260 MHz s−1). The drift rate of the
latter is similar to that of the fastest member of the type-III family (the type-IIId bursts);
these were found to have a drift rate of about−1500 MHz s−1 in the 500–100 MHz frequency
range by Poquerusse [65]. The outbound columns are also similar to the fastest of the
chains of dot-like structures reported by Sawant et al. [112] in the frequency range 1000 to
2000 MHz, with drift rates in the −180 to −1200 MHz s−1 range. These apparent drift rates
correspond to “superluminal” exciter speeds (for example a 3.25 s−1 drift corresponds to
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exciter speed equal to 1.3c). As discussed in Section 2.2.3, the application of the geometrical
correction at the center of the disk reduces the exciter speed to 0.6c.

Figure 12. Dynamic spectra of U-like and J-like narrow-band bursts obtained by the ARTEMIS–
JLS/SAO at high resolution. (From [54], reproduced with permission).

Spike chains represent another interesting class of clusters. Their group frequency
drift is mostly negative, d f / f dt ≈ −0.021, with only a few exhibiting reverse drift at a rate
of d f / f dt ≈ 0.033 s−1 and even fewer with zero drift. In our data set, the average chain
duration was in the 2–20 s range. The chain group drift rate is similar to the drift of fiber
bursts recorded at the same time as the chain; an example is presented in Figure 13.
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Figure 13. Spike chain recordings obtained by the ARTEMIS–JLS/SAO at high resolution (10 ms).
The arrow points at a fiber that drifts almost parallel to the spike chain. (From [54], reproduced with
permission).

Some unusual kinds of spike groups were detected by ARTEMIS-IV/JLS. In dynamic
spectra, these groups appear in the form of N bursts [113] or in the form of lace bursts [99],
composed of sequences of spikes. An example of N burst-like pattern is presented in the
left panel of Figure 14; it consists of three branches with each branch formed by a fast
spike chain. Their duration is about 1–3 s and the relative drift rate of each component is
∼0.4 s−1, similar to the drift rate of the type-III(N) bursts. An example of lace burst-like
patterns is presented in the right panel of Figure 14. Similar results for superfine structures
were reported in [114–116] for zebra bursts in the microwave frequency range.

The theoretical interpretation of the superfine structures of zebra and laces by Bárta and
Karlický [117,118], Bárta et al. [119] is based on the combined effects of the double resonance
emission mechanism and the background turbulence. The lace and zebra emission bands
are expected to form at positions where the upper hybrid plasma frequency equals a low
harmonic of the electron cyclotron frequency. The spike superfine structure results, in turn,
from the cascade of the background turbulence to small spatial scales.
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Figure 14. Examples of peculiar spike group recordings obtained by the ARTEMIS–JLS/SAO at high
resolution (10 ms): (Left): “Type III(N)” spike chain. (Right): Spike chain forming “lace-like” bands.
(From [54], reproduced with permission).

Both the observations and theory suggest that it is possible that a significant part
of the fine-structure bursts may be resolved in spikes as higher resolution observations
become available. This assertion has been corroborated by very-high-resolution (80 µs)
observations of spikes in the 1352–1490 MHz frequency range with 46 channels and 3MHz
frequency resolution by Dabrowski and Kus [111], Da̧browski et al. [120]. These spikes
were partitioned into bursts “with internal structure” and bursts “without”, where the
internal structure was distingushed by local peaks, within the time and frequency limits of
the spike. The question whether a real internal structure exists or if it is a case of very short
chains of tightly packed spikes is, to the best of our knowledge, open, but it still underlines
the importance of high frequency and time resolution observations.

4.2. Spectral Imaging of Spikes with ARTEMIS-IV/JLS & NRH

In this section, we present spike observations during the event of 21 April 2003
(SOL2003-04-21T13:07:30), recorded by the ARTEMIS-IV/JLS and the NRH. This event
was associated with a GOES M2.8 class flare in NOAA AR10338 at N18E02 and a CME
(see Figures 13 and 14 of Bouratzis et al. [54]). During the rise phase of the microwave
emission, a large number of type-III bursts appeared which extended into interplanetary
space (see https://secchirh.obspm.fr/ (accessed on 23 July 2023)). Two type-II bursts with
fundamental-harmonic structure, a type-IV continuum and a moving type-IV were also
recorded as parts of the same event.

Intense spike emission was observed during the early phase of the event with a
duration of about 23 s from 13:03:22 to 13:03:45 UT. Several spikes occurred at the NRH
frequencies that were within the SAO spectral range, and practically all of them were
detectable in the NRH 1D mages. The spikes were on top of a slowly varying background
NRH source at all frequencies (see Figure 15); they were smaller and often displaced with
respect to that background, forming preferentially at its periphery. Figure 16 shows contour
plots of 1D intensity during the same time interval, after high-pass filtering in time aiming
at suppressing the background. The figure shows that most spikes are smaller than the
background source, and many of them are displaced with respect to it, always remaining
within its half width.

2D NRH difference images between some prominent spikes and the nearest back-
ground image were used to measure spike parameters, with the average values given in
Table 1; the brightness temperature of the spikes was 1.2 to 1.9× 108 K, i.e., 0.5 to 3.5× 108 K
above that of the background source. The average temperature ratio was found to be ≈0.7.
The area of spike sources was about 80% that of the background, which is double the area
ratio computed from the 1D NRH recordings due to the better resolution of the 1D images,
as discussed in Section 2.2. The spikes, on average, were shifted by 10′′–30′′ with respect to
the background; the NRH resolution exceeds the shift, yet it may be confirmed from the 1D
images of Figures 15 and 16, which indicate that spikes are often at the flanks of the slowly
varying source.

https://secchirh.obspm.fr/
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Figure 15. (Top row):SAO dynamic spectrum. The position of the frequencies of the NRH are marked
on the right. (Middle row): EW one-dimensional NRH images at 327 MHz as a function of time.
(Bottom row): SAO time profiles at 327.1 and 325.6 MHz; the bar gives the intensity scale in arbitrary
units. Adapted from [54].

Figure 16. Contour plots of 1D intensity vs. time after a high-pass filtering in time from the EW (left
column) and the NS (right column) NRH arrays. The two lines along the time axis indicate the width
of the background component (From [54], reproduced with permission).

We note that the observed brightness temperature, TB, is a lower limit to the true one,
due to the limitations of the NRH spatial resolution, which resulted in a measured spike
source extent greater than the actual, as well as due to possible scattering effects. We further
note that these results (TB ≈ 2× 108 K) are significantly lower than similar calculations
by Benz [78], which give TB ≈ 2× 1015 K and reasonably so, as this author used a much
smaller source size, ≈0.3′′, based on the spike duration and the speed of light. In any case,
the measured brightness temperature of TB ≈ 2× 108 K is much greater than that of the
quiet Sun (4–6 105 K, see Lantos et al. [121], Lantos [122]) and precludes thermal emission
but corroborates non-thermal or coherent emission mechanisms.
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Table 1. Average parameters of spikes for the 21 April 2003 event. From Table 3 of Bouratzis et al. [54],
reproduced with permission.

Parameter 327 411 432
MHz MHz MHz

Number of spikes 8 15 13
Shift, ′′ 35 11 18
Spike TB, 108 K 1.2 1.9 1.6
TB/Tb ratio, spikes/background 0.57 0.85 0.66
Area ratio from 2D 0.86 0.81 0.83
Area ratio from 1D 0.32 0.50 0.41
Size from 1D, in ′′ 86 82 72

The above analysis suggests that the spikes are additional emissions, apparently from
small-scale reconnection events within or very close to the background source, rather than
fluctuations of the background.

5. Type-II-Associated Fine Structure

The type-II bursts are the radio signatures of MHD shocks in the solar corona, drift-
ing [123–126] or stationary [7,127–129]. The latter have been interpreted [7,127–129] as
terminationshocks. It is possible that a number of them are due to the coronal conditions as
is the case of a narrow CME shock front which propagates and eventually expands within
a streamer [130] forming a stationary type-II. Type-II bursts sometimes show a split in
two lanes with a small frequency offset of ≈f/8–f/4 [64,131–133]. The shock-accelerated
suprathermal electrons drive the emission mechanisms of both the type-II bursts [134,135]
and the associated fine structure. The fine structure is quite diverse including, but not
restricted to, herringbone bursts [136–141], low-drift fiber-like bursts [142,143] and narrow-
band bursts [136,144–146].

In this section, we describe the results of the study of four well-observed type-II
events (see Armatas et al. [55,62]); emphasis is placed on the 3 November 2003 Event
(SOL2003-11-03T09:43:20), for which both ARTEMIS-IV/JLS/SAO and NRH observations
were available.

5.1. Overview of the 3 November 2003 Event (SOL2003-11-03T09:43:20)

The event was selected to illustrate the basic spectral and spatial characteristics of
the type-II-associated FS bursts. The bursts recorded on the top panel of Figure 17 by the
ASG include a type-II exhibiting fundamental-harmonic structure preceded by groups of
type-III bursts and followed by a type-IV continuum. The dynamic spectrum obtained at
high time-resolution by the SAO revealed a variety of fine structures, described in detail
in Figure 5 of Armatas et al. [62]. The fine structure is enhanced by means of high-pass
filtering (middle panel of the Figure 17) and in the differential spectrum (lower panel).

Among the fine-structure bursts, chains of spike-like dots, quite similar to the type-
IV-associated spikes stand out (better seen in the top panel of Figure 18). We note that
an additional type of fine structure was recorded, consisting of groups of almost vertical
structures, looking more like pulsations rather than herringbones. These appeared at
frequencies higher than the type-II lanes, had negative (anti-sunward) drift, and terminated
at the spike chains.
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Figure 17. Dynamic spectra of Event SOL2003-11-03T09:43:20 recorded by ARTEMIS-JLS. The top
panel shows the full ASG spectrum with a time resolution of 1.5 s. In the middle panel, we show
the SAO dynamic spectrum with a time resolution of 0.2 s and in the lower panel its time derivative,
inside the 5 min box of the upper panel. The dashed horizontal lines mark three of the NRH
frequencies. The boxes indicate selected segments of spike chains. (Adapted from [55]).

As already mentioned in Section 4.1, the basic characteristic of the individual spike
bursts are their very short duration (∼100 ms in the metric frequency range) and band-
width (∼1–2%).

An important question is whether these spike-like structures are similar to the type-
IV-associated spikes exposed in previous sections. In the case of type-II-associated spikes,
the tendency to form chains is considerably more pronounced than the type-IV-associated
spikes discussed in Section 4. Multiple spike-like chains were detected on all four events
of our sample. These chains drifted in frequency, approximately parallel to one another,
forming emission lanes, apparently portraying different regions of the shock front. We note
that the spike emission constitutes a significant part of the type-II radio emission.

The average duration of the type-II-associated spike-like structures was found to be
96 ± 54 ms and the average relative bandwidth 1.7± 0.5%, which are the same as the character-
istic parameters of the type-IV-associated spikes within the ARTEMIS-IV/JLS/SAO resolution.
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Figure 18. Panel (a) SAO dynamic spectrum for spike chain A (box in Figure 17). The corresponding
frequency of the NRH is marked on the right. Panel (b) shows the NS 1D NRH images at 327 MHz.
In Panel (c) we show the NRH (blue) and the SAO normalized total flux time profiles at 327 MHz and
at 150 ms resolution (red) and 10 ms resolution (red dotted). Twelve spike-like structures are marked
by vertical dashed lines. Panels (d–f): Same as in panels (a–c) for the spike chain B at 410.5 MHz.
Three spike-like structures are marked by vertical dashed lines (Adapted from [55]).

5.2. Comparison of Spectral and Imaging Data

Due to the frequency drift of the type-II lanes, only a small number of the spike
chains presented in Figure 18 were detectable in the fixed frequency channels of the NRH.
Furthermore, the NRH time resolution of 150 ms is significantly lower than the 10 ms
resolution of the ARTEMIS/JLS SAO receiver; therefore, individual spikes closely placed
in time recorded by the SAO cannot be resolved by the NRH.

Important information on the type-II burst source positions and structure and the
pre-existing continuum source was provided by the NRH 2D images. Figure 19 shows
a sequence of 327.0 MHz images at the onset of the type-II emission. We note that the
projected location of the pre-type-II emission was 0.1R� above the west limb, whereas
the type-II source was displaced by about 5.3′ (0.3R�), and their position angles differed
by 13◦.

The position difference between the pre-burst and burst sources during the full event
is shown in the left panel of Figure 20, where the source positions at 236.6 MHz were
included This frequency was below the SAO range, yet the ASG recordings (top panels
of Figure 17) depict clearly the type-II front; furthermore the NRH images at 236.6 MHz
show a multitude of short timescale structures, some of which might be isolated spikes
or spike groups. At 236.6 MHz, the sources of the continuum and the type-II were above
the corresponding 327 MHz sources: the burst sources were displaced by about 6.4′, or
0.4R� with respect to the continuum sources, and their position angles are almost identical.
Similar positions of the emission sources are shown in Figure 7 of Dauphin et al. [147].
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Figure 19. NRH images and SAO data at the beginning of the type-II emission at 327.0 MHz. Top:
Sequence of NRH 2D images near the start of the type-II at 327 Mz. The color table of each image
is normalized to the corresponding minimum and maximum intensity. The black arch marks the
photosheric limb. Bottom: Flux as a function of time for NRH (blue) and for SAO (red). The time range
of the images in the top row is marked by the double arrow (From [55], reproduced with permission).

Figure 20. Left: Source positions from 09:52:00 to 09:52:16 UT at 327.0 MHz and from 09:52:27 to
09:53:00 UT at 236.6 MHz, before (red) and during (black) the type-II. The black arch marks the
photospheric limb. Middle: Brightness temperature, size, and position of sources as a function of
time at 327.0 MHz. Right: Positions of the sources on the plane of the sky after 09:52:08 UT. Spike
sources are marked as red asterisks in the middle and right panels (Adapted from [55]).

An important question is whether the spike emission is at the same location as the
emission between spikes or, as in the case with type-IV-associated spikes, it is located at
the periphery of the background emission. To this end, we plot in the middle panel of
Figure 20 the brightness temperature, position, and size of the 327 MHz burst sources as a
function of time; asterisks mark the spike sources. The right panel of the same figure shows
the source positions on the plane of the sky, with red asterisks marking again the spikes.
Soon after the initial rise of Tb at 09:52:08 UT, the position of most sources falls on a straight
line, reflecting the outbound motion of the type-II front. Spikes 1–9 also fall along this
line, whereas spikes 10–12 do not; the latter are part of a different spike chain, apparently
associated with a different part of the shock front than the one which produced spikes 1–9.

The results presented above demonstrate the rather insignificant position difference
between spike and inter-spike emission. As the spike-like bursts appear to be associated
with the entire emitting region, they constitute the principal radio signature of the MHD
shock type-II radio emission. Thus, the spike-chains delineate the shock front emission,
which in low-resolution dynamic spectra appears continuous. The prevalence of spike-like
burst chains virtually forming the type-II fronts suggests some type of organized structure
in the small-scale reconnection driving the energetic electrons which excite the spike bursts.

5.3. TypeII- and Type IV-Associated Narrow-Band Bursts: Similarities & Differences

In this section, we compare the type-II and type-IV-associated narrow-band bursts,
based on the average parameters of individual bursts, on the structure of burst groups
and chains, and on their relationship to the associated type-II and type-IV bursts. The
similarity of the characteristics between the type-II-associated spike-like structures and the
type-IV-associated spikes provide evidence of the emission process relationship. In Table 2,
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we compare the average parameters (duration and relative bandwidth) of the two spike
categories; these appear quite similar, allowing for the standard deviation of the samples.
The difference in spike counts per event stems from type-IV events having significantly
longer duration than type-II bursts, within the same frequency range.

Table 2. Parameters of type-II-associated spike-like bursts and type-IV-associated spikes. Adapted
from Table 1 of [62].

Parameter Type-II Spike-like Type-IV
Bursts Spikes

Number of spikes 642 11,579
Number of spikes/event 160 330

Duration (ms)
Average 96 100
Standard deviation 54 66

Relative bandwidth
Average 1.7% 2.0%
Standard deviation 0.5% 1.1%

The duration–frequency and instantaneous bandwidth–frequency relations for spikes are
usually expressed by phenomenological power laws of the form δτ ∝ f a, (a ≈ 1.32) [148–150]
and δ f ∝ 0.66 f 0.42 [151]. In Figure 21, plots of these two power laws are presented, together
with the data in the 0.3–3 GHz range from Table A1. We note that average values obtained
with the SAO are near the values expected from the empirical relations.

Figure 21. (a) Duration, δτ, of narrow-band bursts and spikes versus frequency of observation, f ; the
dashed line is a plot of the empirical power law fit δτ ∝ f−1.32 (b). Instantaneous bandwidth, δ f , in
terms of the frequency of observation dependence of the same structures. The dashed line represents
the empirical power law δ f ∝ 0.66 f 0.42. ARTEMIS-IV/JLS results are color-coded in red and blue
for type-IV and type-II bursts, respectively; the low frequency spikes are color-coded in black. The
plotted data are from Table A1.
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The results in Tables 1 and 2, as well as Figure 21, show the similarities between
type-IV-associated narrow-band bursts and their type-II-associated counterparts, providing
strong evidence for a common emission mechanism. The principal differences between the
two are: (a) the form of spike groups in the case of type-IV-associated spikes is quite diverse
(see Section 4.1), comprising of clusters of isolated spikes and chains of consecutive spikes
with widely varying group drift rate. The type-II-associated spike groups, in contrast, form
chains drifting at a similar to the type-II burst rate. (b) Type-IV spikes form at the periphery
of the background continuum (see Section 4.2), whereas the type-II-associated spikes did
not exhibit any substantial position difference with respect to the inter-spike emission, thus
appearing to be related to the entire emitting region of the shock front.

6. Type IV-Associated Intermediate-Drift Bursts (Fibers)

The basic characteristics and the proposed emission mechanisms of fiber bursts were
discussed in Section 3.4 and will not be repeated here. In this section we will discusse our
spectral and imaging results, obtained with ARTEMIS-JLS and the NRH (see [57,68]). These
include classification, statistics, estimates of the magnetic field, and spatial structure.

6.1. Information from Dynamic Spectra
6.1.1. Fiber Burst Classes

Based on the particulars of the emission–absorption ridge combinations in the dynamic
spectra, the fiber bursts can be divided in the following classes:

• Fibers with an emission ridge and a lower frequency (LF) absorption ridge: They are
the majority of our data set, with the remaining five classes represented by a few cases
only (see [57]). The three-wave coupling process, l + w→ t, implies that the emission
is enhanced at ωpe + ωw and reduced at ωpe, ωw being the whistler frequency.

• Fibers with an emission ridge and high frequency (HF) absorption ridge [81,152,153]:
A three-wave decay l → t + w may result in HF absorption [154]

• Fibers with emission ridges only: It is possible for the whistler–Langmuir wave cou-
pling (l + w→ t) to produce an emission ridge without absorption if the background
is suppressed (e.g., by induced scattering) (see [155])

• Fibers appearing in absorption on the type-IV continuum: They may appear when the
emission is suppressed or scattered (see [81])

• Fibers with an emission ridge between two absorption ridges [109,156]: This type
of fiber probably results from a combination of coalescence (l + w→ t) and decay
(l → t + w). This implies energy flow from the Langmuir wave background toward
higher and lower frequencies, which is expected to create an absorption ridge between
two emission ridges.

• Two emission ridges separated by an absorption ridge: This might be interpreted by
the same as above combination of coalescence and decay, but in this case we have two
absorption ridges transfering their energy to an emission ridge sandwiched between
them. The question on the conditions that favor either direction of energy flow is, to
the best knowledge of the authors, open.

Examples of these classes of typical fibers are presented in Figures 22 and 23.
In addition to the typical fibers, three more classes have been recorded in our data set,

whereas one more class has been recently reported by Chernov and Fomichev [157]:

• Narrow-band intermediate-drift bursts (also narrow-band stripes or small fibers in the
decimetric wave band after Chernov et al. [158]): In the Bouratzis et al. [57] spectra,
there are few recordings of IDBs of narrow frequency extent (∼10 MHz on average,
corresponding to 3% relative bandwidth). Their frequency drift rate was about equal
or somewhat lower than the typical fiber drift; they had either an LF absorption–HF
emission or an HF emission–absorption–LF emission ridge structure.
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• Fast drift fiber bursts (FDBs): They are similar in form to the “typical” fibers exhibiting
the characteristic emission–absorption pattern but their drift rate is comparable to the
drift rate of the type-III bursts.

• Rope-like fiber bursts: They consist of recuring chains of narrow-band fibers with
negative frequency drift, relative bandwidth ∆ f ' 3.5% and repetition rates exceeding
that of the typical fibers; the group drift rate of the chains is comparable to the type-II
drift. These characteristics are thought to result from whistler generation within local-
ized magnetic traps [86,159] possibly guided by MHD disturbances, such as fast shock
fronts in reconnection or shocks overcoming the leading edge of a CME [87,88,160–162].
The relatively high repetition rate has been interpreted in terms of being smaller than
a coronal loop size of the magnetic trap; this corresponds to a higher bounce frequency
of the trapped electrons.

• Isolated slow-drifting fibers [157]: They appear mainly in the decimetric range, with
very few in the metric and the microwave ranges. Contrary to the “typical” fibers,
which tend to appear in groups, they are isolated. The main difference from the “typi-
cal” fibers is their frequency drift rate; sometimes it is near zero; in others, the drift rate
varies sharply with time giving a sawtooth-like appearance on the dynamic spectra.

Figure 22. (Top Left): Isolated fiber with emission ridge only. (Top Right): Fibers appearing as
absorption ridges on the type-IV continuum. (Bottom Left): Fibers with an emission ridge between
two absorption ridges. (Bottom Right): Fibers with an absorption ridge between two emission ridges.
All images are negative. Arrows point to emission ridges. Adapted from [57].
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Figure 23. Typical fibers with an emission ridge and an LF absorption ridge. Adapted from [57].

Examples of the above-mentioned first three classes are presented in Figures 11 and 13
of Bouratzis et al. [57] and Figure 2 of Chernov et al. [161]; for the fourth class, see Chernov
and Fomichev [157].

6.1.2. Fiber Statistics

The average properties of individual IDBs were computed as already described in
Section 2.2: The parameters of fiber groups (such as the average frequency difference be-
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tween absorption-emission peaks, the average frequency drift rate, the average duration at
fixed frequency, and the average repetition rate) were obtained by means of 2D autocorrela-
tion and are summarized in Table A2; the corresponding histograms are presented in Figure
15 of Bouratzis et al. [57]. The total duration and frequency extent of a 540-individual-fiber-
burst sample were directly measured on the dynamic spectra, and the statistical results are
also included in Table A2 and presented in Figure 16 of Bouratzis et al. [57] as histograms.

Most of the fibers have negative drift rates (outbound), with only one inbound group
of typical fibers, two of narrow-band IDBs and three of FDBs. We note that all recorded in-
bound fiber groups appear in the dynamic spectra accompanied by outbound groups.
This result is consistent with similar statistics in the decimetric range (see for exam-
ple Fernandes et al. ([101], Table 2)). The measured mean logarithmic drift rates were
d f / f dt ≈ −0.027s−1, akin to results reported by Elgarøy [81], Young et al. [152], Benz and
Mann [163].

We wish to state at this point that fibers with two absorption or emission ridges
mentioned above are represented by few isolated cases, and hence our measurements
of the bulk parameters were not affected. The drift rate of the outliers within our IDB
sample (namely FDBs) reach ≈ −0.35 s−1, which is within the range of the type-III bursts
drift rate reported in Jiřička et al. [23,24], Mészárosová et al. [26], Elgarøy [81], Young
et al. [152], Nishimura et al. [164]. Fiber bursts in emission and in absorption with high
drift rate (d f / f dt ≈ 0.15 s−1) in the decametric range (10–30 MHz) have been reported by
Melnik et al. [165]. Lastly, the rope-like intermediate-drift burst family mentioned above
(also [86,89,109]) represent another exceptional IDB case (see also Bouratzis et al. ([57],
Table 1).

The results of the IDB statistics, corresponding to the histograms of Figures 15–16
of Bouratzis et al. [57] and in Table A2, were:

• The frequency difference between the absorption and emission peaks ( fw) was in the
range 3.0–9.5 MHz with an average of about 5.6 MHz.

• The fiber instantaneous bandwidth (δ f ) of the emission ridge measured at FWHM
had a mean value equal to 2.4 MHz; the relative instantaneous bandwidth (δ f / f ) was
9.0× 10−3, which is about half the mean of the fw/ f .

• The duration at fixed frequency was on average ≈0.28 s, with very few values above
0.5 s (cf. [81,90,152,166], for similar results).

• The average repetition time was ≈0.90 s, with few values above 1.5 s (see also Bernold
and Treumann ([90], Figure 5f)).

• The average value and the dispersion of the IDB frequency range for the regular
(negative ∆ f ) and reverse drift (positive ∆ f ) bursts were −37.9 ± 16.4 MHz and
33.8 ± 21.3 MHz, respectively.

• The average value of the total duration of fiber emission was 3.7 s with few fibers
lasting more than 10 s.

6.1.3. Computation of the Exciter Speed and the Magnetic Field

The observational data can be used to estimate the characteristic parameters of the
fiber bursts, such as the exciter speed, vexc, and the ambient magnetic field, B; the magnetic
field value leads to the identification of the emission process. We start this section with the
description of a simple computation, and then we precede to more sophisticated ones.

In the simplest case, the exciter speed, vexc, can be computed from the fiber frequency
drift rate, ( d f

f dt ), under the assumption of a coronal density model, which will provide
the frequency scale height, H f (see Equations (1) and (2) in Section 2.2.3). In our compu-
tations [57], we used the hydrostatic model of Equation (2) with a coronal temperature
T = 2.0× 106K and a four fold Newkirk coronal density model. The histogram of the
exciter speed is shown in the left panel of Figure 24.

From the exciter speed, the magnetic field can be calculated under the assumption
that the fiber exciter is either a whistler or an Alfvén wave, as outlined below; from the
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comparison of the value of B with independent estimates, the type of the exciter can
be deduced.

Figure 24. Histograms of the exciter speed for 38 outbound typical fiber groups (left panel) and of
the corresponding magnetic field assuming whistler (middle panel) and Alfvén waves (right panel)
as exciters (From [57], reproduced with permission).

In the case of whistler–Langmuir wave interaction we set the exciter speed equal to
the whistler group speed, vexc = vw and, following Kuijpers [83], we have

vw = 2c
(

ωce

ωp

)√
x(1− x)3 = 2c

(
fw

f

)√
(1− x)3

x
, (7)

where
x =

ωw

ωce
=

fw[MHz]
2.8B[G]

(8)

and the whistler frequency, fw, is equal to the frequency difference between the absorption
and emission peaks. Combining with Equation (1), we obtain for the drift rate:

d f
dt

= −2c fw
cos φ

H f

√
(1− x)3

x
(9)

which can be solved for x and hence for B. For propagation close to the radial, the cos φ term
can be ignored. In the case of Alfvén–Langmuir interaction [90], the exciter speed vexc is set
equal to the Alfvén speed, vA, from which the magnetic field can be directly computed.

In the middle and right panels of Figure 24, the magnetic fields in the case of whistler-
driven and Alfvén-driven fibers are shown. In the first case, the average magnetic field was
found to be B = 4.6± 1.5 G and in the second B = 120± 50 G.

Independent computations of the coronal magnetic field, B, (see the review by Alis-
sandrakis and Gary [91]) are consistent with the value of B obtained under the assumption
of whistler–Langmuir origin of the fiber exciter. Moreover, Bouratzis et al. [57] noted that
the Alfvén emission mechanism requires an exceptionally cool and underdense loop for
acceptable values of the coronal magnetic field.

We note that the above approach is model dependent, as a coronal density model is
required. However, once the fiber emission process has been established, the characteristic
parameters can be calculated independently of the density model. Bouratzis et al. [57]
assumed constant scale height, H f / cos φ, and a linear variation of x along the fiber, so that
the drift rate in Equation (9) is expressed in terms of three parameters (scale height and the
values of x at the start and at the end of the fiber), which can be determined from a least
square fit. In one step further, (9) can be integrated to give an expression for the fiber track,
f (t), on the dynamic spectrum, again in terms of same three parameters.

In Figure 25, histograms of the values of the derived parameters, for the two computa-
tions mentioned above (fit of the drift rate for 38 outbound fiber groups and fit of the tracks
for 209 individual fibers) are presented. The resulting histograms are quite similar. The
average magnetic field was ≈4.44 G, very close to the results of the previous computation
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of the magnetic field at the beginning of this section. The minimum value of x computed
from the fit was ≈0.29 and the maximum ≈0.6, consistent with the theoretical range of
0.25–0.5 in [83]. On the other hand, the range of x in individual fibers or groups was found
to be .0.12, which is rather small. Therefore, the question regarding the exact conditions
of the start and the end of the whistler–Langmuir wave interaction that gives rise to the
electromagnetic emission almost suggests itself. Since the Landau and cyclotron damping
in the case of whistler propagation at an angle (Section 3.3 [83]) is treated as negligible, it
is possible that the range of x represents an upper bound. Furthermore, the effects of the
dynamics of the energetic electrons trapped in the magnetic loop and the decrease of the
loss-cone distribution with height might also result in a reduced range for x.

Figure 25. Histograms of fiber parameters derived from the least square fit of the drift rate of
fiber groups (top) and the tracks of individual fibers (bottom). H f / cos φ is the frequency scale
length along the exciter trajectory and B1, B2, the magnetic field at the start and at the end of the
fibers (adapted from [57]).

The average value of the deduced H f / cos φ was∼220 Mm, comparable to the average
model value of 250 Mm adopted in the previous computation of the ambient magnetic field.
It is greater than the Newkirk frequency scale height (190–150 Mm), since it was calculated
along the non-radial exciter trajectory.

Finally, Bouratzis et al. ([57], in their Section 5.2) employed a simple geometrical
model of fiber propagation on a semi-circular coronal loop and a dipole magnetic field.
From the frequency range of the fibers, their onset was found to be at an average height of
46 Mm, with an average vertical extent of 15 Mm. Then, from the scale height computed in
the previous paragraphs, cos φ and the semicircular loop radius were calculated; the latter
was found to be≈50–200 Mm, with few cases exceeding 250 Mm. Finally, the magnetic field
(Figure 26) at the loop footpoints (16 G), the magnetic scale height (≈238 Mm on average),
and the magnetic mirror ratio of the loop (≈1.9) were estimated. The value of the magnetic
scale height and the rather small mirror ratio imply that the variation of the magnetic field
with height is rather small. The results are consistent with previous calculations by [85,167]
of the 3D path of a few select fibers along magnetic lines.
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Figure 26. Histograms of fiber parameters derived from a simple model dependent calculation;
209 individual fibers were used. Left: The magnetic field at the loop footpoints and Right: The
magnetic scale height. The dashed vertical lines in each histogram mark the median of the respective
data set (adapted from [57], Figure 20).

6.1.4. Relations between Observed Parameters

A number of empirical relations between measured parameters of fibers and the other
members of the intermediate-drift bursts family are discussed below:

• Fiber repetition time, T, versus frequency drift rate, |d f / f dt|: Based on the discussion
in Kuijpers ([83], Section 4.2) and their measurements of fiber parameters, Bouratzis
et al. ([57], Section 6.2) showed that, the T|d f / f dt| product, ξ = 0.0245± 0.0025, is
almost constant; they also provided a theoretical interpretation. The left panel of
Figure 27 shows a scatter-plot of the the repetition time T, versus frequency drift rate
bounded by the ξ = 0.0245± 0.0025.

Figure 27. (Left): Fiber repetition time plotted against the relative drift rate. The blue lines represent
the upper and lower bound of the dimensionless parameter, ξ (see text). Typical fibers are shown
as red stars, rope-like fibers as blue triangles, and the FDBs as blue stars. (Middle): Relative drift
rate (d f / f dt) versus relative instantaneous bandwidth (δ f / f ). The data points are colour-coded as
in the left panel; in addition, the fiber burst points from [152] (magenta diamond), [81] (blue and
green diamond), and [90,166] (black diamond) are included in the same graph for comparison. The
rope-like fibers from [89] are indicated with the black square. The dashed lines are the upper and
lower bounds of the slope C = 0.8 s−1 and C = 8.0 s−1. (Right Panel): Duration at fixed frequency
(δt) versus repetition time (T). The blue dashed line represents the linear relationship (see text). The
data points are colour-coded as in the left panel (adapted from [57]).

• Relative drift rate (d f / f dt) versus relative instantaneous bandwidth (δ f / f ): Elgaroy
and Soldal [168] were the first to obtain a linear relation between d f / f dt and δ f / f
(see their Equation (2)). In ([57], Section 6.2) upper and lower bounds of the slope C of
the linear equation were estimated; the results are shown in the middle panel panel of
Figure 27.

• Repetition time, T, and duration at fixed frequency, δt: In ([57], Section 6.3) an empiri-
cal relationship δt ≈ 0.33 T was presented and duly justified theoretically. The right
panel of Figure 27 presents the scatter plot of measured duration at fixed frequency
versus the repetition time, which is consistent with the linear relationship.
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6.2. Spectral Imaging of Fibers

The question of the nature of the radiation process generating intermediate-drift bursts,
fibers in particular, was addressed in Section 6.1.3. On the other hand, the relationship
of the fibers to the type-IV burst background and the details of the fiber source structure
are better studied with joint observations of images and dynamic spectra. To this end,
two time intervals during the 14 July 2000 large solar event were selected for further
study. This event was well covered by the SAO and ASG receivers and the three NRH
frequencies (327.0 MHz, 410.5 MHz and 432.0 MHz) that fall within the SAO range. The
intervals were 10:38:55–10:39:40 UT (Interval 1) and 11:00:05–11:00:50 UT (Interval 2) and
contained fiber groups embedded in a broad-band continuum but no pulsations and other
broad-band structures.

In our analysis of the data, the methods presented in Section 2.2 were used. These
included computations of two-dimensional and one-dimensional NRH images and appli-
cation of high-pass time filters to both the NRH images and the SAO dynamic spectra in
order to enhance the fiber-associated emission. Low-pass filtering (30 s time integration)
was used in the study of the background continuum.

6.2.1. The Event of 14 July 2000—Evolution of the Type-IV Continuum

The event SOL2000-07-14T10:26:45, (see [169–171]) was quite complex. It originated in
AR 9077 and was associated with an X5.7 extended flare (∼6◦ E–8◦W, at ∼16◦N) starting
at 10:03 UT and to a halo CME; an impressive loop system was recorded at 195 Å by
TRACE (see Figure 1 of [172]). In [68,172], the evolution of the radio signatures of the event,
jointly recorded by the ARTEMIS-IV/JLS and the NRH, were described; an outline of the
associated fine structure is presented in Appendix A: Table 2 of [27].

A snapshot of the evolution of the continuum source, which provides the background
to the fibers, is shown in the top panel of Figure 28 at the five NRH frequencies; the
corresponding ASG dynamic spectrum is shown in the bottom panel of the same figure. The
intensity of the embedded fibers represented a ∼10% rms fluctuation of the background.
The full evolution of the background source is presented in [68], where a movie from
10:00 UT to 11:20 UT is given.

Figure 28. (Top Panel): A sequence of 30 sec average NRH images in Stokes I at all five frequencies.
The images have been normalized so that the minimum intensity of each image is black and the
peak intensity is white. The white circles mark the photospheric limb. The NRH resolution (beam) is
drawn in the lower right corner of each frame. The bottom panel shows the ARTEMIS-IV/JLS/ASG
dynamic spectrum in the 100–670 MHz range, with the vertical white line marking the time of the
images in the top panel and the dashed horizontal lines marking the NRH frequencies. (From [68],
reproduced with permission).

The details of the source displacement with time in the metric wavelengths are pre-
sented in [68,169,172]. In brief, at the onset of the event, the metric emission originated in
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the northwest, part of the solar disk, possibly associated with the primary energy release
and the CME lift off. A new source northeast of the flare appeared at 10:27 UT (movie 1
of Alissandrakis et al. [68]), which dominated the drifting continuum. The first fibers were
detected at 10:34 UT in this source. Soon after that, the continuum source drifted further
to the northeast, at all frequencies except for 164 MHz until 10:39 UT. The motion of the
continuum source could not be tracked after 10:40 UT, yet the development of multiple
components and a net displacement to the southeast was detected, indicating a shift of
the emission source lower in the corona. At 164 MHz, which was outside the drifting
continuum, the emission did not follow the same evolution.

The above description indicates that the fibers first appeared in a moving type-IV
source, which developed after the primary energy release. The fiber appearance was
probably associated with the rapid expansion of the flare ribbons and the formation of
post-flare loops in the eastern part of the flaring region. An association with the eastern
footpoint of the CME flux rope is also possible.

6.2.2. Structure of the Fiber-Emitting Sources

Before proceeding to the imaging of individual fibers, it is instructive to examine
the overall structure of the fiber-emitting region. Average NRH images during Interval 1
(10:38:55–10:39:40 UT) and Interval 2 (11:00:05–11:00:50 UT) of spike activity are shown
in Figure 29, together with the corresponding TRACE images at 195 Å. During the first
interval the 432.0 and 327.0 MHz emission was dominated by two sources, marked a1 and
a2 in the figure. These sources were located at the tip of two parallel, low-intensity stripes
(b1 and b2 in the figure) extending to the southwest; there was also a weak source, c, in the
west. Although there is considerable structural change between the two intervals, the same
sources are detectable during the second interval.

Figure 29. Average NRH images in total intensity (Stokes I) during the first (top) and the second
(bottom) interval, together with the corresponding TRACE images in the 195 Å band (left column).
For the NRH images we used a circular clean beam in order to enhance some features. All images are
normalized to their peak intensity. (From [68], reproduced with permission).

All sources were strongly polarized, 50% or more, at all frequencies with the exception
of 164 MHz in Interval 1. With the exception of source c during Interval 2, the polarization
is in the right circular sense which, for o-mode emission, corresponds to magnetic polarity
south of the neutral line. We note that the mere presence of fiber bursts indicates plasma
emission and the strong polarization points to emission at the fundamental, which is
expected to be highly polarized in the ordinary sense because the extraordinary mode is
evanescent near this frequency.

The relative positions of the metric and EUV emissions are shown better in Figure 30.
Here the EUV loop arcade serves in marking the neutral line of the magnetic field. In the
same figure, we have plotted the positions of the stripes, measured on the 432.0 MHz image
during the first interval (blue lines). The two stripes appear to define segments of large
scale loops, with projected length of about 300 Mm. It is thus certain that the continuum
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source and the fibers were not associated with the 195 Å post-flare loops but with a much
larger magnetic structure.

Figure 30. Contours of the average NRH images at 432 MHz during Interval 1 (left) and Interval 2
(right) superposed on top of the corresponding (negative) 195 Å TRACE images. The blue lines mark
the position of the two stripes during the first interval. The red and green stars mark the position
of the 327.0 and 237.0 MHz peaks, respectively. The NRH beam is plotted in the lower right corner
(adapted from [68]).

A possible explanation of the large size of the stripes compared to the EUV loops in
terms of the flux rope flare/CME model is that they are segments of large-scale loops (red
line in Figure 31) encompassing both the CME-associated flux rope and the EUV flare loops
(blue line in the figure). The fact that we do not observe emission from the entire large scale
loops could be attributed to the asymmetry of the magnetic field; in this case, it is possible
that the instability will develop in one leg of the loop as, according to Aurass et al. [85],
conditions for whistlers are more favorable at the weak field footpoint. The fact that all
sources implicated in the fiber emission were polarized in the same sense supports the
geometry suggested above.

Figure 31. Lines of force of the magnetic field, according to the model of Reeves and Forbes [173].
The blue line marks a flare loop and the red line a large scale loop. The flux rope and the current
sheet are marked by the arrows. Positions are in arbitrary units.

6.2.3. Imaging of Individual Fibers

As noted previously, the most convenient way to visualize fine structures present in
the NRH images is to compute 1D images (scans) and compare them with the dynamic
spectrum, after application of time filtering [54]. Figure 32 shows the original and time-
filtered 1D NRH intensity as a function of time for the second interval, with the 1D images
computed in the NS direction; in the same figure we give the SAO dynamic spectrum
(original, filtered in frequency and time, and filtered in time only), as well as the averaged
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NRH 2D images for reference. We note that, although fibers are hard to see in the original
spectrum, they are readily visible in the filtered spectra. A similar improvement is noticed
when comparing the time-filtered NRH 1D images to the original ones.

Figure 32. (Left column): Original SAO dynamic spectrum and 1D Nançay NS images (scans) as
a function of time for Interval 2. (Middle): The corresponding filtered images; in the top row the
dynamic spectrum has been filtered in both time and frequency, in the others in time only. (Right):
Average NRH images with the same orientation as the 1D images (north up). Dashed horizontal lines
in the spectra mark the NRH frequencies. (From [68], reproduced with permission).

In spite of the lower time resolution of the NRH, practically all fiber bursts in the SAO
spectra are detectable in the NRH 1D scans. They appear as short duration enhancements
above the slowly varying background, rather than as discrete sources, which was the case
with type-IV spikes (Section 4.2). Many fibers cross both the 432.0 and 410.5MHz frequency
levels, but hardly any cross all three. Similar results were obtained for the first time interval.

6.2.4. Apparent Motions in Individual Fibers

In most cases, fibers in the 1D intensity–time displays (Figure 32) have the form of
vertical streaks, which implies that the emission appears simultaneously over the entire
structure. There are, however, cases where the fiber signatures are inclined, indicating
apparent motions of individual features on the sky plane. One example is near 11:00:32 UT
in the NS cuts of Figure 32. The inclinations suggest apparent motions from west to east and
from south to north, i.e., from from the lower to the upper part of the loops associated with
the two stripes. The apparent velocity, measured by 2d autocorrelation, is supra-luminal,
ranging from 4c to 10c.

A different picture emerged from the examination of 2D images. In the left panel of
Figure 33, we present 5-image (500 ms) long sequences of time filtered 2D images for four
fibers at 432.0 MHz. The fiber around 11:00:05 UT (first row below the average image in the
left panel) was practically stationary, while the other three showed clear apparent motions
from southwest to northeast, in conformity with the results from the 1D image analysis.
We first note that in some of the images shown in this figure, as well as in many others,
fibers in absorption coexist with fibers in emission, both rapidly varying. Thus, what in the
dynamic spectrum appears as a single fiber is actually a complex of multiple wave train
that crosses the plasma level at slightly different times and positions, giving the impression
of an apparent motion which may exhibit supra-luminal velocity. Figure 33 indicates that
the duration of each train is comparable to the time difference between successive trains,
which explains why such trains do not appear as separate fibers in the dynamic spectrum.
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Figure 33. Time sequences of filtered NRH 2D images at 411 MHz (left) and 432 Mhz (right), showing
the evolution of four fibers during the second interval. The time step is 125 ms. In the top row the
corresponding average image is given for reference (Adapted from [68]).

In the right panel of Figure 33, we give 5-image sequences at 432.0 MHz of the same
fibers shown in the left panel. The comparison of fiber images at these closely spaced
frequencies gave a time delay of 2.75 s for the first fiber and 1.5 s for the other three,
corresponding to frequency drifts of −7.8 and −14.3 MHz s−1 respectively. Although the
images of the same fiber at the two frequencies are similar, they are not identical. Differences
could be attributed to the fact that the actual time delay is not an integer multiple of the
image cadence, so that evolution effects play a role in the form of the radio sources.

6.2.5. Exciter Speed and Frequency Scale Length

During the second interval, we identified a pattern of fibers that varied smoothly
between 432.0 MHz and 327.0 MHz. Using the method of cross correlation with a sliding
spectral window, we computed the average track of this group of fibers on the dynamic
spectrum, and from that we obtained time delays of 1.74 and 8.52 s for 410.5 MHz and
327.0 MHz, with respect to 432.0 MHz. We also measured the position shift in the average
2D images and we obtained shifts of 18′′ and 58′′ for 410.5 MHz and 327.0 MHz, with respect
to 432.0 MHz. From these measurements, we computed the speed of the exciter on the
plane of the sky and found a value of 5 Mm s−1, in good agreement with the computation
from the frequency drift rate.

From the position shifts and the corresponding frequencies, we also computed the
frequency scale length along the loop, projected on the plane of the sky, ` f and obtained a
value of ` f = 146 Mm. On the other hand, the value of the frequency scale length along the
loop, h f = H f / cos φ, where H f is the scale in the radial direction and φ the angle between
the loop segment and the vertical can be computed by fitting the average fiber track (see
Section 6.1.3), assuming whistler origin of the emission. We obtained h f = 183 Mm. The
comparison of ` f and h f gave a value of φ ∼ 37◦, which places the fiber-emitting source
above the middle of the leg of the large-scale loop.

Thus, the 2D images and the dynamic spectrum gave consistent results both for the
exciter velocity and for the frequency scale length. In addition, spectral imaging provided
an estimate of the angle between the loop segment and the vertical. Moreover, the analysis
provided one more element in favor of whistler origin of fibers, since it was based on
that assumption.
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6.2.6. Fibers in Emission and Absorption

According to the theory of whistler origin (cf. Section 6.1.3), the fiber emission appears
at fpe + fw and the absorption at fpe. Thus, at a fixed frequency, the absorption will precede
the emission by ∆t = − fw(d f /dt)−1, where d f /dt is the frequency drift rate. The whistler
frequency is equal to the frequency difference of the absorption and emission ridges, hence
∆t can be computed from the dynamic spectrum. It amounts to 350 ms for Interval 1 and
250 ms for Interval 2.

Figure 34 shows examples of fiber pairs in absorption and in emission; two pairs are
presented for each frequency, all from Interval 1. The time difference is from 250 ms to
500 ms (2–4 NRH images), in conformity with the prediction of the previous paragraph.
We note that the shape and size of the absorption and emission of each fiber pair are very
similar, which verifies the hypothesis that they are manifestations of the same wave train.

Figure 34. Time−filtered images of fibers in absorption (top row) and in emission (bottom). One
case is shown for each interval and each NRH frequency. Each pair of fiber images is normalized to
the same minimum/maximum values. (From [68], reproduced with permission).

7. Summary and Discussion

In this article, we have reviewed results of the study of fine structure associated with
type-IV and -II solar radio bursts at metric wavelengths, based on radio spectra obtained
by the SAO receiver of ARTEMIS-IV/JLS in the 270–450 MHz range at 128 frequency
channels and some concurrent NRH imaging data. We focused on narrow-band bursts
associated with type-IV continua and type-II shocks and on intermediate-drift bursts
embedded in the type-IV continua. We note some inherent difficulties in the combined
ARTEMIS/NRH studies, due to (a) the small number of common frequencies and (b) the
lower time resolution of the NRH. In spite of these difficulties, fine structures were identified
in both instruments, thus enriching our knowledge of their observable characteristics and
providing improved insight into the emission mechanisms. In this section, we summarize
the results presented in this review.

7.1. Classification of Fine-Structure Radio Bursts

Several, if not all, fine-structure classification efforts have been based on morphological
criteria derived from dynamic spectra. The same approach has been adopted in the scheme
proposed in [27] and presented in Section 3, which was based on observations in metric
wavelengths. Compared with previous schemes, a novel two-level classification approach
was adopted, which comprised a first level of five categories based on coarse spectral
features and a second level with two or more subcategories based on the finer details
of the features. This hierarchical arrangement provided some flexibility dictated by the
diversity of the fine structures and a certain degree of compatibility with previous catalogs
in the microwave–decimetric range (e.g., [23,24,26]). Furthermore, the five basic categories
were statistically associated with the phases of the associated flare/CME evolution and the
energy release process.

The inherent drawback of the above-mentioned classification method as well as most
of its predecessors lies in the fact that they are based solely on morphology and not on the
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underlying physical and radiation processes. Thus certain subclasses, or even classes, may
include bursts that are morphologically similar yet originate from different processes. There
are several examples including, but not restricted to, narrow-band bursts (see Section 3.3),
intermediate-drift bursts (Section 3.4), and emission bands (Section 3.5). Furthermore,
the distinction between classes or subclasses is occasionally uncertain (see Section 3.5).
However, despite these limitations, a classification scheme is necessary as a background for
theoretical work (see, e.g., [16,174]).

7.2. Narrow-Band Burst (Spike) Source Structure

Our analysis of spikes (Section 4.1) in high time resolution dynamic spectra revealed
their arrangement in various patterns, including spike chains in the form of N-bursts and
lace-like bands, in addition to precise measurement and statistics of their observational
characteristics. The analysis of simultaneous spectral and imaging data (Section 4.2) showed
that spikes were located on top of a slowly varying background, provided by the type-IV
continuum, at all frequencies. Most spikes were smaller than this background source, and
many of them were displaced with respect to it, always remaining within its half width (see
Figures 15 and 16). This suggests that the spikes are additional emission, from small-scale
reconnection within or very close to the continuum source, rather than fluctuations of the
continuum background.

The data set of this report indicates that the spike brightness temperature of TB > 2 · 108 K
precludes thermal emission and corroborates non-thermal or coherent emission mecha-
nisms. Furthermore, the study of the dynamic spectra of spike chains provides evidence in
favor of the plasma emission mechanism as it includes some chains of bi-directional spikes
recorded in the 270–450 MHz range (see Figure 11 of Section 4.1), which appear to outline
an X–reconnection front. A counter example was presented in [175,176], where multiple
harmonics of spike groups in the 200–400 MHz range were reported.

The joint SAO and NRH observations of type-II–associated narrow-band spikes
(Section 5.3) demonstrated that they constitute the predominant radio signature of the
MHD shock. The comparison of characteristic parameters of type-II and type-IV spikes,
such as their relative bandwidth and their duration, as well as their comparable brightness
temperature, indicates that they are produced by similar emission processes.

We note that the spike chains which outline the shock front emission would appear as
a continuous emission in dynamic spectra of lower resolution. It is therefore possible that,
in low time-resolution spectra, quasi-parallel drifting spike chains might appear as multiple
type-II lanes or “band-split of the band-split” as first reported by Magdalenić et al. [177].

7.3. Intermediate Drift Bursts (Fibers)

Our investigation of fiber bursts showed that this type of fine structure is by no means
homogeneous but includes six morphological subclasses, which differ in the position of the
emission and the absorption ridges (Sections 3.4 and 6). The typical fibers with an emission
ridge and a lower frequency absorption ridge comprise the dominant subclass, with the
fibers of the remaining five subclasses being rare. Furthermore, a number of uncommon
bursts of the intermediate-drift burst family, such as narrow-band fibers, rope-like fibers
and fast-drift bursts have been recorded.

In addition to the classification and the statistics of the observational parameters
of fibers (Section 6.1.2), we presented estimates of the magnetic field (Section 6.1.3). As
mentioned previously, the fiber exciter could be the result of whistler–Langmuir interaction
or of Alfvén–Langmuir interaction. Assuming a hydrostatic density model, we obtained
from the observed drift rate a value of B = 4.6 ± 1.5 G for whistler-driven fibers and
B = 116± 50 G, for Alfvén-wave-driven fibers. The former value is close to estimates of B
by other methods (e.g., [56,85,91,178,179]), thus suggesting the whistler mechanism as the
most plausible. The Alfvén-wave-driven mechanism might be possible only within cool
and underdense loops.
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Having established the emission mechanism, the frequency drift rate and the track of
a fiber on the dynamic spectrum can be computed. Furthermore, assuming a small, linear
variation of the magnetic field along the path of the exciter, the magnetic field and its scale
length along the exciter path can be computed by fitting the data, without resorting to a
density model. This approach gave an average value of ∼4.4 G for the magnetic field and
of ∼220 Mm for its scale along the exciter path.

The analysis of a spatially resolved type-IV continuum with embedded fiber-bursts
employing SAO, NRH, and TRACE data gave additional important information:

In the NRH data the fibers did not appear as discrete sources but as short duration
intensity modulations (approximately 10%) of the background continuum radio emission.
(Section 6.2.1). We note that at decimetric wavelengths a modulation of about 30–40% has
been reported (e.g., [56]).

The sources of the type-IV continuum and the embedded fibers were located on
segments of large-scale loops, overlying the smaller EUV post flare loops (Section 6.2.2).
We suggest that these large scale loops encompass both the CME-associated flux rope and
the flare loops visible in EUV (Figure 31). The fact that the radiation was polarized in the
same sense suggests further that the radio emission comes from one leg of these loops.

The appearance of multiple fibers in close succession and at slightly different po-
sitions on the radioheliograph images conveys the impression of apparent motion at
supra-luminal velocities.

Direct measurement of the exciter speed in NRH images of fibers visible at two
frequencies gave values consistent with the drift rate. Consistent results from spectral and
imaging data were also obtained for the frequency scale length.

Finally, images of fiber pairs in absorption and in emission (Figure 34) showed that
their shape and size were very similar; this verifies the hypothesis that they are manifesta-
tions of the same wave train.

8. Future Prospects and the New Generation of Spectroscopic Imaging Systems

The study of the radio-burst fine structure in the decimetric to decametric range is
an open and promising field of research. Questions ranging from the plasma processes
responsible for this type of radio emission to the association of the emission with active
solar phenomena and different types of radiation (such as HXR) abound. The observational
results obtained up to the present time have been subject to multiple interpretations for
each type of FS. The future observational data of higher quality may lead to the resolution
of the controversies related to the various theoretical models.

Results of particular interest have been obtained in the case of joint radioheliographic
imaging and high resolution radio spectroscopy. However, a relatively limited set of
observations have been available for this type of analysis. This is due to the lack of
instruments capable of providing both spectral and imaging data, with the exception of
LOFAR; thus, most spectral imaging has been performed with spectra and images from
different instruments with different characteristics. The situation is improving; however,
with a number of spectral imaging instruments in operation or under development (See
also the review by [180]):

The Expanded Owens Valley Solar Array (EOVSA) [181,182] is a radio array dedicated
to solar observations. It operates in the frequency range of 1–18 GHz and has a fast 20 ms
sample time with a frequency resolution of approximately 50 MHz. EOVSA has the ability
to measure and analyze the polarization properties of the solar radio signals in all four
Stokes parameters (IQUV). The angular resolution of EOVSA varies depending on the
observed frequency, ranging from 3.2′′ to 57′′.

SRH is a solar dedicated intereferometer, succeeding the Siberian Solar Radio Telescope
(SSRT). Currently, it operates in the 3–12 GHz range, but when completed, it will cover
the frequency range of 3–24 GHz with 10 MHz spectral, 0.1 s time and up to 7′′ spatial
resolution [183].



Universe 2023, 9, 442 36 of 46

The RATAN-600 radio telescope is being equipped with a new receiver complex,
capable of 122 kHz spectral and 8 ms time resolution in the 1–3 GHz range [184]. Although
RATAN-600 is a transit instrument providing 1D solar images, it is expected to give
interesting results if a burst occurs during the transit.

MUSER (Mingantu Ultrawide Spectral Radioheliograph, [185]) is a solar-dedicated
radio telescope situated at the Mingantu Observing Station in China. With two arrays,
MUSER-I and MUSER-II, it covers a frequency range from 400 MHz to 15 GHz. MUSER-I
provides full-disk solar radio images in 64 frequency channels, with a time cadence of
25 ms and a spatial resolution of 51.6′′ to 10.3′′. MUSER-II records full-disk solar images
in 520 channels, with a time cadence of 206.25 ms and a spatial resolution of 10.3′′ to
1.3′′. MUSER offers high temporal, spatial, and spectral resolutions, a dynamic range of
25 dB, and polarization capabilities. An extension of MUSER into the 30–400 MHz range is
under way.

The Low-Frequency Array (LOFAR, [186,187]), though not a solar-dedicated instru-
ment, provides extended capabilities in the radio observation of the Sun at the 10–240 MHz
frequency range; furthermore, it is capable of radio spectroscopic imaging. The LOFAR
high spatial, spectral, and temporal resolution characteristics vary with the selected obser-
vation mode as they are subject to the necessary design trade-offs. The angular resolution
depends on frequency and baseline; at 1550 Km, the resolution is nominally 0.1′′–3.2′′ but
the scattering of radio waves within the solar corona may limit it to ∼10′′ [188]. In “tied-
array” observation mode, for example, the time resolution is about 83 ms and the frequency
resolution is 12.5 kHz [189,190]. On the other hand, with core and remote baselines (stations
within the Netherlands) in solar observations, the highest achieved spatial resolution for
LOFAR-LBA at 30 MHz was ∼80′′, [191]. This was obtained using the longest baseline
length of 48 km.

Finally, the Square Kilometer Array (SKA) will have solar observing capabilities [192].
The Murchison–Widefield Array (MWA), an SKA pathfinder, has already produced some
interesting results (see, e.g., [193]).

The specifications of the next generation of instruments and the quality of the data need
to be defined on the basis of the accumulated experience. Tan et al. [194] have compiled
a number of recommendations as regards the constraints imposed by the narrow-band
radio bursts, such as spikes, since they are the fine structures with the smallest frequency
extend and the shortest duration. Thee recommendations, summarized below, may serve as
guidelines for the design of new solar radio telescopes. They apply to the solar broadband
radiospectrographs, solar radioheliographs, and to the imaging spectroscopy instruments
capable of high time and frequency resolution multifrequency imaging [195]:

• The time and frequency resolution of a radiospectrograph should be consistent with
the duration and the frequency extend of the smallest fine structure (e.g., spikes); in the
case of radioheliographs, similar time resolution is highly desirable. The angular reso-
lution should also be consistent with the bandwidth of the FS as the latter corresponds
to its spatial extend. The duration and the frequency extent of the spikes depend on
the observation frequency (see Section 5.3 and [148–151,194] for the applicable scaling
laws) so that the corresponding resolution may be selected accordingly.

• At least two data points need be recorded per isolated spike burst. This corresponds
to a sampling interval less than half of the averaged spike duration. Furthermore, the
two data points are the minimum resolution required for spike frequency drift rate
calculations. By the same argument, the frequency resolution should be less than half
the averaged bandwidth.

• For radioheliographs, the same requirements as regards time and frequency resolution
appear reasonable; however, the number of available frequency channels, the sensitiv-
ity requirement, and the computational power in the data processing pipeline may
impose trade-offs (see [194]).

• The constraints presented above are applicable also to the members of the the inter-
mediate-drift burst family; although the frequency extend of a considerable part of
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these exceeds significantly that of the spikes, their possible hyperfine structure of
spike-like constituents should be considered.

• A combined radioheliograph-radiospectrograph capability with high time, frequency
and angular resolution, as exemplified by the LOFAR, is highly desirable. The latter,
depending on the observation frequency, is bound to require a rather large baseline.

Author Contributions: Conceptualization and methodology C.A.; writing–original draft preparation,
A.H. and C. A.; writing–review and editing, C.A., A.H., C.B. and S.A.; supervision, C.A. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The ARTEMIS-IV/JLS data are available upon request from the authors.
Other datasets used in this article are openly accessible at their respective URLs, given in the text.

Acknowledgments: ARTEMIS was conceived by the late professor Costas Caroubalos and was
materialized by him, in collaboration with J.L. Bougeret of Meudon. Its operation and data analysis
was accomplished by the ARTEMIS group, which includes P. Preka-Papadema, X. Moussas, A. Kon-
togeorgos, P. Tsitsipis, Alexander Nindos, S. Patsourakos, and the authors of this article. D. Maroulis
and G. Dumas had important contributions in the early stage of the instrument. We wish to thank
the Onassis Foundation and the University of Athens Research Committee for their support of the
continuation of the operation of the ARTEMIS-IV/JLS radiospectrograph. Finally, thanks are due to
the guest editors Baolin Tan and Jing Huang for their invitation to this special issue.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

Abbreviations
The following abbreviations are used in this manuscript:

ARTEMIS Appareil de Routine pour le Traitement et l’Enregistrement Magnetique de l’
Information Spectral

ASG Analyseur de Spectre Global
CME Coronal Mass Ejection
EOVSA Expanded Owens Valley Solar Array
EUV Extreme Ultra-Violet
FDB Fast Drift Fiber Burst
FS Fine Structure
FT Fourier Transform
FWHM Full Width at Half Maximum
GOES Geostationary Operational Environmental Satellite
HF Higher-Frequency
HXR Hard X-Rays
IDB Intermediate Drift Burst
JLS Jean Louis Steinberg (see JLS obituary in [196])
LF Lower-Frequency
LOFAR Low-Frequency Array
MHD Magnetohydrodynamic
MUSER Mingantu Ultrawide Spectral Radioheliograph
MWA Murchison Widefield Array
NRH Nançay Radio-Heliograph
QPP Quasi-Periodic Pulsation
SAO Spectrographe Acousto Optique
SKA Square Kilometre Array
SOHO Solar and Heliospheric Observatory
SSS Super Short Structure
SRH The Siberian Radiohelograph
SXR Soft X-rays
TRACE Transition Region and Coronal Explorer



Universe 2023, 9, 442 38 of 46

Appendix A. Spike Durations and Spectral Widths in a Wide Observation Frequency
Range (10 MHz–7.40 GHz)

In Table A1, we have assembled the spike durations and spectral widths in the 11 MHz–
7.40 GHz range, from a collection of published works. This task has been based on
the work of Da̧browski et al. ([197], see their Table 1) complemented with additional
data from [54,62,198,199] on the narrow-band burst characteristics, mostly in the lower
observation frequencies. Both type-IV- and type-II-associated spike characteristics have
been included.

Table A1. Durations and spectral widths of the radio spikes observed in the 19 MHz to 7.5 GHz band
(derived from Table 1 of Da̧browski et al. [197] augmented with additional data from [54,62,198,199]).

Freq. Duration Time Width Freq. Res. Reference
[GHz] [ms] Res. [ms] [MHz] [MHz]

0.011 800.0 100 0.025 1 Shevchuk et al. [199]
0.019 1400.0 100 0.060 1 Melnik et al. [198]
0.024 1000.0 100 0.060 1 Melnik et al. [198]
0.029 800.0 100 0.080 1 Melnik et al. [198]
0.040 410.0 100 0.080 1 Shevchuk et al. [199]
0.330 – – 9.900 1–10 Benz et al. [200]
0.350 100.0 10 10.00 1.6 Bouratzis et al. [54]
0.350 96.0 10 10.00 1.4 Armatas et al. [62]
0.350 – – 4.800 1 Messmer and Benz [201]
0.360 – – 7.320 1 Csillaghy and Benz [151]
0.360 73.0 2 – 1 Guedel and Benz [148]
0.400 4–30 1 & 10 ∼20 – Magdalenić et al. [73]
0.470 41.0 0.5 – 3 Guedel and Benz [148]
0.480 – – 12.600 6 Csillaghy and Benz [151]
0.600 – 100 ∼2 0.061 Benz et al. [67]
0.730 20.0 10 – 10 Guedel and Benz [148]
0.770 20.0 2 – 10 Guedel and Benz [148]
0.830 – – 7.040 1 Csillaghy and Benz [151]
0.870 19.0 10 – 10 Guedel and Benz [148]
0.940 – – 7.500 1 Messmer and Benz [201]
1.010 17.0 10 – 10 Guedel and Benz [148]
1.160 – – 49.500 14 Csillaghy and Benz [151]
1.340 – – 17.000 10 Csillaghy and Benz [151]
1.420 2.0 1 – – Wang and Xie [202]
1.420 9.0 1 & 10 – – Mészárosová et al. [149]
1.690 – – 32.300 10 Csillaghy and Benz [151]
2.000 1.3 1 – – Wang and Xie [202]
2.700 5.1 1 & 10 – – Mészárosová et al. [149]
2.800 – – 10.800 10 Csillaghy and Benz [151]
2.840 13.2 1 – – Wang and Xie [202]
3.200 14.0 8 – 10 Chernov et al. [203]
3.200 42.7 8 117.300 10 Wang and Xie [202]
3.200 8–36 8 20–110 10 Wang et al. [204]
5.250 – 5 ∼30 10 Rozhansky et al. [150]
7.300 ∼100 100 120.000 10 Benz et al. [205]
7.400 – – 48.700 11 Csillaghy and Benz [151]

Appendix B. Average Values of Characteristic Parameters for Individual Fibers and
Groups

In Table A2, the average values (with standard deviation) of the measured charac-
teristics for both for groups and individual fibers are presented. In addition to the drift
rate, ( d f

dt ), in MHz s−1, we have included the logarithmic drift rate, d f
f dt , in s−1, to facilitate

comparison with results in different frequency ranges.
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Table A2. Average properties of individual intermediate-drift bursts (direct measurement) and
groups analyzed by means of 2D autocorrelation (adapted from Table 1 of Bouratzis et al. [57]):
δτ is duration at fixed frequency, T is the time interval between successive fibers in a group, fw

the frequency difference between absorption–emission peaks, δ f the bandwidth (FWHM along the
frequency axis), ∆ttot the total duration from the fiber onset to the end, and ∆ ftot the corresponding,
onset-to-end frequency extent.

Normal (<0) Drift Typical Fibers Fast Drift Bursts Rope-like Narrow-Band IDFs
Fiber Groups 38 One One One

d f
dt (MHz s−1) −8.43 ± 3.29 −142.8 −45.3 −5.86
d f
f dt (s−1) (20±8) × 10−3 −0.36 −0.10 −0.014

δτ (s) 0.30 ± 0.20 6 × 10−2 0.21 0.30
T (s) 0.98 ± 0.74 0.24 0.43 0.80
δ f (MHz) 2.4 ± 0.8 4.0 6.0 2.0
δ f
f (10−3) 9.0 ± 4 13.2 25.1 9.4

fw (MHz) 5.5 ± 2.2 7.5 6.90 3.18
fw
f (10−3) 15 ± 6 25 20 9

Individual Fibers 441 11 13 19

∆ttot (s) 4.26 ± 2.61 0.55 ± 0.17 0.49 ± 0.11 2.66 ± 1.10
∆ ftot (MHz) −37.9 ± 16.4 −44.3 ± 19.1 16.8 ± 2.9 7.9 ± 4.3
∆ ftot

f (10−3) −103 ± 44 −138 ± 66 −60 ± 10 −23 ± 13

Reverse (>0) Drift Typical Fibers Fast Drift Bursts Rope-like Narrow-Band IDFs
Fiber Groups One Three Two

d f
dt (MHz s−1) 8.15 73.4 ± 31.0 – 3.71 ± 2.6
d f
f dt (s−1) 20× 10−3 (191± 84)10−3 – 0.009 ± 0.006

δτ (s) 24× 10−2 (9± 2)× 10−2 – 0.58 ± 0.39
T (s) 0.60 (18± 1)× 10−2 – 0.80
δ f (MHz) 2.4 4.3 ± 1.2 – 3.0 ± 1.4
δ f
f (10−3) 8.2 12.7 ± 2.2 – 9.1 ± 4.8

fw (MHz) 6.4 5.9 ± 1.4 – 3.33 ± 1.65
fw
f (10−3) 18 17 ± 5 – 9 ± 5

Individual Fibers 13 61 – 31

∆ttot (s) 3.73 ± 2.29 1.04 ± 0.47 – 2.0 ± 0.80
∆ ftot (MHz) 33.8 ± 21.3 67.4 ± 14.0 – 8.4 ± 6.0
∆ ftot

f (10−3) 92 ± 58 198 ± 42 – 23 ± 16
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23. Jiřička, K.; Karlický, M.; Mészárosová, H.; Snížek, V. Global statistics of 0.8–2.0 GHz radio bursts and fine structures observed
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188. Dąbrowski, B.P.; Krankowski, A.; Rothkaehl, H.; Błaszkiewicz, L. Solar Studies with the LOFAR Telescope. In Proceedings of the
37th Meeting of the Polish Astronomical Society, Poznan, Poland, 7–10 September 2015; Różańska, A., Bejger, M., Eds.; The Polish
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