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Subject and Purpose. Th is part of the paper continues presentation of results of the solar radio emission studies performed with Ukrainian 
radio telescopes over the past 20 years. Th e importance is stressed of developing adequate instruments and methods for identifying the 
nature of decameter-wavelength radio emissions from the Sun.

Methods and Methodology. Th e low frequency Ukrainian radio telescopes UTR-2, GURT and URAN-2 have been used in the project 
along with other ground- and space based instruments in order to achieve a comprehensive understanding of physical conditions in the 
solar corona.

Results. Special methods and tools have been developed for studying radio frequency burst emissions against the background of strong 
interference. Unique data have been obtained concerning sources of sporadic radio emissions from the Sun, as well as the contribution 
from wave propagation eff ects and the impact of the ionosphere on the results of observations. Th e most signifi cant observational and 
theoretical results are presented, obtained in the study of solar low frequency emissions over the past 20 years. Solar radio emissions are 
shown to be effi  cient sounding signals not for the solar corona alone but for the Earth’s ionosphere as well, which allows identifying its 
impact on the results of radio astronomy observations.

Conclusions. Th e Ukrainian radio telescopes of the meter and decameter wavebands currently are unrivalled tools for investigating 
the Universe in the low-frequency range of radio waves. Owing to their advanced characteristics, they make a signifi cant contribution to 
the progress of world’s solar radio astronomy.
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Introduction

Part 2 of this paper continues the overview of the 
results obtained in the study of decameter-wave-
lengths solar radio emission that was performed with 
Ukrainian radio telescopes. We believe our results to 
be signifi cant as they confi rm many of the previous 
fi ndings in a completely independent way. Moreover, 
our instruments are just the few in the world, capa-
ble of operating at extremely low frequencies. Th e 
subjects of this paper include features of drift  pairs; 
observations of the solar radio emissions focused 
on ionospheric disturbances; simultaneous observa-
tions performed with space- and ground-based in-
struments, etc., all of which open new possibilities 
for interpreting solar events. In addition we have 
developed new antennas, useful for radio observa-
tions below 8  MHz. Th is allowed us to be the fi rst 
observers to have detected an association of a solar 
U-type burst with type III bursts. Moreover, this pa-
per outlines new prospective studies of the decame-
ter-wavelength solar radio emissions with the help of 
Ukrainian radio telescopes.

1. Drift  Pairs

1.1. Preliminary studies with 
a 60-channel spectrometer

Solar "drift  pair" (DP) bursts were discovered by 
Roberts in 1958. Th e DPs are detectable with 
ground-based instruments at decameter and meter 
wavelengths (from the ionospheric cut-off  frequency 
and up to 80  MHz). Th eir characteristic features 
are shown in special morphological forms presented 
in dynamic spectra of the records. Specifi cally, they 
consist of two narrow components separated in 
time, oft en the later one being a replica of the for-
mer (Fig. 1). Th e bursts are characterized by limited 
frequency bandwidths, while showing a noticeable 
frequency drift . Furthermore, the drift  rate may be 
either positive or negative. Typically, the DPs are ob-
served during type III solar burst storms, however 
not every storm leads to the appearance of DPs. Note 
also that DPs do not occur as oft en as type III bursts. 
Unfortunately, the several theories existing today 
can but only partially explain the properties of these 
bursts.

Th e DPs observed with the UTR-2 back in the 
1970s involved two narrow frequency bands (of 

widths about 1 to 2 MHz). An attempt of performing 
a more comprehensive analysis of such bursts over 
a continuous frequency band of 10 to 30 MHz was 
undertaken in July, 2002, with the use of a 60-chan-
nel radiometer. Th e disadvantages of that equip-
ment have already been considered here (see Sec-
tion 4 of Part 1). Th ey had a rather negative impact 
on the results. In particular, the frequency drift  rates 
of 776 DPs were supposed to be describable by the 
formula df / dt  −A( f / f0)B  C, with f0 being equal to 
25 MHz, and A, B and C representing fi tting parame-
ters. Upon application of least-squares approxima-
tion procedures these parameters took the following 
values: A  – 0.5, B  2.7 and C  – 0.4 for the forward 
DPs (FDPs), and A  2.3, B  6.2 and C  1 for the re-
verse (RDPs). Further observations of the solar DPs, 
performed with a UTR-2 telescope equipped with 
numerical receivers, showed those results to be er-
roneous [1—4]. So, we aim now at considering those 
studies in more detail.

1.2. Observations of 2015

In the UTR-2 observations of July 10 to 12, 2015 we 
have detected 301 DP bursts, 92 of which were RDPs 
and 209 were FDPs [1]. All of them were recorded 
with the digital receiver/spectrometer possessing 
time resolution of 50 ms and a 4 kHz frequency reso-
lution over 9—33  MHz (Fig.  1). Th e emergence of 
DPs and of the type III burst storms were associated 
in those days with the presence of a most active re-
gion, namely NOAA AR 12381 (N14W25 on 10 July 
of 2015). Th e day before it was located near the cen-
tral solar meridian. Th e sunspot group of magnetic 
class b involved spots of both positive and negative 
magnetic polarity, with a simple division between 
them. Th e solar activity was accompanied by rare 
solar class C X-ray fl ares. Th e DP bursts diff ered in 
parameters, such as frequency bandwidth, start and 
end frequencies, time duration and frequency drift  
rates. One of DP parameters of interest is the width 
of the total frequency band occupied by each of such 
bursts [2]. We have analysed the characteristics of 
the FDPs and RDPs measured on July 10—12, 2015. 
Th e average value of the frequency bandwidth was 
2.82  1.32 MHz for RDPs, whereas for FDPs it was 
3.6  2.4 MHz. It is important to note that our ob-
servations of those days clearly showed the high-fre-
quency edges of long DPs to be located near the 
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upper limit of the UTR-2 frequency band. Unfortu-
nately, those observations did not permit recording 
the radio emissions over the entire frequency band 
that the DPs originated in. Th is imposes restrictions 
on our measured results. Within the observation fre-
quency range pertinent to our instrument, the num-
ber of FDPs decreased at higher frequencies, whereas 
that of RDPs reduced toward lower frequencies. As it 
can be seen from the histogram analysis, the number 
of RDPs increases toward higher frequencies, while 
the FDPs show a similar trend toward lower frequen-
cies. Th ese features can be characterized in terms of 
the skewness parameter, as a measure of asymme-
try in probabilistic distributions. In the case of FDPs 
the parameter is equal to 0.237, while for RDPs it is 
–0.966. Unfortunately, the frequency range of the 
DP observations was not suffi  cient for performing a 
complete study of the FDP and RDP distributions. 
It is not surprising that in our observations of year 
2002 the FDP – RDP relations looked like 109 vs 89 
on July 13, and 186 vs 123 on July 14. In this con-
text any observation performed at lower frequencies 
than had been done before should be of essential in-
terest for the analysis of FDPs. However, capabilities 
of the ground-based instruments are limited by the 
ionosphere (recall the cutoff -associated eff ects). As 
for investigations on board of spacecraft , they can-
not provide acceptable levels of time- and frequency 
resolution for studying DPs, and in addition their 
sensitivity is not high enough, the antennas being 
too simple.

While studying the histograms of DP bandwidths 
and the quantile-quantile plots, we have found that 
the probability density function (PDF) belongs to 
the Pearson III type. Th e presence of FDPs seems 
more likely at lower observation frequencies, in con-
trast to the RDPs. Besides, at some frequencies the 
emergence of RDPs or FDPs appears almost equal-
ly probable. It is the reverse DPs that prevail above 
these frequencies, whereas below the forward DPs 
dominate. Th is is also confi rmed by intersection ef-
fects in the corresponding histograms. Consequ-
ently, the intersection peak (at 20—25 MHz on July 
10—12, 2015) corresponds to equal numbers of the 
FDPs and RDPs observed. In the case of RDPs the 
bursts were not detected below 12.1  MHz. A simi-
lar result was observed in 2002. Moreover, one can 
assume that FDPs were unlikely to occur below 
1.33 MHz, since Pr (  f  1.33) ≈ 4.7  10–9. On the 
other hand, the DP bursts probably did not occur 
above 50 MHz during that observation session be-
cause of Pr(  f   50) ≈ 2.4  10–4. Th is opens up a pos-
sibility of detecting FDPs below the ionospheric cut-
off . It also seems clear that the upper and the lower 
frequencies within which DP bursts are observed can 
vary from one type III burst storm to another.

Th e next analysis of DPs is devoted to their fre-
quency drift  properties. Th e data processing proce-
dure was as follows. For each component of DPs we 
sought to identify the time moment ti in each fre-
quency channel fi (within the frequency band, where 
the given DP was detected) that corresponded to 

Fig.  1.  Dynamic spectrum of the solar drift ing pairs observed July 11, 2015 with the UTR-2 radio 
telescope
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the "centre" of the intensity hump for the DP burst 
under consideration. Consequently, on the dynamic 
spectrum corresponding to that emission type each 
of such components traces out a line of its own, 
which characterizes the frequency drift  of the cho-
sen DP. Th e frequency channels of the digital records 
that were damaged by narrow-band radio interfe-
rence were ignored. Because of signal fl uctuations, 
the peak points (ti , fi ) of the DPs quite oft en could 
not be ascribed to a smooth curve. Next, we have 
chosen a power-law function to fi t the evolution of 
these burst peaks on the frequency-time plane. Th is 
approach is similar to the concept used for the study 
of type III bursts. In this case the frequency drift  rate 
satisfi es the relation df / dt  Kf n, where K and n are 
constant magnitudes. Note that this dependence in-
cludes two parameters rather than three, as was sug-
gested for the 2002 observations performed with the 
60-channel analog receiver/spectrometer. Such a 
three-parameter model is not correct, which leads to 
"overfi tting" in the data analysis. Th e frequency drift  
rates of each DP are described separately for each of 
its components, in terms of their specifi c values of K 
and n. It should be pointed out that DPs can occur 
at diff erent times. Th e long DPs are most convenient 
for this analysis [3]. In particular, the number of such 
pairs recorded in our observational session equaled 
21 (20  FDPs and just one RDP), and their the fre-
quency bandwidths varied between ~ 8 and 15 MHz. 
Based on the processing procedure, we have analysed 
frequency drift  rates of both forward and reverse 
DPs. Note the characteristics of DPs to change with 
frequency in a similar way to such of type III bursts 
whose drift  rate decreases with frequency. Each DP 
is characterized by frequency drift  rates of its com-
ponents. Th ese are slightly diff erent in each pair, 
although the later component repeats the tendencies 
of the previous one, such that they are still a pair. As 
follows from the histograms, the K and n parameters 
have skewed distributions. Th ey are characterized by 
the mean value, mode and median which are diff erent 
for the FDPs and RDPs.

One important feature of DPs is the delay time 
between the DPs components as shown for the same 
frequency, as well as their frequency separation 
shown at some fi xed instant. According to the ob-
servational session of 2002 the values of delay time 
decreased slowly with frequency, varying from 1.4 s 
to 2.6 s. However, the results have provided an aver-

aged description for many DPs at 12 equidistant fre-
quencies. Using the frequency drift  properties of DPs 
considered above, we can study the frequency and 
time separations between pair components in each in-
dividual burst, providing higher time and frequency 
resolutions (50 ms and 4 kHz, respectively). For this 
purpose we used long DPs. Generally, they follow the 
tendency of a delay time decreasing with frequen-
cy. Th e frequency separation shows an opposite be-
haviour, i.e. the value increases with frequency. Th e 
tracks may oft en demonstrate a monotonic charac-
ter, however sometimes their behaviour is similar to 
that of a function with a single local extremum.

1.3. Observations of 2017

Th e statistical analysis of DPs was continued with 
the use of the July  12, 2017 observations [4]. Th e 
data were obtained through measurements with the 
UTR-2, the URAN-2 array, a subarray of GURT, and 
a single active cross-dipole, and provided spectral 
properties of radio bursts in the frequency range of 
8—80 MHz [5]. Note that the latter antenna was veri-
fi ed as an antenna prototype for future low-frequency 
radio telescopes on the Moon [6]. According to the 
space-based observations with STEREO, GOES and 
SOHO, on July 10—16, 2017, solar activity varied with 
time from a low level on July 11 and rather moderate 
on July 12, to high on July  14. Th en the activity 
looked moderate again on July 15—16, and dropped 
down to low later. Th e majority of solar events were 
connected to the active region NOAA AR 12665. Th e 
dark core of the sunspot was larger than the Earth. 
Aft er July 12 the active region 12665 decayed slowly 
and quietly. Note that during the observations of DPs 
on July 12, 2017 that active region was a bipolar sun-
spot group. A similar sunspot group was associated 
with the DPs observed in 2015 [2]. Th e data of 2017 
included 760 DP bursts from which 550 were for-
ward, and 210 were reverse. According to our con-
sideration, the average value of frequency bandwidth 
was 3.31   1.58  MHz for RDPs, whereas for FDPs 
it was 3.94  2.38 MHz. Th ere is a high correlation 
between the starting and ending DP frequencies 
(0.92 for FDPs and 0.95 for RDPs). Th is indicates that 
the frequencies at the start and end of the event are 
related. Th e histograms of low- and high-frequency 
edges in the FDPs and RDPs indicated right-skewed 
data that could be described by a right-skewed dis-
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tribution with a long rightward tail in the positive 
direction. Th e skewness is real and was not caused 
by instrumental eff ects. Note that such behaviour is 
typical if the random variable cannot assume nega-
tive values.

An important advantage of the GURT observa-
tions is that the records from that instrument cover 
the frequency range where the RDPs arise nearly 
completely, plus partially covering the frequencies 
typical of the FDPs. Th rough a simple straightfor-
ward calculation of the number of DPs observed 
with the GURT on July 12 within the range of 30 to 
70 MHz (unfortunately, the lower and the higher fre-
quencies were clogged by interference), we have been 
able to detect 2602  DPs. Among these events 2178 
were RDPs, and 424 were FDPs. It should be pointed 
out that the UTR-2 observations were carried out 
3 hr before and aft er noon, whereas the GURT an-
tenna allowed us observing the solar radiation for 
the longer period from sunrise to sunset. In particu-
lar, it is this fact that can explain the diff erence in the 
number of DPs observed with the latter instrument. 
From the location of the FDPs and RDPs on the fre-
quency scale, the occurrence of FDPs seems more 
probable at lower frequencies in (compared with the 
RDPs). Besides, there is a low-frequency range where 
the emergence of RDPs and FDPs happens with an 
almost equal probability. Above these frequencies 
the reverse DPs may prevail, whereas below it is the 
forward DPs which dominate. Th e intersection peak 
(at 20—25 MHz on July 12, 2017) corresponds to the 
same number of FDPs and RDPs. Note that these 
conclusions are in good agreement with the results 
obtained from the DP observations of 2015 [2]. Using 
the spectral data obtained with the UTR-2, we have 
also analyzed the frequency drift  rates of DPs on 
July 12 by fi tting evolution of the peak of these bursts 
on the frequency-time plane. Just as in the case of [2], 
they follow a power-law function. In accordance with 
the histograms, the values K and n have characteris-
tically skewed distributions. Since the plasma mecha-
nism of burst generation is considered to be the 
dominant one for the radiation of most radio bursts, 
the DPs probably draw their energy from the plasma 
waves that are created by the electron beams respon-
sible for the storms of type III solar bursts. In par-
ticular, FDPs show a frequency dependence of their 
drift  rate similar to that of Type III radio bursts and 
S bursts.

1.4. Heliographic results

Using the heliographic data of September 14, 2015, 
we have also investigated spatial properties of the 
DP (and the like) sources at 8—32 MHz by recording 
one frame every 3 s. For the studies of short bursts, 
this heliographic frame rate should be higher. But 
to make it higher, we would have to appeal to DSP 
waveforms, which is much more diffi  cult for signal 
processing. To observe changes of source positions in 
the solar corona, there is no necessity in taking into 
account the entire abundance of frequency channels. 
Th erefore, we used about 50 equidistant frequen-
cies (occasionally, even less) in each frame. From the 
heliographic observations of DPs, we have found 
that the angular sizes of DPs were smaller than the 
beam size of the UTR-2. In particular, at 25  MHz 
they were below 25¢. Nevertheless, the heliograms 
allowed us identifying source positions of a variety 
of DPs (and likely) at fi xed frequencies. Th is applies 
to both forward and reverse DPs. It is of interest that 
angular sizes of the type III burst sources observed 
during the storm together with the DPs also hap-
pened smaller than the UTR-2 beam size. Now, as 
long as the angular sizes of ordinary type III bursts are 
determined by radio wave scattering from inhomoge-
neous regions in the solar corona, the smaller angu-
lar sizes of DP sources (and their associated type III 
bursts) can testify in favor of a weaker coronal inho-
mogeneity above the emitting sources. By the way, this 
feature was accompanied by a weak solar activity. All 
this is consistent with the results of Suzuki and Gary 
(1979) obtained at a higher frequency. To provide 
for an angular resolution of DP component sources 
in this frequency range, special interferometer mea-
surements would be preferred in the future.

2. Solar radio emission focused 
on ionospheric disturbances

2.1. Classifi cation of spectral caustics 
from long-term radio data

Decameter radio observations are diffi  cult not only 
because of the variety of radio interference of natu-
ral and artifi cial nature, but also because of the vari-
ous manifestations of ionospheric eff ects. Most of the 
eff ects are well known. However, some of them re-
main unclear. It is no coincidence that, in order to 
avoid ambiguity, we use simultaneous observations 



188 ISSN 1027-9636. Radio Physics and Radio Astronomy. Vol. 28, No. 3, 2023

A.A. Stanislavsky, A.A. Koval, I.N. Bubnov, and A.I. Brazhenko

with several radio telescopes (UTR-2, URAN, GURT 
and others). Nevertheless, purposeful observations 
of the interaction of solar radio emission with the 
ionosphere are also of interest [7—9]. Th ey permit 
of a better understanding of what can or cannot be 
expected from this interaction. An advanced study 
of the solar dynamic spectra perturbed as a result of 
focusing of the low-frequency emission by the Earth’s 
ionosphere has been presented recently [7]. Using 
the data set obtained with the Nançay Decametric 
Array (NDA), we have performed a statistical ana-
lysis of the spectral structures in the solar dynamic 
spectra within the range of 10—80  MHz. We have 
detected certain structures in the spectral data from 
the NDA for 129 observation days from 1999 to 2015. 
Th e structures occur in the spectrograms as intensity 
variations diff erent from the well-known solar radio 
bursts. Th e data set is useful because observations of 
the solar radio emission were performed every day, 
but spectral structures are detected less frequently. 
Th e URAN-2 was used for similar daily observations 
over a period of several years. For many of the events 
the sharp edges with enhanced intensity that appear 
on the spectrograms are distinctive characteristics of 
these structures. It is because of this spectral feature 
that they are called Spectral Caustics (SCs). Structures 
such as the Spectral Caustics are caused by natural 
focusing of solar radiation in the Earth’s ionosphere. 
About 81% of all the days when SCs were detectable 
corresponded to active phases of solar cycles 23 and 
24 (48 and 33%, respectively). Using the long-term 
observational data from the NDA, we have found a 
wide diversity of spectral forms of the SCs. Along 
with individual features, they also show general 
properties. Proceeding from the characteristic fea-
tures present in the spectral morphology of all SCs, 
we have classifi ed the SCs observed by the NDA as 
several types [7]. Th e prevailing type is what we de-
note as an inverted V. Th e distinctive attribute of this 
type of SC is the presence of sharp, double-branched 
envelopes of enhanced intensity. In contrast to the 
previous V type, such SCs take wedge-shaped form 
with a kind of broadening toward higher frequen-
cies. Th e borders of these structures are not clearly 
cut. Th is type of SCs tends to appear during strong 
solar noise storms. Th e X like SCs combine some 
of the spectral properties of the two previous types. 
Say, the dynamic spectra of these structures with 
sharp borders initially show some narrowing toward 

a point of convergence, and then a distinct broad-
ening with frequency. Th e fi ber like type of the SCs 
manifests itself in the form of bright fi laments and/or 
lanes. Unlike the previous types, these features are 
characteristic by absence of any frequency broaden-
ing/narrowing, while maintaining their frequency 
width constant. Th e fringe like SCs are rather rare 
events. In dynamic spectrum a fringe-like structure 
takes the form of alternating stripes showing inten-
sity enhancements and depressions. Th e fringe-like 
SC events are very complicated. Th ey may appear 
together with other types of SCs. Our classifi cation 
might be helpful for identifying unknown patterns 
in the solar dynamic spectra. We have found that 
the rate of occurrence of SCs in dynamic spectra de-
pends on the phase of the solar cycle.

In addition to classifying the individual types of 
SCs, we identifi ed several properties of SCs based on 
their manifestations in the solar dynamic spectra. 
Th e characteristic durations of the SCs can vary be-
tween 5 and 20 min, occasionally reaching values 
about 1 h. In the NDA radio records, the SCs ap-
pear at frequencies close to 10 MHz. it seems likely 
that the low-frequency boundary of the SCs is deter-
mined by the ionospheric cut-off . To assign an upper 
frequency limit to the SCs, we used a set of data ob-
tained with the radio telescopes which cover higher 
frequencies than the NDA. According to the spectral 
data of the IZMIRAN for the range of 25—270 MHz, 
SCs can be recorded up to f  200 MHz. Th e SCs can 
occur during solar burst events (such as continuum 
noise storms; type IV bursts; groups of type III 
bursts, and others). A closer examination of the ac-
tivity level for one such "quiet" group has revealed 
that the SCs were in fact accompanied by fl ares or/
and CMEs, while no radio bursts in the frequency 
range of the NDA were observed.

Owing to continuous observations of the Sun by 
the NDA, it has been possible to perform a statistical 
examination of the SC occurrence in the spectral data. 
It should be noted that calculating the total number 
of SCs presents a certain diffi  culty. In some cases, the 
spectral structures arising during strong solar noise 
storms may be considered as SCs or parts of the con-
tinuum emission. Besides, the SCs can appear in 
groups. Th erefore, it is not always obvious whether 
a group represents a single complex event or consists 
of multiple SCs. Nevertheless, quite oft en we were 
able to detect more than one SC. Th e histogram pre-
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senting the number of days with SC records, sampled 
along a time scale (years), shows two grouped blocks 
with maxima near 1999 and 2013, and a 3 year pe-
riod (2008—2010) demonstrating none of  observed 
SCs. Th is histogram shows solar cycle variations. 
Moreover, the histogram for months and years indi-
cates that the SCs in the NDA dynamic solar spectra 
appear mainly in winter time (the months of Decem-
ber through February) and autumn (the months of 
October and November), with just one spring month 
(March). From April to September the SCs were de-
tected in three cases only. Th e stable detection of SCs 
over certain periods supports the hypothesis about 
seasonal character of their occurrence.

2.2. Numerical simulations 
and comparison with experimental data

Th e traveling ionospheric disturbances (TIDs) re-
present one particular type of ionospheric irregu-
larities. Th ey arise in the course of propagation of 
acoustic gravity waves (AGWs) and represent wave-
like electron density structures traveling through the 
ionosphere. Th e AGWs are believed to be generated 
by various natural or anthropogenic processes (like 
earthquakes, hurricanes, the moving solar termi-
nator, auroral activity, powerful explosions, missile 
launches, ionosphere modifi cation events, etc.) Th e 
TIDs are classifi ed according to their spatial and 
temporal scales (wavelengths and periods), and hori-
zontal velocities. Th us, TIDs spatial ( 1 000 km) and 
temporal (~ 0.5—3.0 h) periods belong to the large-
scale class, while those with spatial and temporal 
scales of 100—600 km and 0.25—1.0 h, respectively, 
are classifi ed as the medium-scale class. TIDs can 
propagate as free wave modes, being refl ected by the 
Earth’s surface, or as as guided wave modes. Th e re-
sults of modeling the wave focusing by ionospheric 
inhomogeneities eff ect have been obtained for the 
fi rst time in the art [8]. We have considered medium-
scale traveling ionospheric disturbances (MSTIDs), 
applying a ray tracing technique. To simulate daytime 
MSTIDs in the Earth’s ionosphere, we have consi-
dered typical gravity wave parameters, like a horizon-
tal wavelength of 300 km, temporal period of 40 min 
(i.e., a 125 m s–1 phase velocity), and a South-East 
propagation direction with an azimuth of 135 from 
the North. Th e result of our model calculation shows 
that the MSTID pattern represents a periodic se-

quence of enhancements and depressions of electron 
concentration. Besides, the TID front in the vertical 
plane is inclined with respect to the propagation di-
rection. Th is confi guration is signifi cant with respect 
to the TID focusing eff ect. Th e main results of the 
study represent dynamic spectra for diff erent values 
of the solar elevation angle. Each dynamic spectrum 
includes a distinctive spectral perturbation in inten-
sity that can be recognized as a SC. Th is is consistent 
with the result established here, namely that the fo-
cusing eff ect of TIDs during solar radio observations 
can produce similar spectral structures [7].

We have shift ed in this study from an analysis of 
observational data to modeling. We used a ray tracing 
technique to compute radio beam trajectories in a 
MSTID-containing terrestrial ionosphere. Dynamic 
spectra have been obtained for the model structures 
consistent with the observed SCs. Th anks to such 
simulations, we are now able to identify four types 
of SCs among the fi ve ones declared by our earlier 
study, including the inverted V-like, V-like, X-like, 
and fi ber-like types. Before all, this suggests a reli-
able basis for SC classifi cation; second, off ers a cor-
rect numerical treatment of the problem; and third, 
stresses the need for additional studies to explain the 
last remaining SC type, that is, the fringe-like type. 
Based on the simulations, we found the dependence 
of the focusing frequency on the elevation angle of 
the Sun. Th e focusing frequency belongs to a charac-
teristic point in the SC structure, which demon-
strates a peak of intensity. Th e focusing frequency 
could be recorded if a ground-based observer were 
located near the focal point of the plasma lens created 
by a TID. Hence, by using the established relation, it 
should be possible to evaluate the frequency range 
within which a SC might appear. We have found that 
some of the SC records may be present in the spec-
trograms obtained for certain elevation angles of the 
Sun. Th e SCs can be generated at relatively low solar 
elevation angles ( 25). Th is range of elevation angles 
corresponds to seasons like late fall, winter, and early 
spring. Th is provides a nice explanation for the sea-
sonal dependence in SC occurrence, which has been 
noticed previously [7]. According to these writers, 
95% of the days when SCs are observable, belong to 
autumn or winter months. Moreover, we have found 
a close correlation between the slope of the TID front 
and the angle of incidence of the solar radiation pas-
sing through the ionosphere. Th is correlation con-
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cerns spectral and morphological properties of SCs. 
In particular, the pattern of a SC is mostly symmetric 
in cases where the angle of incidence and the TID’s 
inclination angle are close to each other. If there is 
a considerable diff erence between them, the pattern 
loses its symmetry, and envelopes and directions 
of rotation present in solar radio spectrograms are 
modifi ed. From a careful review of earlier studies we 
concluded that the SC topic has not been fully inves-
tigated yet. Th e eff ect of solar radiation focusing is 
related to the specifi c phenomenon of propagation of 
solar radio waves through the terrestrial ionosphere. 
Th is natural eff ect is observed with ground-based 
radio instruments operating within the 10—200 MHz 
range, in the form of peculiar patterns (i.e., SCs) on 
the solar dynamic spectra. It was suggested that the 
SCs could be associated with MSTIDs. As a result, 
we were able to present the fi rst direct observations 
of SCs induced by MSTIDs, using the solar dyna-
mic spectra exhibiting SCs as obtained with diff erent 
European radio telescopes on January 8, 2014. Also, 
simultaneous two-dimensional, detrended maps 
were obtained of the total electron content (dTEC) 
over Europe [9]. In that analysis we used the obser-
vations obtained with the URAN-2 array (Fig. 2), as 
well as with the NDA, several e-Callisto stations and 
IZMIRAN. All the instruments operated in overlap-
ping frequency bands. Th e SCs can be recognized in 
the spectrograms by their distinctive spectral shapes. 
Th e most part of the SCs belong to the prevalent in-
verted V-like type. Some SCs appear in the form of 
lanes, corresponding to the fi ber-like type. A few SCs 
cannot be clearly classifi ed within the scheme pre-
sented in paper [6]. In order to explore the "paren-
tal" TID that causes an SC, we adopted the method 
that is generally used for TEC mapping. Th e iono-
sphere is represented as a thin layer (shell). Its alti-

tude is generally set equal to the height of the F2 peak 
(hmF2). Th e integrated magnitude of electron density 
within the F2 makes the main contribution to TEC 
values. Th en, the TEC values obtained are ascribed 
to the so-called ionospheric pierce point (IPP), and 
mapped on the shell. Th e IPP represents the point 
at which the satellite-receiver line of sight crosses 
the ionosphere shell. Th erefore, we can localize the 
place — the IPP position — where the line of sight 
between the Sun and the antenna crosses the iono-
spheric shell. Th at way, a set of IPP coordinates can 
be determined and plot on the dTEC maps over the 
lifetime of a particular SC. Th is allows us to observe 
directly the instantaneous dTEC structure and the 
position where the wavefront of the incident radio 
wave penetrates into the ionosphere. For the sake of 
simplicity, we will defi ne the TID wavefront as a crest 
and the region between two successive wavefronts 
as a valley. Th e crests and valleys have high and low 
magnitudes of electron density, respectively. Th e fo-
cusing could only happen when the solar radio wave 
propagates through a valley where the refractive in-
dex is higher than such in the surrounding crests. 
Th us, we found that the IPP positions corresponding 
to any SC are contained within a valley on the dTEC 
map. If that is the case, we can identify the particular 
TID responsible for a specifi c SC. In all the cases con-
sidered, the timing analysis performed allowed us to 
reveal, with a lot of confi dence, the facts of couplings 
between MSTIDs and SCs. We have proved that the 
peculiarities observed in spatial structure of TIDs 
on dTEC maps were consistent with time-frequency 
characteristics of the corresponding SCs in the spec-
trograms. In addition, our study has helped resolving 
the controversy about origin of SCs in the solar radio 
records, which might be mistakenly attributed to the 
Sun. In that work, we have demonstrated a collec-

Fig. 2. Spectral caustics on the dynamic spectrum over 16.5 to 33 MHz as obtained with the URAN-2 on January 8, 2014
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tion of solar dynamic spectra obtained at meter- and 
decameter wavelengths by radio instruments around 
Europe. It is seen that SCs occur almost uniquely in 
each dynamic spectrum. Th us, the features of SCs 
are not of solar origin, rather being a consequence of 
interaction of solar radio emission with various 
inhomogeneities in the ionosphere.

3. Synchronized observations with 
space- and ground-based instruments

3.1. Advantages and disadvantages 
of space-based solar observations

Nowadays there is no doubt that astronomical and 
radio astronomical investigations performed from 
spacecraft  and space missions are of extraordinary 
importance for science. It is suffi  cient to recall what 
a huge amount of new scientifi c data of interest does 
the famous space telescope Hubble provide on a daily 
basis and has already provided. Really, its location 
outside the Earth’s atmosphere has made it possible 
to avoid harmful optical eff ects, opening a new win-
dow for exploration of the Universe. As a result, a 
natural desire arises to reach a success of a similar 
level through spacecraft  observations in other fre-
quency ranges. One of the rather diffi  cult tasks for 
terrestrial observations is the study of cosmic radio 
emissions in the decameter and longer wavelength 
range. A huge amount of radio frequency interference 
of various kinds whose waves propagate around the 
world, plus the undesirable and only occasionally pre-
dictable ionospheric eff ects represent major obstacles 
to rapid development of the decameter-wavelength 
radio astronomy. Meanwhile, this branch of science 
could give answers to important many astrophysical 
problems of importance. However, launching a simi-
lar decameter–wavelength radio instrument (similar 
in the sense of effi  ciency) as the Hubble telescope, 
into the near-Earth space or to the far side of the 
Moon is, for the time being, an extremely complex 
and costly undertaking. Th e point is that the anten-
na sensitivity of such a radio telescope depends on 
its eff ective area (size), which is, in turn, dependent 
on the wavelength of the emission received. Th at is 
why these antennas are so huge at low-frequencies. 
Th e weight and dimensions of the vehicles launched 
so far are limited. Th erefore, at the present time the 
space missions like WIND, STEREO, etc. that carry 
radio observations out, are equipped with just a few 

whip antennas. Of course, the performance of these 
cannot be compared with the characteristics of space 
telescopes such as Hubble and the like. Although 
the spacecraft  WIND is located at the Lagrangian 
point L1 between the Earth and the Sun, which is 
about 1.5 million km away from the Earth, its dis-
tance from the Sun is 99 times greater. Th erefore, the 
WIND antenna receives only a 2% higher signal than 
it would have had on the Earth [10]. Meanwhile, in-
creasing the size of a space-based antenna is prob-
lematic, whereas it looks quite real in the case of a 
ground-based antenna (for example, by way of having 
built an antenna array). Th e main advantages of 
space-based radio observations are their frequency 
range below the ionospheric cutoff  and opportunities 
for observing the radio Sun in continuous operation. 
However, in this case the quality of the data turns 
out to be very low because of the low frequency-time 
resolution. Type II, III, and IV solar radio bursts 
are being currently observed at frequencies below 
10 MHz in satellite-based experiments above the ter-
restrial plasmasphere. Th e success of these measure-
ments is due to the fact that the bursts are oft en very 
intense and suffi  ciently long lasting. As follows from 
many ground-based observations, the diversity of 
solar radio bursts is much higher at low frequencies. 
Besides, they vary in such parameters as the radiated 
fl ux and frequency-time characteristics. Unfortu-
nately, the capabilities of the equipment on board are 
limited with respect for such measurements, hence 
the fi ne structures of solar bursts, resulting from 
such observations, are indistinguishable. Never-
theless, synchronized observations with space- and 
ground-based instruments might, in some cases, be 
helpful in overcoming the problems.

3.2. Synergy of space- 
and ground-based studies

Without any doubt, realization of any simultaneous 
collaboration in the study of the Sun, the solar corona 
and the interplanetary medium by both remote and 
"in-situ" techniques and space- and ground-based 
monitoring is highly desirable [11, 12]. Of great in-
terest are space observations coordinated with the 
work of ground-based radio telescopes for which 
the frequency range of 8–33  MHz borders or even 
overlaps with the frequency range of space instru-
ments. Based on the objectives of the STEREO mis-
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sion, its facilities and geometry, it should be pointed 
out some extra capabilities and advantages given by 
simultaneous space- and ground-based observations 
in closely lying and overlapping wavelength bands. 
Th is becomes especially noticeable, when a ground-
based telescope has a better sensitivity and higher 
directivity in comparison with the space-based in-
struments. Th e measurements of solar bursts (using 
STEREO spacecraft  with diff erent locations in space), 
with comparison of their intensity permits one to: fi rst, 
determine their radio emission directivity and source 
positions (under some model assumptions). However, 
for some parameters of maximum positions and 
beam widths used in the two-point measurement 
of intensities, there is an ambiguity in the determi-
nation of maximum positions. Th e problem could be 
resolved, for example, by organizing on the Earth a 
third point of intensity measurements, thus obtaining 
more reliable results [11]. When solar activity is at a 
minimum, the number of solar bursts and their inten-
sity is distinctly reduced. Th e high sensitivity of the 
UTR-2 radio telescope, due to its large eff ective area 
and the parallel high-speed spectral analysis in the 
broad band, permits us easily to detect radio bursts 
with  0.01 sfu (more than ~100 Jy) in intensity [12]. 
Th erefore, the records of the UTR-2 are useful as pre-
cursors for the detection of bursts and their analysis 
from the STEREO records. Such bursts appear almost 
at the detection limit of the STEREO-WAVES instru-
ment. Other large radio telescopes (URAN, GURT) 
are also useful for such tasks.

Th e recent investigations of solar radio emission 
by the Ukrainian radio telescopes have established 
many new interesting features about the fi ne struc-
ture of solar radio bursts at decametre wavelengths 
(30 MHz). It turns out to be quite diverse in the fre-
quency-time domain for many types of solar bursts 
[4, 13—15]. Th is is impossible for radio telescopes 
with small antennas. Such events are very important 
for understanding radio emission mechanisms on the 
whole and for the solar-corona diagnostics in parti-
cular. Th e additional data are useful for the interpre-
tation of results obtained with the space-based mis-
sions. Th e sensitivity of the STEREO instrument is 
insuffi  cient to separate a contribution of radio emis-
sion from the quiet Sun (to the galactic background 
radiation). Th e emission clearly has a thermal charac-
ter because of the coronal plasma heated up to the 
temperature close to ~106 K. Its intensity decreases 

with decreasing frequency. Nevertheless, it is easi-
ly observable for the UTR-2 and URAN telescopes 
[16—18]. Th e antenna temperature of the solar corona 
radio-emission distinctly exceeds the level of fl uctua-
tions and corresponds approximately to the anten-
na temperature of the galactic background. From a 
radio astronomical point of view the solar corona is 
a very dynamic structure in its form, size and bright-
ness for very low radio frequencies. In this connec-
tion it should be pointed out that the radio emission 
monitoring of the quiet Sun by ground-based facili-
ties, accompanied by burst observations from space-
craft , is of interest in its own right. Th e detailed con-
nection between the thermal emission in the global 
(and local) scale and the solar bursts has not yet been 
fully studied. Th e relatively high spatial resolution of 
the UTR-2 radio telescope (about 38 arcminutes at 
20 MHz), the quick electronic scanning of the angular 
position of the antenna pattern and the heliographic 
regime allows us to determine the position and the 
motion of radio sources of any type in the solar 
corona. Radio emission of solar bursts observed by 
UTR-2 is usually generated by electron beams at 
heights in some solar radii. Th e joint observations of 
the Ukrainian radio telescopes together with space-
based missions (Wind/Waves, STEREO, Parker Solar 
Probe) and their combined analysis, taking into 
account a lower radio-frequency range and deter-
mining the parameters of the solar radio-source 
directivity, makes it possible to trace the evolution 
of radio-emission sources and the development of 
wave processes over a wide range of distances from 
the Sun right up to the orbit of the Earth. It should be 
especially emphasized that the space- and ground-
based investigations do not compete with each other. 
On the contrary, they can and must help each other 
to provide more eff ective solar observations for un-
derstanding astrophysical phenomena responsible 
for radio events detected.

Th e UTR-2, URAN-2, GURT radio telescopes were 
used in many experiments jointly with space-based 
missions. As a rule, they were successful always. Let 
us mention some of them. Th e detection of an ab-
sorption burst at 9—30 MHz has been reported [19]. 
In particular, instrumental noise, radiation from the 
galactic background, contributions from the radia-
tion of the quiet Sun, a type II burst, and absorption 
against its background were successfully separated. 
Th is event was noticeable for WIND observations, 
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but without our ground-based observations it would 
be diffi  cult to explain confi dently the space data 
because of a less sensitivity of the WIND antenna. 
During the summer periods of 2007 and 2008 we 
observed solar bursts comparing our records of the 
data from the WIND and STEREO. Our observa-
tions show clearly that only the records of highest 
intensity could prove detectable if observed with 
the Wind/WAVES or STEREO instruments [10]. 
As for the results of observations with the UTR-2, 
they demonstrate quite apparently a more compli-
cated (and therefore, and more detailed) structure of 
the event which developed in the solar corona. On 
the one hand, while the sensitivity of the WIND and 
STEREO instruments is not suffi  cient for detecting 
solar burst events at 2—16 MHz, the intensity of solar 
bursts increases quickly toward lower frequencies 
which makes the space-based observations eff ective. 
Th erefore, it is not surprising that the burst group of 
August 18, 2007 was observable with the STEREO. 
Th e radiation pattern of the source of solar bursts’ 
radio emission was established with the help of the 
STEREO and UTR-2 through analysis of the event of 
June 3, 2011 [11]. During the type III burst storm we 
could observe at 12:10 UT a burst with a high-fre-
quency cut-off  in the form of a "caterpillar". Its maxi-
mum fl ux observable with the UTR-2 at 24 MHz was 
attained about 103 sfu. Th at burst demonstrated a lot 
of bright fi bers (up to 14) with a low frequency drift . 
Th e event was also recorded by the STEREO space-
craft , however with a lower frequency-time resolu-
tion. At the same time the spacecraft  observed the 
Sun from lateral sides with respect to ground-based 
observatories. Th is allowed STEREO-A to receive 
solar radio emission from the central meridian (on 
180) towards the west, and STEREO-B recorded 
solar bursts from the central meridian towards the 
east on 180. Taking into account their positions, we 
can assume that the event was generated on the west 
side of the Sun. Indeed, the active regions NOAA AR 
11222 and AR 11224 were located on heliolongitudes 
40—50 and 10, respectively, behind the solar limb 
during observations from the Earth. Th e radio re-
cords of STEREO-A show that at 11:36 UT the ac-
tive processes started with NOAA AR 11222 via an 
increase of its brightness and sizes, and continued 
for about two hours. In the region NOAA AR 11224 
the activity started later (aft er 12:36 UT). Th erefore, 
it is very likely that the unusual burst was caused by 

NOAA AR 11222, and its source, according to the 
UTR-2 data, had a wide radio emission pattern. Th e 
results obtained confi rm that in order to interpret 
space-based observations it is necessary to compare 
them with simultaneous (synchronous) solar obser-
vations of radio emission, using the largest ground-
based low-frequency radio telescope. Without joint 
observations, the above results would hardly have 
been possible. All of these approaches allow reducing 
the number of errors and uncertainties in such ex-
periments. 

In addition, this approach increases reliability of 
the results obtained. Synchronized observations with 
the participation of space-based instruments and 
Ukrainian radio telescopes have been continued. In 
particular, adequate explanations of the solar radio 
bursts observed by the Parker Solar Probe (PSP) at 
the encounter phase play an important role in un-
derstanding the intrinsic properties of the emission 
mechanism in the solar corona. Using a subarray of 
the GURT together with the PSP radio records of solar 
observations on June 5, 2020, we have been able to 
directly detect the radio events initiated by the active 
region behind the solar limb observed by the PSP 
spacecraft  [20]. Th e required solar radio bursts were 
found on the PSP spectrogram from position records 
of the PSP spacecraft  near the Sun and analysis of the 
radio wave mutual delays shown by the space- and 
ground-based records. Th e absence of sunspots from 
the side of PSP creates favorable conditions for the 
propagation of radio waves from a dense solar loop 
toward quiet regions with low densities. Th e lower 
frequency-and-time resolution of the PSP receiver 
was compensated for simultaneous ground-based 
observations with the use of advanced antennas and 
receivers.

3.3. Prediction of solar activity 
at the wavelength of X-rays

Nowadays, the prediction of solar activity is very 
important for a number of reasons. Th e release of 
high-energy radiation, as well as particle acceleration 
may provoke damaging eff ects both for terrestrial and 
space-based technologies. Unlike the CMEs that can 
reach the Earth one to three days aft er their launch 
from the Sun (thus leaving enough time for their 
detection), the fl are-related space weather eff ects 
occur at a much faster rate, actually within minu-
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tes aft er the fl are’s onset. As a result, it can lead to 
serious threats to human security and/or work safety, 
including losses of operational power, aviation dis-
ruptions, losses of communication, and disturbance 
to (or loss of) satellite systems. Th erefore, the deve-
lopment of solar fl ares prediction methods should 
be our highest priority, in particular about what con-
cerns the amounts of their energy release and ways of 
minimizing their harmful eff ects. Solar radio astro-
nomy also pursues interests of its own. An observa-
tion planned is not limited to operability tests of the 
equipment alone, but involves choice of data recording 
modes, time periods of observation, frequency-and-
time resolution, and much more. Th erefore, prior to 
starting an observation session, the radio astronomer 
would like to know what is to be expected during the 
upcoming observations. With regard to solar radio 
observations, this means which solar bursts can be 
expected and how they are related to solar processes. 
Th e Sun is a strong X-ray emitter. Th e solar atmo-
sphere (solar corona) is much hotter than the solar 
surface, thus being a source of thermal (soft ) X-rays. 
Th e solar X-rays can be completely absorbed in the 
D- and E-regions of the Earth’s ionosphere, so satel-
lite-borne equipment off ers the only way for measu-
ring that radiation. Th e space-borne observations of 
solar fl are phenomena in X-rays have been going on 
since 1960s. Aft er 1974 the broad-band X-ray emis-
sion of the Sun has been recorded almost continu-
ously by the meteorological satellites operated by the 
NOAA, fi rst the Synchronous Meteorological Satel-
lite (SMS) and later on with the Geostationary Opera-
tional Environment Satellite (GOES). Th e solar X-ray 
fl ares data are widely available from the NOAA Space 
Environment Center’s site. Th erefore, studies of the 
long-term solar variability and solar activity predic-
tions are issues of the day for solar physics, associated 
with a wide variety of space weather eff ects, like radio 
bursts, shock waves, magnetic perturbations, particle 
beams, and others. Solar activity is known to be cor-
related with fl are activity, so a variety of fl are proper-
ties (e.g., time of occurrence and intensity) could be 
taken into account when attempting predictions. Th e 
X-rays belonging to two wavebands (specifi cally, soft  
emissions at 1 to 8 Å and hard ones at 0.5 to 4 Å) 
are being measured by the GOES. We concentrated 
on the soft  X-ray emission [21—23]. It is particu-
larly sensitive to high-temperature plasma eff ects, 
and thus represents an important diagnostic tool 

for studying coronal temperature distributions. Flux 
measurements of the soft  X-rays performed before 
and during fl are events provide a wonderful oppor-
tunity for studying soft  X-ray characteristics in active 
coronal regions.

Th e magnetic fi eld of the Sun is a key player in 
the spectacular events such as solar fl ares, sunspots, 
and coronal mass ejections, and in heating the solar 
corona to high temperatures. It is structured and 
manifests evolution over a wide range of both spatial 
and temporal scales. Every 11 years, the Sun passes 
through a period of fewer, smaller sunspots, promi-
nences, and fl ares (solar minimum), moving toward a 
period of greater numbers of larger sunspots, promi-
nences, and fl ares (solar maximum). Th e solar cycle 
of magnetic activity is expected to be a consequence 
of a dynamo process in which a dipole fi eld produces 
a toroidal fi eld from diff erential rotation (-eff ect), 
while a twisting process produces a dipole fi eld from 
the toroidal fi eld (a-mechanism). Since the Sun’s hot 
gases are controlled by magnetic fi elds, the X-ray 
emission may be an indicator of these changes, both 
globally and locally.

Recently, the autoregressive modeling such as 
fractional integrated moving average (ARFIMA) has 
been used to solve problems in the rapidly developing 
fi eld of time-dependent astronomy. In particular, the 
ARFIMA process was considered as a candidate for 
extensive statistical studies of the soft  X-ray solar 
emission [21]. Th e ARFIMA model represents a dis-
cretized-time analog of Langevin’s fractional equation 
that takes into account the non-Gaussian statistics 
and long-range dependences (long-term memory), 
i.e. the events that are arbitrarily distant but still 
capable of strongly infl uencing one another. As for 
the physical arguments in favor of such an approach, 
one can say the following. Th e processes taking place 
in solar fl ares are associated with a complicated mo-
tion of charged particles (plasma) in magnetic and 
electric fi elds. Th at motion favors generation of fi elds 
and energy accumulation with further transforma-
tion into the energy of fl ares. Th e classical problem 
concerning the motion of a charged Brownian par-
ticle through magnetic and electric fi elds can be 
described in the framework of Langevin equations. 
However, in strongly non-equilibrium plasmas, 
where turbulence is a prevailing phenomenon, it is 
the non-Gaussian (Lévy) statistics of random forces 
that becomes dominant. As a consequence, the solar 
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data provide information on anomalous (non-Gaus-
sian) diff usion and non-Maxwellian stationary states. 
Analysis of soft  X-ray emission observations shows 
this time series to be of a rather complicated nature. 
It contains both long-term dependences and heavy-
tailed eff ects. Th e former may be responsible for the 
appearance of a random number of strong fl ares 
at the background, while their repetition one aft er 
another. Th e most convenient model for their joint 
description is the ARFIMA time series. Th e model 
has allowed predicting the time series of solar soft  
X-ray fl ares for the period when solar activity was 
again near its maximum in 2010 through 2014. Th e 
ARFIMA-based model combines the autoregressive 
(AR) and the moving average (MA) models, intro-
ducing fractional integration (FI) which leads to the 
concept of a long-term (power law-like) memory 
in contrast to the autoregressive moving average 
(ARMA) model (of which the autocorrelation func-
tion demonstrates an exponentially fast decay).

Our data analysis was also focused then on the 
soft  X-ray emission observed during the current so-
lar minimum period (having lasted in 2017 from July 
to September [22]). We have found two diff erent (ac-
tive and inactive) states of the solar activity using the 
Hidden Markov Model (HMM). We show that in the 
periods of high-solar activity the energy distribu-
tion of solar soft  X-ray fl ares can be well described 
by an ARFIMA-GARCH model, whereas in the case 
of low activity an ARFIMA model is best fi tted. Th e 
generalized autoregressive conditional heteroskedas-
ticity (GARCH) process (i.e. process with variable 
variance) takes into account the heteroskedastic ef-
fects which are typically observed in the form of clus-
tered volatilities. Th e ARFIMA time series driven 
by GARCH noise are just called ARFIMA-GARCH 
processes. Switching from an inactive to an active 
state is caused by explosive phenomena in the Sun. 
Th e model describes the three eff ects detectable in 
our empirical studies. One of them is long-term de-
pendent, whereas the second one describes variance 
changes with time, and the third eff ect corresponds 
to heavy-tailed distributions in the X-ray data. More-
over, the model takes into account the memory-asso-
ciated eff ects in the soft  X-ray emission owing to evo-
lution of the solar magnetic fi eld. All of this together 
has allowed us to suggest a statistically justifi ed model 
for explaining the solar activity variability observable 
over the current minimum period. While developing 

this approach, we have found that the HMM model 
can also be applied to data analysis including the 
X-ray records of GOES-13 and GOES-15 (from July, 
2015 to June, 2017) [23]. To fi nd the best confi gura-
tion of our model for diff erent cases of activity (low, 
moderate or high), we continue testing the model 
with solar data.

4. Observations below 8 MHz close 
to ionospheric cut-off 

4.1. Development of ultra-long-wavelength 
antennas for radio astronomy

A promising direction of research in radio astronomy 
is connected with radio observations at extremely low 
frequencies that are still accessible from the Earth’s sur-
face. Th e promise of such studies was repeatedly noted 
by the pioneer of radio astronomy, Grote Reber. Such 
observations are diffi  cult to carry out because of the 
strong contribution of ionospheric eff ects and harmful 
radio frequency interference. Notice that, although the 
observations with Ukrainian telescopes are performed 
in a frequency range that is close to the ionospheric 
cut-off , there still are frequencies which could be used 
for the observations, but they are not available for the 
telescopes. Th e best case is the GURT. Its lowest fre-
quency in radio observations equals 8 MHz, whereas 
the UTR-2 and URAN can only observe from 9 or 
10 MHz and higher. As for the frequency of the iono-
spheric cut-off  in our area, it turns out to be lower, 
oft en 4 to 6 MHz in day time and going further down 
(even to 2 MHz) at night. Still, over the periods of 
high solar activity, the cut-off  frequency can jump 
up to 10 MHz and higher. Th e interest of researchers 
toward extremely low frequencies is caused by the 
fact that the respective characteristics of radio emis-
sions are but little known from the radio astronomi-
cal point of view, while space-based radio measure-
ments off er poor results. 

Th e problem can be viewed in diff erent ways. Th e 
far side of the Moon is a unique zone for radio si-
lence as it may off er opportunities for observing very 
low-frequency radiation of various space objects that 
are practically inaccessible for ground-based observa-
tions. Th e construction of a large scale radio array is 
not an easy task even on the Earth. As for other planets 
and moons, the task of building scientifi c instruments 
under their extreme conditions is a major challenge. A 
Ukrainian program of lunar explorations from space-
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craft  has been suggested by Shkuratov et al. [24, 25]. 
Th e mission would include a landing module with 
radio astronomy antennas on board. Shielded from 
the Earth by the Moon, the low-frequency anten-
nas could provide for unique observations, wherein 
the orbital module would be equipped with certain 
remote-sensing instruments not previously used in 
space exploration of the Moon. A relay satellite with 
scientifi c payload, operating from an elongated orbit 
with a pericenter over the north pole (100 km above 
the surface) and apocenter over the south pole (al-
titude about 3 000 km) would transmit the scientifi c 
data to the Earth. Th e lunar antenna array could carry 
out important studies of astrophysical objects at su-
per long wavelengths. For instance, observations of 
solar fl ares of various types, coronal mass ejections, 
etc. performed in the radio spectrometer mode 
(from hundreds of kHz to 40 MHz), would be of par-
ticular interest. Overlapping frequencies in the range 
of 10—40 MHz will allow one to work together with 
ground-based radio telescopes (UTR-2, URAN, and 
GURT). Joint observations of astrophysical objects 
with the help of both lunar and terrestrial antennas, 
coordinated through a relay satellite, could be pos-
sible on a very long base (Earth-Moon distance). Pro-
spective steps to solar studies with the help of radio 
observations on the far side of the Moon were con-
sidered by Stanislavsky et al. [4]. While developing 
that research program, we have produced an antenna 
prototype for the future ultra-long-wavelength lunar 
telescope. It can record radio emissions from cosmic 
objects both independently and as a part of an an-
tenna array or interferometer. Its important advan-
tage is the possibility of undergoing pre-tests on the 
Earth by way of receiving low frequency radio emis-
sions close to the ionospheric cut-off  and above. In 
this regard, the apparent interest in the development 
of small-sized active dipoles for low-frequency radio 
astronomy has noticeably intensifi ed both theore-
tical and experimental studies of antenna technology, 
amplifi ers and related components [5, 6]. During the 
fi ft een years of operation of active dipoles within the 
GURT the ground-based radio array has revealed 
their reliability and validity for scientifi c applications. 
Such dipoles, while being small in size, provide opti-
mal "radio astronomical sensitivity" which is obtained 
primarily due to the contribution of the amplifi er tem-
perature to the noise temperature of the active dipole. 
In this case the noise temperature of the active di-

pole is close to the antenna temperature as obtained 
from observations of the Galactic radio background. 
Th us, in-depth studies have been carried out on the 
development of an ultra-long-wave broadband an-
tenna for radio astronomy, with the Moon seen as 
the future location of the device. We have studied the 
complex geometry of an active-dipole antenna, lo-
cated above a partially conductive ground, by means 
of numerical simulations of the antenna prototype 
and measurements of its parameters [25]. As a part 
of these studies, the dipole and the amplifi er were de-
signed and manufactured as an active antenna, capable 
of receiving cosmic radiation in a frequency range 
like 4 to 70 MHz. Test measurements of the Galactic 
background radiation have been successfully per-
formed on the Earth, specifi cally at the S.Ya. Braude 
Radio Astronomy Observatory, NASU. Th e spectral 
records of solar radio emissions were obtained with 
the DSP-Z receiver (the abbreviation stands for Digi-
tal Spectro-Polarimeters, type Z) which is a standard 
device for observations with the UTR-2. Th is has 
enabled a real-time Fast Fourier transform (FFT) 
analysis in two independent channels, with a frequen-
cy bandwidth of 0 to 33 MHz. Since the prototype 
antenna can receive radio emission up to 70 MHz, 
we applied a special technique for records of radio 
emission over a frequency band twice as wide as 
the receiver can perform in each channel separately. 
While one of the channels received radio signals in 
the frequency range of 4 to 33 MHz, the other opera-
ted within 33 to 66 MHz. Th eir combination gave the 
radio emission spectrum within 4 to 66 MHz, close 
to our observable frequency range. Th e frequency 
and time resolutions were standard for solar radio 
observations, namely 4 kHz and 100 ms, respectively.

4.2. Solar U-type burst and its association

First successful observations of solar radio emission, 
eff ectuated with the antenna prototype, were carried 
out on June 5, 2020 [27]. Although the summer of 
2020 was characterized by a minimal solar activity, 
some manifestations of the activity did occur. On 
May 29, 2020, a solar fl are which seemed the largest 
event of the kind over the period since October, 2017 
marked the awakening of the Sun for a new cycle of 
activity. It was a M-class fl are, and a new active area, 
namely the NOAA AR 12765, arose on the limb from 
the eastern side of the Sun on June 3, 2020. Th at active 
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region evolved from a single spot to a small bipolar 
region on June  5, 2020. Th e maximum size of the 
active region was 130 MH (millionth fractions of the 
visible solar hemisphere), which is comparable with 
the entire surface area of the Earth (almost 170 MH). 
During the following days the active region could be 
classifi ed as the class b, although showing signs of 
decay. Aft er June 10 it transformed to the class a, to 
enter later the far side of the Sun. Bipolar magnetic 
fi elds are of interest, before all, because they can be 
responsible for U-type solar radio bursts. Really, such 
a burst was observed on June 5, 2020 with the help of 
our antenna prototype, the GURT (Fig. 3) and many 
other radio telescopes (NDA and e-Callisto stations). 
An interesting feature of the event was its association 
with type III bursts, which were even interplanetary. 
Moreover, they were recorded with the space-based 
radio instruments WIND, STEREO and PSP. Th e 
change of sign, from negative to positive, in the fre-
quency drift  rate of the U burst was clearly seen in 
the frequency range from nearly 20 MHz to almost 
15 MHz. Because of the generally low solar activity, 
the cut-off  frequency of the Earth’s ionosphere at our 
latitude is noticeably lower than 10 MHz (occasion-
ally dropping down to 2 MHz). Th is makes it pos-
sible to carry out radio observations at frequencies 
that are quite close to those planned for recording 
sessions at lunar observatories. So, the bursts of our 
interest were reliably detected at extremely low fre-
quencies (close to 6 MHz), despite numerous natural 
and artifi cial radio frequency interferences. A much 

more detailed spectrum in the range above 8 MHz 
was obtained when the event was recorded by the 
GURT. As the sensitivity of the GURT array is higher 
than that of any dipole antenna, its dynamic spec-
trum represents many type III solar bursts (of lower 
intensities) that could be clearly visible prior to the 
U burst. Moreover, the latter had a fi ne structure. In 
that work we prepared several versions of the antenna 
prototype. In particular, one of them was character-
ized by an operating range of frequencies between 
1 and 40 MHz. Th e use of such antennas allowed us 
to detect ionospheric cut off  in a storm of type III 
solar bursts. Th us, we could combine two indepen-
dent methods, namely vertical radio sounding of the 
ionosphere and radio astronomical observations of 
low-frequency type III solar bursts near their iono-
spheric cut-off . A time-frequency analysis of solar 
bursts and ionosonde measurements makes it pos-
sible to check the two methods for consistency [28]. 
Indeed, they are in agreement.

Conclusions

Th e UTR-2 cannot provide for polarization measure-
ments, whereas the URAN-2 and GURT can. Such 
measurements are among the most diffi  cult in the 
low-frequency radio astronomy, as they require care-
ful calibrations and debugging. Our knowledge on 
polarization properties of solar bursts would make 
it possible to understand the mechanisms leading to 
generation of their various types that are observed. 

Fig. 3. Dynamic spectrum of the solar UIII association as observed with the GURT on June 5, 2020
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On the other hand, solar bursts may be used as prob-
ing signals for investigating the solar corona. A per-
fect analysis of solar bursts would give information not 
only on their generation mechanism, but also on the 
medium (corona) which the radio emission propa-
gates through. Currently, this is a task of unimaginable 
complexity because of insuffi  cient knowledge of pro-
perties of the corona and generation mechanisms of 
the bursts.

Th e amount of natural and artifi cial radio interfe-
rence in the low-frequency band of our observations 
does not decrease. Th at infl icts deteriorating eff ects 
on radio emission recordings. Our current eff orts 
are aimed at improving the quality of the obtainable 
results through development of a variety of algo-
rithms for selecting and correcting the corrupt data 
fragments in the frequency channels. It should be 
emphasized that the solar bursts of our interest and 
the interfering signals can be of comparable intensi-
ties. Th is makes their removal more diffi  cult than in 
other cases. Nevertheless, the new methods promise 
success.

Sooner or later, radio telescopes will be on the far 
side of the Moon. Th e role of ground-based radio 
telescopes on the Moon, capable of performing ob-
servations at extremely low frequencies, close to the 
ionospheric cut-off , is hard to overestimate. On the 
one hand, they would start being informative imme-
diately aft er being put in operation. An antenna ar-

ray ensures spatial selection against radio frequen-
cy interference. Th e correspondent radio records 
would be far better than such from a single active 
dipole, thus off ering new results about solar radia-
tion at these frequencies. On the other hand, in the 
future such an antenna could be involved in radio 
observations coordinated with Moon-based anten-
na observations. Th erefore, the prior installation on 
the Earth of an array consisting of appropriate active 
dipoles would be doubly useful. It would be techni-
cally easier and less expensive than installing one on 
the Moon.

In our study of the decameter-band solar radio 
emission with the aid of Ukrainian radio telescopes 
we were oriented, before all, toward promotion of 
new research methods for understanding the pro-
cesses responsible for thermal and sporadic compo-
nents of solar radio emission, as well as their propa-
gation in the solar corona at decameter and meter 
wavelengths. Our further observations of solar radio 
emissions, together with other ground-based radio 
telescopes and space instruments, would assist us in 
these studies in every way.
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ДОСЯГНЕННЯ У ВИВЧЕННІ ДЕКАМЕТРОВОГО 
РАДІОВИПРОМІНЮВАННЯ СОНЦЯ ЗА ДОПОМОГОЮ 
УКРАЇНСЬКИХ РАДІОТЕЛЕСКОПІВ. Частина 2

Предмет і мета роботи. У другій частині роботи продовжено подання результатів досліджень сонячного радіовипроміню-
вання, що виконувались за допомогою українських радіотелескопів протягом останніх 20 років. Зроблено наголос на необ-
хідності розробки інструментів і методів для визначення природи радіовипромінювання Сонця на декаметрових хвилях.

Методи і методологія. У цих дослідженнях низькочастотні українські радіотелескопи УТР-2, ГУРТ і УРАН-2 застосову-
ються разом з іншими наземними та космічними інструментами для досягнення всебічного розуміння фізичних процесів 
у сонячній короні.

Результати. Розроблено методи та інструменти для досліджень сонячних радіосплесків на фоні сильних завад. Отри-
мано унікальні дані стосовно джерел спорадичного радіовипромінювання Сонця, ролі ефектів поширення радіохвиль, а 
також впливу іоносфери на результати спостережень. Наведено найбільш вагомі спостережні та теоретичні результати 
досліджень низькочастотного радіовипромінювання Сонця за останні 20 років. Продемонстровано ефективність викорис-
тання сонячного радіовипромінювання як зондувального сигналу для дослідження не тільки сонячної корони, а й іоно-
сфери Землі, що дозволяє виявити вплив останньої на результати радіоастрономічних спостережень.

Висновки. Українські радіотелескопи метрового та декаметрового діапазонів є неперевершеними інструментами для 
досліджень Всесвіту в низькочастотному діапазоні радіохвиль. Завдяки своїм відмінним характеристикам вони роблять 
вагомий внесок у розвиток світової сонячної радіоастрономії.

Ключові слова: Сонце, декаметрове радіовипромінювання, радіочастотні сплески, корона, УТР-2, УРАН-2, ГУРТ.


