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EXPLORATION OF THE SOLAR DECAMETER RADIO EMISSION
WITH THE UTR-2 RADIO TELESCOPE

Purpose: The overview of the scientific papers devoted to the study of the solar decameter radio emission with the world s largest
UTR-2 radio telescope (Ukraine) published for the last 50 years.

Design/methodology/approach: The study and analysis of the scientific papers on both sporadic and quiet (thermal) radiation of
the Sun recorded with the UTR-2 radio telescope at the decameter wavelength range.

Findings: The most significant observational and theoretical results of the solar radio emission studies obtained at the Institute
of Radio Astronomy of the National Academy of Sciences of Ukraine for the last 50 years are given.

Conclusions: For the first time, at frequencies below 30 MHz, the Type II bursts, Type IV bursts, S-bursts, drift pairs and spikes
have been recorded. The dependences of these bursts parameters on frequency within the frequency band of 9 to 30 MHz were ob-
tained. The models of their generation and propagation were suggested. Moreover, for the first time the fine time-frequency struc-
tures of the Type 111 bursts, Type II bursts, Type IV bursts, U- and J-bursts, S-bursts, and drift pairs have been observed due to the
high sensitivity and high time-frequency resolutions of the UTR-2 radio telescope. The super-fine structure of Type Il bursts with
a “herringbone” structure was identified, which has never been observed before. New types of bursts were discovered: “cater-
pillar” bursts, “dog-leg” bursts, Type Il bursts with decay, Type III bursts with changing drift rate sign, Type Ill-like bursts,
Jb- and Ub-bursts, etc. An interpretation of the unusually high drift rates and drift rates with alternating signs of the Type IlI-like
bursts was suggested. Based on the dependence of spike durations on frequency, the coronal plasma temperature profile at the
heliocentric heights of 1.5 —3Rg was determined.

Usage of the heliographic and interferometric methods gave the possibility to start studies of the spatial characteristics — sizes
and locations of the bursts emission sources. Thus, it was shown that at the decameter band, the Type III burst durations were
defined by the emission source linear sizes, whereas the spike durations were governed by the collision times in the source
plasma. It was experimentally proved that the effective brightness temperatures of the sources of solar sporadic radio emission at
the decameter band may reach values of 10" — 107 K. In addition, it was found that the radii of the quiet Sun at frequencies 20
and 25 MHz are close to the distances from the Sun at which the local plasma frequency is equal to the corresponding observed
frequency of radio emission in the Baumbach—Allen model.
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corona. Equipping of the UTR-2 radio telescope with
the 30-channel and 60-channel radiometers and espe-
cially with a broadband digital spectrum polarimeter
(DSP) of high temporal and frequency resolutions

1. Introduction

Solar observations with the UTR-2 radio telescope
(Ukraine) have begun right after its commissioning

in 1970. Before 2000, all observations were made at
a limited number of fixed frequencies, typically at 25,
20, 16, 12.5, and 6.25 MHz. This fact significantly
narrowed down a variety of studied events mainly
to Type III bursts, drift pairs and thermal radio emis-
sion of the Sun. The possibility to observe the Sun
in the heliographic mode allowed to determine the
spatial characteristics of the received radio emis-
sion sources — their angular sizes and locations in the

considerably improved the instrument’s capability.
Thus, a number of events, such as Type Il and Type IV
bursts, U- and J-bursts, S-bursts and spikes as well as
their fine structure were first observed at the frequen-
cy below 30 MHz. Carrying out the observations in an
interferometric mode by using some separate sections
of the UTR-2 radio telescope opens new possibilities
in studying the events occurring in the corona at dis-
tances of 1.5—-3R, (R, is the solar radius).
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Below, the main results obtained from observa-
tions of the solar radio emission with the UTR-2 ra-
dio telescope for the last 50 years are presented.

2. Type I1I Bursts

The Type III bursts are the most striking manifesta-
tion of the sporadic radio emission of the Sun. They
were classified as a separate class of solar bursts by
J. P. Wild in 1950. Since then, much attention has
been paid to the study of this phenomenon. These
bursts can be observed in a wide frequency band
from 1 GHz down to tens of kilohertz. The flux den-
sities of their emission can reach values of 10° s.f.u.
(Isfu.=10"* W-m>-Hz"). The burst typical
dynamic spectrum looks like a track of radio emis-
sion drifting from high to low frequencies with the
characteristic rate. The frequency drift rate depends
on frequency and decreases towards lower frequen-
cies. On the contrary, the durations of Type III bursts
increase with frequency decrease. It is common-
ly accepted that the Type III bursts are generated
by electron beams accelerated in solar flares and
moving along the open magnetic field lines away
from the Sun.

Observations of the Type I1I bursts with the UTR-2
radio telescope began right after its commissio-
ning and have been continuing until now. Properties
of these bursts have been studied in two directions.
The main direction is the determination of the Ty-
pe III bursts spectral characteristics within the fre-
quency range from 8 to 32 MHz. And the second one
is the determination of the spatial properties of the
bursts sources, namely their locations and sizes at
different frequencies. The last task is solved by using
heliographic and interferometric methods.

In 70-90s, the research work at the UTR-2 ra-
dio telescope was mainly focused on studying the
properties of standard Type III bursts at fundamen-
tal and harmonic frequencies, their drift rates, dura-
tions and fluxes. Until 2000s, all observations were
made at fixed frequencies, typically at 25, 12.5, and
in some rare cases at 6.25 MHz. The locations and
sizes of Type Il bursts sources were also deter-
mined at these frequencies. It was found that the
drift rates of decameter Type III bursts in most cas-
es were equal to 1-3 MHz/s [1, 2], whereas the
bursts durations were of a few seconds. The drift
rate dependences on frequency for the fundamen-
tal and harmonic bursts were found to be similar.

In addition, it was shown that during the 11-year
cycle of observations (1973—-1984) the mean drift
rates of the Type III bursts remained the same [2].
Moreover, the drift rate dependence on frequency
f for a large number of bursts follows the power
law as f ~ f7. Comparison of this dependence
with the analogous dependence for the hectometer
bursts leads us to the conclusion that the hectome-
ter Type III bursts are most likely generated at the
fundamental frequency. Similarity of the drift rate
dependence on frequency in the IIIb—III pairs (de-
scription of the Type I1Ib bursts see below) allowed
to conclude that the components of the pairs were
harmonically related [3]. Properties of the indivi-
dual Type III bursts observed in storms were ana-
lyzed for the first time in [4]. The authors showed
that the observed storm was associated with an
active region, which was moving across the solar
disk from East towards West. It was found that the
average drift rate of these Type III bursts depended
substantially on the active region location on the
solar disk. The highest drift rates were recorded on
the days when an active region was located near
the central meridian, whereas the lowest value
(approximately twice as low) was observed when
the active regions were close to the solar limb.
This fact pointed that in the first case the Type III
bursts were generated at the fundamental frequen-
cy, while in the second one, the harmonic emission
took place. This conclusion became an important
argument in favour of the plasma emission mecha-
nism of the Type III bursts, since according to this
mechanism, the fundamental radio emission source
has a narrow radiation pattern in the direction of
the fast electrons movement, whereas the harmonic
emission source radiates in a much wider pattern,
and thus can be observed when the electron beams
travel at large angles to the observer.

Using the observational data obtained with the
UTR-2 radio telescope at 25, 12.5, and 6.25 MHz,
the delays between fundamental and harmonic com-
ponents of the Type III harmonic pairs observed at
the same frequency and at the harmonically related
ones were analysed. Within the framework of the
plasma emission mechanism there should be the
delay differences due to different group velocities
of the fundamental and harmonic emissions [5].
The analysis showed that this difference became
noticeable when the speed of the Type III exciter
was equal or less than 0.1 ¢ (c is the speed of light).
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If the exciter was faster, the delay difference became
negligible. This was one more confirmation of the
hypothesis that the typical velocities of the Type 111
bursts sources equal to 0.2 —-0.3c.

First heliographic observations of 130 Type III
bursts with the UTR-2 radio telescope [6] showed
that the fundamental emission source size was
smaller than 10" at 25 MHz. At the same time, the
harmonic emission source size equalled to 20" at
25 MHz and <40" at 12.5 MHz. The remarkable
fact is a spatial coincidence of the fundamental and
harmonic emission sources in the plane of sky.

Yet more important result was obtained by Abranin
et al. [4]. The authors determined the locations of
the fundamental and harmonic emission sources of
the Type III bursts at 25 MHz during the Type 11
storm, when the associated active region was cros-
sing the solar disk from the limb towards the central
meridian. The heliocentric distance appeared to be
2.3R,, when the active region was on the eastern
limb, and 1.8R; for the active region central lo-
cation. Moreover, the locations of the fundamental
and harmonic emission sources at 25 MHz coin-
cided. The authors considered this observational fact
as an evidence that the Type I1Ib bursts were precur-
sors of the Type III bursts.

After the UTR-2 radio telescope was equipped
with the multi-channel receivers of high spectral and
temporal resolutions, the capabilities of the instru-
ment in studying the Type III bursts were improved
considerably. Thus, in 2001-2002, the Type I1I bursts
with the fine frequency-time structure were obser-
ved [7]. This fine structure had an appearance of short
sub-bursts, whose drift rates were smaller, equal or
greater than that of the “parent” burst. Occasional-
ly, the fine structures with the negative and positive
frequency drift rates were simultaneously observed
within one Type III burst. Durations of these sub-
bursts equaled to about 1 s, i.e. several times shorter
than that of the “parent” burst. Sometimes, the solar
S-bursts and drift pairs (discussion of these bursts
see below) were observed on the background of the
Type III bursts and were strictly limited by the Type
11 burst boundaries.

In 2002-2004, more than 1000 Type I11 bursts with
abnormally high drift rates were recorded [8]. These
bursts were called the Type I1I-like bursts. Frequen-
cy drift rates of typical decameter Type III bursts did
not exceed 4 MHz/s. The Type IlI-like bursts had
the drift rates of about 5—10 MHz/s. In rare cases,

the drift rates of these bursts reached the value of up
to 42 MHz/s. The Type I11-like bursts durations were
about 1 s, being several times shorter than in the
standard Type III bursts. These bursts occurred on
the days when the associated active region was lo-
cated near the central meridian. Their fluxes as a rule
did not exceed a few tens of s.f.u. High drift rates of
Type Ill-like bursts could not be explained by the in-
creased exciter speed, which should be superluminal
in this case. Thus, the model was suggested in which
abnormally high drift rates could be observed when
the exciter speed was close to the group velocity
of the electromagnetic wave. If the exciter speed is
slightly lower than the group velocity, Type IlI-like
burst with high but negative drift rate is observed.
And if the exciter speed exceeds the group velocity
the drift rate may turn to positive. Melnik et al. [9]
reported about observations of the Type III bursts
with changing the drift rate sign. In the model sug-
gested, this fact meant that the fast electron beams
successively moved through the regions of different
temperature, where the electromagnetic wave group
velocity dependent on temperature could be higher
or lower than the exciter velocity resulting in the
drift rate sign change.

In observational data of July—August 2002, the po-
werful (fluxes >10? s.f.u.) Type Il bursts (Fig. 1(a))
were identified and studied [10] in order to find
their specific properties compared to standard Type
III bursts, whose fluxes did not exceed 1000 s.f.u.
About 400 such bursts were selected for deep ana-
lysis. Their characteristic properties were as follows.
Frequency drift rate increased with frequency almost
linearly following the equation f = Af with fac-
tor A ranging from 0.08 to 0.12 s™'. Thus, the ab-
solute drift rates varied from 1.2 MHz/s at 10 MHz
to 3.6 MHz/s at 30 MHz. Generally speaking, such
drift rates were inherent in normal Type III bursts.
Durations D of the powerful Type III bursts depen-
ded on frequency approximately like D =60 f 3,
which is also typical for the normal Type IllIs. No
systematic dependence of the fluxes of powerful
Type III bursts on frequency was found. There were
cases when fluxes were monotonically increasing
with the frequency decrease, as well as cases of the
opposite trend and even mixed dependences. The oc-
currence rate of powerful Type III bursts didn’t show
any dependence on the longitude of the associated
active regions, which were equally distributed be-
tween —60° and +60°.
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Fig. 1. Powerful Type III burst (10:06 UT) on the background of Type III bursts storm (a) and Type IIIb-III pair (8:37 UT)
accompanied with chaotically spread short and narrow-band spikes ()

From the extended UTR-2 observational data of
2002-2006, the unusual Type III bursts having no-
ticeable jump in their drift rates dependence on fre-
quency were selected. The drift rates of such bursts
in general monotonically decreased with the frequen-
cy decrease similarly to the normal Type III bursts
until the frequency below which the dependence
steepness stepwise decreased by several times of
magnitude [11]. These bursts were called the “dog-
leg” bursts. The jumps in a drift rate were mainly
observed at frequencies between 12 and 21 MHz
with the maximum occurrence rate at the frequency
of 20 MHz. Since the exciter speed cannot change
stepwise by such a value, this phenomenon may hap-
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pen when the burst exciter successively crossed the
regions with substantially different coronal plasmas,
including those with different inhomogeneities.

On basis of UTR-2 data, the model of Type III
bursts emission propagation from their sources
to the observer [12] was worked out. The model
showed that the standard Type III bursts are gene-
rated by the electron beams moving with veloci-
ties of about 6-10° cm/s, while the electrons with
velocities of 10" cm/s were responsible for the fast
Type III burst generation. Moreover, it was shown
that the standard Type III bursts durations were de-
termined by the spatial sizes of the emission sources.
According to the model, the drift rate of Type III
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burst decreased with increasing of the longitudinal
angle at which the electron beam propagated with re-
spect to the observer. The observed fine structure of
the Type III bursts in this case could be explained by
an inhomogeneity of the density distribution inside
the associated electron beam.

In addition to heliographic observations made
with the UTR-2 radio telescope, the interferomet-
ric observations were also carried out. In such ob-
servations, the UTR-2 antenna separate sections
formed the interferometer baselines. The latters
allowed to determine the decameter bursts sources
sizes ranging from several arc minutes up to one
degree. In May—June 2014, the interferometric ob-
servations of rather powerful Type III bursts asso-
ciated with the on-limb active regions were made at
fixed frequencies of 20 and 25 MHz [13]. The sizes
of the bursts sources at the frequencies of 20 and
25 MHz were found to equal 27 —29" and 20-22".
The sources distances at these frequencies were
45-49" and 39-42' respectively. This counted
in favor of bursts generation at the harmonic fre-
quency in the Newkirk corona model. The results
obtained allowed to determine the effective bright-
ness temperatures of the emission, which appeared
to be 10° —5-10' K. Comparison of the Type III
bursts durations with the sizes of their sources re-
sulted in determination of the linear velocities of
the exciters, which appeared to be 0.2 —-0.3c.

3. Type IIIb—I1Id Bursts

Bazelyan et al. [14] have identified two additional
sub-classes of normal Type III bursts, the so called
Type 1lIb (Fig. 1(b)) and Type IlId bursts. By the
general appearance and frequency drift rate these
bursts resembled normal Type III bursts, however,
unlike the former, they consist of a fine structure
in the form of stria bursts. Striae are short and nar-
row-band bursts, which can be observed either as
single bursts or as doublets and triplets. In addition,
the striae themselves are divided into normal and
diffuse bursts. According to [15], normal striaec had
durations of about 1 s, spectral bandwidth of about
70 kHz and typical drift rates near —70 kHz/s at the
frequency of 25 MHz. At the same time, the diffuse
striae did not drift in frequency having durations
and bandwidths of 10 s and 120 kHz respectively.
Another difference was the value of frequency split
in doublets and triplets, which equaled to 100 kHz

for normal striac and 180 kHz for the diffuse ones.
Nevertheless the striac of both types can gather in
structures, the so called chains of bursts drifting
from high to low frequency with the drift rates typi-
cal for normal Type III bursts. The chains composed
of normal and diffuse striae were called Type IlIb
and Type I11d bursts correspondingly.

As arule, the Type I1Ib and Type I11d bursts were
observed simultaneously with the normal Type III
bursts. However, the Type I1Ib bursts often precede the
normal Type Ills forming the so called Type IIb-III
pair (Fig. 1(b)). In turn, the Type I1Id bursts usually
followed the normal Type III bursts thus making up
the Type III-11Id pair. The question of the relation
between the bursts in these pairs has been repeated-
ly raised by a number of authors [14, 16, 17]. Deep
analysis of the observational data of different years
allowed the authors to show that the instant frequen-
cy ratios in the Type IIIb—III pairs varied from 1.65
to 2.35 with an average value being 2.03. In authors’
opinion this fact counted in favor of the assumption
that the leading burst in pair was generated at the
fundamental and the trailing one at the harmonic fre-
quency. Similar results were obtained for the Type
III-II1d pairs. The frequency ratio appeared to be
1.94 pointing out that the Type IIId was likely har-
monic component in pair with the normal Type III
being fundamental.

Analysis of the Type IIb-IIl pairs drift rates
showed that the normal Type IlIs drift rates were al-
ways noticeably lower than those of the Type IlIb
chains when measured at the same frequency. The drift
rates of the former were found to be 0.6 —-1.4 MHz/s
and the latter drifted as 1.0—-1.46 MHz/s. In the
plasma emission mechanism this fact might evi-
dence that the Type IlIb bursts were generated by
faster electron beams as compared to the normal
Type 111 bursts [14].

Observations of the Type IIIb—III pairs in the he-
liographic mode at the frequency of 25 MHz [18]
showed that the angular sizes of the sources of both
types of bursts were close and equaled to 20 —40".
It was also found that apparent locations of the Type
IIIb and III bursts sources practically coincided with
mismatches (if any) considerably less than 25" [6].
Moreover, Abranin et al. [16] noted that the size of
the source of an individual stria burst remains con-
stant during the burst lifetime. No systematic depen-
dence of the stria bursts duration on its source size
was found. It was just reported that the bursts, whose
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source sizes were 20" — 50, had mean duration equal
to 0.38—-0.59 s.

It was shown that the Type IIIb bursts were pre-
dominantly observed simultaneously with the Type
IIT bursts and consisted of a number of separa-
te striae [19, 20]. The total amount of individual
striae in one Type IlIb burst in the frequency range
of 8 =32 MHz could exceed 95. In some cases, this
amount was so large that it was difficult to distin-
guish the neighboring striac one from another. The
obtained parameters did not differ too much from
those reported in [15]: the durations were within the
range of 0.46—1.4s, the spectral bandwidths were
about 20-100 kHz and the emission fluxes va-
ried from 20 to 100 s.f.u. However, a consider-
ably wider frequency band of available observatio-
nal data allowed to determine the dependences of
striae durations and bandwidths on frequency. Thus
it was found that the straie durations decreased with
increasing frequency as d ~ f~', whereas the band-
widths increased as Af = Af. On basis of the results
obtained and assuming the plasma emission mech-
anism the authors supposed that the durations and
the bandwidths of stria bursts were apparently de-
termined by the temperature and the magnetic field
in the place of generation, just as it took place for
the decameter spikes [20]. The mean temperature
obtained under such assumptions equaled to 0.28 K,
and the magnetic field was approximately 1.8 G at
the distance of 1.9R;.

4. U- and J-Bursts

Since the very discovery in 1958, the solar inverted
U-bursts were considered as a subclass of the nor-
mal Type III bursts due to similarity of their sources.
The main distinct feature of U-bursts is that the ac-
celerated sub-relativistic electron beams move along
the closed magnetic field lines, known as coronal
loops. The name of these bursts came from the simi-
larity of their dynamic spectra and inverted letter
“U” (Fig. 2(a)). Analogously, the bursts with the
descending branches being not visible were called
the J-bursts. The U- and J-bursts were observed in
a wide frequency range from 1 GHz down to hun-
dreds of kilohertz. At the same time, it was reported
that these bursts more often occurred in the frequen-
cy band of 25-30 MHz and thus could be reliably
observed with the UTR-2 radio telescope. It is reaso-
nably believed that the U-bursts with such turn over
frequencies can serve as a tool for diagnostics of

high coronal loops, which cannot be studied by other
methods. Reliable identification of solar U- and
J-bursts requires observations in a wide continuous
frequency band, that is why these bursts were first
observed with the UTR-2 radio telescope only in
2003 after being equipped with new broadband back-
ends [21]. During 2003-2004, about 50 such bursts
were observed, among which only 7 events could
be identified as the U-bursts. The observed bursts
distribution by their turn over frequencies showed
that about 90 % of them had turn over frequencies
below 24 MHz. The U-bursts with well-developed
descending legs were exclusively observed as iso-
lated events, while the J-bursts used to gather in
groups by 3—10 bursts. The turnover frequency in
a J-bursts group might remain constant for a whole
group or steadily decrease with time. The group of
three J-bursts with drifting turnover frequencies was
observed on 26 June 2004. All bursts in group were
morphologically identical and their turnover fre-
quencies were sequentially decreasing with the rate
of —2 kHz/s. This drift rate may point out that the
associated with these bursts coronal loop was rai-
sing in the corona with the velocity of about 70 km/s.
Such a low velocity of coronal loops raising was
identified for the first time.

The U- and J-bursts were often observed in the
form of harmonic pair in which the components of
the pair represent the emission at fundamental and
harmonic frequencies almost simultaneously. The
harmonic pairs of the J-bursts analogous to the well-
known Type IIb-III pairs were observed with the
UTR-2 for the first time. In such pairs, the leading
burst consisted of narrow band sub-bursts — striae.
Such pairs were called the Jb—J pairs [21].

Due to the fact that the U- and J-bursts turnover
points were unambiguously determined on the time—
frequency plane it became possible to determine the
real frequency ratio and the time delay between the
components of a harmonic pair. Thus, on basis of
joint observations with the radio telescopes UTR-2
and GURT (Ukraine) held on 8 August 2012 it was
found that the turnover frequencies ratio in the har-
monic pair was close to 2 [22] (Fig. 2(a)). In addition,
the fundamental component of the pair was delayed
by 7 s with respect to the harmonic one. According
to the developed model, the delay occurred due to
the low group velocity of the fundamental radio
emission while propagating through the dense and
hot plasma of the coronal loop. The given model also
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Fig. 2. U-bursts harmonic pair by the UTR-2 data at the frequencies below 32 MHz and the GURT data at higher frequencies (a)
and the decameter Type II burst with a fine structure in the form of short irregular sub-bursts ()

allowed to find the relation between the loop height
and the confined plasma temperature in dependence
on the observed delay between the components of
the associated U-burst harmonic pair. According to
the model for a given time delay, the hotter the con-
fined plasma, the lower the loop and vice versa.

5. Type II Bursts

Though the Type II bursts were classified yet in the
50s of the last century, in the decameter band these
bursts were first observed with the UTR-2 radio tele-

scope only in 2001 [23] (Fig. 2(b)), owing to new
highly effective back-ends. The Type II bursts main
parameters at 10 —30 MHz were determined with the
UTR-2 radio telescope for the first time [23]. The total
duration of the Type II bursts varied from a few minu-
tes up to half an hour while the frequency drift rates
were 30—110 kHz/s. Sometimes the Type II bursts
did not drift in frequency. It was shown that assuming
the plasma emission mechanism the measured drift
rates corresponded to the radial velocities of coronal
mass ejections (CME) propagating in the corona at
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heliocentric heights of 1.5—-3R. A wide continuous
working frequency band allowed to retrieve a variety
of Type Il bursts features such as the band splitting,
the harmonic structure consisting of two and even
three harmonics of the local plasma frequency and the
fine time structure [24]. It was shown that all deca-
meter Type II bursts had a fine structure (Fig. 2(b)).
This fine structure could be either of cloudy appea-
rance or in the form of short fast-drifting sub-bursts.
The sub-bursts in turn were observed as a non-regu-
lar sequence or as a quasi-regular structure called
the “herring-bone” structure. Typical durations of
non-regular sub-bursts were near 1 s. Their frequen-
cy drift rates varied from 0.45 to 3 MHz/s with both
positive and negative drift sign. These observations
allowed to suppose that at the shock front the elec-
trons were accelerated not as a whole, but rather as
a number of separate beams having different linear
sizes, velocities and directions.

For the first time at the decameter band, the “her-
ring-bone” structure of Type II bursts was observed
with the UTR-2 [23, 25]. Such bursts consisted of
a “back-bone” resembling the normal narrow-band
Type 1I burst, and short sub-bursts drifting from the
“back-bone” towards higher and lower frequencies.
Extended statistical analysis, made separately for the
forward (negative drift rates) and the reverse (positive
drift rates) sub-bursts, showed the similarity in their
distribution by the absolute drift rates [25]. Moreover,
the average drift rate of the reverse sub-bursts ap-
peared to be by 50 % larger than that of the forward
sub-burst. Also, for the first time, the dependence of the
“herring-bones” drift rates on frequency was obtained.
The dependence for the forward sub-bursts appeared
to be close to the normal Type III bursts dependence.
The drift rates of the reverse sub-bursts showed the
less steep dependence on frequency. This fact allowed
to suppose that the electron beams associated with the
forward and the reverse sub-bursts travelled through
the plasmas with different density gradients. Due to
unprecedented sensitivity and resolutions, the fine
structure of the “herring-bone” structure was dis-
covered [25].

Observations showed that the Type II bursts with
this structure did not drift in frequency. Moreover, the
“back-bone” of such bursts may have wavelike ap-
pearance. This fact allowed to suppose that the Type
I bursts with a “herring-bone” structure were gene-
rated at the flanks of the shock wave created due to
the CME transverse expansion. In this case, the Type

II bursts sources traveled obliquely to the density gra-
dient. It was also assumed that the wave-like varia-
tion of the “back-bone” in frequency occurred when
the shock wave intersects some dense coronal struc-
tures (streamers or loops). Under such assumption,
the measured period of these wave-like variations are
determined by the transverse sizes of these coronal
structures. They were equal to 0.1-0.2R, [23].

For the first time, the main spatial properties of the
Type Il burst with a “herring-bone” structure were ob-
tained at the decameter band [26]. Spatial analysis of
interferometric data allowed to confirm the hypothe-
sis that the sources of different lanes in split Type II
bursts were located on the opposite sides of the shock.
Also, it was shown that the forward “herring-bone”
sub-bursts were generated by the electrons moving
outwards the Sun, whereas the reverse sub-bursts
were generated by oppositely moving electrons.
Angular sizes of the Type II burst sources at the deca-
meter band did not exceed 20" yielding the effective
brightness temperature up to 10'* K.

6. Type IV Bursts

Type IV bursts (Fig. 3(a)) are those of the main com-
ponents of the sporadic radio emission of the Sun.
As a rule, they are observed simultaneously in a
wide frequency band and lasting from half an hour to
several hours. New broadband receivers installed at
the UTR-2 radio telescope have allowed not only
to identify the Type IV bursts for the first time at
the decameter band, but also to deeply analyze their
properties [24]. The fluxes of the Type IV bursts as
a rule vary between 10 and 100 s.f.u. with the maxi-
mum values reaching as high as 1000 s.f.u. The typ-
ical time profile of the burst reveals rather fast raise
and comparatively slow fall of the emission inten-
sity. On the contrary, the polarization degree slowly
increases and then rapidly falls. As a rule, the burst
intensity peaks earlier than the polarization does. In
most cases, the degree of Type IV polarization was
about 40 %, though there were cases of higher and
lower values. The leading edge of the Type IV bursts
sometimes drifts from high to low frequencies with
the rates typical for the decameter Type II bursts. Such
bursts, called the moving Type IV bursts, were usu-
ally associated with the CMEs. On the contrary, the
stationary Type IV bursts did not show any frequency
drifts. Their emission was believed to be connected
with coronal loops. The classic scheme, in which
the Type IV bursts were usually observed, had the
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Fig. 3. The group of Type III bursts (8:53 UT), Type II burst (8:54-9:02 UT), and the moving Type IV burst (9:10-10:30 UT) (a)

and the storm of short lifetime decameter S-bursts (b)

following sequence. The event started with a group
of powerful Type III bursts followed by the Type 11
burst sometimes revealing a double or even triple har-
monic structure. And then, the Type IV burst began
(see Fig. 3(a)). Nevertheless, there were exceptions
when either the Type III group or the Type II burst
or both were absent. This might be connected with
the geometry of the source—observer locations or with
an energetic issue. All Type IV bursts observed at the
decameter band had a fine time-frequency structure

in the form of the so-called fiber bursts [27]. Fiber
bursts morphologically resembled the normal Type
IIT bursts, at the same time being more diffuse and
sometimes having positive drift rates. In addition, the
fiber bursts in absorption were also observed inclu-
ding those lasting for several minutes [28]. The so-
called “zebra” structure was often observed at deci-
meter waves. On 22 July 2004, the decameter “zebra”
structure was observed with the UTR-2 radio tele-
scope [24]. Unlike its decimeter counterpart, the deca-
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meter “zebra” was quasi-periodic rather in time than in
frequency. This unique “zebra” structure was interp-
reted by the model based on the double plasma resonan-
ce [29]. On the one hand, this model explained the
periodicity in time, and on the other one, it allowed to
independently estimate the magnetic field in the place
of generation, as well as the plasma density and mag-
netic field radial profiles.

7. Solar S-Bursts

The solar S-bursts identified by Ellis in 1969 in the
frequency band of 40—-80 MHz have the appea-
rance of thin emission tracks drifting from high to
low frequencies (Fig. 3(b)) with the characteristic
drift rates being several times of magnitude smaller
than those in the normal Type III bursts. These bursts
are observed exclusively at the meter and decame-
ter bands and only under the conditions of increased
Type 111 activity [30-32]. They are the shortest bursts
known at the meter and decameter bands with dura-
tions smaller than 1 s. The drift rate of one individual
S-burst is not constant and decreases with decrea-
sing of frequency. At frequencies below 40 MHz, the
S-bursts were first observed in May 2001 with the
UTR-2 radio telescope [29]. The analysis of three
S-burst storms of 2001-2002 allowed to find out that
the decameter S-bursts can only be observed when
the associated active region is located near the cen-
tral meridian [32]. It was shown that the parameters
of S-bursts of the same storm are distributed in a nar-
row range, however the difference in bursts of dif-
ferent storms is noticeable. This fact shows that the
coronal plasma is different in different times. Thus,
the durations of the S-bursts observed in May 2001
were about 0.3—0.4 s, whereas for the storm of July
2002 they equaled to 0.5—-0.7 s. The flux densities
of the S-bursts, as a rule, do not exceed 20 s.f.u.
It was shown that the velocities of the S-burst sour-
ces were 5—9V;,, where V;, is the electron ther-
mal velocity. It was supposed that these bursts were
generated in coalescence of the background Lang-
muir turbulence and fast magnetosonic waves. The
latters, in turn, were excited by the electron beams
with the velocity equal to phase and group veloci-
ties of these waves [32]. It was found that the instant
spectral bandwidth of S-bursts was defined by the
angular width of the Langmuir waves and the mag-
netic field strength in the place of generation in such
a way that under the given S-bursts bandwidth, the
wider the Langmuir waves spectrum, the lower the

magnetic field. In addition, it was shown that the
characteristic velocities of the S-bursts sources cor-
responded to the Langmuir waves isotropy degree
of about 50—60° that yielded the value of the mag-
netic field of about 2 G at 25 MHz [32]. According
to the obtained experimental data, the magnetic field
decreased with height.

Joint observations of the faint S-burst storm with
the UTR-2 and LOFAR (The Netherlands) radio
telescopes have been made on 9 July 2013. Interfe-
rometric methods of observations implemented at the
UTR-2 allowed to record extremely weak S-bursts
with fluxes of an order of 0.2 s.f.u. As a result, more
than 1000 S-bursts were identified by the UTR-2 ra-
dio telescope in the frequency range of 9—32 MHz,
whereas only a few tens of S-bursts were observed
with the LOFAR in the same frequency band [33].
In addition, the chains consisting of 4—15 short-life-
time S-bursts were observed with the UTR-2 for the
first time. These chains had positive drift rates of
1-5 MHz/s. The analysis of the joint observations
data made in a wide frequency band allowed to de-
termine the radial profile of the magnetic field at dis-
tances of 1.3—2.2 solar radii [34].

8. Drift Pairs

The solar bursts, called drift pairs, have been known
since the 50s of the last century. As a rule, they con-
sist of two separated in time by 1—2 s bursts drifting
in frequency with the rates of about +(2 —8) MHz/s
(Fig. 4(a)). The drift rates of the elements of one
individual drift pair are equal and don’t depend on fre-
quency. The drift pairs are divided into two groups —
the forward bursts with negative drift rates and the
reverse bursts with a positive drift. According to the
previous study, the drift pairs are observed at frequen-
cies below 70 MHz with an evident trend of their oc-
currence rate to increase towards lower frequencies.
From this viewpoint, observations of these bursts with
the UTR-2 radio telescope having excellent sensitivi-
ty at lowest frequencies were of great interest.

Drift pairs were first observed with the UTR-2
in summer 1974 in two narrow frequency bands of
12—13 and 24 — 26 MHz|[35]. By that time, no obser-
vations at frequencies below 20 MHz were reported.
The total amount of the drift pairs observed equaled
to 288. A more extended analysis in continuous fre-
quency band 10—30 MHz was made in July 2002
by using new back-ends. The total statistical sample
amounted to 774 drift pairs including 404 forward
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Fig. 4. The storm of the forward and reverse drift pairs () and an unusual “caterpillar” burst (12:10 UT) on the background of

the standard Type III bursts (b)

bursts. It was shown that the quantitative proportion
between the forward and the reverse drift pairs was
not a constant value and varied from day to day [36].
It was found that the amount of reverse drift pairs
steadily decreased at frequencies below 25 MHz,
whereas the forward bursts were more uniformly dis-
tributed within 10—-30 MHz. The forward drift pairs
distribution by the drift rates appeared to be much
narrower than that for the reverse ones. The average
absolute values of the drift rates for the forward and
the reverse drift pairs equaled to 1 and 1.5 MHz/s re-
spectively. Abnormally high drift rates (=8 MHz/s)

84

were observed in the reverse drift pairs only while ex-
tremely low drift rates (<0.3 MHz/s) were inherent
to the forward ones. A wide continuous working fre-
quency band allowed to determine the dependences of
drift pairs parameters on frequency. It was in partic-
ular shown that the absolute drift rates of both kinds
of drift pairs increased with increasing of the burst
median frequency. Moreover, this dependence for the
reverse bursts was steeper than that for the forward
ones. It was found that the value of the delay between
the pair elements had a low dispersion averaging 1.7 s
for the forward and 2 s for the reverse bursts.
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The given facts made interpretation of these bursts
difficult. One of the suggested models was based on
the double plasma resonance theory according to
which the generation occurred at specific ratio be-
tween the local plasma frequency and the electron cy-
clotron frequency [35]. However, the high resolution
observations of 2002 showed an exclusive morpho-
logical similarity of the two elements within each pair.

It was determined that the mean drift rates of drift
pairs corresponded to the radial source velocities of
(1-2)-10° cm/s. It was substantially smaller than the
Type III electrons velocity and considerably higher
than the thermal electron velocity in the corona.
However, this velocity was close to the phase and
the group velocities of the fast magnetosonic waves.
This fact gives reasons to suppose a mechanism, in
which both elements of the drift pairs were genera-
ted in coalescence of the background Langmuir tur-
bulence with the fast magnetosonic waves, when the
Cherenkov resonance conditions were met, i.e. the ve-
locity of the fast electron beam equaled the phase and
the group velocities of the fast magnetosonic wave.
Then the two elements of the pair could be generated
as the O and the X mode electromagnetic waves re-
spectively and the time delay appeared due to diffe-
rent group velocities of the O and the X waves near
the emission source [36].

9. Spikes

The spikes belong to the class of the fine structured so-
lar radio bursts. Melnik et al. [37], defined the spikes
as the bursts observed exclusively on the background
of increased solar activity and regardless the frequen-
cy band, short durations, and narrow spectral band-
widths compared with other types of solar bursts. One
more spikes distinction is their chaotic distribution on
the dynamic spectrum (Fig. 1()). Apparently the pos-
sibility of recording and identification of spikes with
the UTR-2 radio telescope appeared when the DSP
and DSPZ broadband digital receivers were installed
[37, 38]. Analysis of the obtained data have shown
that at the decameter band the spikes were similar to
the striae by a number of parameters, such as mean du-
rations, bandwidths and fluxes, which equaled to 1 s,
60 kHz and 70 s.fu. respectively. The dependences
of these parameters on frequency obtained from the
extended statistical sample differed insignificantly for
the two cognate bursts.

The spikes durations decreased with frequency as
d ~ 7', and the bandwidths linearly increased as

Af ~ f. No systematic dependence of flux density
on frequency was found. One more important and
confirmed fact was the stability of the spikes du-
rations and bandwidths for different days and even
years of observations. This fact evidenced that the
specific conditions must be satisfied to enable spikes
generation. To find these conditions it was supposed
that the spikes durations were apparently determined
by the particle collision time (and thus by the tem-
perature), and spectral bandwidth was determined
by the local magnetic field [37]. The model sugges-
ted have allowed to obtain the temperature profile at
distances 1.6 —3.3R,. This profile showed that the
temperature decreased at these distances from 0.6 to
0.1 MK [38]. At the same time, the magnetic field at
these distances equaled to 1.6—2 G. The obtained
results give reasons to suppose that spikes and striae
are apparently the same type of solar bursts and thus
both could be used as a tool for remote diagnostics
of outer solar corona parameters. However, the prob-
lem of different character of their location on the dy-
namic spectrum needs further study.

10. Unusual Bursts

Starting from the very first observations of the solar
radio emission with the UTR-2 radio telescope there
were many attempts to detect the unusual events at the
decameter band. It was reasonable due to the UTR-2
outstanding characteristics — wide frequency band,
high sensitivity at the lowest frequencies and rather
narrow antenna beam comparable to the size of the
Sun. In the 70-80s of the last century, the observations
of unusual slowly varying radio emission sources
were made. This emission was thought to be connec-
ted with the coronal condensations at 0.05—0.2R;
above the active regions. Such emission at the centi-
meter and decimeter bands was reliably recorded and
thus it was believed to exist at the meter and decame-
ter bands and even was detected by the Clark Lake
radio telescope (USA) at the frequency of 26.3 MHz.
The lifetime of these slowly varying components las-
ted from several days up to 2—3 months. Repeated
attempts to detect this emission with the UTR-2 radio
telescope were unsuccessful [39].

At the same time, the unusual short lifetime bursts
were repeatedly observed at the decameter band.
One of the brightest examples of such bursts was
the burst resembling a “caterpillar” on the dynamic
spectrum (see Fig. 4(b)). The distinctive feature of
this burst was a high frequency cut-off [40]. For the
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observed burst, the cut-off frequency was 28 MHz.
In addition, the burst duration equaled to 80 s, being
several times of magnitude longer than that of the
typical Type III bursts. The burst had the negative
frequency drift rate at frequencies below 22 MHz
and the positive drift at higher frequencies. The
radio emission flux density of the burst was high,
reaching 103 s.fu. It was weakly polarized with
the degree not exceeding 10 %. Similar bursts have
been repeatedly observed with the UTR-2 [41] and
URAN-2 [40] radio telescopes (Ukraine). The theo-
ry of these unusual bursts generation was suggested,
in which the radio emission of these bursts being
generated in the sources behind the solar limb passed
through the corona on its way to the observer [40].
In this case, the value of the cut-off frequency would
depend on the direction in which the source moved.

Another explanation of this phenomenon can be
done in the framework of a recently suggested theo-
ry of solar corona [42], in which unlike in standard
models, the temperature is supposed to change with
distance from the Sun. One of the solutions of the
corresponding hydrodynamic equations is the dis-
continuous solution similar to a shock wave. As is
known, densities of the coronal plasma at the both
sides of the break can differ considerably. In this
case, if the electron beam responsible for the Type 111
burst intersects this break, then a burst with the cut-
off (see, Fig. 4(b)) is observed. The cut-off can occur
both at high and low frequencies.

11. Quiet Sun

Together with the sporadic component of the solar
radio emission, the continual thermal radio emis-
sion was also studied. The broadband thermal radio
emission of the Sun originates due to the particles
collisions in plasma. From this point of view, the
decameter band is of great importance because the
radio emission of this band carries the information
about the state of the outer corona at distances of
1.5-3R,, which cannot be studied by any other
method.

The first observations of the solar continual radio
emission with the UTR-2 radio telescope were made
in July 1976 at fixed frequencies of 20 and 25 MHz
[43]. For the first time, at such low frequencies a
two-dimensional distribution of the effective bright-
ness temperature of the solar thermal radio emission,
as well as its total flux and the source size, were de-
tected (measurements at 20 MHz were made in the

equatorial direction only). It was found that during
the maximum of the solar activity cycle the total flux
and angular sizes of the radio Sun were not constant
and changed from day to day. Thus, the total flux
varied from 770 to 990 Jy while the sizes were with-
in 37 —43" in the polar direction and 56 —58" along
the equator. It was confirmed that similarly to the
higher frequencies the radio Sun at the decameter
band has an elliptical shape with the mean compres-
sion factor of 0.72 [43, 44].

Observations of the solar thermal radio emission
in a wide continuous frequency band of 16 —33 MHz
during the minimum phase of solar cycle were made
in 2010 [45]. The spectral index of the thermal deca-
meter radio emission was found to be —2.1. The ra-
dio Sun sizes were measured. It was shown that the
polar and equatorial sizes of the Sun increased with
decreasing of frequency following the power law
with indexes —0.27 and —0.26 respectively. In addi-
tion, these dependences appeared to be very close
to the plasma frequency dependence on the distance
in undisturbed corona model by Baumbach—Allen
[46]. The effective brightness temperature of the so-
lar thermal radio emission was found to be equal to
2-10° K, which is several times smaller in magni-
tude than the kinetic plasma temperature. This fact
was explained by the electromagnetic wave scatter-
ing in the coronal plasma.

It was shown that the UTR-2 radio telescope
working as a short-baseline interferometer was an
effective tool for determining the coronal plasma pa-
rameters at distances 2 —3Rg [47].

12. Conclusions

The results obtained with the UTR-2 radio telescope
for 50 years of observations of solar radio emission
are new and foreground. This applies primarily to
observations of the Type Il and Type IV bursts at
the frequencies of 10—30 MHz, short decameter
S-bursts, drift pairs and spikes, distinguishing of
fine and superfine structures in the Type 111, Type II,
and Type IV bursts, U-, J-, and S-bursts, discoveries
of new types of bursts such as bursts in absorption
and “caterpillar” bursts with high frequency cut-off.
Solar observations in heliographic and interferomet-
ric modes of the UTR-2 operation allowed to obtain
the pioneer results, which were extremely important
for understanding the processes of radio emission
generation and its propagation in the solar corona
through the analysis of the sizes and locations of
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the emission sources within the frequency band of
10—30 MHz. Further observations of solar radio
emission jointly with the other ground-based radio
telescopes such as URAN-2, NDA, LOFAR, Nenu-
FAR, LWA, as well as the space-borne instruments
Parker Solar Probe, STEREO and Solar Orbiter, will
allow to considerably improve our understanding of
both the generation processes in a wide frequency
band and the physics of solar flares, solar corona,
coronal mass ejections and their effect on space
weather.
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'Panioactponomiunuii inctutyr HAH Vkpainu,
Byn. Mucreurs, 4, M. Xapkis, 61002, Vkpaina

2 JTaboparopist KOCMIYHHX JTOCTIKEHD
i actpodiznyHoro MpuianoOyayBaHHs,
ITapu3bka oOcepBaTopisi, METOHCHKHI (imia,
. XKronst XKancena, 5, Menon, F-92195, ®Opamntiist

3THCTUTYT KOCMIYHUX JOCII/DKCHb
ABCTpilichKOT akaaemii HayK,
Byn. HImiuisinpace, 6, m. I'pan, 8042, Actpis

JOCIIJPKEHHA COHAYHOT'O IEKAMETPOBOI'O
PAJIOBUITPOMIHIOBAHHA
3A JIOIIOMOI'OIO PAAIOTEJIECKOIIA YTP-2

IIpeomem i mema pobomu: OIS HAYKOBUX CTaTedl MO0
BUBYCHHS COHSIYHOTO JIGKAMETPOBOTO PaiOBUIIPOMIHIOBAHHS
3a JOIIOMOTOI0 HalO1IbIIOro y cBiTi pagioreneckona Y TP-2,
omyOikoBaHUX 3a ocTaHHi 50 poKiB.

Memoou i memooonozis: BUBUeHHS Ta aHali3 HAyKOBUX ITy-
OIiKaIiif Moo K CIOPaIMIHOr0, TaK 1 CIIOKIMHOTO (Teruro-
BOro) pazmioBunpomiHioBaHHS COHIIS, 3apeecTPOBAaHOTO Ha
panmioreneckori YTP-2 (Vkpaina) y nexamerpoBomy miama-
30Hi JIOBXHH XBHJIb.

Pesynomamu: HaBeneHO HaWBaXJIUBIII PE3yJIbTaTH CIIOCTE-
peXeHb Ta TEOPETUYHUX JOCIIKEHb JIEKaMETPOBOTO Paio-
BunpomintoBanHs CoHLsl, oTpuMani y PamioactpoHOMiYHOMY
inctutyti HAH Ykpainu 3a ocransi 50 pokis.

Bucnosxu: Ynepue ua yactorax Hmkae 30 MI' ciocrepira-
nuck crnecku I tumy, crutecku IV tumy, S-critecku, craii-
k1 Ta gpeidyroui napu. OTpUMaHO 3aJeXKHOCTI ITapaMeTpiB
IUX CINIECKIB Bij yacToTH Ha yactorax 9-+30 MI1 Ta 3a-
MIPOTIOHOBAHO MoJeni ix reHepanii. KpiM Toro, 3aBasku Bu-
COKI{ YyTJIIMBOCTI Ta BUCOKIH YaCTOTHO-YACOBIil PO3IiIBbHIN
3maTHOCTI pajgioTeneckona Y TP-2 Oynu ynepuie 3apeectpo-
BaHI TOHKI 4aCTOTHO-9acoBi CTPYKTypH y ciuteckis III tumy,
cruteckiB I Tumy, cruteckiB IV tumy, U- Ta J-cruteckis, npeii-
¢yrounx nap ta S-cruieckiB. Ymepiie ieHTU(IKOBAHO Haj-
TOHKY CTPYKTYpy cruieckiB Il Tumy 3 “snuHKOBOIO” CTpyK-
Typor. Bynu BiKpUTI HOBI THIU CIUIECKIB: CIUIECKU THITY
“caterpillar” ta “dog-leg”, crecku III Tumy 3 posmaznom,
crutecku III Tumy 31 3MIHHUM 3HaKOM 4YacTOTHOTO Apeidy,
I-like crmecku, Jb- ta Ub-criecku ToIIo. 3amporoHoBa-
HO iHTEpIIpeTaIit0 BUHUKHEHHS Ha/[3BUYaiiHO BEJIMKOTO Ya-
crotHOTO Apeidy crureckiB Il Tumy Ta mBHIKOCTI YacToT-
HOTO Apeidy 3 pi3HUM 3HAKOM. 3a 3aJIeKHICTIO TPUBAJIOCTI
CIalKiB BiJl YaCTOTH BU3HAYCHUHN TemIiepaTrypHUil mpodiib
kopoHH Ha BucoTax (1.5-+3)R;.

Bukopucranus remiorpagiuHux Ta iHTepPEPOMETPUIHUX
METOJIB JTaJI0 3MOTY IMOYaTH JOCIHI/PKESHHS TMPOCTOPOBUX
XapaKTepUCTHK — PO3MIPIB Ta MICIIE3HAXOIDKEHHS JUKEpeI
BUITPOMIHIOBAaHHsI CIUIECKIB. Tak, MOKa3aHO, [0 TPUBAIICTh
crneckiB 111 tumy y nexameTpoBoMy Aiana3oHi JOBXKHH XBUIIb
BU3HAYAETHCS IEPII 3a BCE PO3MIPOM JKepesa BHUIIPOMi-
HIOBAHHSI, TO/I SIK TPUBAJIICTh CHAWKIB BU3HAYAETHCS YACOM
3ITKHEHb YaCTHHOK Y IUia3mi. EKCIiepMMEHTAaIbHO JJOBEJICHO,
mo e(eKTUBHI SCKpaBiCHI TeMIepaTypu PKEpelT COHSIHO-
ro CIIOPaJMYHOIO PAJIOBUIIPOMIHIOBAHHS Y JEKaMETPOBO-
My JianaszoHi MoXxyThk csratd 3Hadenb 10" +10" K. Kpim
Toro, Oymo 3HaiifieHo, 1m0 pagiycu crokiitHoro CoHIs Ha
yacrorax 20 Ta 25 MI'n Onu3bKi OO0 TakKUX BiICTaHEM Bij
CoHIlsl, Ha SIKUX MICIIeBI I1a3MOBI YaCTOTH JIOPiBHIOIOTH Bil-
MOBITHUM YacTOTaM PaJliOBHUIIPOMIHIOBAHHS B Mojei baym-
Oaxa—AJIcHa.

Kniouosi cnosa: YTP-2, Conue, 1ekaMeTpoBe paIioBHIIPOMi-
HIOBAHHSI, Pa{iOCIIIECKH, KOPOHA
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