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Abstract

In this paper we consider solar bursts with a high-frequency cut-off, simulta-
neously observed by several ground-based radio observatories located at significant
distances from each other. The events were correlated with the emergence of a new
group of solar spots on the far side of the Sun. The cut-off effect of the solar bursts
was caused by the occultation of their radiating sources by the solar corona for ob-
servers on Earth. Based on the radio occultation of the low-frequency burst sources
in the solar corona, we have estimated their angular sizes. This makes it possible to
obtain the dynamic spectra of the solar bursts in terms of brightness temperature.

1 Introduction

Usually, the sources of solar radio bursts are spatially resolved with interferometers and
heliographs. The observations show that the typical size of burst sources increases with
wavelength growth. Type I and IV bursts at meter wavelength often have irregular shape
and sometimes exceed the size of the visual solar disk, whereas the type I and III bursts
are simpler and smaller. However, our knowledge about source sizes of solar bursts at low
frequencies is greatly limited. Therefore, one of the challenges for modern low-frequency
radio astronomy arrays (LOFAR, GURT, LWA, MWA, NenuFAR and SKA) is to provide
the study of the image of solar burst sources and their angular sizes. The variety of
such bursts and their fine frequency-time structure continually amaze. In addition to
conventional bursts of II, IIT and IV types many other radio events are detected (striae,
drift pairs, S-bursts and so on). Each of them has its own radio emission mechanism and
a source size characteristic for it. This work attempts to fill the gap in our knowledge
about low-frequency burst source sizes by an original method. Its essence consists of
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the following. Flares that are partially occulted by the solar limb provide not only the
most hopeful source of information about hard X-ray loop—top sources, but due to CMEs
the accompanied behind-limb bursts become available for the study of their source size
features. Our analysis is devoted to such events.

The principal aim of this study is to estimate angular sizes and brightness temperatures of
their sources. The brightness temperature is an important indicator of observed emission,
distinguishing emission processes between thermal, non-thermal incoherent and coherent.
For solar radio sources, the high brightness temperatures imply a form of coherent emis-
sion, an example of which is the plasma emission responsible for the type III bursts from
the solar corona.

In this paper we present the results of observations of several tens of solar behind—limb
burst events at 9-33 MHz. The bursts were recorded with the Ukrainian decameter radio
telescope, UTR-2 (near Kharkiv, Ukraine) on 17-19 August of 2012. We also discuss
features of such bursts and consider the associated radio and plasma phenomena observed
simultaneously by STEREO, GOES and SOHO spacecratft.

2 Solar events and observational facilities

The main peculiarity of solar activity on 17-19 August 2012 was the emergence of a new
group of solar spots (AR 11548 with N19E87) on the far side (generating many moderate
flares over the eastern limb) of the Sun. Moreover, the solar activity was also accompanied
by many coronal mass ejections (CMEs) and radio bursts, shown in Table 1. The radio
bursts were mainly related to type III and IITb—III bursts, but some of them had unusual
high-frequency cut-off features to which we will pay much attention below.

During this observation the UTR-2 radio telescope was operated in the mode using four
sections of the north—south array of the antenna [Braude et al., 1978; Konovalenko et al.,
2016]. Recall, the full antenna of UTR-2 includes twelve identical sections, but for solar
observations a part of them is quite enough. The total effective area of these four sections
is about 50,000 m? with a beam pattern size of 1° x 15° at 25 MHz. Figure 1 shows the
dynamic radio spectrum for one of the many events with a high-frequency cut-off, received
with the telescope. The data were recorded by the digital DSP spectrometer [Ryabov et
al., 2010] operating in the frequency range of 9-33 MHz with a frequency—time resolution
of 4 kHz and 100 ms, respectively.

By a special adaptive procedure the contribution of radio frequency interferences (RFT),
contaminating the spectrum, was reduced significantly. The procedure consisted of several
stages. Firstly, we determined iteratively the mean and standard deviation (o) in each
frequency channel, clipping the signal values above 30 at each channel, but this procedure
reduces only the strongest RFIs (outliers). Often the presence of outliers has a strong
effect on the mean and the standard deviation, making this technique less reliable. Since
the median is less sensitive to outliers than the mean, the Median Absolute Deviation
(MAD) can be used as the variance estimator [Leys et al., 2013]. Then each sample of
the observation record is modified by the absolute value of the median subtracted from
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Table 1:  Activity overview of 18 August 2012 from UTR-2 radio observations,
http://www.swpc.noaa.gov/ and http://cdaw.gsfc.nasa.gov/. The time interval of available
UTR-2 spectral data was 06:00-12:00 UT.

# | Activity Features Start Time
GOES class M5.5, NOAA active region 11548 | 00:24 UT
GOES class M1.8, NOAA active region 11548 | 03:17 UT
GOES class C6.1, NOAA active region 11548 | 06:09 UT
GOES class C2.6, NOAA active region 11548 | 08:30 UT
GOES class C1.9, — 08:50 UT
GOES class C1.0, NOAA active region 11548 | 09:46 UT
GOES class C1.9, NOAA active region 11548 | 10:32 UT
GOES class C1.3, NOAA active region 11548 | 11:41 UT
1 | Flares GOES class C2.4, — 11:49 UT
GOES class C1.0, — 12:23 UT
GOES class C2.1, NOAA active region 11548 | 13:29 UT
GOES class C7.3, NOAA active region 11548 | 14:18 UT
GOES class C1.3, NOAA active region 11548 | 14:58 UT
GOES class M2.0, NOAA active region 11548 | 16:02 UT
GOES class C2.5, NOAA active region 11548 | 19:06 UT
GOES class C1.1, NOAA active region 11548 | 21:20 UT
GOES class M1.0, NOAA active region 11548 | 22:46 UT
GOES class M1.3, NOAA active region 11548 | 23:15 UT

partial halo, bright eruption 00:48 UT
partial halo, narrow eruption 03:36 UT
05:12 UT
narrow eruption 06:12 UT
08:48 UT
09:48 UT
faint eruption 10:12 UT
2 | CMEs 10:48 UT
11:24 UT
12:36 UT
narrow eruption 13:26 UT
14:48 UT
partial halo, narrow eruption 16:24 UT
17:36 UT
19:48 UT
21:12 UT
bright narrow eruption 23:36 UT
3 | Radio type III and IIIb-III bursts as well as

events solar bursts with high-frequency cut-off
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Figure 1: One of the behind—limb bursts observed on 18 August 2012 at decameter wavelengths
by the UTR-2 radio spectrograph.

each sample, i.e.
MAD = b M;(|z; — M;(z;)|),

where z; denotes the n original observation samples, and M; is the median of the series.
Usually a constant b = 1.4826 is assumed from the normality of the data. Next, the
threshold level x is calculated for each frequency channel as y; = M(z;) — f MAD with
the aggressiveness parameter 3 (its value is 2.5). This allows us to get a flag mask with
the “bad” (interference) samples. In the final stage we interpolated and extrapolated
holes in the frequency-time data array.

An unusual set of solar bursts was observed from 17 August to 19 August 2012 with
different cut-off frequencies. The maximum radio flux of the events was about 10* —
10° sfu. (1 s.fu =102 W m 2 Hz!). Several features of the bursts on 18 August
2012 are shown in Table 2. Their degree of polarization was lower (~10-15%), as if the
bursts were emitted at the second harmonic of the local plasma frequency [Brazhenko
et al., 2015]. The polarization measurements were carried out by the radio telescope
URAN-2 (near Poltava, Ukraine). Although the frequency drift rate of the bursts is
atypical for both type II and type III bursts, this does not mean that the bursts belong
to a new type of solar bursts. Likely, the peculiarity can be connected with the origin
of the cut-off occurrence [Stanislavsky et al., 2016]. Moreover, on 19 August 2012 at
~11:23 UT UTR-2 has received a group of solar bursts with high-frequency cut-off, having
frequency drift rates and durations typical for the type III solar bursts in the decameter
wavelengths range [Stanislavsky, 2017]. Note that the range of cut-off frequencies was
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Figure 2: Example of a burst with high-frequency cut-off received by the Nancay Decametric
Array. The top picture shows two solar bursts on 18 August 2012: the left one has cut-off at
40 MHz, whereas the right one was ordinary. The bottom plot is a profile of the left solar burst.

about 10-70 MHz, and a part of the observed bursts possessed a cut-off frequency out
of the frequency range of the UTR-2 facilities. To avoid this restriction, we took into
account the solar radio data recorded by other radio telescopes. In particular, the Nancay
Decametric Array (NDA) performed appropriate observations on 17-19 August 2012. The
radio telescope has 2 x 72 helical spiral antennae working at 10-80 MHz [Boischot et al.,
1980]. Unfortunately, the NDA sensitivity is weak below 30 MHz, and the radio ambiance
contains a lot of strong low-frequency natural and artificial disturbances. Nevertheless,
the radio tool demonstrates acceptable performance above 30 MHz. We make use of the
solar NDA data which is freely available (see http://bass2000.obspm.fr/home.php).
Figure 2 represents one of the dynamic radio spectra, where two similar solar bursts were
seen, but only one had a high-frequency cut-off whereas the other did not. Their features
look like those of type III solar bursts. Table 3 collects properties of the solar bursts
with cut-off frequencies higher than the ones observed by UTR-2 (see, for comparison,
Table 2). In both tables the cut-off in the dynamic spectra of any burst is determined by
two frequencies: the start point and the end frequency between which the burst intensity
drops to the background level (pedestal) of radio emission at which the corona radiates
only as a thermal source. Below we are going to estimate a source size of the solar bursts,
using the values of the cut-off frequencies.



396 A. A. Stanislavsky et al.

Table 2: Properties of the solar bursts with high-frequency cut-off from 18 August 2012 from
the UTR-2 radio observations.

Frequency Start frequency End frequency
Time, UT | drift rate, of cut-off, of cut-off,
[MHz/s] [MHz] [MHz]
06:39 0.3540.05 20.9+0.1 18.2+0.1
07:10 0.6£0.05 19.4+0.1 14.5+0.1
08:04 0.5340.05 27.440.1 23.440.1
08:15 0.6740.05 19.4+0.1 15.1£0.1
09:05 0.5£0.05 20.7+0.1 17.6£0.1
11:06 0.3340.05 15.6£0.1 11.7£0.1
11:35 2.1740.05 26.£0.1 22.940.1
11:37 0.5740.05 19.9+0.1 17.9£0.1
11:55 0.5+0.05 12.4+0.1 10.6£0.1

Table 3: Properties of the solar bursts with high-frequency cut-off from 18 August 2012 from
the NDA radio observations.

Frequency Start frequency End frequency
Time, UT | drift rate, of cut-off, of cut-off,

[MHz/s] [MHz] [MHz|
10:36 6.84+0.2 4540.5 4340.5
11:49 4.840.2 65+0.5 61£0.5
13:03 2.5+0.2 40+£0.5 37+0.5
13:18 5.34+0.2 66+0.5 60+0.5
13:34 2.840.2 3840.5 33+0.5
13:36 2.1£+0.2 4340.5 37+0.5
13:37 2.1£0.2 4340.5 37£0.5
14:25 2.7+0.2 43+0.5 36+0.5

The high-frequency cut-off can be explained as a propagation effect between the source
and the observer [Melnik et al., 2014; Stanislavsky et al., 2016]. In this case the radi-
ating source arises behind the Sun relative to an observer on Earth. Moving radially,
its radiation is reflected away from Earth because the solar corona is opaque to radio
emission with frequencies below the local plasma frequency. This resembles something
like the occultation in which a star (and its radio emission) is covered, for example, by
the Moon’s limb. The behind-limb burst emission appears for terrestrial observers when
the electron density (decreasing with height) in the solar corona allows the radio emission
to pass towards Earth. Recall here that the method of lunar occultation is applied for
many problems: determining the diameters of asteroids, planets and stars, discovering
and examining close binary stars and even studying the distribution of brightness on the
disks of some stars [see, for example, Fors et al., 2001; Bergeat et al., 2001; Jatmiko et
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al., 2014 and references therein|. Today this approach remains one of the most sensitive
methods to measure the angular size of radio sources.

3 Radio occultation of burst sources by the solar corona

In the Rayleigh—Jeans limit the brightness temperature T, of a source region of radio
emission depends on two values: the flux F' (the power per unit frequency interval that
passes through a surface of unit area) and the solid angle ©, defining the fraction of the
entire sky which is covered by the source, the whole sky having a solid angle of 47. For
a small circular source, the solid angle is computed [Kraus, 1967] as © = 621 /4, where
0, is the angular diameter of the radio source under consideration. Then the brightness
temperature of its radio emission satisfies the formula T, = FA?/(2k©), depending on
the wavelength A\. Here £ = 1.38 x 107* J/K denotes Boltzmann’s constant. In our
observations by means of UTR-2 the dynamic spectra of solar bursts have been already
obtained in solar flux units (see Figure 2). To get a frequency-time representation of solar
bursts in brightness temperature, we have to determine their angular size.

The high-frequency cut-off in solar bursts is somewhat similar to an occultation effect
with the difference that its origin is caused by the solar corona rather than by the Moon.
In the broadest sense, the term “occultation” refers to the complete or partial obscuring
of an astronomical object by another. Recall also, the occultation of cosmic radio sources
(for example, Taurus A or Crab Nebula) by the solar corona has been studied over many
years [Vitkevich, 1951; Machin and Smith, 1952; Slee, 1959]. Both angular and spectral
broadening of spacecraft radio signals were observed independently during coronal oc-
cultation too [Bradford and Routledge, 1980; Bird, 1982]. Using the solar eclipse on 15
January of 2010 to study the solar corona at low radio frequencies, Ramesh et al. [2012]
found the angular size of the smallest source observable at 109-150 MHz. Just like for
the lunar occultation of radio sources, the limiting resolution is given by the width 6 of
the first zone of the Fresnel diffraction pattern in the form of § = /0.5\/D,;, where A
denotes the wavelength of observation, and D), is equal to the Earth—-Moon distance (=
3.8 x 10® m). The radio occultation of low-frequency burst sources by the solar corona is
characterized by a similar relation, namely § = 1/0.5\/Dg, where Dg is the Earth—-Sun
distance (=~ 1.5 x 10" m). Notice that in the latter case the angular resolution of the in-
terferometer is about 20 times more than for the lunar occultation. If the high-frequency
cut-off in the events on 17-19 August of 2012 is a result of the radio occultation of their
solar burst sources due to the solar corona, then we can estimate their angular sizes from
the cut-off frequencies. The important advantage of this approach is that it enables to
determine the source size independently from the size of the radio antenna aperture used
in observations.

From the study of radio profiles with cut-off it is clear that any diffraction effect is lacking.
Thus, the difference of frequencies between the start point (f;) and the end one (f2),
where the bursts (because of the cut-off) fall to a background level of radio emission in
intensity, is just defined by the angular size of corresponding sources in the given height
of the corona. If we know the values r; and ry for the frequencies f; and f,, respectively
(using the relation f[MHz] ~ 9000,/n. [cm*| and the electron density n.(r) of the solar
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Figure 3: Dynamic spectrum of the solar burst (18 August 2012) with high-frequency cut-off in
brightness temperature. The electron density model was taken in the Baumbach—Allen’s form.

corona in dependence on the height r), then the angular size of the moving source may be
estimated as 05 =~ |r; — ro|/Dg. Unfortunately, the knowledge about the electron density
of the solar corona has a semi—empirical character. There exists a set of different models,
describing the density fall-off with height of the equatorial quiet corona, active regions,
coronal holes and so on [see Allen, 1947; Newkirk, 1961; Mann et al., 1999]. The choice
of the model affects both the resulting height r and the derived angular size #,. A much
better result would be gained by utilizing actual density measurements of the corona in
required places, but this is hardly possible to perform in the common case. Therefore, we
considered three popular (so-called Newkirk’s, Baumbach—Allen’s and Mann’s) models of
coronal density and compared their contribution. Another important point is that each
burst with a high-frequency cut-off gives one angular source size, only corresponding to
its cut-off frequency. Usually the source size of solar bursts increases with decreasing
frequency as it is well known, for example, in the type III bursts, see e.g. Reid and
Ratcliffe [2014]. By our procedure we will find an “averaged” evolution of source sizes in
frequency, using the cut-off frequencies of the solar bursts mentioned in Tables 2 and 3.

The source size evolution in frequency can be explained by the decollimation of electron
beams, generating the solar bursts, by inhomogeneities in the solar corona. Due to the
measurements of source sizes at different frequencies for type III bursts, the average values
are equal to 28-30 arcmin at 26.4 MHz [Chen and Shawhan, 1978], 20 arcmin at 43 MHz,
11 arcmin at 80 MHz and 5 arcmin at 169 MHz [Dulk and Suzuki, 1980], 4.5 arcmin at
150 MHz and 2 arcmin at 432 MHz [Saint-Hilaire et al., 2013]. Then the source widths are
fitted by the power—law relation §(arcmin) ~ 659.4/ f%97 where f is the frequency in MHz.
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It is interesting that the comprehensive study of type III radio source sizes at frequencies
below 2 MHz also indicates a frequency dependence of source angular size close to f=1
[Steinberg et al., 1985]. Following the Newkirk’s, Baumbach—Allen’s and Mann’s models
of coronal density, the average angular source sizes of behind-limb bursts are given by the
relations Oy (arcmin) ~ 157.8/f14, Oga(arcmin) &~ 13.1/ 192 and Oy (arcmin) ~ 53.7/ f118,
respectively. Notice that the Baumbach—Allen’s model is the best giving a f~! variation
of source angular size with observing frequency. However, there is a significant difference
in the average source sizes of the behind-limb bursts and ordinary type III bursts. This
can be explained in terms of the reduced number of inhomogeneities in the solar corona for
a given direction due to accompanied CMEs, and/or this is a result of focusing the solar
bursts on low—density cavities in the CMEs. Why can the behind-limb bursts be similar
to the type III ones? Firstly, the type III bursts are the most numerous events in solar
activity. On the other hand, there is a real confirmation in our radio data recorded on
19 August 2012. There was a group of solar bursts with high-frequency cut-offs that had
frequency drift rates and durations of individual bursts typical for type III radio bursts
at low frequencies [Stanislavsky, 2017].

Estimating the average source size variation of solar bursts with a high-frequency cut-off,
we have found the brightness temperature 7Ty, of the radio source for the behind—limb burst
shown in Figure 2. Consequently, its dynamic spectrum in brightness temperature is rep-
resented in Figure 3. In the given frequency range the greatest brightness temperature of
this burst reached about 7.1x10'2 K which corresponds to brightness temperatures of type
III solar bursts in moderate intensity. Note that this burst is imposed on a background
(thermal radio emission) with a brightness temperature of about 10 K. Other bursts
given in Table 2 show approximately similar values of maximum brightness temperatures,
10'2-10" K. Unfortunately, the bursts of Table 3 were not calibrated in flux.

4 Conclusions

We have analyzed features of solar bursts with high-frequency cut-offs observed on 17-19
August 2012. The largest number of such bursts were recorded on 18 August, and we have
paid the most attention to the data of this day. In this experiment, to achieve the best
reliability of obtained data, the different ground-based observatories, located at significant
distances from each other, were involved, but the Ukrainian radio telescope UTR-2 has
played a crucial role. Now, with full confidence we can affirm that the high-frequency
cut-off arises exactly in solar corona. The cut-off effect is explained by the generation
of the bursts behind the solar limb with respect to observers on Earth. Using the cut-
off frequencies from the study of different bursts, we have estimated the average source
size development of behind-limb bursts in frequency. As our measured dynamic spectra
were in solar flux units, the knowledge about angular sizes of burst sources allowed us to
establish their brightness temperature. There is reason to believe that the solar bursts
with high-frequency cut-offs are nothing else but type III radio bursts. Their fine structure
can be explained by the peculiarity of radio wave propagation out of limb zones.
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