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Abstract: We present the observations of two type III solar radio events performed with LOFAR
(LOw-Frequency ARray) station in Baldy (PL612), Poland in single mode. The first event occurred on
20th August 2017 and the second one on 9th September 2017. Solar dynamic spectra were recorded
in the 10 MHz up to 90 MHz frequency band. Together with the wide frequency bandwidth LOFAR

telescope (with single station used) provides also high frequency and high sensitivity observations.
Additionally to LOFAR observations, the data recorded by instruments on boards of the Interface
Region Imaging Spectrograph (IRIS) and Solar Dynamics Observatory (SDO) in the UV spectral range
complement observations in the radio field. Unfortunately, only the radio event from 9th September
2017 was observed by both satellites. Our study shows that the LOFAR single station observations,
in combination with observations at other wavelengths can be very useful for better understanding
of the environment in which the type III radio events occur.
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1. Introduction

The type III bursts [1] belong to the most frequently observed radio events in the outer
layer of the Sun’s atmosphere—the corona. They are observed over a broad frequency
range, from 10 kHz up to 1 GHz. Type III bursts appear in groups of numerous bursts,
with total duration from few minutes up to a whole day or even longer, in case of a storm [2].
In dynamic spectra the type Il bursts look like fast drifting, almost perpendicular structures.
The small inclination indicates the direction of fast moving electron beams accelerated
in the corona, which are responsible for the generation of type III bursts due to plasma
emission mechanism [3]. The relationship between the drift rate Dy measured at the
frequency f and the radial source velocity V; is given by:

f1dN
byl M
where N is the number density [4]. For type III bursts drift rates correspond to the
electron beams velocity ranging typically between 0.1c and 0.6¢ [2] (where ¢ is the speed
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of light). Drift rates decrease is directly proportional to the frequency and in the meter
range are about several hundred MHz/s (see e.g., [5]). The duration of individual bursts
varies inversely as a function of frequency. Time profiles of the type III bursts radio
flux show rapid rise and slow decay. Additionally, decay seems to have an exponential
distribution [6].

One of the characteristic features of a type III solar radio bursts is high drift rate,
measured in MHz/s (see Table 1). In the Figure 1 we present drift rates as a function of
frequency presented in publications listed in the Table 1. The drift rate was limited up to
10-90 MHz frequency band, which corresponds to the frequency range of our research.
The drift rates as a function of frequency obtained by [4,7] are similar, while the ones
presented in [8] are somewhat different.

Table 1. Drift rates for type III solar radio bursts.

Drift (Dy) Frequency Range Reference
[MHZz/s] [MHZz]
—0.017184 0.075-550 [8]
—0.007354 176 0.04-85 [4]
—0.0672f123 10-80 [7]
O -
=10 -
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Figure 1. Compilation of drift rates versus frequency presented by different authors, listed in the
Table 1. The lines correspond to: Alvarez & Haddock, 1973 [8], Mann et al., 1999 [4] and Zhang et al.,
2018 [7]. The negative value of the drift rates indicates that electron beams are moving upwards in

the corona.

For the proper velocity estimation of the electrons beams responsible for the type III
solar radio bursts generation, besides the drift rate, knowledge about the electron density
in the solar corona is also required. Several models of electron density in the solar corona,
like for example [4,9-13], are currently in use. Four of them were presented in the Figure 2.
In this study, the radial velocity have been computed employing the two most commonly
used electron density models proposed by [4,11].
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In the Mann et al. coronal density model [4] (hereafter called Mann et al. model) the
radial velocity V; is computed with the following formula:

vV, — (_?f) “0p - [1 +0.1451n <nffs>]_2 )

where vg = 100, 620 km/s, f is the frequency, f; = 644 MHz, n = 1 (for the fundamental
emission, 7 = 2 would correspond to harmonic emission, but here we assume fundamental
emission) and Dy is the drift rate. In the Newkirk coronal density model [11] (hereafter
called Newkirk model) the radial velocity V; is expressed as:

2Df d -1
V- (ma) G)
where: ; . .
(dr In(N )) = 432-1n(10) @)

where N is the number density, Dy is the drift rate, f is the frequency and r is a distance
from the center of the Sun in solar radius units [14]. For estimation of the type III radio
burst parameters we assume they are emitted at the fundamental plasma frequency.

The main objectives of our work was: (1) to determine the parameters of type III
events, such as drift velocity, (2) to estimate the velocity of electrons responsible for the
formation of such type of events and (3) to compare them with the results obtained by other
authors. Furthermore, the additional goal was to add more detail to already established
knowledge on type III radio bursts. For this task LOFAR telescope is extremely useful.
This instrument is very sensitive with high frequency resolution that observes a broad
bandwidth of very low radio frequencies (10-90 MHz). Such combination of parameters is
extremely rare, hence the direct comparison of the results with other radio data sources is
not always possible. For this purpose we used observations from a single LOFAR station
in Batdy (Poland). For better understanding of the conditions under which type III events
are generated, we also used the data obtained by the IRIS and SDO satellites.

1010
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—— Mann et al_, 1999
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Figure 2. Compilation of generally used models of electron density in the solar corona presented by
different authors. The lines correspond to: Baumbach, 1937 [10], Allen, 1947 [9], Newkirk, 1961 [11],
Saito et al., 1970 [13], Saito et al., 1977 [12] and Mann et al., 1999 [4]).
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2. Instruments

In this work we use the data from LOFAR, the LOw-Frequency ARray telescope (radio
range), IRIS (ultraviolet range) and from SDO (ultraviolet range).

2.1. LOFAR Telescope

LOFAR is a large radio interferometer working in a broad frequency range 10-240 MHz.
LOFAR consists of over 50 stations, which are spread all over Europe (Figure 3). The LOFAR
“core” consists of 24 stations located near Exloo, The Netherlands. Six of these stations
are placed on an artificial island with diameter of about 350 m called “Superterp”. 14 so
called “remote” stations are located at a distance of up to 90 km from the core. In addition,
LOFAR is extended with 14 “international” stations in Germany (6 stations), Poland (3
stations), and one station each in France, Sweden, United Kingdom, Ireland and Latvia.
The largest baselines are of the order of 2000 kilometres, resulting in the 0.1 arc second
resolution imaging in the 110240 MHz range. The LOFAR stations are connected by
a high speed network. The data centres are located in Amsterdam, Jiilich and Poznan.
The correlator is located in Groningen (The Netherlands). A single station of the LOFAR
telescope consists of few thousands of dipole antennas connected together. They are
grouped in two fields (1) Low Band Antennas (LBA) operating in the frequency range of
10-90 MHz and (2) High Band Antennas (HBA) operating in the range of 110-240 MHz.
Each station type: international, core or remote, has a different configuration and number
of LBA and HBA antennas [15,16].

Each international LOFAR station can operate as an individual instrument, which can
be used, for example, for spectroscopic solar observations. Ref. [17,18] have described a
methodology of simultaneous observations with both LBA and HBA, covering the entire
frequency range of the LOFAR telescope, which we have used in this work. A part of data
is recorded at the Baldy station Local Computing Unit, while the main string is recorded at
the University of Warmia and Mazury in Olsztyn data center.

Spectroscopic solar observation with the use of the Batdy LOFAR station (Poland) in a
local mode, started from February 2017 [19]. Since then, observations are performed regu-
larly, usually one or two days per week—the station runs also other observations programs,
especially in the ILT (International LOFAR Telescope) mode. The temporal and frequency
resolutions of observations presented here are 1 s and 0.39 MHz, respectively. The LOFAR
single station has unique capabilities which are the (1) high frequency resolution, (2) high
sensitivity, and (3) wide frequency bandwidth.

2.2. IRIS

The Interface Region Imaging Spectrograph (IRIS), launched on 27th June 2013, is a
Small Explorer mission (SMEX) realized by NASA. It observed the Sun in the ultraviolet
spectral range and performed images and spectra simultaneously. The main aim of IRIS
observations is to answer the questions about the structure, dynamics and processes in the
solar atmosphere, like type of non-thermal energy in the chromosphere and in the upper
layers, mechanism of coronal heating, acceleration of the solar wind, role of magnetic flux
emergence in the solar flares and coronal mass ejections (CMEs). The IRIS is a perfect
tool to study the solar atmosphere from the level of photosphere, across chromosphere,
transition region up to the corona because of its high spatial (0.33-0.4 arcsec), temporal
(1 s) and spectral resolution (1 km/s). These observations correspond to the range of
temperatures from 5 x 10% to 107 K. The IRIS telescope is constructed in the Cassegrain
system. The diameter of the primary mirror is equal to 19 cm and effective focal length
is approximately 7 m. The solar atmosphere is observed by the IRIS cameras in four
bands: C II 1330 A, Si IV 1400 A (both explore the transition region), Mg II k 2796 A
(chromosphere) and 2832 A containing the wing of Mg II line (photosphere). Passbands of
the Slit-Jaw Images (S]I) cover a field-of-view (FOV) up to 175 x 175 arcsec. On board of IRIS,
the Czerny-Turner spectrograph with a slit of 0.33 arcsec in width and 175 arcsec in length
is mounted. The spectrograph of IRIS covers two FUV ranges, FUVS (1331.6-1358.4 A)
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and FUVL (1390.0-1406.8 A) and one NUV range (2782.6-2833.9 A). The strongest lines
observed in these spectral ranges are Mg II h and k and C II (both are optically thick),
and Si IV (optically thin lines). Other optically thin lines, like O I, C11, O IV, S 1V, Fe XII and
Fe XX]I, are also observed. The detailed description the IRIS mission can be found in [20].
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Figure 3. Locations of the LOFAR stations. With stations in The Netherlands, Germany, Poland, France, Sweden, United
Kingdom, Ireland and Latvia, the LOFAR telescope is an European instrument. In the near future, it is planned to open a
station in Medicina (Italy)—operated by Italian National Institute for Astrophysics (credit: ASTRON).

2.3. SDO

The Solar Dynamics Observatory (SDO) launched on 11th February 2010, is NASA’s
mission under the Living With a Star (LWS) program [21]. The telescopes on board SDO
observe the solar activity and its influence on Earth and near Earth space. The mission
consists of three experiments: Atmospheric Imaging Assembly (AIA), Extreme Ultraviolet
Variability Experiment (EVE), and Helioseismic and Magnetic Imager (HMI). AIA contains
four telescopes, each one has 20 cm diameter and effective focal length of 4.125 m. They
image the solar atmosphere in seven Extreme Ultraviolet (EUV) channels: 94, 131, 171, 193,
211, 304, 335 A, which covers the temperature range from 6 x 10% to 2 x 107 K, and in 1600,
1700 and 4500 A [22]. EVE measures the Sun’s EUV irradiance in range of wavelengths
from 0.1 to 105 nm [23]. HMI studies the magneitic field (Doppler shift, intensity and vector
of the field) of the solar surface and observed the Sun at 6173 A [24].

3. Observations

For our analyzis, we chose two type III solar radio events observed in the fre-
quency range of 10-90 MHz. The first one occurred on 20th August 2017 (shown in the
Figures 4 and 5) and the second one on 9th September 2017 (shown in the Figures 6 and 7).
In both cases, we were unable to observe the beginning or ending of the event, because the
Sun was already too low over the horizon or the observation program for Baldy station
was set to observations of another radio source. On bottom panels of Figures 4 and 6 radio
flux from LOFAR at 39.84 MHz frequency has been selected as it roughly corresponds to
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the middle of our frequency band. However, we note that the events on 20th August 2017
and 9th September 2017 were also embedded in the type III storms lasting for several days,
related with the activity from active regions NOAA 12671 and NOAA 12673, respectively.
The type III event on 20th August 2017 was observed between 09:03:32 UT and 15:14:36 UT
and the event on 9th September 2017 was observed between 10:03:32 UT and 14:09:08 UT.
During the event on 20th August 2017 the GOES satellite registered two flares. The first
one is B6.1 flare which originated from the NOAA 12671 active region. The flare started at
12:16 UT, reached the maximum at 12:21 UT and ended at 12:26 UT (Figure 5, upper panel).
The second one C1.0 flare originated from the NOAA 12672 active region. The flare started
at 14:40 UT, reached the maximum at 14:45 UT and ended at 14:52 UT (Figure 5, upper
panel). The solar flares were localized in two different AR’s. One of the flare appeared
close to the centre of the solar disk, and the second one were observed on the east solar
limb. Due to the lack of an interferometric Sun image, it was impossible to identify the
radio sources. During the event on 9th September 2017 the GOES satellite registered the
M3.7 flare which originated from the NOAA 12673 active region located close to the solar
limb at coordinates (187”S 883”W). The flare started at 10:50 UT, reached the maximum at
11:04 UT and ended at 11:42 UT (Figure 7, upper panel). The main details regarding both
events are summarized in the Table 2.

Table 2. Type III radio events and corresponding GOES flares.

Type III Events Flare Class Time (Start-Max-End) NOAA Location
2017-08-20 B6.1 12:16-12:21-12:26 UT 12671  34"N 144"W
09:03:32-15:14:36 UT C1.0 14:40-14:45-14:52 UT 12672 75"N 945"E
2017-09-09 M3.7 10:50-11:04-11:42 UT 12673 187"S 883"W

10:03:32-14:09:08 UT

One of the three GOES solar flares which appeared during studied radio events was
also registered by the IRIS and SDO satellites. It was an M3.7 GOES class solar flare
registered on 9th September 2017 (Figure 7, second panel). One can see two peaks, the first
one at 11:04 UT and the second one at 11:23 UT. The second peak appeared in the same
active region, but it was not fully visible in the FOV of the SJIs. After these two peaks
we observed gradual phase of the solar flare lasting over 2 hours. IRIS performed the
observations from 5:20 to 11:36 UT and it contains the impulsive, maximum phase and part
of the gradual phase of the flare. The observations contain SJIs in three passbands with a
FOV 61 x 68 arcsec—C I1 1330 A (transition region), Mg I1 k 2796 A (chromosphere) and
wing of the Mg II line centered at 2832 A (photosphere). IRIS recorded 800 SJIs with a 28 s
cadence in every passband (examples are showed on the Figure 8): 1330 A—upper panel,
2796 A—middle panel, 2832 A—lower panel. In our research we used IRIS level 2 data,
which are corrected for i.a. dark current, flat-field, geometric distortion and scattered
light [25]. In the upper panel of Figure 7 we marked also moments, for which SDO/AIA
maps were obtained (green vertical dotted lines). In the Figure 8 we can see the active
region just before the flare triggered at 10:59 UT in the images at 1330 A and 2796 A.
Some small brightenings in one of the sunspots in the photospheric filter are clearly visible.
The flare ribbon was well visible in the IRIS maps at around 11:01 UT in the impulsive phase.
After the flare onset, at 11:10 UT and 11:15 UT, the small flare loops system also appeared.
There are no visible structures at 2832 A in the photosphere layer. The characteristic feature
of the SJIs is also worth mentioning. The bright vertical line in the middle of the transition
region maps and the same line, but dark visible in the other maps (Figure 8), is a shadow
of the slit of the IRIS spectrograph.
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Figure 4. Upper panel: a ten-minutes part of the solar dynamic spectrum of the storm of type III
radio bursts recorded on 20th August 2017 with LOFAR Baldy station. Bottom panel: radio flux
at frequency of 39.84 MHz, extracted from dynamic spectrum on the upper panel, shows the time
profiles of individual type III bursts.
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Figure 5. The GOES 1-8 A and 0.5-4 A fluxes recorded during the studied radio event with type III
radio bursts. The upper panel shows GOES X-ray fluxes observed on 20th August 2017 from 9:00
to 15:30 UT. In this time GOES registered two solar flares B6.1 and C1.0 (the maxima of both of
these flares were marked by the blue vertical dotted lines). The second panel shows the radio flux at
39.84 MHz frequency from LOFAR in the time of GOES’ registered flares. LOFAR observations were
not continuous, therefore there are two gaps in the signal.
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Figure 6. Upper panel: a ten-minutes part of the solar dynamic spectrum of the storm of type III
radio bursts recorded on 9th September 2017 with LOFAR Baldy station. Bottom panel: radio flux
at frequency of 39.84 MHz, extracted from dynamic spectrum on the upper panel, shows the time
profiles of individual type III bursts.

The comparison of GOES 1-8 A with IRIS 1330 A and 2796 A SJIs, counted from
the whole FOV of every SJI and divided by its exposure times (Figure 7), shows that
for both of these wavelengths the lightcurves during radio event on 9th September 2017
are similar to each other (showing the impulsive phase and two peaks of the solar flare).
Unfortunately, the complete gradual phase of the flare in UV was not observed because
of the gap in the IRIS observations. We also present SDO maps at selected channels AIA
(94,171, 211, 1700 A showed flaring regions of the solar corona, upper transition region,
active regions of the corona and photosphere/temperature minimum region, respectively)
with the full visible active region NOAA 12673 during the impulsive phase of the flare
with overplotted IRIS FOV (rectangle, Figure 9). On these maps one can see the detailed
location of the active region with solar flare (the solar limb is overplotted by black solid
line). The Figure 7 (middle panel) also shows the lightcurves from SDO obtained in the
same way as the IRIS lightcurves. We can see a delay between the UV and radio emission
is about 3 min. The delay between the individual UV channels and X-ray is smaller than
the delay between UV and the type Il radio bursts. The SDO/AIA wavelengths follow the
X-ray flux. The differences between the maxima in IRIS and SDO fluxes are due to the fact
that we observe plasma at different temperatures.
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Figure 7. The comparison of the GOES X-ray and radio fluxes with IRIS and SDO UV signals during the radio event
observed on 9th September 2017. The upper panel shows the GOES 1-8 A and 0.5-4 A fluxes observed from 9:10 to 14:00 UT.
We can see an M3.7 solar flare with peak at 11:04 UT (marked by the blue vertical dotted line). The flare was also observed
in the ultraviolet spectral range. The green vertical dotted lines indicate the moments for which we showed SJIs from
the IRIS satellite in three passbands: 1330 A, 2796 A and 2832 A on Figure 8. The middle panel shows the lightcurves
determined from IRIS SJIs recorded in 1330 A (orange dashed-dotted line) and 2796 A (blue dashed-dotted line) passbands.
IRIS observations were not continuous, therefore there is a gap in the signal. The panel also presents the lightcurves
from SDO/ AIA recorded in 94, 171, 211 and 1700 A channels (green, red, blue and violet solid lines respectively). SDO
observations ended at 11:46 UT. The third panel shows the radio flux at 39.84 MHz frequency from LOFAR in the time of
GOES'’ registered flare. LOFAR observations were not continuous, therefore there is a gap in the signal.
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Figure 8. Examples of the SJIs at C II (centered at 1330 A; upper panel), Mg II k (2796 A; middle panel) and window
centered at 2832 A (wing of Mg II line; lower panel) obtained by IRIS satellite in the active region NOAA 12673 on
9th September 2017 during observational time 5:20-11:36 UT. The images show the observed flaring region in four times of
the observations: at 10:59 UT and 11:01 UT during the impulsive phase of the flare, at 11:10 UT after the flare maximum,
and 11:15 UT at the beginning of the gradual phase with the flare loops. The bright vertical line in maps at 1330 A and dark
one at 2796 and 2832 A is a shadow of the slit of spectrograph. The SJT image is forming, when the light is reflected off the
area around the slit, and one can see in the images the feature from spectrograph.
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Figure 9. Examples of the SDO/AIA maps obtained on 9th September 2017 (NOAA 12673) at four
channels during the impulsive phase of the flare presented different heights in the solar atmosphere:
94 A (shows flaring region present in the solar corona, the primary ion in this channel is Fe XVIII),
171 A (upper tranistion region, the primary ion: Fe IX), 211 A (active regions in the corona, the primary
ion: Fe XIV) and 1700 A (show the photosphere and temperature minimum region, we observe in
the channel mainly the continuum emission). Maps include the whole active region visible close to
the west solar limb (black solid line). The FOV of the S]Is is overplotted in every SDO map (blue
rectangle). We can see the IRIS FOV cover the middle part of the region.

4. Results

The studied radio events consisted of numerous type III solar radio bursts that show a
visible drift rate in frequency. For the analyzis, we selected well isolated type III bursts, so
that their drift rates could be easily determined. The determination of this parameter would
not be possible for examples when two or more type III burst were overlapping. Bursts
were isolated by an approximate visual assessment, resulting in a search window for each
isolated burst, defined in time and frequency domain. Then four parameters have been
estimated for each burst by determination of the local flux maxima in consecutive frequency
channels - first the frequencies of the burst beginning and end, nextly corresponding times.
This allowed us to determine a constant, linear drift rate for each burst. Due to bursts
durations close to the time resolution of the observations (1 s) it was not possible to
determine time and frequency for intermediate points of the bursts. We applied this
procedure for several dozens of well isolated type III bursts in both studied events.

Figure 10 shows the drift rate change as a function of frequency for the studied events.
The lines correspond with the power-law fit to the data. We found that the frequency drift
rate for 124 type III bursts within 10-90 MHz for 20th August 2017 can be described by
Dy = -0.04 139 and the mean value of drift rate was —9.4 MHz/s. The frequency drift
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rate for 131 type III bursts within 10-90 MHz for 9th September 2017 can be described by
Dy = —0.01f18! and the mean value of drift rate was —7.3 MHz/s.

30 2017-08-20 & 2017-09-09

* * 2017-09-09

2017-08-20
35 1

40

45

Frequency [MHz]

65 -

70

75 . . .

Drift rate [MHz/s]

Figure 10. The drift rate as a function of frequency for the both analyzed type III solar radio events.
The blue asterisks mark the 131 type III bursts observed on 9th September 2017 and the yellow
asterisks mark the 124 type III bursts observed on 20th August 2017. The blue and yellow lines show
the fitting results to the bursts described by Dy = —0.01f 181 and D = —0.04f 139 for 9th September
2017 and 20th August 2017, respectively.

Assuming the Mann et al. coronal density model we found that radial velocity
of the type III bursts related electrons amounts around 43,704 km/s (the drift rate was
—9.4 MHz/s), that corresponds to 0.15c and 30,960 km/s (the drift rate was —7.3 MHz/s),
that corresponds to 0.10c on 20th August 2017 and 9th September 2017, respectively. When
using the Newkirk coronal density model, then the radial velocity of the type Il bursts
related electrons for event observed on 20th August 2017 (the drift rate was —9.4 MHz/s)
is 54,287 km/s (which corresponds to 0.18c) and for event on 9th September 2017 (the
drift rate was —7.3 MHz/s) is 38,119 km/s (which corresponds to 0.13¢c). We found that
the radial velocity of the type III bursts related electrons for radio event observed on
20th August 2017 is a little bigger in comparison to the velocity of the type III bursts related
electrons event observed on 9th September 2017. Other authors suggest, that the electron
beams velocities are in the range of 0.1c and 0.6c [2], while herein obtained results suggest,
that they rather remain in the lower part of that range.

During the event observed on 20th August 2017, the type III bursts drift rate ranged
from —3.5 MHz/s to —19.3 MHz/s, with the average value of —9.4 MHz/s. No significant
change of the drift rate was observed during the B6.1 flares (the maximum of which
was observed at 12:21 UT) and C1.0 (with a maximum at 14:45 UT). During the event
observed on 9th September 2017, the type III bursts drift rate ranged from —1.6 MHz/s
to —17.6 MHz/s, with the average value being —7.3 MHz/s. During the M3.7 flare (the
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maximum of which was observed at 11:04 UT according to the GOES flux), the drift rate did
not change significantly. In general, in both analyzed radio events the drift rate cover very
similar ranges of values. However, it seems that the drift rate of type III bursts observed on
20th August 2017 is slightly higher (Figure 10).

The energy of electrons exciting type III bursts amounts 6.09 keV and 9.55 keV (for
Mann et al. model and Newkirk model, respectively) for radio event observed on 20th Au-
gust 2017 is twice as large in comparison to the energy of electrons exciting type III bursts
which is 3.16 keV and 4.83 keV (for Mann et al. model and Newkirk model, respectively)
for radio event observed on 9th September 2017 (Figure 11). The results of our analyzes
have been collected in Table 3.

Table 3. Physical parameters of the studied events on 20th August 2017 and 9th September 2017.

Mann et al. Model Newkirk Model
Events Number of Drift (Df) Central Freq. (f) V; Energy V; Energy
Type III Bursts  [MHz/s] [MHz] [km/s] [keV] [km/s] [keV]
2017-08-20 124 —-9.4 53.3 43,704 (0.15¢) 6.09 54,287 (0.18c¢) 9.55
2017-09-09 131 -7.3 56.0 30,960 (0.10c) 3.16 38,119 (0.13c¢) 4.83
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Figure 11. The electron energy as a function of frequency for the both analyzed type III solar radio
events. On the left panel the blue asterisks mark the 131 type III bursts observed on 9th September
2017 and the yellow asterisks mark the 124 type III bursts observed on 20th August 2017, assuming
the Mann et al. coronal density model. On the right panel the blue asterisks mark the 131 type III
bursts observed on 9th September 2017 and the yellow asterisks mark the 124 type III bursts observed
on 20th August 2017, assuming the Newkirk coronal density model.

5. Discussion

We find that the frequency drift rate for type III radio bursts within 10-90 MHz
band for event on 20th August 2017 can be described by Dy = —0.04 139 and for the

event on 9th September 2017 by Dy = —0.01f 181 Our results show that the drift rate for
20th August 2017 radio event is very similar to the drift rate obtained by [4,7]. On the
other hand, the drift rate for 9th September 2017 radio event is very similar to the drift rate
obtained by [8] (Figure 12).
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Figure 12. Comparison of drift rates versus frequency presented by different authors, listed in the Table 1. The dashed line
correspond to the 20th August 2017 radio event and the dash-dot line to the 9th September 2017. We can see that drift rate
for 20th August 2017 radio event is very similar to the drift rate obtained by [4,7]. On the other hand, the drift rate for
9th September 2017 radio event is very similar to the drift rate obtained by [8].

The average drift rate of type Il bursts during the event observed on 20th August 2017
was somewhat stronger than during the event observed on 9th September 2017 despite
the association of the type III burst on the 9th September 2017 with the stronger flare
(GOES M3.7).

Regarding velocities of electron beams accelerated in the corona—responsible for
the generation of type III bursts due to plasma emission mechanism—it turned out that
electrons in event on 20th August 2017 achieve greater velocity which is 0.15¢ and 0.18¢ (for
Mann et al. model and Newkirk model, respectively) than the electrons in the 9th September
2017 radio event which is 0.10c and 0.13¢ (for Mann et al. model and Newkirk model,
respectively). Other authors suggest, that the electron beams velocities are in the range of
0.1c and 0.6c¢ [2], while herein obtained results suggest, that they rather remain in the lower
part of that range. It seems that the velocity of the electrons is not related to the GOES
flare class. The electrons responsible for the generation of type III bursts achieved greater
velocities during the event on 20th August 2017 than during 9th September 2017 event
despite the observation of B and C type flares on the former one and M type flares on the
latter. It is possible that the electron velocity depends on physical conditions in solar active
regions, from which they originate.

The energy of electrons exciting type IIl bursts for radio event observed on 20th August
2017 is twice as large in comparison to the energy of electrons exciting type III bursts for
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radio event observed on 9th September 2017. It is possible that the difference is related to
different configuration of the magnetic fields of the active regions.

The type III radio bursts during the event observed on 20th August 2017 in the
10-90 MHz band were distributed fairly evenly. No increase of their number was observed
during a B6.1 and C1.0 flare. In the case of the event on 9th September 2017, observed in
the 10-90 MHz band, they were also distributed fairly evenly. Similarly, no increase of their
number was observed during the M3.7 flare.

Comparison of the radio flux at frequency 39.84 MHz from LOFAR with X-ray (GOES)
and UV (IRIS and SDO) fluxes on 9th September 2017 shows that radio flux increased
around 3 min after increasing of UV fluxes (around 11:09 UT). Storing the energetic electrons
in the lower corona before they are released into the upper corona, that is covered by LOFAR
frequencies, or a slow, diffusive transport of type IIl radiation near its source region seem
implausible to explain the delay. The most plausible explanation is that the type III bursts
we observe are not associated with the initial increase in X-ray and UV fluxes. We happen
to see the radio emission later in the flare, but miss radio bursts from the flare onset.
A possible explanation is that fundamental plasma emission is not emitted isotropically,
but in some preferred directions. On top of this, coronal density structures can refract the
radio waves and act as a wave guide. So the geometry has to be right for type III emission
being able to reach us on Earth. This condition was met for some time 3 min after the flare
onset, but not at the start of the flare. Unfortunately, we do not see any correlation with
X-ray flux for the event on 20th August 2017. The reason for this are probably weak solar
flares, classified as B6.1 and C1.0, during this event.

6. Conclusions

In this work we presented study of the two solar radio events consisting of type III
bursts, observed by LOFAR station in Batdy in the single mode. Both of them were observed
in the frequency range of 10-90 MHz. The first one occurred on 20th August 2017 and
the second one on 9th September 2017. Additionally, we also inspected the data recorded
by instruments on boards of IRIS and SDO (in UV range) and GOES (X-ray range) which
complement observations in the radio field.

Different values of drift rates resulting from our research for the both analysed radio
events suggest that electron beams (responsible for the generation of the type III bursts)
propagate through the plasma in solar corona with different density, temperature, velocity
and the geometric configuration of the magnetic field.

In the work, among others, we focused on the temporal evolution of the event on
selected SJIs. Comparison of the LOFAR radio data with X-ray (GOES) and UV (IRIS and
SDO) observations allowed us for tracing of solar events related with the type III radio
bursts. Unfortunately, the comparison could only be done for radio event observed on
9th September 2017, because only for this event there exist UV data recorded by IRIS and
SDO. During this event the type III of radio bursts were observed between 10:04 UT and
14:09 UT. No increase in the number of individual radio bursts was observed during the
M3.7 flare (with maximum at 11:04 UT).

The comparison of fluxes on 9th September 2017 shows that the type III bursts we
observed were not associated with the initial increase in X-ray and UV fluxes. Unfortunately,
we do not see any correlation for the event on 20th August 2017. The reason for this are
probably weak solar flares, classified as B6.1 and C1.0, during this event.
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Abbreviations

The following abbreviations are used in this manuscript:

AIA Atmospheric Imaging Assembly

CME Coronal Mass Ejection

ESA European Space Agency

EUV Extreme Ultraviolet

EVE Extreme ultraviolet Variability Experiment

FOV Field-of-View

FUV Far Ultraviolet

FUVL Far Ultraviolet Long wavelength band
FUVS Far Ultraviolet Short wavelength band
HBA High Band Antennas

HMI Helioseismic and Magnetic Imager

ILT International LOFAR Telescope

IRIS Interface Region Imaging Spectrograph
LBA Low Band Antennas

LMSAL Lockheed Martin Solar and Astrophysics Laboratory
LOFAR LOw-Frequency ARray

LWS Living With a Star

NASA  National Aeronautics and Space Administration
NUV Near Ultraviolet

SDO Solar Dynamics Observatory

SJI Slit-Jaw Images

SMEX Small Explorer mission
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