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Abstract We report about observations of solar U+lll bursts on 2028eJb by means of a new active
antenna designed to receive radiation in 4—70 MHz. Thisunsént can serve as a prototype of the ultra-
long-wavelength radio telescope for observations on treédia of the Moon. Our analysis of experimental
data is based on simultaneous records obtained with tharaaterays GURT and NDA in high frequency
and time resolution, e-Callisto network as well as by usimg ¢pace-based observatories STEREO and
WIND. The results from this observational study confirm thedel of Reid and Kontar.

Key words: Sun: corona — Sun: radio radiation — methods: data analysislescopes

1 INTRODUCTION radio emission of cosmic objects both independently and
as parts of antenna arrays or interferometers. Its impbrtan

After a long break, the return of humans to the Moonadvantage is a feasibility of preliminary approbation on

has become extremely important for many reasons. O_l?rarth, rec_eiving radio emission at frequencies clqse_ to
one hand, the Moon can serve as an ideal IaunchinngSphe”C cutoff and higher. The present paper is just

pad for building large-scale bases from which future evoted to real observations as a test of this antenna
space missions with direct human participation W0u|ddemonstrating the scope of this instrument for exploring

begin to explore the other inner planets of our solafthe Universe at ultra-long wavelengths in radio emission.
system, in particular MarsWitze 2019 Dhingra 2018. Consequently, we observed and study the solar type U

On the other hand, the presence of a unique radio quiéf"dio purst as;ociated with type Il bursts that are useful t
zone on the lunar farside would allow observing very€X@Mmine possible models of the event.

low-frequency emission from various cosmic objects

almost not available for ground-based observation® |NSTRUMENT

because of ionospheric cutoff as well as intensive artlficia

and/or terrestrial radio disturbanceslegter & Falcke The great interest in the development of small-sized
2009 Lazio etal. 2011 Mimoun et al. 2012 Zarka etal. active dipoles for low-frequency radio astronomy has
2012 and a recent linkhtt ps: // ww\. space. coml noticeably intensified theoretical and experimental ssidi
nasa-t el escope- f ar-si de- of - noon. ht m ). of antenna technology, amplifiers and related components
The construction of a large scale radio array is not an easfseeKonovalenko et al. 2018nd references therein). Over
task even on Earth, and on the other planets and moons tHifteen years of experience in operating active dipoles at
task is a major challenge for humanity to build scientificthe Giant Ukrainian Radio Telescope (GURT) ground-
instruments in extreme conditions. The Ukrainian progranbased radio array demonstrated their reliability and viglid

of lunar explorations by spacecrafts has been suggestddr scientific results. These dipoles, being small in size,
by Shkuratov et al(2019, and perspective steps to solar provide optimal “radio astronomical sensitivity,” whic# i
studies with the help of radio observations on the lunadetermined primarily by the contribution of the amplifier
farside were considered bgtanislavsky et al.(2018. temperature to the noise temperature of the active dipole.
Advancing this program as applied to radio astronomyn the case of a noise-free amplifier, the noise temperature
purposes, we produced an antenna prototype for the futuid the active dipole is equal to the antenna temperature,
lunar telescope at ultra-long wavelengths. It can recorabtained from observations of the Galactic background
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Fig.1 Sketch of the antenna prototype (a) with its frontal pragec(b).

radio emission. A good result is considered to achievdable 1 Evolution of AR 12765 (see
the contribution of the amplifier temperature to the noiseht t ps: / / ww. spaceweat herl i ve. coni en/
temperature of the active dipole no more than 10% -sol ar- acti vity/regi on/ 12765)

25%. In this way, the corresponding studies were carried

Data Number of | Size Class | Location
out to develop a prototype of the ultra-long-wavelength sunspots | (MH) | Magn. | (deg)
broadband antenna for radio astronomy purposes in which 2020/06/03 2 70 a S24E71
the Moon is an instrument location. 2020/06/04 2 100 @ S24ES8

2020/06/05 3 130 B S24E44

By numerical simulations of the antenna prototype 2020/06/06 5 110 B S22E33

d formi A 2020/06/07 6 100 B S23E20
and performing measurements of its param.eters., we 2020/06/08 7 100 3 S24E07
have studied the complex geometry of an active-dipole 2020/06/09 4 70 B S24W06
antenna, located above a partially conductive ground ggggfggﬁg 1 gg N gggwgé
(Tokarsky et al. 201)7 A sketch of this antenna is featured 2020/06/12 1 50 « S26W46
in Figure 1. Consequently, a computer model of this 2020/06/13 1 60 a S25W60
antenna was developed, which allowed us to obtain its 2020/06/14 ! 20 C“ S2OWT3
ped, 2020/06/15 1 10 a | S26W86

characteristics (impedance, energy parameters, radiatio
pattern) in the operating frequency domain of 1 to 70device for the radio telescope UTR-Zgkharenko et al.

MHz. As a part of these studies, the dipole and ampllflerzom_ This allows performing real-time Fast Fourier

were designed and manufactured as an active antenr}a . .
- . L ransform (FFT) analysis in two independent channels
capable of receiving cosmic radiation in the frequency

band 4-70 MHz. Test measurements of the GalactiWhose operating frequency bahd 'S (.)_33MH.Z' Since
o he prototype antenna can receive radio emission up to
background radiation were successfully conducted

. . 0MHz, we applied a special technique for records of
the Radio Astronomical Observatory of S. Ya. Braude . We app P que. .
. . . . radio emission in the frequency band twice as wide as
in terrestrial conditions. The antenna design was th

following. The dipole arm lengths along the midline (ABC ?he recelver can pgrform n ea_tch chqnnel separately. While
in the frontal projection of Figl) are 2.8 m, the angl one channel received radio signals in the frequency range

ine frontal proj . g o 9 433 MHz, another operated within 33-66 MHz. Their
of inclination to the horizontal plane is 4%and the dipole

. . combination gave the spectrum of radio emission within
terminals are located &t= 1.7 m above ground. It is made N P

of steel tubes having a diameter of 23 mm. As an antenn‘zgq_66 MHz. Based on the technique, the frequency and time

amplifier, the low-noise amplifier (LNA) with PHEMT Lehsa?:ﬂgfns were 4kHz and 100ms, respectively, in each
transistors is usedprolev 2014. The LNA nominal gain '

is Gamp = 22 dB, the effective noise temperature is about

50 K and the 3rd order nonlinear distortion coefficient3 OBSERVATIONS

is more than 30 dBV~!. The LNA is supplied with a

voltage of 5 V at the current consumption of 40 mA. Radio emission of solar bursts is often divided into types

from the analysis of their observed frequency drift rate.
The spectrum records of solar radio emission were obThe most numerous among the solar bursts are type

tained by utilizing the receiver DSP-Z (an abbreviation forlll bursts (see, for exampleReid & Ratcliffe 2014with

digital spectropolarimeters of type Z) which is a standardeferences therein). They are caused by high velocity
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electron beams accelerated by unstable magnetic fields entire surface area of the Earth (which is almost 170 MH),
the solar atmosphere, and because of this, their frequenbyt larger sunspot groups can easily reach 1000 MH or
drift rate is extremely high. Typically, the type Il bursts even much moreMeadows 200p In the following days,
manifest a monotonic shape in dynamic spectra, goinghe region remained in th&class, but decaying, after June
from high to low frequencies, showing the motion of 10 it moved to thex class until it disappeared completely,
beams to Earth. However, sometimes the closed magnetiping to the farside of the Sun. Note that the B6 (faint)
fields on the Sun can change this exhibition in dynamidlare occurred in this region at21:33 UT on 2020 June 8.
spectra. Their overall spectral signature resembles the Bipolar magnetic fields are interesting primarily
letters J and U, and the bursts are therefore called typepb.ause they can be responsible for type U solar radio
and type U, respectivelyokker 1970Labrum & Stewart  p,-ots |t was such a burst that we managed to successfully
197Q Stone & Fainberg 1971Caroubalosetal. 1973 |(ocord on 2020 June 5 (Fi®) with the help of the
Morosan etal. 2017 It is generally accepted that the gnienna prototype for future lunar radio telescopes. The
origin of these bursts is explained by the fact that thehange of sign in the frequency drift rate from negative to
beam electrons travel along closed magnetic field lines,qsitive in this burst was clearly seen in the frequencies
and therefore the frequency drift velocity is inverted ot 20MHz to ~15MHz. Due to low solar activity, in
(Zhelezniakov 1960 The motion of electrons from low to general, the cutoff frequency of the Earth’s ionosphere at
high density regions causes an increase of radio emissiql);; |atitude is noticeably lower than 10MHz (on some
with frequency, whereas if the electron beam movegjays even reaching frequencies of 2MHz). This makes
away from the Sun, the frequency of radio emissiony nasiple to conduct radio observations at frequencies
decreasesLgblanc etal. 1983Aschwanden etal. 1992 5oty close to those that are planned to record with
The exciters, going through the corona, can producqnar opservatories. Therefore, the received bursts were
simultaneous emission at the fundamental and the secopdyfigently detected at extremely low frequencies close
harmonic of the local coronal plasma frequency. Iy, g MKz, despite numerous natural and artificial radio
comparison with ordinary type Il bursts, both U and Jinerferences. A much more detailed spectrum above
bursts occur rarely. In our observations we detected @ \Hz was provided by recording this event with the

unique event in which the U _burst was surrounded not o_nlchRT antenna array (Fi@). This active antenna consists
by type Ill bursts, but associated with some of them beingy o5 cross-dipoles, five in each row and column. Dipole

interplanetary. arms have east-west and north-south orientations. The

nstrument serves for receiving radio emission within 8-
activity minimum, nevertheless, activity still sometimes 80 MHz (Konovalenko etal. 2036 As the sensitivity of
occurred. In particular, on 2020 May 29, the sunspot group® GURT array is higher than that of one dipole antenna,
caused the largest solar flare in a long period, starting frorffS dynamic spectrum represents many (less intense) type
October 2017. This flare was M class, and it could be seell! solar bursts that are clearly visible before the solar U
as the beginning of the awakening of the Sun after a lon§urst- Moreover, the latter has a fine structure.

period of inactivity. Recall that the solar flare strength is  Space-based observations with the STEREO A and
denoted by letters A, B, C, M and X with decimal sub- WIND spacecrafts at this time support our detection
classes. The smallest of them is A-class, whereas X-claght t ps: //sol ar - r adi 0. gsf c. nasa. gov/

flares are the most intense. The M-class flare allowed us tdat a/ WAaves- SWAVES/ 2020/ wi nd_st ereo_

assume continuation of solar activity in the following days20200605. pdf ). Unfortunately, the highest frequencies
and a chance for recording solar radio bursts in early Junef these radio instruments-(l6 MHz and~13.8 MHz,
2020. In fact, a new active area, namely NOAA AR 12765 respectively) did not allow noticing all the details of this
appeared on the limb from the eastern side of the Sun oevent. Nevertheless, the observations show continuation
2020 June 3 (see Tab®y. At first it consisted of a single of the solar radio event up to 100kHz which may be
spot  https://ww. spaceweat herlive.conl interpreted as an interplanetary type Il burst (F.

en/ sol ar-activity/region/12765), which  Interestingly, this result manifests an important feature
turned into a small bipolar region on 2020 June 5, closef this event. We observe the separation of electron
to the north-east of the initial spot position. Generally,beams into two parts. One part, due to the deflection of
sunspots can have different sizes and shapes. On this dagams by solar magnetic fields back to the Sun, caused
the size of sunspots was the largest for this active regiothe emergence of the U-shaped burst, whereas another
(AR). Its maximum value was 130 MH (in “millionths followed in the opposite direction to Earth, producing
of the visible solar hemisphere”). It should be mentionedraces on the dynamic spectra, characteristic of solatdurs
that most sunspot groups cover an area comparable to tioé type Ill, merging together. The types of solar bursts,

Although the Sun in the summer of 2020 was at sola


https://www.spaceweatherlive.com/en/solar-activity/region/12765
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Fig.2 Dynamic spectrum of the solar U+lll bursts (observed on 202fe 5) with the help of an antenna prototype
intended for ultra-long-wavelength records. The prominearrow vertical and horizontal lines indicate numerous
intensive radio disturbances generated by natural ligigtdischarges and broadcast stations, respectively.
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Fig.3 Dynamic spectrum of many solar bursts~a09:37 UT on 2020 June 5 obtained with the active antenna array
GURT (time resolution 100 ms, frequency resolution 38 kHz).

observed simultaneously, may be called U+lIl bursts, since  To confirm this concept, we have found the U-shaped
they were connected with the same place (AR 12765) oburst in the observations made on other suitable radio
the Sun and generated by the same group of associatéelescopes, which had a similar low-frequency range for
electron beams. The U+lll event is superimposed on aecording solar radio emission. One of the e-Callisto
series of weaker type Il bursts. network stationsBenz et al. 200p located in Greenland
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Table 2 High frequency cutoff for the U+l bursts, observed on 2@20e 5 at~09:37 UT, from the e-Callisto network
data (sedatt p: //sol ei | .i4ds.ch/sol arradi o/ cal | i st oQui ckl ooks/ ?dat e=20200605).

Country Location Frequency Cutoff
range (MHz) (MHz)
Denmark Copenhagen, DTU 45-100 85
United Kingdom Glasgow, UOG 45-81 > 81
Switzerland Landschlacht, HBOSCT 15-85 82
Switzerland Landschlacht, HBOSCT 45-155 84
Switzerland Heiterswil, Kant 45-81 > 81
Austria Michelbach, Lensch 20-90 75
Belgium Humain, ROB 45-435 80-90
India Bangalore, GAURI 45-410 85
Denmark Kangarlussuag, Greenland 10-95 85-90
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Time [UT] June 5 observed with NDA in Nancay.

Fig.4 Dynamic spectra of radio emission recorded
W|th the SO|aI’ Space'based ObSEI’V&tOI’Ies WIND anq'SR Ke”yv"le Observatory near Kangerlussuaq?w
STEREO A on 2020 June 5, according ot ps:// 8.88' N, 50° 56' 44.26’ W), recorded the solar U-shaped

| ar - i 0.gsfc. ) i . .
fgdgr a:}gdrl]tot SSS /C/ :;S:r _g?;éidg_t gém:.ng;sa. burst at the same time that we did (see Tab)leLet us

gov/ dat a/ st er eo/ new_summary. mention a little about hardware features of this station
for solar observations: the frequency domain of 10 to
__2020/06/05 Radio flux density (RP), e-CALLISTO (GREENLAND) _ 95 MHz is divided into 200 frequency channels each of

N
o

which has the band of 475 kHz, and the time resolution
is 250 ms. The antenna consists of one broadband low-
frequency antenna intended for the Long Wavelength
Array (LWA, seeht t p: / /1 wa. phys. unm edu). The
09:32 09:36 09:40 09:44 spectra obtained by the e-Callisto station (see Bjcare
Time [UT] morphologically identical to the spectrum obtained by our
p2ZEE Radiofiux dersity (L), 2 CALLISTC (CREENLAND) instruments, which had noticeably both better sensitivity
' and higher frequency-time resolution. There is no doubt
that the records show the same event, manifesting the solar
U-shaped burst. Moreover, fragments of this event were

IN
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[e2]
o

N
(=)

Frequency [MHz]
[ 3N
o o

80
100 also detected with other e-Callisto stations. It is alsottvor
09:32 09:36 09:40 09:44 mentioning that this group of solar bursts was recorded
Time [UT] by the Nancay Decametric Array (NDA) in France.

. : The d i trum is displayed in FiguBe Th
Fig.5 Dynamic spectra of radio emission in right (RP) and de. tylnamlc Spec rgm :js i lspbaye t'.n Igf | © di
left (LP) handed polarizations from the solar observationd@d!0 (€1€SCOPE provides daily observations ot solar radio
on 2020 June 5 with the e-Callisto network station in€mission at 10-80 MHz. Its & 72 helical spiral antennas
Greenland. In the upper part of the spectra, the trackre for polarization measurementofschot et al. 198)0)
similar to a type Ill burst can be seen, separated from thand the solar NDA data are freely available for viewing
type U burst branch with a negative frequency drift rate. (via the link https://real ti ne.obs- nancay.
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fr). Using the variety of radio astronomy tools in is indicative. As the local plasma frequenfy. (in MHz)
our comparison, we conclude that the observed U+lllequals
bursts have a solar origin and cannot be associated with fre =8.9-107%/n,, (2)

ionospheric disturbances and/or equipment maIfunctlons.{hen the source height and the radiation frequency are

linked by a simple expression
B 2.16

lg f—0.26-05lga’
where f is the radiation frequency in MHz. As applied to

4 RESULTS

®3)

According to Reid & Kontar (2017, the generation of "

radio emission in the form of the solar U bursts

il(::lélitti)nnesoﬂilii/i ;\:;th Ly:\/eirill t;u:]s;s ;(;?lg:/eesi s(t:?ctlyr(;(;;mn our event and following Tablg, the U+lIII bursts started
; Y 9 9 ty gradie . with ~85 MHz that corresponds to the heliocentric height

an injected electron beam cannot generate radio em|SS|oan_6R® (or~0.6 R, from photoshere) under ~ 4. This

because of its stable distribution function with respect . . . ;
. . _Is in good agreement with conjectures Ré&id & Kontar
to Langmuir wave production. Nevertheless, when it

(2017. Note that the high-frequency cutoff finding allows

pgg:ﬁtizgxgTtsthfeeasiﬁlrir ﬁ:);iir:]a’ ;5%22\;? ;’sg:;gfeilibrating the value ofv for the coronal density model.
g ’ g e top of the U burst reachedl5 MHz, i.e., the height

and producing a solar burst. The propagation effects . N . .
determine a starting height with which the burst is  as about 3.8t takinga: ~ 4. At the pivot point the

. instantaneous bandwidth was about 5 MHz, permitting
nascent. The value is 0/%; (from the solar photosphere). us to estimate the loop width at the top. It was about

AltIhOUQh |tb|s tdipendent on tpara:melfcers of beams, :L%.GR@. Recall that the activity on solar regions depends
value may be taken as an estimate. 1 one assumes gtttheir size Bolanki 2003. The larger it is, the higher the

this conjecture is true, with its help we can calibrate the o oo
. .Probablllty of occurrence of flares, coronal mass ejections
electron density model of the solar corona (see more detalds . o .

Iversity of solar bursts and their intensity. AR 12765
below). Before 0.@, an electron beam does not produce

) o . . developed from the unipolar form to bipolar, and we
radio emission, but after that three regimes are possible. . . .
: . . observed the only U burst, when the size of this region

The electron beam with too low a density still does not . .
. ; o was maximum. Thus, one can assume that each bipolar AR
emit. In the second regime, for moderate densities, a beam. . .
- . ) with the size of more than 110 MH will be able to generate

travels along open magnetic field lines, producing only

) ) . . electron beams with high initial densities, resulting idica
type Il bursts. The third regime, the most interesting for~ . . . .
. . S ... emission of the U bursts simultaneously and together with
us, is characterized by high initial electron beam derssitie

that is good for generating both type Il and type U burststype [l bursts. Finally, it should be noticed that accoglin

. . L . . to Figure3 and Figures, the U+lII bursts are surrounded
in radio emission. In this case the magnetic loop should b 9 9

. . y weaker type Il bursts which were caused by electron

large enough for propagation effects, making the electro . " .
beam unstable, until it reaches the loop top and turns bacﬁ)(eams with modgrate dengltles. This case can correspond
to the Sun. This does not exclude the generation of type IIE0 the second regime mentioned above.
purstg due to the movement o-f bgams along open magnegc CONCLUSIONS
field lines. As a rule, radio emission of type U bursts has a
weaker and more diffuse shape for the positive frequenciaving such an extensive set of radio and optical
drift rate branchAurass & Klein 1997. The fine structure observations on 2020 June 5, we can confidently assert
of the U+lIl bursts manifests many radio sources tracinghat the event at&-09:37 UT included the solar U burst
a similar path through the corona so that each of the radioombined with type Ill bursts. Evidently, they were
patterns was produced by its electron beam. generated by many electron beams accelerated in AR

Using the Newkirk (one-fold) model for the solar 12765 and traveling in the solar corona along both closed
corona Newkirk 1967, the radial change in the electron and open magnetic field lines. The uniqueness of this
density is written as phenomenon lies in the fact that magnetic fields in AR

ne(r) = a- 4.2 10" 10(432/7) (1) 12765 only _develqped between a unipolarclass) and a
bipolar configuration§ class). This was due to low solar

wheren.(r) is the electron density of coronal plasma in activity. The configuration of magnetic fields and the size
cm~3, depending on the heliocentric heigtih solar radii.  of the AR were favorable to the emergence of solar bursts
This a-fold model describes the electron density profileof such types. Observations with help of various radio
well above quiet equatorial regions € 1), in dense loops instruments allowed us to explore this event in more detail
(a=4)andin extremely dense loops for 10 (Koutchmy  and to get reliable results, confirming the model of this
1994 Mann et al. 2018 but the value of the parameter phenomenon. Moreover, this research also gave a number
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of new interesting footings related to the developmentLabrum, N. R., & Stewart, R. T. 1970, Proceedings of the

of ultra-long-wavelength antennas for future lunar radio Astronomical Society of Australia, 1, 316

telescopes. Lazio, T. J. W., MacDowall, R. J., Burns, J. O., et al. 2011,
Advances in Space Research, 48, 1942
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