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VARIATIONS IN FRACTAL CHARACTERISTICS
OF A SOLAR PROTON EVENT

This joint research work is devoted to quantitative radio diagnostics of flare and proton events based
on their radio bursts near the end of the 24th solar activity cycle. Observations were carried out on
the 12 — meter radio telescope of the Institute of lonosphere of the Republic of Kazakhstan at frequen-
cies f=1 and f=3 GHz. Studies have shown that three flare events: B 6.2/~X 2.4, 01.09.2014; M 2.7,
21.06.2015 and M 7.9, 25.06.2015, fully meet the proton criteria. The intersection point of radio emis-
sions of dual-frequency (1 and 3 GHz) solar proton events determines the zero time of the beginning of
their pulses and gradual phases. In the first — pulse phase, electrons predominate, and in the second — the
phase of gradual increase in the number of protons. The acceleration of electrons in the “first” phase
during solar flares is 4-8 min.; the acceleration of electrons and protons in the “second” phase varies in
the range of 10-46 min. The time-intensity profiles we built and the values of the Herest index we found
allow us to follow the dynamics of the combustion events we studied. This allows us to evaluate the
habituation events both qualitatively and quantitatively.

Thus, the values of radio data obtained as a result of applying the method to these three proton
events quite correctly reflect phenomena that differ from each other in their characteristics, both in the
scale of observation and in the energy of the spectra.

Key words: radio emission — solar electron and proton events — solar flares — radio diagnostics.

LLI.LL. T'yceiHos!, C.LL. lNyceriHoB! O.H. AeBnH?

'93epbaitkaH PecriybAnkach! FbiAbIM )kaHe GiAiM MUHMCTpPAIriHiH H. Tycn aTbiHAQFbI
LLlamaxbl acTpodmamnkanbik, ob6cepsaTopumsichl, MupkyAn K., O3ipbaitxar
2 «MoHochepa MHcTUTYThl» AK «YFTO», AAMaThbl k., KasakcraH
*e-mail: shirin.guseyn@gmail.com
KYH npoToH OKMFaCbIHbIH, (DpaKTAAABIK,
cMnaTTamaAapbliHbIH, e3repyi

ByA GipAeckeH 3epTTey XKYMbICbl KYH GEACEHAIAITIHIH 24-11i UMKAIHIH COHbIHAAFbI PAAMOKAPbIAYAAD
HerisiHAe aAay MeH MPOTOH OKWFaAapbiHbIH CaHAbBIK PaAMOAMArHOCTMKACbIHA apHaAFaH. bakpiray
Kasakcrtan Pecny6amnkacbiHblH, MoHocdepa MHCTUTYTbIHbIH, 12 METPAIK paamoTeAeckornbiHAa f=1
xoHe f=3 Ty xuiAikTepiHAe XYpri3iaai. 3epTTeyaep KepceTKeHAeN, Yl anay okuFackl: B 6.2/~X
2.4,09.01.2014; M 2.7, 21.06.2015 >xxeHe M 7.9, 25.06.2015, NpOTOH KpUTEPUINAEPIHE TOAbIK, CONKEC
Keaeai. Koc xuinikTi (1 seHe 3 TL) KyH NPOTOHbIHbIH OKUFAAAPbIHbIH, PAAMOCBYAEAEHYIHIH KMbIAbICY
HYKTECi OAapAbIH MMMYAbCTEpPiHIH >KoHe 6ipTiHAen cha3aAapbiHblH 6acTaAybiHbIH, HOAAIK YaKbITbIH
aHbIKTanAbl. BipiHWwiciHAe — MMNYAbCTIK (ha3aAa 3AeKTPoHAAP 6achbiM, aA eKiHLWiCiHAe — MPOTOHAAP
caHblIHbIH, 6ipTiHAEN Kebeto asackl. KyHHIH XapblAybl Ke3iHAe «GipiHLi» (ha3asarbl SAEKTPOHAAPAbIH
vAeyi 4-8 MUH.; SAEKTPOHAAP MeH MPOTOHAAPABIH «eKiHLi» hasaaarbl yaeyi 10-46 MUH apaAblFbiHAQ
e3repeai. bi3 >xacaraH yakplT KapKbIHAbIAbIFbI MPO(UAbAEPI XeHe 6i3 TankaH [epect MHAEKCIHIH
MeHAepi 6i3 3epTTereH >kaHy OKMFaAapbiHbIH AMHAMMKACbIH KaAaFaAayFa MyMKiHAIK 6epeai. Bya 6isre
AAFAbIAAHY OKMFAAAPbIH CaraAblK, XX&HE CaHAbIK, TYPFblAaH GarasayFa MyMKIHAIK 6epeai.

OcblAaiila, PaAMOMBAIMETTEPAIH MBHAEpPI OCbl YL MPOTOH OKMFACblHA SAICTI  KOAAQHY
HaTuXeciHAe 6akblAay MacwTabblHAQ AQ, CMEKTPAIH 3HepruscbiHaa Aa 6Gip-6ipiHeH cunaTTamasapsbl
6OMbIHLIA epeKLIeAeHETIH KYObIABICTAPABI 6TE AYPbIC KOPCETEAI.

Ty#HiH ce3aep: PaAMOCOYAEAEHY — KYH DAEKTPOHbI XKOHE MPOTOHABIK, KYBbIABICTAp — KYH aAayAapbi
— paAMoAMarHocTumKa.

© 2024 Al-Farabi Kazakh National University 11
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Variations in fractal characteristics of a solar proton event
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Bapuaumnn dppakTasbHbIX XapaKTepPUCTHK
COAHEYHOro rNMpoToOHHOro coObITHS

CoBMecCTHasi CCAeAOBaTeAbCKas paboTa MOCBSLLEHA KOAMYECTBEHHON PAAMOAMArHOCTUKE BCrbl-
LIEYHbIX M MPOTOHHBIX COOLITUIA MO MX PAAMOBCIIAECKaM BOAM3M KoHLA 24-TO LMKAQ COAHEYHOM aK-
TMBHOCTU. HabAIOAEHMS MPOBOAMAUCH Ha 12-MeTpoBOM paamoTeseckorne MHCTUTYTa mMoHocdepbl
Pecnybamkm Kasaxcran Ha vactotax f=1 u f=3 [Tu. MccaeaoBaHMS MOKa3aAM, UTO TPU BCMbilLKK: B
6.2/~X 2.4,01.09.2014 r.; M 2.7 o1 21.06.2015 1 M 7.9 o1 25.06.2015 NOAHOCTbIO COOTBETCTBYIOT
NMPOTOHHbIM KpUTEpUsSM. Touka nepecevyeHmns PaAMOU3AYUYEHUIM ABYXHYaCTOTHbIX (1 1 3 TTU) COAHEUHbIX
MPOTOHHBIX COBLITUI OMNPEAEASET HYAEBOE BPEMSI HadaAa MX MMIMYAbCOB M MOCTeneHHbIX ¢as. B nep-
BOWM — MMIMyAbCHOM ha3e npeobAaAaloT SAEKTPOHbI, @ BO BTOPOM — hasa MoCTerneHHoro yBeAMyeHus
UYMCAQ MPOTOHOB. YCKOPEHME IAEKTPOHOB Ha «MepBoi» ha3e BO BPEMS COAHEYHbIX BCrbILIEK COCTaB-
ASIET 4-8 MUH.; yCKOPEHWe SIAEKTPOHOB M NMPOTOHOB HAa «BTOPOM» (hase BapbupyeTcs B npesesax 10-46
MUH. [1oCTpOeHHble HaMK BpemeHHble MPOMUAM 1 HaMAEHHble 3HaUeHNS MHAEKCA XepecTa NMO3BOASIOT
NMPOCAEAMTb 32 AMHAMMKOM M3YYEHHbIX Hamu COObITUIA ropeHMs. DTO MO3BOASET OLEHUTb COObITUS

MPUBbIKAHUS KaK KayeCTBEHHO, Tak M KOAMUYECTBEHHO.
Taknm 06pa3om, 3HaUEHMS PAAMOAAHHBIX, MOAYUYEHHbIX B Pe3yAbTaTe NMPUMEHEHMS METOAQ K 3TUM
TPem MPOTOHHbIM COObITUSM, BIOAHE MPABMAbHO OTPAXKAIOT ABAEHMS, OTAMYAIOLLMECS APYT OT Apyra
MO CBOUM XapakTepUCTMKAM, Kak Mo Maclutaby HabBAIOAEHMS, TaK 1 MO SHEPrun CreKTPoB.
KAtoueBble cAOBa: paAMOU3AYUEHME — COAHEUHbIE SAEKTPOHHbIE U MPOTOHHbIE COOLITUS — COAHEY-

Hbl€ BCIMbIWKN — PaAMOAMArHOCTHMKA.

Introduction

For more than 60 years, specialists have been ar-
guing heatedly about the formation and diagnosis of
proton events in the Sun. Information dedicated to
the mentioned problem is reflected chronologically
[1,2]. Recently, revolutionary advances have been
made in the field of means and methods for radio di-
agnostics of solar flares. These achievements remain
relevant in the creation of broadband (~10 MHz +
100 GHz) radio spectrographs, radio heliographs,
as well as through the development of software
systems for high-speed calculation of observational
data obtained in the microwave range.

The interaction of accelerated particles with the
Sun’s atmosphere and its magnetic fields results in
radio, hard X-rays and gamma rays, which are used
to diagnose solar flares [3].

Among the issues of observation in the micro-
wave diapason — the correct selection of the signs
of prognostic-diagnostic parameters during the gen-
eration of strong solar flares, excitation by shock
waves, and the presence of accelerated electrons and
protons in interplanetary space occupy an important
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place. Multi-wavelength observations provide ex-
tensive information about the quiet solar atmosphere
and various processes occurring in it.

At the same time, their mutual comparison with
observations made in other ranges allows research-
ers to understand the various processes occurring in
the Sun and to obtain invaluable conclusions about
their effects on the Earth’s environment. Starting
from [4, 5], there is evidence that the flare can be
divided into two phases, apparently, different accel-
eration mechanisms operate.

The diagnosis of solar flares is studied mainly
on the basis of observational data carried out in 3
areas: a) solar cosmic ray (SCR) [6, 7]; b) micro-
wave radiation [8, 9]; ¢) measurements outside the
atmosphere [10, 11]. Until now, the prognostic and
diagnostic potential of radio observations of the Sun
has not been fully exploited due to the lack of radio
heliographs with high temporal, spatial and spectral
resolution [12].

The advantage of studying solar activity in the
radio range lies mainly in the following facts:

1. The Earth’s atmosphere has less influence on
the signal we receive;
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2. Observation in the range 1 + 3 GHz, it is pos-
sible to obtain information from the solar chromo-
sphere layer to the upper layers of the corona;

3. Observing in a very wide range of 3 + 24 GHz
allows one to localize various structures in the solar
atmosphere, including active regions, filaments and
coronal holes;

4. The production of radio telescopes is cost-ef-
fective compared to extra-atmospheric observation
technologies and optical devices, and others.

In the interplanetary medium, powerful flare
events are considered effective candidates for sourc-
es of solar protons and electrons. Space weather dis-
turbances caused by solar activity can pose a threat
to various sectors of human activity and human
health.

In this work, the main goal is to find out which
parameters of solar eruptive events and SPEs have
the highest correlation.

Thus, in order to increase the efficiency of diag-
nosis of strong proton events occurring in the Sun,
we used their observational data obtained in differ-
ent (A=10.7 and 27.8 cm) microwave ranges and
fractal dimension values [13, 14]. The method we
use is based on the parameters of the intensity of
solar flares at frequencies f=1+3 GHz and the dy-
namics of the fractal structure H,. It also reflects the
number of accelerated particles arriving at the Earth,
as well as the number of protons with energy E>10
MeV. In other words, the observed proton flux is
usually characterized by an I(>E)~E™" (here a
~1+4) power-law energy spectrum [8, 13].

In the 1st section, the relevance of radio diag-
nostics of the ignition events occurring in the Sun
in the microwave range, and in the 2nd section, the
preparation of observational data and their mathe-
matical processing are reflected. In the 3rd section,
the relationships between various parameters of so-
lar flares (power of the intensity stream, heliowaves
in which they occur, configuration of spot regions
and duration of flares) and the growth of the proton
stream were discussed. Section 4 describes the main
scientific results.

Experimental data and its processing

Processing of observational data was carried out
using both fractal analysis and direct viewing of sig-
nal recordings. As observational material, we used
7-isolated solar bursts observed in 2014+2020 on the
RT-12 radio telescope in lonosphere Institute of Ka-
zakhstan Republic. Figure 1(la,1b,1c,1d,le,1f,1j)
shows the time profiles of flare events at f=3 GHz
for the indicated years. Discretization step At=5 sec.
Based on the time profiles carried out in the work,
it is clear that the signal records have a maximum
with a high confidence probability (more than 90%)
at periods of 20+350 seconds, which, however, vary
significantly from implementation to implementa-
tion.

If we visually look at the time profiles of inten-
sity (Fig. 1(1a,1b,1¢,1d,1e,1f,1j)), compiled by us
based on flare events in different years on the Sun,
we can note the following similarities and differ-
ences:

I. General images of time profiles of solar flare
intensity differ from each other.

II. Pulsations with different periods and drifts
are present in all solar flare profiles and in all phases
(rise, maximum and decay).

II1. Pulsations with shorter periods and drifts
are mainly detected in the increasing phases of solar
flares.

IV. The decay phases are dominated by pulsa-
tions with long periods and drifts (compared to the
rise and maximum phases) of the 7 solar flares stud-
ied.

In Fig. 2(2a, 2b, 2c), shown the time profiles of
the intensity of three strong proton events, which we
constructed at two frequencies (f = 1 and 3 GHz)
consisting of a pulsed and gradual phase. The time
between the sharp approach or intersection of inten-
sity lines reflecting their dynamics from the starting
point t, of each proton event indicates the duration
of the t;,, — impulse phase. The time from the inter-
section of intensity lines to the end of proton events
characterizes the duration of the t,,,, — gradual phase.
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Figure 1 — Time profiles: 7-solar flares observed in 2014+2020 on RT-12
in the microwave range A=10.7 cm in lonosphere Institute of Kazakhstan Republic
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Table 1 — The estimates of the Herest exponent and the degree of the fractal dimension

Date . .
(at the time of events) Herest exponent H; Fractal dimension Dy
01.09.2014
(10:55:02 — 11:57:42 UT) 0.792 1.207
21.06.2015
(01:33:17 — 03:33:18 UT) 0.812 1.187
25.06.2015
(08:07:47 — 10:58:19 UT) 0.771 1.228
28.03.2016
(10:30:01 — 11:43:47 UT) 0.787 1212
08.09.2017
(01:38:11 — 03:45:22 UT) 0.583 1,416
13.09.2018
(10:21:03 — 11:47:25 UT) 0.810 1.189
19.06.2020
(07:00:00 — 07:09:49 UT) 0.687 1312
- 01.09.2014
00| 2a
=3 GHz
E o =1 GHz
= 1000 U“‘“ MJ\\
0 100 200 300 100 sl 800 700 N
Time in seconds (t=5*N)
it =3 GHz 21.06.2015
8000 S5
&
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&
3 200 100 500 800 1000 1200 1900 N
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Figure 2 — Time profiles: 3 solar proton events observed simultaneously

by the RT-12 radio telescope at frequencies f= 1 and 3 GHz.
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Table 2 — Shown are estimates of the Heresty index and the degree of Fractal dimension of solar proton events observed simultaneously

by the RT-12 radio telescope at frequencies f=1 and 3 GHz

Date Herest exponent H; Fractal dimension D,
(proton event time) ey f=1TTx f=3 T 10T
(10:55:8;'291?:0517%42 uT) 0.792 0.779 1.207 1200
(01:33:%;.960?:03135:18 uT) 0.812 0.834 1187 1.165
(08:07:4%;.?61.(2):05185: 19 UT) 0.771 0.818 1228 1181

Discussion

Using Yu. I. Logachev’s catalog data for
2011+2020 solar activity, the dependence of the
measured increases in solar microwave radiation
on disturbances on the Sun was studied. It is shown
that the efficiency of recording on Earth increases
in microwave radiation caused by the acceleration
of protons in the chromosphere and corona depends
on the power of the solar flare and its position on the
solar disk.

According to this catalog, there are 54 proton
events with a quasi-maximal energy of 80 < E,
< 5000 MeV in the 24th cycle of solar activity in
2010+2017 [15]. Of these proton events, 40 (~76%)
occur in and around sunspot regions located at favor-
able solar longitudes of 40—88° W. The main reason
for this is that proton transport at other heliolongi-
tudes occurs transversely to the magnetic field lines,
which makes it difficult to increase the microwave
flux in interplanetary space and the solar corona.

In this work, the fractal research method is based
on the idea that the development of turbulence asso-
ciated with flare events in the solar atmosphere dem-
onstrates self-similarity at different scales. A higher
Hurst exponent means that the data is more stable
and has long-term dependency. Based on this tables,
it can be seen that is the H, — Herest exponent and D,
- degree of the Fractal dimension, respectively equal
t0 0.5 <H;<1and 1 <D, < 1.5. These estimates ob-
tained show that, chaoticity is replaced by smoother
chaoticity during solar flares. More precisely, chaot-
icity turns into non-stationary quasi-periodic beats
[13]. In Table 1, it can be seen that most of the ig-
nitions we studied have a higher value of the H,—
Hurst indicator.

The diversity of the number of pulses in the
impulsive and gradual phases of these plots varies
depending on the dynamics of the proton event and
the resolution of the radio telescope. In other words,
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the number of pulses depends on the number of
events occurring simultaneously in the spots and in
the general areas of the spots and in the immediate
vicinity of them.

Conclusions

Based on the above, the following main conclu-
sions can be drawn:

1. The intensity and time profiles we have con-
structed for numerous solar flares and proton events
allow us to trace the dynamics of events (pulse — the
“first” phase and gradual — the “second” phase).

2. The point of intersection of radio emissions
of dual-frequency (1 and 3 GHz) solar proton events
determines the zero times of the beginning of their
pulse and gradual phases. The study of proton events
has shown that for a more accurate determination of
zero phase onset times, it is more expedient to use
radio spectrographic and radio heliographic mea-
surements in a wide range of 0.05+150 GHz.

3. The acceleration of electrons in the “first”
phase during solar flares is 2 + 6 minutes; the ac-
celeration of electrons and protons in the “second”
phase varies in the range of 8 + 35 min.

4. It is shown that the increase in the number
of protons depends on the flow power, the duration
of microwave flares and the heliolongitude at which
the event occurs.

5. The results of the study showed that for pro-
ton events the criterion is fulfilled — F,y; / F5;5> 0.8,
similar to the Tanaka-Enome criterion — F; /F¢>0.8.
The effectiveness of this criterion depends on the in-
tensity of the 11-year cycle of solar activity and the
intensity of its next cycle.

Thus, the values of radio data obtained as a re-
sult of applying the method to these three proton
events quite correctly reflect phenomena that differ
from each other in their characteristics, both in the
scale of observation and in the energy of the spectra.
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