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APPLICATION OF DYNAMIC METHODS IN RADIO ASTRONOMY DATA
PROCESSING

Abstract. The paper investigates oscillatory processes in solar flares based on observational data
obtained by a 12-meter radio telescope at a frequency f=3 GHz belonging to the lonosphere Institute of
the Kazakhstan Republic. The results of a brief review of methods for processing non-stationary time
series suggest that the requirement of adaptability is also important. It is shown that this possibility is
provided by the method proposed by Norden Huang. For clarity, the method of implementing EMD
(Empirical Mode Decomposition) - the method of decomposing signals into functions (modes) will be
considered using the example of a digital signal array x(t). In order to obtain more realistic results, the
type of series was determined using fractal analysis. It is shown that at this stage, for the reliability of
obtaining CPP, it is necessary to carry out visual control and compare the results obtained by different
methods. The paper shows that one of the important conditions is to add to the simulation the presence of
quasi-periodic pulsations in the process to explain the physics of the phenomenon of flare events
occurring on the Sun. Accordingly, an understanding of the specific mechanisms responsible for the
appearance of checkpoints, in combination with their observed parameters, makes it possible to diagnose
flare regions and can significantly improve flare prediction.

Keywords: Space weather, solar radio emissions, solar flares, quasi-periodic pulsations, fractal
analysis, empirical method of signal decomposition into modes.
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NPUMEHEHUE TMHAMUYECKHUX METO/JIOB B OBPABOTKE
PAJNOACTPOHOMMYECKHUX JAHHBIX

AnHoTauus: B pabore wuccnenyrorcss KosebaTeslbHBIE MPOLECCH B COMHEYHBIX
BCIIBIIIKAX TI0 JJaHHBIM HAOIIOJICHNH, TOYYSHHBIX C MMOMOIIBIO 12-METPOBOTO paJnoTeIecKona
Ha uvacrore f=3 I'Tn, nmpunamiexamero Wucturyty uonochepsr Pecnybnuku Kaszaxcran.
PesynpTaTtel KpaTkoro o0630pa MeETOAOB 0O0paOOTKM HECTAIMOHAPHBIX BPEMEHHBIX PSIOB
MO3BOJISIIOT CHeNaTh BBIBOJ O BKHOCTU TpeOOBaHMA aJanTUBHOCTH. IlokazaHo, 4TO Takyio
BO3MOXKHOCTh OOecrieunBaeT MeToj, IpemiiokeHHbii Hopaenom Xyanrom. s HariasgHOCTH
Mmetoa peanuzanu EMD (Empirical Mode Decomposition) - MeTO pa3iioxKeHHsI CUTHAJIOB Ha
¢yHkumu (Mozapl) OyneT paccMOTpeH Ha IpuMepe MaccuBa HU(POBHIX curHanoB x(t). s
noilydeHus: Ooliee PEaMCTUYHBIX PE3yJAbTaTOB THIT Psiia ONPEACISUICS C  MOMOIIBIO
(paxTanpHoro aHanmu3a. [lokasano, 4To Ha JaHHOM JTare i JoctoBepHocTH momydeHust KIIIT
HEOOXOIMMO NPOBOAMTH BU3YaJbHBIH KOHTPOJb M CPaBHMBATH PE3yJbTATHI, MOJIY4YEHHBIE
pasHbIMH MeTogamMu. B paboTe moka3zaHO, YTO OJHUM W3 BaKHBIX YCJOBHH sBISETCS
no0aBlieHHE K MOJICIIMPOBAHHUIO HAJIWYMS KBa3WUIEPUOAWYECKUX TIyJIbCAllMid B Tpolecce
oO0bsicHeHHsT (M3MKW SIBJICGHUSI BCIBILICYHBIX COOBITHH, mnpoucxoasumx Ha ComHie.
COOTBETCTBEHHO, MOHUMAHHE KOHKPETHBIX MEXAaHM3MOB, OTBETCTBEHHBIX 3a TIOSBJICHUE
KOHTPOJBHBIX TOYEK, B COYETAHWM C UX HaONIOJAaeMBIMH MapaMeTpaMu MO3BOJISET
JIMarHOCTHPOBATH BCIBIIICYHBIC PETHOHBI H MOXET 3HAYUTEIILHO YIIYYIIUTh MPOTHO3 BCIIBIIIEK.

KiroueBble ciioBa: KocMuYecKash MOT0/a, COJHEYHOE PaJWOM3IYUYECHHE, COJIHEYHBIC
BCIIBIIIKK, KBa3WUTIEPHOAMYECKHUE IyJbCANN, (PAaKTAIGHBIA aHAIN3, SMIIHPHUUECKHA METOI
Pa3JI0XKeHNsI CUTHAJIOB Ha MOJIBL.
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PagnoacTtponomus gepexrepi eHaeyae IMHAMHKAJBIK dIicTepai KOJIIaHy

Annortauus: Xymeic Kazakcran Pecybnukaceinbin Monochepa MHcTuTyTHIHA THECIT
f=3 I'T'i sxwmismikreri 12 MeTpIlik paAHOTEIECKONIICH albIHFaH OaKplIay AepeKTepi Heri3iHAe KYH
anayslHIAFEl TepOenMeni mpouectepi 3eprreiini. TypaKkTel emec yakpITIIa KaTapiapAsl OHIEY
oflicTepiH KbICKAIA MOy HOTHKeNepi OeliMaeny TanaObIHBIH Ja MaHBI3bl €KeHiH KopCceTei.
By mymkinaik Hopaen XyaH yChIHFaH OfICIIEH KaMTaMachl3 eTUIreHi kepceTinren. TyciHiKTi
6ony yminx EMD (OMmmupukanblk peXAMHIH IEKOMITO3WIMMACH) JKY3€re acelpy omici -
curHanaapasl QyHKUusUIapra (pekumuaepre) biabpaTy ofici X(t) mudpiablK CUTHAI MacCUBIHIH
MBICANBIHAA KapacThIpbUIaThIH Oonaabl. HeFypnbiM 1IbIHAKWBI HOTIOKENEpAl aly YLIH
KaTapiapablH Typi (ppakTanislK Tanmay apKbUIB aHBIKTANARL. Kepcerinrenmed, Oy Ke3eHe
KIIT amy cenimminiri ymriH BU3yaiabl OaKbUIAyIbl XKY3€Te achIpy JKOHE SPTYpIi olicTEpMEH
QIBIHFaH HOTIDKENEP/l CabICTBIPy KakeT. JKymbpIcTa MaHBI3[BI MIApTTapAblH Oipi peTiHzme
Kynzne Oombim kaTkaH anay KyOBUTBICTAPHI KYOBUTBICHIHBIH (PM3UKACHIH TYCIHAIPY MPOLECiHAS
KBa3WUTIEPUOATHI MyJIbCAMSIAPABIH OOyBIH MOJETBACYTe KOocy Oombin TaObumanbl. TwiciHie,
0aKpUIay-OTKI3y MYHKTTEpiHIH maiiaa OonyblHa ayan OepeTiH HaKThl MeXaHM3MIEPAl TYCiHY
onapAblH  OalKanaTelH  [apaMeTpiepiMeH  YyijecTipe OTBIpBIN, ajnay alMakTapblH
MUArHOCTHKANlayFa MYMKIHIIK Oepemi *oHe ajayApl OOIDKayael aWTapibIKTall jkakcapTyFa
MYMKIHJiK Oepesi.

Tyi#iin ce3mep: FapbIIITHIK aya pailbl, KYH pPaguOCIyJeNCeHYyl, KYH IKapKbIpaybl,
KBa3UIIEPUOATHIK MyJbcalysi, (paKkTaligblK TalAay, CUTHAIZApAbl pexumuepre OeyaiH

© Al-Farabi Kazakh National University

AMIUPUKAIBIK 9IIICI.

Introduction

It should be noted that although facts
about the quasi-periodicity of pulsations
arising in flare processes on the Sun were
discovered 50 years ago, this issue has
retained its relevance to this day.

Observations of the Sun provide
answers to numerous questions related to
solar-terrestrial relationships. The physical
processes occurring on the Sun are of great
interest for understanding and predicting the
interaction of solar plasma with the
atmosphere and the Earth's magnetic field.
This turn is essential for understanding the
earth's climate and space weather. The
observable Universe is a plasma, so its study
is of great interest for modern physics [1].

On the Sun, in addition to such
relatively constant processes as thermal
radiation, there is also a sporadic impulsive
energy release in flares and coronal mass
ejections. The duration of these processes is
from several seconds to several hours, and the
released energy reaches erg. Solar flares occur
in the solar atmosphere, mainly in active
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regions, but sometimes also between them

[2].

For a long time, the classical Fourier
method and its various modifications have
been used for mathematical processing of
time series composed of data from objects of
various origins, and the results obtained in
most cases contradict each other. The main
reason for this is that the time series that we
use to determine the time of solar flares in
centimeter wavelengths is non-linear and non-
stationary [6-8].

Increasing the sensitivity and resolution
of instruments, improving methods for
analyzing observational data, and advancing
the development of theoretical modeling of
physical processes occurring in flares have led
both to an understanding of the causes leading
to checkpoint.

In the modern era, to eliminate these
shortcomings, which  consist in the
mathematical processing of time series
composed of complex signals in practice, in
1995 in the United States, the method
“Empirical Decomposition Method (EMD)”
by Norden Huang was proposed to study
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vortex waves [3,4]. The main reason for the
wide application of this method in various
fields of science and technology is that it is
adaptive (i.e., determining the basic function
based on the time series under study). We also
developed a software package that modified
this method based on Huang's algorithm and
split the input signal into modes using solar
flare time series.

Despite the importance and intensive
research, there is still no complete
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understanding of the physical
leading to pulsed energy release.

processes

Experimental data and its processing

As observational material, we used 7-
1solated solar bursts observed in 2011+15. on
the RT-12 radio telescope in lonosphere
Institute of Kazakhstan Republic.

S00

0620 30

T
040 (i 50 0700

Start time ¢ 2011-06-07 06:15:00 UT )

S000+
70004
6000+
5000+
1000+
3000+

Relative flow

1000

06:20

06:40

07:00 07:20 07:40

Start time ¢ 2011-08-02 05:51:47 UT)

Relative flow

05:10 05:20 05:30

05:40 05:50 06:00

Start time ( 2012-07-19 05:0327 UT)

0000-"
KONO4
7000}
6000
5000
4000
3000
2000
1000

Relative flow

06:40 06

50 07:00 07:10

Start time ( 2012-11-21 06:43:00 UT)

75 Bwin.24 T.1-2 2022



Kypuan npoédnem 3601104uu OMKPLIMBIX CUCHIEM

© Al-Farabi Kazakh National University

=000
=
o
Y= 20004
a
=
B 2000
]
[
1000
0800 0810 08:20 08:30 08:40 08:50
Start time ¢ 2013-10-25 07:55:00 UT )
1800
3
= 16007
a
2 14004
ot
1
[T} 1200
o
1000
07:40 07:50 08:00 08:10 08:20 08:30
Start time (2014-02-20 07:30:00 UT )
9000
80004
&
- "000
=]
o 6000
U 5000+
>
‘= 4000-
=2 3000
i)
C 2000-
1000+

08:10 08:20 0830

08:40 08:50 09:00

Start time (2015-06-25 08:07:47 UT)

Figure 1 — Time profiles: 7-solar flares observed in 2011+15 on RT-12 with a CPP in the

microwave range A=10.7 cm in lonosphere Institute of Kazakhstan Republic.

It can be seen from these figures that
repeated pulsations of radiation fluxes are
observed in solar flares, which change
according to a harmonic law. However, it is
obvious that when observing solar flares, it is
impossible to meet exactly harmonic signals.
Instrumental errors, instrumental noise, the
influence of the Earth's ionosphere and
troposphere, the different nature of
phenomena on the Sun, and others lead to the
fact that we are dealing with such deviations
from the harmonic signal. All of the above
deviations make the observed signal not
periodic, but quasi-periodic [2].

Results of processing and its
discussion

Firstly, for greater accuracy of the
results obtained on the basis of studying the
time series that we compose during flares, we
calculate the exponent H, - Herest and the
degree D, - of the fractal dimension of each
order. It also allows us to determine the type
of these series when we examine them.

Table 1. The tables show the estimates of the Herest exponent and the degree of the Fractal

dimension
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Date Hurst exponent Fractal dimension
(at the time of events) H; D;
07.06.2011
0.805 1.194
(06:15:00 — 07:08:43 UT)
02.08.2011
0.776 1.223
(05:51:47 — 06:49:00 UT)
19.07.2012
0.775 1.224
(05:03:27 — 06:23:19 UT)
21.11.2012
0.718 1.281
(06:43:00 — 07:16:00 UT)
25.10.2013
0.799 1.200
(07:55:00 — 09:09:15 UT)
20.02.2014
0.799 1.200
(07:30:00 — 08:28:55 UT)
25.06.2015
0.774 1.225
(08:07:47 — 10:58:19 UT)

Based on this table, it can be seen that is
the H, - Herest exponent and D, - degree of
the Fractal dimension, respectively equal to
0.5<H;<1and1<D;<15. These estimates
obtained show that, chaoticity is replaced by
smoother chaoticity during solar flares. More
precisely, chaoticity turns into non-stationary
quasi-periodic beats [9].

After defining the type of time series,
we use the Empirical Mode Decomposition
(EMD) method. The mode decomposition of
signals is based on the assumption that any
data consists of various internal fluctuations.

Each oscillation, linear and non-linear, is a
modal function that has maxima, minima, and
zero crossings. We applied this efficient
algorithm to a solar flare that occurred on
07.06.2011.

In the general case, for a given signal
x(t), an efficient empirical  mode
decomposition algorithm consists of the
following steps [4,5]:

Step 1. Determination of all extrema of the original signal x(t).

77
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Step 2. Finding the upper B,,4x (t) and lower B, (t) envelopes for all local extrema, respectively.
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Step 3. Calculation of the average value of the obtained envelopes m; (t)=[Byax(t)*Bmin(t)1/2.
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Step 4. Separation of the difference h,(t) = [x(t) - m,(t)]. If h,(t) does not satisfy two conditions:
the number of extreme points and the number of zero crossings must either be equal or
differ by a maximum of one; at any point, the average values of the envelopes must be
equal to zero, then h,(t) is used as the initial signal to repeat steps 1-3 until the function
hyi(t) = hy -1y (1) - myy(t) satisfies the specified condition. In this case, the function c,(t)

= h;(t) will be the first components of the EM signal x(t).
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Figure 2 — An efficient algorithm of empirical mode decomposition (EMD) is applied to real signals

to the solar flare that occurred on 06.07.2011.
Step 5. Subtracting the function c, (t) from x(t), we get
X(t) — cq (t) = 14 (1) (1)
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Function r;(t) - used further to perform steps 1-4. As a result, the function c,(t) will be

obtained, which will be the second component of the EM signal x(t).
Repeating this operation, you can get n - EM components X(t) :

--------- @

Summing up equations (1) and (2), we can obtain the expansion of x(t) in the form:

x() = Xi= 6 + 1y ©)

where is the remainder r,,, which can be a trend or a constant value.
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Figure 3 — Implementation of EMD (Empirical Mode Decomposition) - the method of
signal decomposition into functions showed that 5-7 iterations are enough to
perform high-quality screening of mode functions.
Conclusion independent of each other and the

The combined application of methods in
solar flares to fractal studies and the separation
of empirical modes in radio emission in the
centimeter range A = 10.7 cm made it possible
to draw the following conclusions:

1. Non-stationary quasi-periodic
pulsations are observed in all phases of
solar flares.

2. The observed non-stationarity of quasi-
periodic oscillations parameters in the
ignition  region depends on the
dynamics of physical processes

80

geometric dimensions of the ignition
region.

3. In the time-intensity profiles of solar
flares, non-stationary quasi-periodic
beats with a duration of 20 + 350
seconds were found as a result of their
division into modes.

4. Determining the period of ignition
pulses and estimating the amplitudes of
their modes are additional indicators for
predicting events and diagnosing space
weather.
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Thus, one of the important conditions is to
add to the simulation the presence of quasi-
periodic pulsations in the process in order to
explain the physics of the phenomenon of flare
events occurring on the Sun. Understanding
the specific mechanisms responsible for the
appearance of checkpoints, in combination
with their observed parameters, makes it
possible to diagnose flare regions and can
significantly improve flare prediction.
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