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SYNTHESIS OF CARBON NANOTUBES WITH NI-TI CATALYST

Abstract. Carbon nanotubes have been of interest to the scientists for about 30 years due to their unique
properties. Their use as a material for creating flexible conductive coatings, supercapacitors, batteries and solar cells
is promising because of their excellent mechanical and electrical properties, as well as high electrochemical stability.
In this paper, we consider one of the methods for the synthesis of carbon nanotubes on a Ni-Ti bimetallic catalyst on
a silicon substrate. The effect of the thickness of the catalytic layer and the synthesis temperature on the quality of
the obtained samples was studied. The synthesis was carried out by the CVD method as the most convenient
technique with the possibility of a large yield of the final product. The obtained samples were studied by scanning
electron microscopy and Raman spectroscopy. It was found that with an increase in the synthesis temperature and a
decrease in the thickness of the catalytic layer, the crystallinity of the structure improves the number of defects in the
structure decreases and structural ordering increases. The use of a catalyst and an adhesive metal layer, which was a
barrier between the catalyst and the substrate, shows good results in improving the quality of the synthesis of
nanotubes.

Keywords: carbon nanotubes, synthesis, chemical vapor deposition (CVD), catalyst, magnetron sputtering.

Introduction. A carbon nanotube is a hollow cylindrical structure with a diameter of one to several
tens of nanometers, a length of one to several hundred micrometers or more, formed by carbon atoms and
is a graphene plane rolled into a cylinder. For the first time, CNTs were systematically described by
Sumio lijima (NEC Corporation), who discovered them in 1991 as a by-product of the synthesis of
fullerene C60 [1], and, almost simultaneously with it, the L.A. group Chernozatonsky [2]. Mention of the
existence of unusual forms of carbon similar in morphology was encountered earlier [3, 4], however, these
works did not receive further development.

Carbon nanotubes (CNTs) have many physical and chemical properties many of which are unique.
CNTs have very high thermal conductivity [5,6], strength [7], and the tensile modulus is many times
higher than that of steel. A wide range of electrical conductivity [8, 9] from semiconductor to metal makes
them promising for creating conductors and pn junctions in nanoelectronics, for creating conductive high-
strength composite materials and functional additives to polymers. The use of carbon nanotubes in various
fields of science and technology is a promising task [10]. In addition, carbon materials, such as amorphous
carbon or activated carbon, are widely used, and their replacement with CNTs in some cases gives a
unique effect, limited only by the higher cost of CNTs compared to other carbon materials. Therefore, the
development of effective methods for the synthesis of CNTs is a very urgent task.

CVD is a method with a high level of process control that allows you to control the growth location
and geometric parameters of carbon tubes on any type of substrate [11]. To obtain an array of CNTs on the
substrate surface, a seed layer is needed. A thin metal film acts as a seed layer, which is a catalyst for the
growth of CNTs; mainly nickel, iron, and cobalt act as such metals. A catalyst film can be formed using

— § —
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the methods of chemical deposition from a solution containing a catalyst, thermal evaporation, ion beam
sputtering, or magnetron sputtering. The main issue of this work was to study the effect of a buffer layer,
as well as the temperature dependence and thickness of the catalytic layer on the growth of CNTs.

Experiment. In this work, a bimetallic catalyst was used to synthesize CNTs. Its preparation included
2 stages: the deposition of a catalytic layer and the formation of nanoclusters. At the first stage, a thin
layer of titanium with a thickness of 80 nm is deposited on the pre-cleaned substrate using the magnetron
sputtering method. After that, 0.5 to 10 nm thick nickel layers were deposited using the second magnetron,
which is in the same chamber. The thickness of the forming layer is adjusted according to the indications
of quartz microbalances previously calibrated for the sputtered materials. The second stage is the
formation of nanoclusters, which occurs during the replacement of the substrate from the cold zone of
CVD the reactor to a hot one, pre-heated to the synthesis temperature. Within 5 minutes after the
placement of the substrate into the hot zone, the catalyst film transforms into nanoclusters. The process
takes place in a stream of hydrogen, which reduces the catalyst because thin metal films oxidize very
quickly in the air. This is necessary for high catalytic activity. A longer heating duration leads to an
increase in the particle size of the catalyst, which in turn affect the tubes’ diameter. The synthesis of CNTs
by the CVD method of was carried out in a tubular sealed quartz reactor at atmospheric pressure in a
stream of hydrogen equal to 4 normal liters per hour (figure 1). The carbon source in the synthesis process
was ethanol vapor. In the preparation stage for the synthesis, the chamber while heating was preliminary
blown out with nitrogen for 10 minutes to remove oxygen, and only after that the hydrogen was let into
the chamber. In addition, at the stage of the heating, the hydrogen passed through the bubbler previously
blowing all the air out of volume unfilled with ethanol. The bubbler and the reaction zone of the chamber
were cut out with valves, which were opened only at the time of synthesis. The flow of hydrogen passing
through a bubbler carries the ethanol vapour into the reaction zone of the chamber, where under the high
temperature the ethanol decomposes into carbon and hydroxyl group. The latter in turn combines with
hydrogen, forming water vapor or interacting with an amorphous carbon formed in the process of the
synthesis, oxidizing it this way and removing from the substrate increasing the catalyst activity time. We
experimentally found out an optimal temperature for our chamber configuration. It ranges from 880°C to
950°C. Upon reaching the synthesis temperature, a stream of hydrogen is directed through a bubbler with
ethanol at room temperature. Upon completion of the synthesis, the hydrogen flow is stopped and the
bubbler is cut out with valve. Samples were taken into the cold zone. Subsequent cooling of the reactor
took place in a stream of nitrogen. After taking the samples out the reactor, one can see that the substrates
are covered with a soot.

X % 3 6
1 § ¥¥ 3 3% b —
N & D — (
X - — 8
2 b ol Exhaust
4 5 substrate
N2 hydrogen Ethanol & .
bubbler [3==
generator ES 7 Water
=== bubbler

Figure 1 - The structure of the CVD installation for the synthesis of carbon nanomaterials.
1 - nitrogen gas, 2 - hydrogen generator, 3 - gas flow meters, 4 - bubbler with ethanol, 5 - tubular flow reactor,
6 - substrate, 7 - bubbler with water for gas purification, 8 - discharge to the atmosphere

Figure 2 shows silicon substrates coated with a nickel-titanium catalyst before and after the synthesis
of CNTs by CVD. It is seen that after the synthesis the substrate surface with catalyst layer is covered with
soot, which indicates the possible deposition of carbon nanostructures, including CNTs.
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a b

Figure 2 - Silicon substrates with a nickel-titanium catalyst
(a) - before and (b) after synthesis of CNTs by CVD

Results and discussions. It is known from the literature [12] that the average size of catalyst
nanoclusters formed after annealing depends on the thickness of the initial film, as well as the duration of
heating of the substrate. During our experiments, it was found out that the synthesis temperature plays a
key role in this process, because at different thicknesses of the deposited catalyst layer and at the same
annealing temperature, the diameters of the tubes are the same. However, with an increase in the synthesis
temperature, the diameter of CNTs decreases significantly. Using SEM analysis, talking about the
diameter of the tubes is only conditional. However, this analysis shows a significant change in size with
increasing temperature (figure 4-5).

To improve the quality of the synthesized CNTs, the so-called titanium buffer layer was used in this
work. As the experimental results show, in the absence of a buffer layer during high-temperature heating,
the silicon substrate material interacts with the catalyst, leading to the formation of nickel silicide islands
[13] (figure 3a). As can be seen from Figure 3b, CNT growth occurs only on these areas. On the rest of the
substrate, where no islands are formed, the catalyst loses its activity, possibly due to the diffusion process
into the surface of the substrate (figure 3c).

Figure 3 - The formed islands of nickel silicide (a) and selective growth of CNTs on it (b,c)

Thus, to prevent the diffusion of nickel into silicon and the formation of nickel silicide, a thin film of
a titanium buffer layer was deposited on the silicon surface. Under the high temperature, a titanium-nickel
alloy is formed, which subsequently exhibits high catalytic activity. An analysis of the results showed that
an increase in the synthesis temperature affects the quality of the obtained samples. The properties of these
samples were studied by scanning electron microscopy (figure 4-5) and Raman spectroscopy (figure 6).
Raman signal of the synthesized products corresponds to a typical spectrum of multi-walled carbon
nanotubes (MWCNTSs) [14]. Analysis of the Raman data shows that with increase in the synthesis
temperature, the quality of the obtained samples improves; this is evidenced by an increase in the G peak’s
intensity and a decrease of the D peak intensity (characterizing the defective structure).
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a—Ni (5 nm), Ti (80 nm) b —Ni (10 nm), Ti (80 nm)

Figure 4 - CNT samples synthesized at a temperature of 880°C and synthesis time t - 1 min

a— Ni (5 nm), Ti (10 nm) b —Ni (10 nm), Ti (80 nm)

Figure 5 - Samples of MWCNTs synthesized at a temperature of 950°C and synthesis time t - 1 min
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Figure 6 - Raman spectra of obtained MWCNTs
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where No. 1 and No. 3 are samples of Ni (10 nm), Ti (80 nm), T = 880 and 950 °C, respectively,
No. 2 and No. 4 are samples of Ni (5 nm), Ti (80 nm), T = 880 and 950 °C, respectively

Figure 7 - Data analysis of the Raman spectra of CNTs

A more detailed analysis of the Raman spectra of CNTs is presented in figure 7. It can be seen that
with increasing temperature and decreasing thickness of the catalytic layer, such trends are observed:
narrowing of the half-width of the peaks (figure 7a), which indicates an increase in the crystallinity of the
structure; a decrease in the intensity of peak D, which is represented by the ratio I[(D)/I(G), indicating a
decrease in the number of defects in the structure (figure 7b); a decrease in the ratio of G to 2D peaks’
intensity, which indicates an increase in structural ordering in the mutual arrangement of atoms (figure 7c)
[15-16]. Thus, it was shown in the work that the use of a titanium buffer layer allows to reach effective
synthesis conditions, while the diameters and quality of synthesized CNTs depend not only on the
thickness of the catalytic film but also on the synthesis temperature.

Conclusion. Due to its variability, the CVD method makes it possible to precisely control the growth
of CNTs. By changing the synthesis parameters, one can control the yield and structural parameters of
nanotubes. In this work, the influence of the synthesis temperature and the thickness of the catalytic layer
on the growth of CNTs, as well as the role of the buffer layer, were demonstrated. An increase of synthesis
temperature and a decrease in the thickness of the catalyst improves the crystallinity of nanotubes. The use
of a catalyst and an adhesive metal layer, which was a barrier between the catalyst and the substrate, gave
positive results in improving the effectiveness of the synthesis of nanotubes. It was previously assumed
that the catalyst particles during preliminary annealing can dissolve in titanium and lose their catalytic
activity; however, the formed Ti-Ni nanoclusters promoted the catalytic growth of CNTs.
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KOMIPTEKTI HAHOTYTIKIIEJEPAI NI-TI KATAJIU3ATOPBIMEH CUHTE3JIEY

AnHoranusi. OTbI3 KbUT OOWBI KOMIPTEKTI HAHOTYTIKIIETCDP CSpPEKIIe KACHUCTIHIH apKachblHIa FalbIMIap.Ibl
KBI3BIKTBIPBIIN Kenesi. Oxapasl MKeMJII OTKI3Till jkaOblH, CyHepKoHAeHcaTop, Oarapesuiap MeH KYH OarapesuiapblH
JKacay YIIiH MaTrepuall peTiHje naijaiaHy Tamaimia MeXaHUKaJIbIK JKOHE DIICKTPIIK KaCHeTTepi apKbUIBI api sKOFaphl
AIIEKTPOXUMUSUIBIK TYPAaKTBUIBIFBIMEH epeKimerneHeni. Makanmamga kKpemHuE cyOcrpaTeiHgarsl Ni-Ti OuMeTammbl
KaTaln3aTOPBIHAA KOMIPTEKTI HAHOTYTIKIIENEpAi CHHTE3NEY OmicTepiHiH OipiH KapacTelpambl3. KaTamuTHKaIBIK
Ka0aTThIH KaJIBIHIABIFEI MEH CHHTE3 TEeMIIepaTypachIHbIH aJbIHFAaH YITUIEpIiH camackiHa ocepi ne 3eprrenai. CVD
CHHTE3/ll COHFBl OHIMHIH YJIKECH MIBIFBIMIBUIBIFBI apKbUIbI BIKTUMAaJ €H KOJIAHJbl OHIIpIC 9/ici peTiHne Kyprisui.
AJBIHFaH yIITUIep CKaHepJeylli 3JIeKTPOH/IbI )koHe PaMaH crieKTpocKonuschl apKbUibl 3epTrenai. CuHTe3 TeMiepa-
TYpachIHBIH 6CYi )KoHE KaTaIUTUKAIBIK Ka0aTThIH KaJIbIHJIBIFBIHBIH a3at0bl HET131He KYPhIIBIM KPUCTAJABUIBIFBIHBIH
JKaKcapybl, aKay CaHBIHBIH a3alobl )KOHE KYpPBUIBIMABIK PETTUTIKTIH JKorapbuiaybl Oaiikannmel. Karamusatop meH
TOCEHIIl apachlHOaFbl KeIepri CaHaJaThlH, KaTaJlW3aTop MEH METalJblH aAre3Msulblk KabaTelH IaiinasiaHy,
KOMIpTEKTi HAHOTYTIKIIEIep CHHTE31HIH CallachlH )KaKCapTyAa OH HOTHXKe Oepi.

KemipTekTi HaHOTYTIKIIE — KybIC HUJIMHAPIIK KYPBUIBIM, AnaMeTpi OipHelle HaHOMETp/ieH 0acTajblll OH/IaFaH
HaHOMETpJIepre ACHIH )KETETiH, Y3bIHIBIFbI Oip MUKPOMETPJIEH KY3/Ier€H MUKPOMETpre JIeiiH HeMece OJlaH Ja Kol
OoJaThIH, KOMIPTEK aTOMJapbIHAH TY3UITeH J)KoHE LIMIIMHIPre opajFaH rpadeH napakmacel. Anram petr KHT sxyiieni
typae Cymuo Ummxkuma (Sumio lijima NEC Corporation) cumarransr, on oxapasl 1991 xsumer C60 ¢ymiepernep
CHHTE3iHiH XaHaMa eHIMi pPeTiH/e aIlThl )koHe oHbIMeH Oip mesrinae JI.A.UepHo3aTOHCKUITIH TOOBI a CHMIATTaFaH.
Mopdonoruscel KOMIpTEKTIH yKcac epekiie (GopMmaiapblHbiH Oap eKeHIIri Typanbl OYpbIH Ja Ke3[IeCTipiireH,
anana Oy )KYMbICTap OJIaH 9Pl JaMH aJIMaJIbI.

Kemiprekri Hanoryrikmenep (KHT) kenrereH ¢u3MKanblK >KOHE XHMHUSUIBIK KacHETTEpre He, OJap.blH
kermIiiri epexme 6omnbin keneni. KHT eTe jkoraphl XbUTy OTKITIIITIKKE jKoHE OEpIKTIKKE Me, all CO3bIILY MOMYJI
OonaTtka KaparaHma OipHerne ece »XOoraphl. JKapTeUiail ©TKI3TIIITEH MeTanFa JCHIHTi 3JCKTP OTKI3TIITIKTIH KeH
CHEKTPi Oapabl HAHODIEKTPOHHUKAIA OTKI3TIIITep MEH P-N JKapThUIail ©TKI3TilI KypyFa, OTKI3TIIITIr XKOFapsl Oepik
KOMIIO3UT MaTepuajjap MeH moiauMmepiepre (yHKIMOHAiAbl Kocnaiap skacayra KHT mepcnexkruBansl ereni.
KemipTekTi HaHOTYTIKIIENep/ i FHUIBIM MEH TEXHHKAaHBIH OPTYpJl cajachlHAa KOJaHy MEePCIEeKTUBAJIbI TalchipMa
Oonbin  ecenteneni. CoHbIMEH Karap, KOMIpTeri Marepuaiiapbl, MbICAIbl, aMOp(Thl KOMIPTEK Hemece
AKTHBTEHJIIPIITeH KOMIPTEK, KeHIHEH KoJlaHbuIaabl kaHe onapasl KHT-mMeH anmacTelpy kel jkarjaiiia epexiuie
apdexT Oepenmi, amaiima Oacka KeMipTeKTi MarepuangapmeH camsicTeipranna KHT xemMbar OonraHOBIKTaH
mekreneni. Conapiktad KHT cuHTE3iHIH THIMAL 9miCTEpiH )kacay ©Te ©3eKTi OOIBIN caHANAMdbL. .

CVD — xe3-kenreH cyOcTpaTKa KeMipTeK TYTIKIIENEpiHiH eCy OpHBI MEH T'€OMETPISUIBIK MapaMeTpiepiH
OakpulayFa MYMKIHZIK O€peTiH jKOFapbl TEXHOJIOTHUIBIK Oakpuiay onici. Cyocrpar 6erine KHT maccuBin any yin
TYKbIM KabaThl KakeT. JKyka MeTayul KaObIpliarbl TYKbIM KabaThl periHge opekeT ereai opi KHT ecyinig
KaTajlM3aTopbl OOJIBIT CaHAIA/Abl, HETi3iHEH MeTayl pPETiHAE HUKeNb, TeMIp MOHEe KOOanbT KOJIIBIHBLUIA/IBI.
Karannszarop kaOBIpmIarelH axy YIIiH KaTadu3aTOpbl Oap epiTiHIIICH XUMUSIBIK TYHIBIPY, TEPMILUTBIK OylaHy,
MOHJIBIK COYJICHIH IIAbUTYbl HEMece MarHeTPOHHBIH IIalIbIpay SAIiCTEepiH KOJIIAaHy apKbUIbI KOJI )KETKi3yre OoJaibl.
Byn sxymeictarsl 6actel Mmocene KHT ecyine Oydep kabaTeIHBIH O0ITyBI, COHBIMEH KaTap KaTaiau3aTop KabaTThIH
KaJIBIH/IBIFbI )KOHE CHHTE3 TEMITEPaTypachiHa TOYCIIUTIK dCEPiH 3ePTTeY.

Tyiiin ce3aep: xemiprexri HaHoTyTiKIenep (KHT), cuntes, xumusiisik Oy sy TyHOace! (CVD), karanusarop,
MarHeTpOH/IbI MANIBIPaTY.
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CHUHTE3 YIVIEPOAHBIX HAHOTPYBOK HA KATAJIU3ATOPE NI-TI

AHHOTauMs. YTJiepoaHble HAHOTPYOKM B TedeHHe mnociemHux 30 jer, Omaromapst CBOMM YHHKAIbHBIM
CBOMCTBaM, MPEICTABILIIOT HHTEPEC I YYeHBIX. VX MCHOIb30BaHNE B Ka4eCTBE MaTepuasia IJisl CO3/TaHMUs THOKHX
MPOBOJSIINX MOKPBITHH, CYNEPKOHACHCATOPOB, OaTapeil U COJHEUHbBIX JIEMEHTOB SIBJISCTCS MEPCHICKTUBHBIM BBHIY
TOT0, 9YTO OHHM OOJAJAIOT MPEBOCXOTHBIMH MEXAaHHUECKUMH H 3JIEKTPUYSCKUMH CBOWCTBAMH, a TaKXe BBICOKOH
ANEKTPOXUMUIECKON CTaOMIBHOCTRIO. B 3TOH cTaThe paccMaTpuBaeTCs OJMH M3 METOAOB CHHTE3a YIJICPOIHBIX
HaHOTPYOOK Ha Ni-Ti OmMeTayIMYecKoM KaTaln3aTope Ha MOBEPXHOCTH KPEMHHEBOH MOMTOXKKHU. Takxke H3y4eHO
BIIMSTHAE TOJIIMHBI KaTATUTHYECKOTO CIIOSI M TEMIIEpaTyphl CHHTE3a Ha KaueCTBO IMOMYYEHHBIX 00pa3moB. CHHTE3
npoBomwics meronom CVD kak oamH U3 Hambosiee pacpoCTpaHEHHBIX METOIOB IMONYyYCHHS HAHOMATEPHAJIOB C
OOJBIIUM KOJMYECTBEHHBIM BBIXOJOM KOHEYHOTO NpoAykKTa. llomydeHHBIE OOpasmpl OBUIM H3yYEHBI METOJaMHU
CKaHUPYIOIIEH 3IEKTPOHHON MHKPOCKOIIMH M CIIEKTPOCKONHWH KOMOWHAIIMOHHOTO paccesHus. OOHapyXeHO, YTO C
pOCTOM TeMIepaTypsl CHHTE3a W YMEHBIICHHEM TOJIIIUHBI KaTaJUTUYECKOTO CIIOoS HaOII0maeTcs yIIydIlIeHne
KPHUCTAJUIMYHOCTH CTPYKTYPBI, yYMEHBIICHHE KOJUYEeCTBA JAE(PEKTOB U POCT CTPYKTYPHOH YIOPSIOYEHHOCTH.
Hcnonp3oBaHue Karain3aTopa U aare3MOHHOTO CJIOs METaslla, KOTOPbIH SBISUICS OapbepoM MEXIy KaTalu3aTopoM
U TIOJITIOKKOM, JTATIO TIOJIOKUTENbHBIE PE3YJIbTAThI B YIIyUIIEHHH Ka4yeCTBa CHHTE3a YIIIEPOIHBIX HAHOTPYOOK.

YraneponHas HaHOTPYOKa — 3TO MmoJas MIIMHAPHYECKAs CTPYKTYpa INAMETPOM OT HECKOJIBKHUX 0 HECKOJIBKUX
JIECSTKOB HAHOMETPOB, JJIHHOW OT OJHOI J0 HECKOJNBKHUX COTEH MHKPOMETPOB M OoJjiee, 00pa3oBaHHAs aTOMamu
yriepojia U MpejcTaBIisiioNias coboi ockocTh rpadena, cBEpHyTyio B mmnHap. Bnepseie YHT cucrematuyecku
onucanbl Cymno Uumxumoit (Sumio lijima, kopnopaus NEC), ob6napysxkusmero ux B 1991 r. kak moOO4HBIH
npoaykT cuHTe3a QymiepeHa C60, M MpakTUHECKH OIHOBpPEMEHHO ¢ HUM — rpynmoit JI.A. UepHO3aTOHCKOTO.
YHoMuHaHHS O CYLIECTBOBAHUU CXOXKHX MO MOP(OJIOTHH HEOOBIYHBIX (OPM YIIiepoja BCTPEHAIUCh U pPaHbIIE,
OJTHAKO JabHEHIIEero pa3sBUTHS ATH PaOOTHI TOTIAa HE Oy IHIIH.

Yraneponusie HaHOTPYyOku (YHT) obmamaioT MHOXECTBOM (PH3MUYECKHX M XUMHUYECKHMX CBOICTB, MHOTHE U3
KOTOPBIX YHUKanbHEL. YHT HMMEIOT 0ueHb BBICOKYIO TEIUIONPOBOAHOCTh M MPOYHOCTH, & MOAYINb YHIPYTOCTH TPH
pacTsHKEeHHH BO MHOTO a3 BhIIIE, 4eM y ctanu. IlIupoxuii Auana3zoH 3JeKTPONPOBOAHOCTH OT HOJIYIPOBOJHHUKA 10
MeTajula JeNlaeT WX IEPCIEeKTUBHBIMU /ISl CO3JaHHS IMPOBOJHHKOB M PN-TIEPEXOJOB B HAHOIJICKTPOHUKE, IS
CO3/IaHUS MPOBOJAIINX BBICOKOTPOYHBIX KOMITO3UTHBIX MAaTEpUANOB U (PYHKIMOHANBHBIX JOOABOK K IOJHMEpPaM.
[IpumeHneHne yriiepoAHBIX HAHOTPYOOK B PA3MTUYHBIX 00JIACTAX HAYKH M TEXHUKH SBIISETCS MEPCIECKTHBHOM 3a/1a4eH.
Kpome Toro, yrmepommble MaTepuanbl, Takhne Kak aMOp(HBIA yriaepoa WIM aKTUBHPOBAHHBIM YTOJb, IIMPOKO
NpUMEHSIOTCs, u uXx 3ameHa Ha YHT B HekoTopwix ciyuasx naér yHUKaJdbHbIA 3(deKT, orpaHMYSHHbIH TOJIBKO
6oree BpIcOKOI cTromMocThi0 YHT 1o cpaBHEHHIO ¢ APYyTUMH YIIIEpOAHBIMH MaTepuaiamu. [lostomy paspabotka
3¢ pexTHBHBIX MeTo0B cuHTe3a YHT odens akTyasibHa.

CVD sBnseTcss METOIOM C BBICOKMM YPOBHEM KOHTPOJS IpoIlecca, KOTOPHIH IO3BOJMSET KOHTPOJIMPOBATH
MECTOIOJIOXKEHNE POCTa U T€OMETPUUECKHE IMapaMeTphl YIIEPOIHBIX TPYyOOK Ha JHOO0M THIE MOIOKKHA. UTOOBI
nosnyuuts MaccuB YHT Ha moBEepXHOCTH IOIJIONKKHU, HYXKEH 3aTpaBOYHBIN Cl0H. B KadecTBe 3aTpaBOYHOrO Cios
BBICTYIIa€T TOHKas IJIEHKA METajula, KOTopas SIBISIeTCA KaTanu3atopoM s pocrta YHT, B posnn Takux MeTauioB
BBICTYIIAIOT B OCHOBHOM HHKENb, Xele30 U KobanbT. HaHeceHme TIEHKM KaTanm3aTopa BO3MOXHO C
WCTIOJH30BAHUEM METOAOB XHUMHUYECKOTO OCAXKICHHS W3 pacTBOPA, COAEPIKAIIEro KaTajiu3aTop, TEPMUYECKOTO
WCTIApEHHS, WOHHO-TYYEBOTO PACHBUICHUS WJIM MAarHeTPOHHOTO paclbUIeHHs. B kadecTBE OCHOBHOTO BOIIpOCa B
JIAaHHOW paboTe ObLIO UCCIIENOBaHUE BIUSHUS HAMUYMs Oy(QEepHOro ciosl, a TaKKe TeMIlepaTypHas 3aBUCHMOCTb U
TOJIIIMHA KaTaIuTH4YecKoro cjos Ha poct YHT.

KioueBble cioBa: yriepomasie HaHOTpYOkm (YHT), cuHTe3, XMMHUYECKOE OCakIeHHe W3 HapoBoil (a3l
(CVD), xatanuzatop, MarHeTpOHHOE pacIblICHHUE.
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WEAK CONVERGENCE OF INTEGRAL CURVATURES
OF CONVEX SURFACES

Abstract. The article contains a concentrated analysis of the existing information on the main problems of the
theory of convex surfaces and differential geometry “in general” and is devoted to the problems of the reconstructing
convex surfaces from the information about their curvature studied by the topological methods of the functional
analysis.

The class of smooth surfaces in a bounded convex domain GcE? is considered. The concept of the R-area of a
normal image is set forth. In the class K+(G), the Monge—Ampere equation is considered.

The paper considers the integrals of transverse Minkowski measures associated with the parallel surfaces. If the
surface @ is given by the explicit equation z = f (x, y), then for the integral curvatures of this surface transferred to
the plane E?, the inequalities wi(®, G)<w(0Zy, 0Z¢) for k =0, 1, 2. Of these inequalities, inequalities follow

@o(D, G)< 2nr’+4mr||¢llg, ©1(D, G)< 2n’r+4m||¢llg, BAD, G)< 4,
which are used in reasoning. We prove the weak convergence of the integral curvatures of the convex surfaces. The
result obtained in the form of a theorem plays an important role in the proofs of the theorems on the existence of a
convex hypersurface with a given combination of the integral conditional curvatures. For the first time, the
conditional curvatures are taken in the most general form, as a given function of the integral conditional curvatures
of the various orders. The integrand functions are the product of the continuous functions and the integral curvatures
of the various orders.

Keywords: convex surface, convex surfaces in Euclidean space, Monge-Ampére equation, the cone of convex
surfaces in the space of continuous functions, conditional curvature, integral curvature, restoration of surface.

1. Introduction.The existence and uniqueness of a surface with the predetermined geometrical
characteristics is one of the important and urgent problems of the differential geometry “in general” and its
various analytical and mechanical applications[15]. The formulation of this problem in the language of
analysis leads to the boundary value problems for the elliptic or hyperbolic partial differential equations of
the second order, and also, as I.Ya. Bakelman showed, to integral equations.[12],[13], [14]

The class of smooth surfaces in a bounded convex domain GCE? is considered. The concept of the R-
area of a normal image is set forth[16]. In the class K+(G), the Monge—Ampere equation is considered.

A number of geometric problems, including the Minkowski problem of constructing a convex surface,
are reduced to the simplest Monge—Ampere equations.[9] G. Minkowskiposed and solved the problem of
constructing a convex surface, whose Gaussian curvature has a given normal function.

2. Setting of a problem. Integrals of transverse Minkowski measures. The papers [1], [3], [10]
set forth the information from the theory of integrals of the transverse Minkowski measures for the convex
bodies, and also presented in [2], [11] the concepts and properties of the integral curvatures of the various
orders for the closed convex surfaces. In [4], some fundamental formulas of the theory of surfaces are
considered.

Let 7 be a bounded convex body in the space E°. Then F=0T is a closed surface that homeomorphic
to the sphere S
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Let P be the plane of support to F at the point XpeF. We denote by /7 such of the closed half-spaces
E® with the boundary P, which contains the body T. If the origin of coordinates is placed in a point lying
inside the body T, then the plane P and the half-space /7 are specified analytically as follows:

P={X eE’| X, v)=d}; Il = {X eE’| (X, v)<d}, (1)
where v is the unit outward normal to P, X is the current radius vector of points from P or from //and d is

the distance from the origin to the plane P.
To each plane of support P to F we assign the plane P, having the equation

Pi={X €E’| (X,v)=d+ h}, (2)
where /# 2> 0 is a fixed number. We denote by /1, the half-space given by the inequality
I, ={X eE’| (X,v)<d+h). 3)

Obviously, P,=2l1,. Denote by T the intersection of all half-spaces/{;, which are constructed along all
possible support hyperplanesP to F. Then 7} is a bounded convex body, and F,=2T is a closed convex
surface geomeomorphic to the sphere S°. Surfaces Fare called parallel to surface F.

3. Research methods. The following formula is valid ([5], [1]):

3
V(T,) =) CiW, (T)h", )

k=0

where 4 > 0 is a fixed number, the numbers Wi(T) that are factors in the coefficients of the polynomial on
the right-hand side of (4) are called integrals of Minkowski transverse measures for a convex body 7.
Integrals of transverse Minkowski measures are the functionals on a class of the bounded convex bodies.
We point out the properties of these functionals necessary for further.

1. Wo(T)=V/(T), WJ(T)=§ o(T).

2. For any k = 0..3, the functionalsW(T) on the class of convex bodies are non-negative, invariant
with respect to motions in E’, monotone, bounded, homogeneous degrees (3 — k), continuous, and
additive.

The formulation and proof of these properties are given in [5], Chapter VI, §1.

3. For convex bodies with a smooth C? boundary, in the sense of differential geometry, the functional
Wk(T) can be represented as integrals on 0T from elementary symmetric functions of order (k — 1) of 3
principal curvatures OT.

For each fixed # >0, the mapping is defined

Zn: subset F— subset F,

which assigns 4,cF to each set AcF such that:

If P is the plane of support to the surface F, such that A P=, then the plane P, = {XeE’ | X, v) = d+h}
is the plane of support to the surfaceF), and 4,P»=£J and, on the contrary, if P; is the plane of support to
the surface Fj, then P is the plane of support to the surface F.

Obviously, yy is the identity transformation.

Let F be a complete convex surface in E°. As is known, the limit of a converging sequence of planes
of support to a complete convex surface F is the plane of support to F. From this fact the following
properties of the map y;, follow:

1. y, translates the closed subsets into the closed subsets.

2. yn translates the bounded subsets into the bounded subsets.

3. y» translates the compact subsets into the compact subsets.

4. yy translates the Borel subsets into the Borel subsets.

It is known that, under the imposed conditions, the areas of the Borel subsets exist.

In [8] the formula is proved

2
o(4,) = Z C;‘a)k(F,A)h",

k=0

&)

— |4 ——
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where wi(F,A) are non-negative completely additive functions on the ring of Borel sets of the surface F'
such that ow(F,F)=W (7).

In [5], [6], it was shown that for the convex bodies with a smooth C’boundary of the function of the
set aw(F,A), k = 1,2, there are integrals over the set 4 of the elementary symmetric functions of order k£ of
the 2 principal curvatures F. Therefore, wi(F,4) can be considered as functions of a set associated with
integrals of transverse Minkowski measures. We will call these functions the integral curvatures of order &
of the convex surface F.

The following was proved in [7]: if the closed convex surfaces F,,converge to a closed convex surface
F, then the completely additive non-negative functions of the sets ax (F, 4») weakly converge to a
completely additive non-negative function of the set ax (F, A).

We give a more detailed formulation of the last statement. Since the convex surface F is
homeomorphic to the sphere S? and the convex surfaces F,,converge to F, not breaking its generality, we
can assume that there is a closed ball contained simultaneously within all Fj,and F. Let's transfer the origin
of coordinates to the center of this ball; the values of functions do not change from this.

Let 0 be an arbitrary point of the sphere S°. We obtain that the surfaces F,and F are given
respectively by the equations @, p=p, (6), @: p=p(6), the convergence of F), to F means the uniform
convergence of the functions p,(6) to p(6) on S°.

Let H be an arbitrary Borel set from 5°. Denote by A and Am the Borel sets of convex hypersurfacesF
and F, which are obtained as a result of the central projection of the set H from the origin of coordinates
on these surfaces. Put now

ZU'k(F,I‘I):COk(EA), wk(me[_[):a)k(Fm;Am);k:a ]; 2.

Obviously, a@w(F,H) and a@w(Fm,H) are completely additive nonnegative functions of sets on the
sphere S°. We will call these set functions the integral curvatures of order k for convex surfaces F and F,,
transferred to the sphere S°.

The weak convergence of the functions of the sets ai(F.,, H) to @(F,H) according to [7] means that
for any continuous function f{6) eC(S?), the equality

lim . fb. f(0)&,(F,.dH)={, f(O), (F.dH ). (©)

As is known, see [1], [9], a necessary and sufficient condition for the weak convergence of w(F,Am)
to an(F,4), provided that F,, converges to F, is that if H=S” is a closed set, then

lim @i (F,,H) < i (F,H) o

and if HS? is an open set, then

lim i (F,, H) < o (F, H) ®

The functions of the sets ax(®, B) of convex surfaces given by explicit equations. Let @.cK(G) be
the surface and let M be a convex compact subset of G. Without loss of generality, we can assume that
@.eK(G). Then the distance oM = dist(M, JG) is positive. Let denote by @y the graph of the function
zu(x, ) =z (x, y)/M.

Let 4 be an arbitrary real number satisfying the condition A<hy=infiz(x,y).

Let Ty(®D, h) = conv (Fym, H(M,h)). 1t's obvious that

O’TM(F, h) :FMUH(M h) Um,

where Zu is the part of the cylindrical surface with the guide OM, forming - segments, parallel to the Z
axis, located between JF) and dH(M, h). Set

(zr, A)=(O Tu(D,h), A), 9
where AFy is a Borel subset. Note that the number wx(clm(®@,h), A)does not depend on the number 4.
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If McM; are two compact convex subsets of G, then for any 4 €(—c, hyy), obviously, the equality

& (P, A) =0 (P, 4), (10)
where A Fi is an arbitrary Borel subset. From (10) it follows that in the left-hand side of formula (9), the
F)yr surface can be replaced by F.

Thus, for @ eK~(G)and any Borel set 4c® such that the orthogonal projection 4’ of the set 4 on E? is
removed from 0G by a positive distance, we have

@, (D, A4) =, (0T (D, h), A) 1)
where Tu(®@, h) = conv (Fu,Ny),

M is any compact convex subset of G such that 4;cM,

h is any number satisfying the inequality hA<hy = infuz (x, y).

Formula (10) implies an important corollary:

1) Let McG be a compact convex subset. Then, on the ring of Borel subsets A of the Fis surface, the
integral curvatures wy(®,4), k=0,1,2, represent nonnegative completely additive functions of a set of
bounded variation.

2) For any Borel set Ac® we set

(D, A)= supycc(D@, ANDy) (12)

over all convex compact subsets of McG. The number wi(P,A4) is always non-negative, it can also take the
value + oo.

3) For any @ eK(G), the integral curvatures ax(®,4), k = 0,1,2, are completely additive, non-negative
functions on the ring of Borel sets F. If @ is a bounded set in E’, then these functions have limited
variation.

For any @ €K (G) we set

a( DA )=o(D, A), k=0, 1, 2, (13)

where 4 is a Borel subset on @, and 4’ is the orthogonal projection of 4 onto the plane £. Obviously, A’is
a Borel subset of G. It follows directly from the definition that @x(®,B) are the non-negative completely
additive functions on the ring of Borel subsets of G, which take finite values for sets B remote from 0G by
a positive distance.

These set functions will be called the integral curvatures of the surface ® transferred to the plane E”.

We consider the question of the weak convergence of these integral curvatures. We give a well-
known literature definition of the weak convergence of the completely additive functions of sets defined
on the Borel subsets of the domain G. It is said that the sequence of the completely additive functions of
the sets u,(B) weakly converges to a completely additive function of the set x(B), if for any feC(G) with a
compact support McG, an equality holds

tim, .. [[fCe ), (dB) = (| f(x,y)u(dB).

The following theorem is true.

4. Results of the research. Theorem 1. Let the convex surfaces @,, eK(G) converge to the convex
surface @K (G), then for all £ = 0,1,2 the integral curvatures @i (@, B) of the hypersurfaces®,,
transferred to E°, weakly converge to the integral curvature @i(®,B), transferred to £°.

Proof. For definiteness, we assume that @,,eK" (G) and @ eK” (G). Since Since, under parallel shifts
of @ along the Z axis, the integral curvatures @i(®,B) of the surface @ transferred to £° do not change,
without loss of generality, we can assume that all surfaces ®@and @, lie under the plane E”.

Now let feC(G) with compact support M’cG. Obviously, dist(M’,&G)>0. Therefore, one can find a

compact convex set M such that GOM DM . Obviously, dist(M,A2G) is also positive. We introduce
the convex surfaces @y and @y,,. Since they are uniformly bounded in £°, one can find a point (x,y,4) in
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E? such that (x,y) eM, and 4 is a sufficiently large number, and the projections of the surfaces @y and @y
from the points (x,y,4) on the plane E° are contained in some compact convex set N satisfying the
condition M c Nc G .

Obviously, dist(M, &G) >0.Without loss of generality, we can assume that all surfaces @y and @Dy lie
above the plane z = hA.

Now suppose that the S;° is the sphere centered at the point (x,y,4) of the radius 1. Without loss of
generality, we can assume that S;° lies under all the surfaces @y and @u... Let S;+° be the open
hemisphere S;°, the equatorial plane of which is parallel to the E° plane. Denote by 7z S;+°—>E” the central
projection of S;.” to the plane E°. Obviously, zis a diffeomorphism.

Suppose N'=77(N), then N’ is a convex compact subset on S;°, contained inside S;+°. We introduce
the function on S’

(f(m(0), if 0N,

g()=

Lo, if 68> \N".

It is easy to see that g(6) C(S/°). By construction, this function is such that it is zero on S;° outside
the set 7~/(M’). Note that 7 (M) c 77 (M) c =7 (N).

We now construct the convex bodies.

TN(D, h) = conv (@n, H(N, h)), Tn(Pm, h) = conv (On,m, H(N, h)).

Let B be an arbitrary Borel subset of the set M. Let, further, 4 and 4,, be the Borel subsets of surfaces
@ and @,,, whose orthogonal projections are the set B. Then

@ (D, B)= (PN, A)= (D, A), @i(Dm,B)=wk(Dnm,A)=k(DPrimA),

k=0, 1, 2, m=1, 2, ...

According to the above, we also have

ZUk(CD,B)=a)k(CDN,A)=a)k(@M,A)= ZUk(O’TN((D, h), 7Z'_1(A)),
wk(meB) :a)k(QN,m;Am) :wk(QMm;Am): ZD'k(ﬁN((Dm, h), 72'_1(14)) (14)

Formulas (14) establish the relations between the integral curvatures of a fixed order k& of the convex
surfaces @ and @,, transferred respectively to the £ plane and the S;’sphere. From these formulas and the
definition of the function g, the properties of the functions f and g, and the fact that 7 S;-”—E” is a
diffeomorphism, we obtain

”ka(cb,dB) = ﬁszgwk(d),dH),
.Ucwk(q)m’dB) = ﬁslz gwk(q)m,dH).

Using the weak convergence of the functions of the sets @i(®,, dH) to the function of the set @i(P,
dH), we obtain

lim, ﬁsﬁ g, (©,,dH) = ﬁs,z g@, (O,dH).

From here we have

lim, ., | jG f@,(®,,dB)=| jG f@, (D,dB).

Since the continuous function f, which vanishes outside a certain compact set in G, is chosen
arbitrarily, the functions of the set @i(®,, B) converge weakly to the function of the set @i(®D,, B).The
theorem is proved.

5. Conclusions. Thus, we investigated the integrals of transverse Minkowski measures associated
with parallel surfaces. The weak convergence of integral curvatures of convex surfaces is proved. The
result obtained in Theorem 1 is new and plays an important role in the proofs of the existence theorems for
a convex hypersurface with a given combination of integral conditional curvatures.
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JAOHEC BETTIH UHTETPAJI KUCBITF'bIHBIH 9JICI3 ZKUHAKTAJIYbI

AnnoTtaiust. Makanaga JeHec OeT TeopusiChl MeH «ryractai» auddepeHnuanapl reOMeTPUSIHbIH Heri3ri
npobiemManapsl Typayibl Talgay KacajfraH >KoHE (DYHKIHOHAIIBIK TaJAayAblH TOIOJOTHSIIBIK OMICTEPl apKbUIBI
MEHI'epUIreH KHChIKTap Typalibl aKIapaTTapra, JeHec OeTTep 1l KalbiHa KeNTIpy/IiH Mocenenepi i3ecTipiireH.

[lexrenren menec G < E 2 aliMarbIHIaFHI TETic GETTEp KIAchl KAPACTHIPUIAAbL. KalBIITE KeCKiHHIH R-aynanbl
Typaisl TyciHik Oepinren. K+(G) xaceinarsl Momx-Amrep TeHaeyi KapacThIpbUIabl.

Makasaza napauieNib OeTTepre KaThICThl MHUHKOBCKUIIIH KOJICHEH OJIIIeM HWHTerpaigapbl KapacThIPhLIAIbL.
Erep @ Geri anbik z=f(x,y) TenmeyimeH Oepince, oniaa E2 jka3bIKThIFbIHA OEpLIreH OChl OCTTIH HHTErPaJIIbIK
KUCBIKTapHI YIIiH MyHAars! k=0, 1, 2 6onranga MeiHa TeHC3AIK Wk(D, G)<wk(0Z@, 0Z@) akukaT 001bIn caHamangsl. by
TEHCI3AIKTCH KeliH 0onkay OaphIChIHIA KOJIIAHBUTATHIH KEJIeCi TeHCI3/IIK IIbIFa/IbL:

@o(D, G)< 2nr’+4nr|o||g, ©1(D, G)< 2n%r+4n||pl|g, BAD, G)< 4n

F nmemec Oeri S2 cdepaceina romeomopdTel xoHe Fm nmeHec Oerrepi F-re OpTakTBIKTHI JKOFaNTHAN
JKUHAKTaJaabl, COHABIKTaH Oapnbelk Fm sxome F imiHme Oip mesrinme TYWBIK map Oap menm Ooipkayra OOJNambl.
KoopannaTtaHslH 6acTankbel MOHEPIH OCHI IIAPIBIH OPTACHIHA OKENTeH I, (DYHKIMSIHBIH MOHIEPi ©3repMei.

0 - S? chepachIHIaFEl €pKiH HYKTE JIen anaibiK. Fr xome F Gerrepi TmiciHme MbiHamail TeHmysaepMeH Fi:
p=pm(0),F: p=p(0) Gepineni. S? chepacrmarsl F-nin F-ke xunakramybipm (0) GyHxumsaceEbE p(0)-re Gipkenki
JKUHAKTAIYbIH Oinipesni.

H — S? cepachIHbIH epKiH OOpelb KOIMYLIEIIT] JeM anaiblk. A koHe Ay, GOpENb KOIMYIIENTIri apKblIbl JOHEC
runiepoerrepiniy F xone Fn, H xenmyiuenikri opraisik jxo0anaybl Oochl OeTTeri 0acTamkpl KOOpAWHATACHIHAH
anbiaazel. Enpi k=0, 1, 2 Gonranga temeneriieit Gopmynara KenTipemis:

mk(F, H): (Dk(F, A), mk(Fm, H): (Dk(Fm, Am);

Kepin typraubivbizaaii, wi(F,H) xone wi(Fm,H) — S? cdepachinia KenMyIeniKTiH TONBIKTal a/yIATUBTIK Tepic
eMec (QYHKIMACH OONbIN caHananbpl. Kenmymeniktin Oyn  QyHKuMsnapbiH 6i3 opi Kapait S’ cdepachiHa
taceiMaianran F oxone Fn, meHec Oerrepi ymiH k periHaeri MHTErpaiiblK KUCHIKTap aen aiWTambis. Ochbl
MHTETPaJIIbIK KUCHIKTAP/BIH 9JICI3 JKUHAKTAIYbl Typalibl Macelne KapacThIpsulasl. bopens imki kenmymrenirinin G
aliMarbIHIa OEpiIreH KeNMYIIeNiK (YHKIMACHIHBIH TOJIBIKTAH aJAMTHBTI 9JCi3 JKWHAKTAIYBIH aHBIKTAYy Typajibl
aHBIKTaMaJIap KeATipuII.

Im(B) KemMymIenirinig TompIKTall anauTUBTI GyHKOMsUIap Tiz0eri pW(B) kemMyImeniriHiH TONBIKTAH aIaUuTHUBTI
(hYHKIMSCHIMEH OJICi3 KMHAKTANaIsl Aem anTeuianbl, 6apnereiHa fe C(G) pIKmamMas! TackiMannaymsl McG Gonca,
OHJIa MbIHaJJall TEHMIKTI YCHIHAIBI:

tim, ., [/ Cy)u,@B) = [[_f(x, y)u(dB).

Keneci Teopemansr TyxbpipeiMaainmei: @,eK(G) nerec deri ®eK (G) meHec OeTiMeH XHHAKTAIATHIH Ooica,
oHga OapneirbiHa k=0,1,2 Gomranma, E? -re Gepinren @, runepOeTiniH @k(Pm,B) HHTErpangblk KUChIFE E>-re
oepinred  @x(®D,B) uHTErpamAbBIK KUCBIFBI apKbUIBI OJICI3 JKHMHAKTanagsl. JleHec OCTTEpaiH HHTETPAIbIK
KUCBIKTAp/IbIH 9JICI3 KMHAKTAIYBI JIOJICIICHII.

Teopema TypiHIe albIHFAaH HOTHXKE HHTErPAIbl IMAPTThI KUCHIKTAPIBIH KOMOWHAIMSCH apKbLIbl OepiireH
JIOHEC TUTEPOETTEP/IiH Typalbl TeopeMalapsl AJICIACYAe MaFbI3Ibl POl aTkKapanbl. Typii peTTeri MHTErpaibl
HIAPTTHl KUCBIKTAPJIbIH OepuireH (QyHKIMACHI PETIHJE ajFalllKbl PET OHBIH KajIblIaMa TYpJeri MapTThl KUCHIK
CBI3BIKTApbI aJbIHIbI. [IKI MHTErpanabl GyHKUMsUIAp y3AIKCi3 (QYHKUMSUIAPABIH XKOHE TYPJi PETTI MHTETPaAbIK
KUCBIKTAP/IbIH TYBIH/IBICHI OOJIBII CAaHATAIbI.

Tyiiin ce3xep: neHec Oer, EBkin KeHicTIriHACTI [oHeC OeTTep, MomK-AMIep TeHIeyi, Y3aiKci3 QyHKImsIap
KEHICTITiHAer] IoHeC OeTTep/iH KOHYCHI, IIapTThl KUCHIK, HHTETPAJIIbIK KUCBHIK, OSTTI KaJIIbIHA KEITIPY.
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CJIABASI CXOJMMOCTb UHTEI' PAJIbHOM KPUBU3HBI
BBIITYKJIBIX IOBEPXHOCTEM

Annoranusi. CTaTbs COINEPKUT KOHIEHTPHUPOBAHHBIA aHANN3 CYIISCTBYIOMEH HWHPOPMAIHUU 00 OCHOBHBIX
mpobIeMax TEOPHH BBITYKIIBIX IMOBEpXHOCTEH U au((depeHINaTIbHONH TEOMETPHH «B LEIIOM» W ITOCBSIICHA 33Ja9aM
BOCCTAHOBJICHHSI BBIMYKIBIX MOBEPXHOCTEH 1O wmHMOpMammu 00 WX KPUBU3HE, M3yYAEeMBIM TOIIOJIOTHYECKUMH
MeToAaMH (yHKIMOHAIHHOTO aHAIIN3A.

PaccMaTtpuBaeTcs Kjacc TUIaJKMX TOBEPXHOCTEH B OrpaHMYeHHON Bhimykaod obmactu GcE?. Usnaraercs
noHsTHe R-mtormanu HopmanpHOTro n3odpaxenus. B ximacceK'(G) paccmatpuBaercst ypasHeHnne Momxka-Amiiepa.

B pabore paccmarpuBaroTCs HMHTErpajibl IMOMEPEYHBIX MepP MMHKOBCKOTO, CBSI3aHHBIE C MapajuieNbHBIMU
noBepxHocTsMU. Eciu nmoBepxHocTh @ 3amana siBHBIM ypaBHeHHEM z=f(X,y), TO JUIs HHTErPAIILHOW KPUBU3HBI ITOM
HOBEPXHOCTH, IEPEHECEHHBIX HA IIOCKOCTh B2, cripaBeanushl HepaseHcTBa Wk(D, G)<ww(0Ze, 0Ze) pu k=0, 1, 2.

3 5TUX HEPaBEHCTB CJCIYIOT HEPAaBEHCTBA

@o(D, G)< 2nr*+Hnr||pl, ©1(P, G)< 2n°r+47||¢/c, TAD, G)< 4,

KOTOPBIE HCIOIB3YIOTCS B PACCYKICHHIX.

Tak Kak BBIMyKIast MOBEPXHOCTH F romeomopdua chepe S’u BBIMYKIIbIE MOBEPXHOCTUF mexomares k F, To He
Hapymasi OOITHOCTH, MOXHO CYHTATh, YTO CYIIECTBYET 3aMKHYTHIH IIap, COACPKAIIMIACSI OJTHOBPEMEHHO BHYTPH
Bcex Fr uF. [lepeHeceM Hauasio KOOpJMHAT B LIEHTP TOTO LIapa, OT ITOT0 3HAUCHUsI (PYHKIIUH HE U3MEHSTCS.

Iycts O — mpousBosbHas Touka chepbl S2. IMomydaem, uto mosepxHocTH Fr, MF 3a/1a10TCs COOTBETCTBEHHO
ypaBHeHUsIMU Frn: p=pm(0),F: p=p(0), cxomumocts Frk F 03HauaeT paBHOMEpHYIO CXOIUMOCTh QYHKUUH pm (0) K
p(0) na S2.

Iycts H — mpou3BombHOe GopeneBckoe MHOKECTBO n3 S2. O6o3HaunM depe3 A u A,00pENeBCKUE MHOKECTBA
BBIIYKJIBIX runeprnosepxHocred F uFn,, KOTOpble IOIYy4arOTCs B pe3ylbTaTe LEHTPAIBHOIO IPOCKTUPOBAHUS
MHOXecTBa H u3 Havana koopanHat Ha 3TH noBepxHocTu. [Tojoxum tenepb

o«(F, H)= o(F, A), ©(Fm, H)= 01(Fm, Am), k=0, 1, 2.

OueBugHo, @wi(F,H) u ©(Fm,H) sBIsTIOTCS BrIONHE aAMUTHBHBIMA HEOTPUIATEIHHBIMEA (DYHKIMSIMA MHOXECTB
Ha cpepe S?. DTU PYHKIUH MHOKECTB MBI HA3EIBAEM Jajie€ MHTEIPAIbHEIME KPMBH3HAMY HOPSIKA K I BBITYKIIBIX
nosepxnocreil Fu Fp,, nepeneceHnsIx Ha cdepy S2.

Paccmorper Bompoc o cnaboif CXOAMMOCTH 3TOH HMHTETpalbHON KpHWBH3HEL. [IpuBeneH wW3BecTHOE U3
JUTEpaTypbl ONpeAeNicHHe CJIa00H CXOMUMOCTH BIIONHE AaIIWTUBHBIX (YHKIUI MHOXKECTB, 3aJaHHBIX Ha
OOpeneBCKUX MOMHOXKecTBaxX oomacti G.

T'oBop#T, 4TO MOCTIEAOBATEIHFHOCTH BIOIHE aIINTHBHBIX (PYHKIHI MHOXKECTB Um(B) c1abo cxomgures k BHoiHe
annuTHBHON (yHKIMM MHOXecTBa LW(B), ecnm ms Besikoit fe C(G) ¢ koMmakTHRIM HocuTeneM McG, nmeer Mecto
PaBEHCTBO

lim,, .. [[ (), (dB) = [[f(x, y)u(dB).

CrpaBemrBa CIEAYIOMIas TeopeMa: MyCTh BBIMyKIble moBepxHOCTH DneK(G) cxomsiTcs K BBITYKIOH
nosepxHoctH P eK (G), Torma mpm Bcex k=0,1,2 mHTerpanpHas kpuBusHa ®k(DPm,B) runepnosepxHOCTEH Dpf)
nepeHecennas Ha E2, cabo cXomuTces K MATErpanbHol kpusnsHe wiy(®D,B), nepenecennoii na E2.

Jokazana cinabast CXOAMMOCTh MHTETPaIbHON KPUBH3HBI BHITYKJIBIX IOBEpXHOCTEH. Pe3ynbraT, mosrydeHHbli B
BHUJI€ TEOPEMBI, UTPACT BAKHYIO POJIb B JOKA3aTEIbCTBAX TEOPEM CYIIECTBOBAHMS BBIIYKJIOH I'MIICPIOBEPXHOCTH C
3aJIaHHOW KOMOMHAIMEH WHTETPaIbHON YCIIOBHON KpHWBH3HBL BriepBble yCIOBHAs KpHBH3HA B35Ta B CaMOM OOIIEM
BUZI€ KaK 3ajaHHas (QYHKIHS OT MHTETPATBbHBIX YCIOBHBIX KPHBHM3H Pa3IMYHBIX MOpsAKoB. IlompHTETpanbHbIC
(hyHKIUH ABJIAIOTCS NPOU3BEAECHHEM HENPEPBIBHBIX (DYHKIMHA U HHTErPaIbHOM KPUBU3HBI PA3JINYHBIX MOPSIKOB.

KnroueBble ci0Ba: BBITYKIas IOBEPXHOCTb, BBIMYK/IbIE IIOBEPXHOCTH B EBKIMIOBOM IPOCTPAHCTBE,
ypaBHeHHEe MoHXa-AMIIepa, KOHYC BBIIYKIBIX IIOBEPXHOCTEH B MPOCTPAHCTBE HENPEPHIBHBIX (PyHKIUH, yCIOBHAS
KPHUBH3HA, UHTETPaJIbHAs KPHBHU3HA, BOCCTAHOBJICHUE TOBEPXHOCTH.
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TRITON CLUSTERING IN (n,t) REACTIONS

Abstract. According to the traditional definition of a nucleus, protons and neutrons in the nucleus have a
roughly homogeneous distribution. At the beginning of nuclear physics it was known that nuclear clustering was
extremely important in determining the structure of nuclei. The discovery of alpha-decay of heavy-nuclei initiated
the idea that clusters of nucleons might be preformed prior to emission. Afterwards Gamow, Gurney and Condon
described the alpha particle as undergoing quantum mechanical tunneling from inside the decaying nucleus.
Furthermore, an alpha particle model with bonds connecting clusters for N=Z even-even nuclei was suggested. In
1941, Margenau used a Slater determinant wave function for alpha clusters to compute an effective alpha-alpha
interaction. Moreover, Morigana supposed to apply linear chains of alpha clusters for describing some states of
alpha-like nuclei. Cluster structures are typically observed as excited states close to the corresponding decay
threshold. The origin of this phenomenon lies in the effective nuclear interaction, but the detailed mechanism of
clustering in nuclei has not yet been fully understood.

Clustering properties of nuclei would be helpful to understand both the nuclear structure and nuclear reaction
mechanisms. Different kind of clusters can be in principle exist in nuclei, for example, light (two, three and four
nucleons) and heavy ones. The clustering effect of nuclei has been investigated for a long time using different
methods based on various theoretical approaches. However, most of these studies were devoted to the a-clustering in
the a-decay, a-particle scattering, a-particle transfer and emission reactions, and molecule like a-cluster structure of
light nuclei. A famous example is Be isotopes for alpha-clustering. ®Be has a tight two-alpha cluster structure and the
nucleus is unstable. If we consider another isotope of °Be (adding one neutron into ®Be), the cluster structure is
stabilized and the system is bound.

In the last years we have been studying the a-clustering in fast and slow neutrons induced (n,a) reactions using
the statistical model and knock-on mechanism. In this work in the framework of the compound and direct reaction
mechanisms, triton clustering factors (or probabilities) were first obtained for (n,t) reactions. In the case of
compound mechanism, the statistical model based on the evaporation model and constant nuclear temperature
approximation was used. For the direct reaction mechanism, the knock-on model was utilized. It was shown that the
triton clustering factors obtained by the knock-on model are much larger than ones found by the statistical model. At
the same time, the triton clustering factors for even-even target nuclei are on an average one order of magnitude
lower than ones for odd-even nuclei.

In addition, the triton clustering factors are much lower than the a-clustering in (n,a) reactions at the same
neutron energy range for medium-mass nuclei.

Keywords: compound mechanism, statistical model, evaporation model, constant nuclear temperature
approximation, direct reaction, knock-on model, alpha-clustering, triton-clustering.

1. Introduction

Clustering properties of nuclei are useful for the understanding both the nuclear structure and nuclear
reaction mechanisms [1-4]. Different kind of clusters can be in principle exist in nuclei, for example, light
(two, three and four nucleons) and heavy ones. The clustering effect of nuclei has been investigated for a
long time using different methods based on various theoretical approaches. However, most of these studies
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were focused on the a-clustering in the a-decay, a-particle scattering, o-particle transfer and emission
reactions, and molecule like a-cluster structure of light nuclei. The clusterization is usually described by a
clustering factor which is defined as the probability of finding some cluster structure from several
nucleons inside the nucleus. Consequently, this factor (or probability) should be less than or equal to one.

In the last years we have been studying the a-clustering in fast and slow neutrons induced (n,a)
reactions using the compound and direct reaction mechanisms [5,6]. In this work the triton clustering in
(n,t) reactions is first studied using the statistical and knock-on models.

2. Theoretical background

2.1. Statistical Model Formulae

In the framework of the statistical model based upon Bohr’s assumption of a compound mechanism
the (n,t) cross section can be expressed [7] as following:

o =0, (MG(). (1)
Here:
o.(n)=n(R+%k,)’ @)

3

. . . /3. )
is the compound nucleus formation cross section, whereR=I’0A is the target nucleus radius,

7, =1.3-10"" cm and 4 is the target nucleus mass number;

4.55-107"

b e ey .

is the wavelength of the incident neutrons divided by 2z, where E,, is the neutron energy.
The triton decay probability of the compound nucleus is given by

Ft
G(t) = T “)

where I['tand I are the triton and total level widths.

Using the detailed balancing principle and evaporation model [8] the triton width of level, [, is
determined as following:
28 41
= thltoc(Ec)Mt I:!.Eto-c (El )py(Ut)dEt (5)

Here: S,, M,, E,, and V, are the spin, mass, energy and the Coulomb potential energy for the
outgoing triton, respectively; p (E,)and p (U,)are the level densities of the compound and residual

nuclei, respectively; U, is the excitation energy of the residual nuclei; The inverse reaction cross section,
o,(E,), can be determined by the semi-classical formula [7]. Then, using the nuclear entropy [9] and

constant temperature approximation [7], we can get from (1), (2) and (5) the following simple formula for
fast neutron induced (n,t) reaction cross section:

Ql 1
o = 7R+, ). ;g M 6)

If we use Weizsdcker’s formula for binding energy [10] and an approximation A>>2 for medium mass
and heavy nuclei can obtain following formula for (n,t) reaction energy:

2Z-1 N-Z+1
nl:}/ A1/3 5 gt (7)

where: y and ¢ the Weizsdcker’s constants, N and Z are the neutron and proton numbers, respectively, of

the target nucleus, &, = 8.48 MeV is the internal binding energy of triton.
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The Coulomb potential energy of triton can be written [11] in the form:

v =1.029-27D_(yser) @®)

A1/3 +31/3

Using the Fermi gas model for level density parameter [12], the nuclear thermodynamic temperature

[7] is expressed as:
0= f13.5(E;1+ 0.) . 9)

So, from Egs. (6)-(8) the (n,t) cross section can be obtained as follows:
N-Z+

o =Cn(R+R Fe 4

(nt) s (10)
The parameters C and K are expressed by:
27 -1 (Z-1)
3 TE —1.029 413 313
C =3exp (11)
®
and

4g
K=—. 12
P (12)

Formulae (9)-(12) are used for calculation of the (n,t) cross sections. So, the triton clustering factor
(or probability) can be, by analogy with the spectroscopic factor [13], obtained as a ratio of experimental
(n,t) cross sections for 14-15 MeV neutrons to the theoretical ones which were calculated using the one-
body approximation (10):

b= (13)

2.2. Knock-on Model Formulae
In the framework of the direct reaction mechanism and using the knock-on model, the (n,t) cross
section for fast neutrons can be obtained as following:

o(n,t)=kgo, ). (14)

Here: £ is the parameter of the neutron hitting the target nucleus which can be expressed by the ratio
of geometric cross sections as following:

m/'tZ 32/3
¢ = 2 N 2/3 | A2/3 ° (15)
n(Ry+r") (A-3)""+3

where r;is the radius of the triton; Rp is the radius of the daughter nucleus and A4 is the mass number of the
target nucleus; ¢5t is the triton clusterization factor; O'fft (¢) is the total neutron cross section for the triton.

So, from (14) and (15) the triton clusterization factor can be got as following:

o(n,t) (4-3)"° +3*"
¢f = Gtut(t) 32/3 ' (16)

The formula (16) is used to calculate the triton clusterization factor for (n,t) reactions.
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3. Results and discussion

3.1. Triton Clustering Factors by the Statistical Model

Theoretical (n,t) cross sections calculated by the statistical model formulae (9)-(12) and experimental
values taken from EXFOR data [14] are shown in figure 1.

1.E+06
LE+05 a; =~ ‘1 n,
1.E+04 o5 50 A90 .
ye
1.E+03 oe—
Q
= 1.E+02 A
g e-e
=
o LE+01 =
1.E+00 L ——
° .
LE-01 BA N ®oe
N VYN A Ap®
1.E-02 ﬁree ,,,,,,,,,,,,,
0.00 0.05 0.10 0.15 0.20 0.25
(N-Z+1)/A

Figure 1 - Theoretical (o, A) and experimental (®,A) (n,t) cross sections
for odd-even and even-even target nuclei versus the parameter (N-Z+1)/A

It is seen that the statistical model formulae give systematically overestimated values of the (n,t) cross
sections. We assume that this fact is, perhaps, caused by triton clustering effect which was not considered
in the theoretical formulas. So, the triton clustering factor was determined by formula (13). Results of such
calculations by formula (13) are shown in figure 2 for odd-even and even-even nuclei.

1.E-02
1.E-03 |- D B B P
o 0-¢
o
1.E-04 o ‘0 o
- o e
= o A A
1LE-05 A4 __
A
AN . A
1.E-06 A A
LE-07
0 50 100 150 200 250
A

Figure 2 - The dependence of the triton clustering factors on the mass number of target nuclei:
(0-odd-even and A -even-even nuclei)

The figure 2 shows that the triton clustering factors for even-even nuclei on an average are around 10
times less than ones for odd-even nuclei. This fact is, possibly, connected with odd-even composition of
the triton.

3.2. Triton Clustering Factors by the Knock-on Model
Values of the triton clustering factors depending on mass numbers for odd-even and even-even target
nuclei are shown in figure 3.

— g ——
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Figure 3 - The triton clustering factor versus mass number of target nuclei

It can be seen that the triton clustering factors for even-even target nuclei are on an average by one
order of magnitude (~10 times) lower than ones for odd-even nuclei. This result can be, also, explained by
the composition of triton which is odd-even. Figures 2 and 3 show that the clustering factors obtained by
statistical model are on an average two order of magnitude (~10%) lower than ones by knock on model.
This result means that in the most case the triton cluster is, probably, performed before interaction of
incident neutrons with the target nuclei. At the same time, triton clustering factors are much lower than o-
clustering in (n,a) reactions (¢,~102-10") at the same energy range for medium mass nuclei [6]. It means
that four nucleons clustering factor is more than three nucleons one. This difference of the clustering
factors is, perhaps, caused by the difference of the a-particle and triton binding energy.
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(n,t) PEAKIIUSACBIHJAFBI TPUTOH-KJIACTEPJIEY

AHHOTanMsl. SIIPOHBIH IOCTYpii aHBIKTaMachlHa COMKeC SIpOJarbl MPOTOHAAP MEH HEHTpOHZap LIaMaMeH
Oipkenki Tapanaapl. Snponblk  (usnkaHbiH OacTamnKbl Ke3eHIHIE SIPOJIapAbIH  KIACTepJeHYl  sApOoJapbiH
KYPBUIBIMBIH aHBIKTay YIUIH ©T€ MaHBI3bl €KeHi Oenrii O0oyabl. AybIp sapojarbl anb(a bIABIPAYbIHBIH AllbLTYbI
HYKJIOH KJIaCTEpJIEpiH INbIFapyAaH OYpbIH KalbINTACTBIPyFa OOJATBIHABIFBI Typaiyibl HJesFa oi caiabl. Keiiin
I'amoB, ['epuu xoHe ['opnoH anbga Oeseri bIIBIPAWTHIH SIPOHBIH ILMIIHEH KBAaHTTHIK MEXaHHUKANBIK TYHHENIbICH
oTeTiHAIriH cunarragpl. COHBIMEH Karap, CHUKbIpIbI (Oipkenki) N = Z sjgpoiiapblHa apHaJIFaH KilacTepiepui
OaiinaHbICTEIpaThIH ajbda-OemnmexTepain Moaeni YChHbIIIbL 1941 >xputbl Maprenay tuiMai anbga-anbpa e3apa
opeKeTTeCyiH ecenTey yIiH anbga kinacrepiepi yurin Cieiitep JeTepMUHAHT TOJKBIHBIHBIH (DyHKIMSACHIH KOJIAH/IBL.
ConpiMeH Katap, Mopurana anpda Topi3zi saponapAslH KeiOip KyiJiepiH cumaTTay YIIiH aidb(a KiIacTepiepiHiH
CBI3BIKTHI Ti30€TiH KOJMaHyIhl YCHIHABL. KitacTepiik KypbUIBIMIAp, OIETTe, BIABIPAyIbIH THICTI IIETiHe KaKbIH
KO3FaH Ky# TypiHzme Oaiikamanpl. By KyOBUTBICTBIH OacTadybl THIMII SIIPOIBIK OPEKETTECTIKKe OaliIaHBICTHI, OipaK
SIIPOJTAPAAFHI KJIACTEPIICPIIH erKeH-TerKEII MEXaH|3MI 9JIi TOJIBIK 3ePTTEIME/I.
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SlnponapablH KJIacTepiliK KacHeTTepi sIPOHBIH KYPBUIBIMBIH J1a, SAPOJIBIK PEaKHs MEeXaHU3MACPiH Ie TYCiHy
YILIiH nainanst 6onap exi. Saponap Tydereii Typii KiacTepiepre ue 00aybl MYMKIH, MBICAJIbI, )KEHLT (€Ki, YIII KoHe
TOPT HYKIIOH) JKOHE aybIp. SlaponapsiH KiacTepiik dPQGEeKTiCi 9pTypili TEOPHUSIIBIK TICUIISPre HEri3aeareH Typii
ozicTepAl KOJIIaHy apKbUIbl y3aK yakbIT 3epTTeii. Aunaiina Oy 3epTTeysiepAiH KOILIUIri o-blIslpay Ke3iHaeri
o-KJjacrepiepre, OeNIIeKTepAiH o-LIalblpayblHa, 0-0eIeKTepJiH TaChIMaIaHybl )KOHE LIbIFapy peakuusuiapbiHa
JKOHE KEHUT SIPOJIApbIH 0-KJIACTEPiHIH MOJIEKYJIANBIK TOpi3Ai KYphUIBIMBbIHA apHajFaH OonareiH. benrini Mbican
petinge anbda Knacrepine apHairan Be uzoronrapsin ancak 60maapl. *Be THIFbI3 €Ki anb(a KIacTepilik KypbUIbIMFa
We, an SapoCkl TYpakchi3s Gonbin camanansl. Erep °Be msoronbin kapacteipathin Goncak (*Be-re 6ip HelTpoH
KOCKaH[a), OHJIa KJIaCTep KYPbUIBIMBI TYPaKTaHA/IbI JKOHE XKyiie GailaHbICKaH OOJIBIIT CaHaIaIpbl.

COHFBI JKBUIIAPHl CTATHCTHUKAIBIK MOJEIh MEH HOKAyT MEXaHW3MIH KOJJaHa OTBIPHIN, KBUIIAM JKOHE Oasy
HEHTPOHIBIK MHIYKIHSA (1, o) 6ap peakuusIapAarsl o-KiIacTepieydi 3epTTeIiK.

Byt s)kyMbICTa Kypama siapo JKOHE TiKeJIeH peakius MEeXaHu3MIepl asiChlHaa aaFal peT (n, t) peakipsuiap yImH
TPHUTOHIIBI KJacTepiey (akTopbl (HeMece BIKTUMAIABIFEI) Ta0suiabl. Kypama MexanusM skarnaiisiaaa OynaHy skoHe
TYPaKTBl SIPOJBIK TEMIEpaTypaHbIH JKYBIKTay MOJETiHE HEri3[eNreH CTATUCTUKAJBIK MOJEIb KOJAAHBUIABL
Tikenell peaxkuuss MeXaHM3Mi YLIIH HOKayT MoJenl KoyiaHbuiabpl. HokayT MoJeniH KoJIZaHy apKbUIbl albIHFaH
TPUTOH/IBI KJIacTepliey KOA(PHUIUEHTTEP] CTATUCTUKAIIBIK MOJIEb apKbUIbl TAOBUIFaH KOA(QPUIEHTTEpre KaparaHia
anjekaiaa yikeH ekeHairi kepceriani. COHBIMEH Karap, JKYM-)KYN SApO HBICAHACH! YIIIH TPUTOHMBI KiacTepiiey
(haKTOpBI TAaK-XKYII SAPOJIAp YILIIH OpTalla MOHMEH aJFaH/a dJeKaiiia ToMeH OOJIBIIN caHasla bl

CoHbIMEH Karap, TPUTOHIAPABIH KiacTepyiey (akTopiapbl opTalla Macca sSApojapbl YIIiH HEHTpOH
SHEPTUSACHIHBIH OipAel Auama3oHBIHIAFH (N, 0) peakusIapIarbl o-KiIacTeplieyre KaparaHna oJiieKaia TeMeH
OOJIBII €CENTEMH/II.

Tyiiin ce3aep: Kypama MeXaHH3M, CTATHCTHKAIIBIK MOJEIb, OyJIaHy MO, TYPaKThl SAPOJIBIK TeMIlepaTypara
KaKpIHJIATYy, TIKeJIeW peakiusiap, HOKayT MOZeNi, anbga-KiiacTepiey, TPUTOHIbI-KIacTepIey.

I'. Xyyxanxyy', M. Oacypan®*, )K. Mynxcaiixan', A. Typcyx',
Y. Caiixan6asp', A. Capcembaena’, M. Aouinen?
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TPUTOH-KJTACTEPU3AIIMSA B (n,t) PEAKIIUAX

AnHoTanus. CoriacHoO TPaAUIMOHHOMY ONPEAENICHHIO S/Ipa, IPOTOHBI U HEHTPOHBI B SIAPE UMEIOT IPUMEPHO
OJHOpOAHOE pacipeneneHue. B Hauane sinepHOH (M3HKK OBLIIO U3BECTHO, YTO AIEpHas KJIACTEpPHU3alUs SBISETCS
Ype3BBIYaHHO BAKHOI IS ONpeneNeHusl CTPYKTypsl sinep. OTKpbITHE anbda-pacnana TSKENBIX SAep HOJIOKUIO
HayaJlo Wjaes O TOM, YTO KJIACTepPbl HYKJIOHOB MOTYT OBITh IMPEIBAPUTENBLHO CHOPMHPOBAHBI O HMCIYCKAHMSI.
Brniocneacreuu I'amoB, 'epuu u KonnoH oObsicHUIN, 4TO anb(a-4acTuia NOABEPraeTcsi KBaHTOBO-MEXaHUUECKOMY
TYHHEJIMPOBAaHHUIO M3HYTPU pacrnajaromerocs siapa. Kpome Ttoro, mpesaranachk anbha-dacTHYHAs MOZAETb UL
YeTHO-4eTHBIX siiep N = Z, KOTOpbIe COCTOST U3 CBSI3aHHBIX alib(a-Ki1acTepoB. B 1941 rogy Maprenay ucnosib3oBai
BOJIHOBYIO (yHKIMIo nerepMmuHanta Cieiirepa i anbda-kiacrepoB, 4TOObI BEMHCINTG 3(dekTHBHOE anbda-
anb(da-B3anmopeiicteue. boree Toro, Mopurasa mpeamnoarai IpUMEHATh JIMHEHHbIE ETOYKH aTb(a-KIacTepoB s
OTHCaHWsI HEKOTOPBIX COCTOSHHM alib(a-monoOHbIX suep. KimactepHble CTPYKTYphl OOBIMHO HAOMIOAAIOTCS B BHIE
BO30Y’K/IEHHBIX COCTOSHUM, OJMM3KMX K COOTBETCTBYIOIIEMY IOpOTY pacmazna. IIpoMcxoXaeHne 3TOro sIBICHUS
JIexuT B d(Q(EKTUBHOM SAEPHOM B3aMMOACHCTBHMH, HO NETalbHBIA MEXaHHM3M KJIAaCTEpU3alMH B AIpax elle He
MOJTHOCTBIO U3YyUEH.

Knacrepnsle cBoiicTBa saep Oblm Obl HOJIE3HBI AJSI MIOHUMAHUSI KakK CTPYKTYpPbI s1pa, TaK U MEXaHHU3MOB
SNEpHBIX peakiuid. Pa3Hble THIBI KJIACTEPOB MOTYT B IPHHIMIIE CYIIECTBOBAThH B siAPE, HAIPUMED, JIETKUE (IBYX,
TPeX W 4YeThIpeX HYKJIOHHBIE) W TsDKeJble KiacTepbl. DPQEKT KIacTepuzanuu AJIUTEILHOE BpeMsl ObUT HCCIIeI0BaH
pasHbIMU aBTOpPaMH, KOTOpBIE HCIIOJIb30BAJIM pa3Hble METO/bl, OCHOBAaHHBIE Ha PpA3IMYHBIX TEOPETUUECKUX
noaxonax. OnHako OOJBIIMHCTBO TAaKHUX HCCIENOBaHMK OBUIO IIOCBSIIEHO O-KJAcTepH3allUid B 0-pacraje,
paccesiHUM 0-4acTHLl, SJCPHBIX pEakusX C Iepefadyell M MCHYCKaHMS 0-YacTUI[ M MOJIEKYJISIPHO-NIOA0OHON
0-KJIACTEPHOM CTPYKTYype JIETKHX siiep. MI3BeCTHBIMU NpUMEpaMH SIBIISIIOTCS M30TOIB Be [u1s anbda-Kinactepusaiuy.
8Be mMeeT MmIOTHYIO AByX anb(a KIACTEPHYIO CTPYKTYpY, a JAHHOE SApO HecTaOWibHO. Eciu MBI paccMoTpum
npyroii mzoron °Be (m06aBuB onuH HelitpoH B ®Be), KiIacTepHas CTpyKTypa CTaOMIM3HPYETCS, M CHCTEMa OymeT
CBSI3aHA.

B mocnenuue roApl MBI, MCHOJIB3YS CTQTUCTHYECKYIO MOZAENb M MEXaHW3M BBIOMBAHMS, MCCIEIOBAIH O~
KIIaCTEPH3aLHIO B (N,0) PEAKLUIX, HHIYIUPOBAHHBIX OBICTPBIMU U MEAJICHHBIMH HEHTPOHAMH.
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B nanHoii pabore B paMkax MeXaHU3MOB KOMMAyH[-si/pa M MPsIMOM peakiuu BIepBble ObLIM HaiiieHbl (hakTop
(M BEpOSITHOCTH) TPUTOHHOM KiacTepusamuu Uit (n,t) peakuuii. B cimywae kommayHa-mexaHu3Mma Oblia
MCIOJIb30BaHA CTATUCTHYECKAas MOEIb, OCHOBAaHHAs HAa MOJCIM HCHAPEHUS U MPUOIMKECHUHM TMOCTOSHHON
TeMIIepaTypbl siapa. Mozenb BRIOMBaHHS MCIIOJB30BAIACh JUISi MEXaHW3Ma MPSIMBIX peakluid. bpulo mokasaHo, 4To
(hakTOpBI TPUTOHHOM KJIACTEPH3ALMH, HAMJEHHBIE C MCIIOJIb30BAHHEM MOJEIHM BHIOMBAHUS, 3HAYMTENILHO OOJIBIIIE,
4eM B CITydae CTaTHCTUYECKOH Mojenu. B To e Bpems, (pakTOpbl TPUTOHHOW KIACTEPH3ALUHU I YETHO-YETHBIX
siep B CPEJHEM Ha OJUH MOPSAOK MEHBIIE, YeM JUIsl HEeYeTHO-YeTHHIX sxep. Kpome Toro, dhakropsl TpUTOHHOH
KJIaCTePH3al HAMHOTO MEHBIIIC, YeM 0-9aCTHYHON KITACTCPU3AIIH [IPH OJUHAKOBOI SHEPTHH HEUTPOHOB IS sICP
CpeIHBIX Macc.

KirouyeBble c€0Ba: COCTaBHOM MEXaHHM3M, CTAaTHCTHYECKas MOJENb, MOJENb WCIAPEHUS, allpOKCHMAIIHS
MOCTOSTHHOW SIICpPHON TEeMITepaTyphl, MPsSMBIE pPEaKkI[Ud, MOJEIb BBIOMBAHWSA, allb(ha-KIACTepH3alHs, TPUTOHHAS
KJIacTepH3alys.
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APPLYING NEURAL NETWORK FOR PREDICTING
CARDIOVASCULAR DISEASE RISK

Abstract. This article concerns the problem of the prevalence of cardiovascular disease in economically
developed countries. The purpose of this article is to create a neural network to determine the risk of cardiovascular
disease based on the individual characteristics of the patient. In order to predict the risk of cardiovascular disease a
neural network has been developed. The model was built in the Python programming language using the open-source
library for building neural networks Keras. Data containing patient information for model building were taken from
Kaggle.com. The accuracy of the neural network is 82%. With the help of neural network it will be possible to
analyze the changes and the development of diseases in the future by changing the patient's input parameters, for
instance, age, increase in blood pressure and etc. Also it would be possible to change the predictive diagnosis for the
better if follow the parameters such as refusal from addictions, regular sleep, a healthy lifestyle and proper nutrition.

Key worlds: Neural network, cardiovascular system diseases, predicting models, supervised learning, activation
function, Keras.

Introduction. Cardiovascular system diseases, in particular chronic heart failure, cardiac ischemia
and arterial hypertension are a public health problem in economically developed countries. One of the
obvious and main reasons is the complexity of the initial diagnosis and the reluctance of people to visit
clinics and hospitals when the first symptoms appear. A fast pace of life, poor nutrition, a sedentary
lifestyle, addictions, and a lack of proper sleep all negatively affect the cardiovascular system. According
to World Health Organization in 2016, more than 17.9 million people died from coronary heart disease,
which amounted to 31% of all deaths!"). Given the prevalence of cardiovascular diseases in developed
countries, there is an urgent need to create a tool for the diagnosis of cardiovascular disease in the early
stages of development. A neural network can be one of solutions to the problem due to its accessibility
and ease of use.

The first attempts to create diagnostic neural networks date back to the 40-50s of the XX century,
after the publication of the fundamental works of W. McCallock, W. Pitts and F. Rosenblatt, who laid the
theoretical foundations of neural networks'?,

The list of medical spheres where neural networks have begun to be applied for diagnosing diseases
are very long, and it is increasing from year to year. The accessibility of the neural networks courses,
electronic patient records, a large number of articles about implementing of neural networks, the ability to
create neural networks on ordinary laptops contributes to the development and application of neural
networks not only in medicine, but also in other areas of human activities'™.
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Neural networks largely borrow their structure and principles of work from the cerebral cortex. Like
the brain, they learn from life examples, extract and encode this knowledge in the form of synoptic neural
connections. After training and testing, neural networks become mathematical models. This means that
you can experiment with them, solve practical problems, predict behavior in the subject area (predicting
the development of the disease), and diagnose the state of the subject areal*!.

The selection of input parameters with high information value, in other words parameters that affect
the result of the model, is of great importance. The choice of parameters that have significant impact on
the diagnosis of cardiovascular disease is not obvious. Therefore, as the input parameters for the neural
network, all provided parameters should be selected that characterize the patient and are able to influence
the result. On the other hand, in order to create a neural network accessible for mass use, the most
accessible data were used, which did not require complex analyzes in hospitals.

Neural network. A neural network is a mathematical model and its software embodiment, which
operates on the principle of a biological neural network, where each neuron is connected to another neuron
from the previous layer. Each neuron receives and sends signals to other neurons, which provides a
connection between them by synapses.

Input layer | Hidden layers i Output layer
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Figure 1 — General structure of neural network

A neuron is a computing unit that receives information, performs simple calculations on it, and passes
the changed information on. Neurons are mainly divided into 3 groups: input, hidden and output as shown
in Figure 1. There is also a displacement neuron and a contextual neuron. In the case when the number of
neurons is large, the term layer is used. Each neuron has input and output data. In the case of an input
neuron, income data is equivalent to output. In other cases, the income data is a summary of data from all
previous layers. Further, this input information is normalized using the activation function, usually written
f(x). Neurons operate with numbers in the range of [0,1] or [-1,1]. Therefore, it is necessary to carry out
the normalization process.

A synapse is a connection between two neurons that has a weight, usually denoted by w. Due to this
weight, the input information changes during transmission from one neuron to another. The higher the
weight of one neuron, the more significant the information transmitted to the next neuron will be. Thanks
to these scales, the input information is processed and turned into a result. During the initialization of the
neural network, weights are randomly distributed.

The activation function is a way to normalize input data, in other words, if you have a large number at
the input, going through the activation function, this number will be reduced in the required range. The
most commonly used activation functions are: linear, sigmoid (logistic) and hyperbolic tangent. The linear
function (1) is used in cases where it is necessary to transmit information without changes or to test a
neural network. The sigmoid (2), also called the logistic function, takes values in the range [0,1] and is the
most common activation function. It makes sense to use hyperbolic tangent (3) when the values can be
negative and positive. It has a range of [-1.1]. Using hyperbolic tangent, when the values are only positive,
will adversely affect the accuracy of the neural network.
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Neural network training is divided into two large clusters: supervised learning and unsupervised
learning. Supervised learning is a method of building a neural network, in which the results of
observations from dataset, which is used for training the model, are already known initially and the neural
network learns to correctly determine the future results using examples. Supervised learning is used for
problems such as regression and classification. In unsupervised learning, the result of observation in the
dataset is not initially known. Most often, this approach is used when it is necessary to group data by
certain parameters or to create a recommendation system.

Model building. For building any predicting model. As the dataset on which the neural network was
built, the file heart.csv’®! was used. The file contains information about 303 patients and 14 significant
variables, among which:

1) age;

2) sex;

3) cp: chest pain type (value 1: typical angina, value 2: atypical angina, value 3: non-anginal pain,
value 4: asymptomatic);

4) trestbps: resting blood pressure (in mm Hg on admission to the hospital);

5) chol: serum cholestoral (in mg/dl);

6) fbs: fasting blood sugar > 120 mg/dl (1 = true; 0 = false);

7) restecg: resting electrocardiographic result (value 0: normal, value 1: having ST-T wave
abnormality [T wave inversions and/or ST elevation or depression of > 0.05 mV], value 2: showing
probable or definite left ventricular hypertrophy by Estes' criteria);

8) thalach: maximum heart rate achieved;

9) exang: exercise induced angina (1 = yes; 0 = no);

10) oldpeak = ST depression induced by exercise relative to rest;

11) slope: the slope of the peak exercise ST segment (value 1: upsloping, value 2: flat, value 3:
downsloping);

12) ca: number of major vessels (0-3) colored by fluoroscopy;

13) thal: 3 = normal; 6 = fixed defect; 7 = reversible defect;

14) num: diagnosis of heart disease or angiographic disease status (value 0: < 50% diameter
narrowing, value 1: > 50% diameter narrowing).

In [3]: data.head(10)

37
U age sex cp trestbps chol fbs restecyg thalach exang oldpeak slope ca thal target
0 B3 1 ) 145 233 1 0 150 0 23 o0 0 1 1
137 1 2 130 250 O 1 187 0 35 0 2 1
2 M 0 1 130 204 0 0 172 0 14 2 0 2 1
3 56 1 1 120 236 0 1 178 0 08 2 0 2 1
4 57 0 0 120 354 0 1 163 1 06 2 0 2 1
5 57 1.0 140 192 0 1 148 0 0.4 1 0 1 1
6 56 0 1 140 294 0 0 153 0 1.3 1 0 2 1
7 44 1 1 120 263 0 1 173 0 0.0 2 0 3 1
8 52 1 2 172 199 1 1 162 0 05 2 0 3 1
9 57 1 2 150 168 0 1 174 0 16 2 0 2 1

Figure 2 — Dataset for predicting cardiovascular disease risk
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In [5]: data.corr()

out[5]:
age sex cp trestbps chol fhs restecg thalach exang ocldpeak slope ca thal target

age 1.000000 -0.098447 -0.068653 0279351 0.213678 0121308 -0.116211 -0.398522 0.096801 0.210013 -0.168814 0276326 0068001 -0.225439
sex -0.098447 1.000000 -0.049353 -0056769 -0.197912 0045032 -0.058196 -0.044020 0.141664 0.096093 -0.030711 0.118261 0210041 -0.280937

cp -0.068653 -0.049353 1.000000 0047608 -0.076904 0.094444 0044421 0295762 -0.394280 -0.149230 0.119717 -0.181053 -0.161736 0.433798
trestbps  0.279351 -0.056769 0.047608 1.000000 0.123174 0177531 -0.114103 -0.048698 0.067616 0.193216 -0.121475 0101389 00862210 -0.144931
chol 0213678 -0.197912 -0.076904 0.123174 1.000000 0013294 -0.151040 -0.009940 0.067023 0.053952 -0.004038 0.070511 0.098803 -0.085239

fos  0.121308 0.045032 0.094444 0177531 0.013294 1.000000 -0.084189 -0.008567 0.0256685 0.005747 -0.059894 0137979 -0.032019 -0.028046
restecg -0.116211 -0.058196 0.044421 -0.114103 -0.151040 -0.084189 1.000000 0.044123 -0.070733 -0.058770 0.093045 -0.072042 -0.011981 0.137230
thalach -0.398522 -0.044020 0.295762 -0.046698 -0.009940 -0.008567 0.044123 1000000 -0.378812 -0.344187 0386784 -0213177 -0.096439 0421741
exang 0.096801 0.141664 -0.394280 0067616 0.067023 0025665 -0.070733 -0.378812 1.000000 0.288223 -0.257748 0.115739 0206754 -0.436757
oldpeak 0210013 0096093 -0.149230 0.193216 0.053952 0.005747 -0.058770 -0344187 0.288223 1.000000 -0.577537 0.222682 0210244 -0.430696
slope -0.168814 -0.030711 0.119717 -0.121475 -0.004038 -0.059894 0093045 0386784 -0.257748 -0.577537 1.000000 -0.080155 -0.104764 0.345877
ca 0276326 0118261 -0.181053 0101389 0070511 0137979 -0072042 -0213177 0115739 0222682 -0.080155 1.000000 0.151832 -0.391724

thal 0.068001 0.210041 -0.161736 0062210 0.098803 -0.032019 -0.011981 -0.096439 0206754 0210244 -0.104764 0.1561832 1.000000 -0.344029

target -0.225439 -0280937 0433798 -0.144931 -0.085239 -0.028046 0.137230 0421741 -0.436757 -0.430696 0345877 -0.391724 -0.344029 1.000000

Figure 3 — Correlation matrix of the dataset

The model was built with open-source neural network library Keras written in Python!®. Keras is
designed for building deep neural networks. It is user-friendly and modular library, which includes blocks
such as layers, optimizers, activation functions, objectives and host of tools to work with image and text
data. Keras supports standard, convolutional and recurrent neural networks.

Results. The neural network, after training and optimization, was tested on data that was not involved
in the learning process of the model. As a result, the neural network has an accuracy of 82% and a
standard deviation of 0.026. The most valuable variables were chest pain type, maximum heart rate
achieved, exercise induced angina, ST depression induced by exercise relative to rest and number of major
vessels (0-3) colored by fluoroscopy.

vdridarce = geouracles.swug )

r TOZ7 102 T =TUSTIOUS/ S TEP =105 ST YT Z4TZ =" dCCUrdry T U TEYoT .
Epoch 9992/10000
162/162 [====== ] - @s 56us/step - loss: ©.2394 - accuracy: ©.8889
Epoch 9993/16000
162/162 [====== ] - s 43us/step - loss: ©.2358 - accuracy: 0.8889
Epoch 9994/1600
162/162 [====== ] - @s 56us/step - loss: ©.2457 - accuracy: ©.8764

Epoch 9995/1000
162/162 [====== ] - @s 49us/step - loss: ©.2373 - accuracy: 0.8827
Epoch 9996/10000
162/162 [====== ] - s 43us/step - loss: ©.2423 - accuracy: 0.8827
Epoch 9997/10000
162/162 [====== ] - @s 49us/step - loss: ©.2463 - accuracy: ©.9912
Epoch 9998/1000
162/162 [====== ] - @s 43us/step - loss: ©.2510 - accuracy: 8.9012

Epoch 9999/1600

162/162 [====== ] - @s 49us/step - loss: ©.2430 - accuracy: 0.8764
Epoch 10000/10000

162/162 [= ] - @s 8bus/step - loss: ©.2369 - accuracy: 8.8765

208/80 [

] - @s 313us/step
In [8]: print(“Accuracy mean: "+ str(mean))

print("Accuracy variance: "+ str(variance))

Accuracy mean: ©.8221707940101624

Accuracy variance: 0.826507396106117874

Figure 4 — Results of the neural network model and part of training algorithm

Conclusion. A neural network has been developed to predict the risk of cardiovascular disease. The
standard deviation was 0.026, which allows us to state that the model is stable and can be used to identify
patterns in this area of medicine, including those pattern that are not explicit. Such patterns can be
revealed by experiments. By changing the patient's input parameters, for example, age, increase in blood
pressure, it will be possible to analyze changes and the development of diseases in the future. You can try
to improve the predictive diagnosis of the patient by changing the input parameters. Refusal from
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addictions, a healthy lifestyle, proper nutrition, physical activity - all these parameters can change the
predictive diagnosis for the better. By observing changes in input parameters and predicted results, it is
possible to identify the dependence, on the basis of which you can develop an individual patient treatment
plan.

Although the neural network has high predictive power, it is still the primary diagnosis of
cardiovascular disease. And more accurate and complete analysis requires visiting the hospital.

Mapar Hypracl, 2K.JI. Baiimemupos >, B. Ilaii !,
M. Tacranos !, K. ’Kanadexos !

X anplkapanbIK aKIapaTThIK TEXHOIOTHAIAp YHUBEPCHTETI, AnmaTel, KazakcTaw,
2A6aii ateiaars! Kazak WITTHIK TIeIarOTHKAJIBIK YHUBEPCHTETi, AnMaTel, KazakcTaH,
3 AKIIapaTTHIK KOHE €CENTEYill TEXHONOTHAIAP MHCTUTYTHL, AnMaThl, KazakcTan

KYPEK-KAH TAMBIPJIAPBI AYPYJIAPBIHBIH KAYIIIH BOJIZKAY YIIIH
HEWPOHABIK KEJIHI TAUJAJTAHY

AnHoTanus. by Makanaza S5KOHOMHKAJBIK JaMBIFaH eNAepe KypeK-KaH TaMbIpiIaphl aypyIapbIHbIH Tapalysl
Typansl aiiTeutaael. Ocbl MakalaHbIH MakcaThl INAIMEHTTIH JXEKe epeKIIeTIKTepiHe Heri3geireH, >KYpeK-KaH
TaMbIpJIapbl aypyJapblHbIH KayIiH aHbIKTay YLIIH HEWPOHIBIK kel Kypy Oosbin TaObuiagsl. Mozaens Python-pa
xa3purraH Keras HEWpOHIBIK KEJUIIK KiTalxaHaHbIH KOMeriMeH »acanabl. Kepac TepeH HEHpPOHABIK Kemijepii
Kypyfa apHairaH. byn maiijanaHyiibifa BIHFAaWJIBI JKOHE MOJIYJBII KiTalxaHa, OHBIH KypamblHa KaOatrrap,
ONTHUMHU3ATOPJIAP, aKTUBTEHAIPY (DYHKLMsIIAphl, MaKcaTTap, KECKIHAEPMEH >KOHE MOTIHIIK JEpPEeKTEPMEH >KYMBIC
icTeyre apHaJIFaH Kypaijgap >KHBIHTBIFBI Kipeni. Kepac craHmapTThl, YHIPTKiJI OHE PEKypeHTTI HEHpOHABIK
JKeITIep Al Konmanapl. YNriHI Kypy YIIIH KaXeT HalueHTTep Typaibl MaiiMertep Kaggle.com calThIHaH ajlbIH/IBL
Heiiporpik xemninig qonmiri 82% Kypausl.

JKypek-kaHTaMBIp KYHECiHIH aypylapsl, aTam aifiTKaHaa CO3bUTMAITBI KYPEK JKETICIEeYIILIiTi, KYPEeK HIIEeMHUASCHI
’KOHE apTepHsUIBbIK TMIIEPTEH3Ms, SKOHOMUKAJIBIK JaMBIFaH eliepae KOFaMIbIK JIEHCAyJIbIK CaKTay Maceneci GoJbI
TabbuTazbl. Byt skarmaiabiH 0acThl )KOHE aHBIKTAIFAaH ceOenTepiHiy Oipi - alFaliKbl JMArHO3IBIH KYPICIUIIr KoHe
JIe alFaliKel Oenriep naiina OoJraH Ke3/e ajamaap/blH eMXaHaiap MeH aypyXaHajiapra 6aprbiChl Kenmeyi. OMipaiH
KBUIaM KapKbIHBI, TYPbIC TaMaKTaHOAy, OTBIPBIKIIBI OMIP CAJIThL, XKaMaH 9JETTeP KHE JYPBIC YHKBIHBIH 00JIMaybl
KYpEK-KaHTaMbIp >KYHeciHe Kepi ocepiH THri3eni.

JyHuexy3inik IeHcaysblK CakTay YHBIMBIHBIH MojiMerTepi OolibiHIIa, 2016 >KbUIBI JKYPEKTIH HIIEMHSIBIK
aypybiHaH 17,9 MIJUIMOHHAH acTaM ajiaM KaWTbIc 001kl Oyt Oapiislk enimMHiH 31% kypans! [1]. lamerran engepne
JKYPEK-KaHTaMbIp aypyJapblHbIH KEH TapalyblH €CKepe OTBIPHIN, JaMy[blH AaJFallKbl Ke3eHIEPIiHIE >XYpEK-
KaHTaMBbIp aypyJIapbIHbIH JWArHO3bIH aHBIKTAHTHIH Kypall KakeT. ©O3iHiH KOJ JKeTIMALIIrT MEH KOJJIaHBUTYBIHBIH
KaparmaibIMIbUIBIFBIHA OaIaHBICTHI HEMPOHIBIK JKEIli OCHI MOCEJIeHI MmenryiH Oip »oJbl 00xysl MyMKiH. JKypek-
KaHTaMbIp aypyJapblHBIH KayliH OoinkKayFa apHaIFaH HEWPOHABIK Kemi o3ipieHmi. JKenmiHiH cTaHIapTTHl ayBITKYbI
0.026 Kypanel, Oyl MOHENBIIH TYPAKTBUIBIFBIH JKOHE MEOUIIMHAHBIH OCBHI CallaChIHAAFBI, OHBIH IMIHIE
AHBIKTAJIMaNUTBIH MOJIENbACP/l aHBIKTAY YLIIH MaifanaHbulybl MYMKIH €KeHJIIrH naibiMaayra MYMKIHIIK Oepeni.
MyHaail 3aHIBUIBIKTApAbl TOHKipuOenep apKbpUIbl aHbIKTayFa Oosansl. OKBITY MEH OHTalUIaHIBIpYAaH KeWiH
HEWPOH/BIK JKelll MOJAENBIIK OKBITYy IPOLECIHE KAThICHAWTHIH MOJIMETTEp Herisinae Ttekcepuiai. EH KyHIbI
aybICajbUIapFa KeyAeeri aybIPChIHY TYpJiepi, MAaKCHUMAJIIbI )KYPEK COFYBI, (PU3UKAIBIK OCJICCHIUTIKTEH TYbIHIaFaH
CTEHOKapIUsl, JeMajbIClIeH CallbICThIpFaHia (u3MKanblK OEJCEHIUTIKTIH HOTWXKeciHne mnaiina Oosran ST
JIETIPECCHSICHI )KoHE (MIII0OOPOCKONUSIMEH OOsiIFaH ipi TaMbIpiapabiH canbl (0-3) Kipai.

[anmeHTTiH €Hri3y mapaMmeTpliepiH, MBICAJIbl, KaChlH, KaH KBICHIMBIHBIH JKOFapbUIAybIH €3repTy, OoJamakra
aypyJapJpbIH e3repyl MeH JaMybIH TajlayFa MyMKIHAIK Oepeni. [laneHTTiH eHri3y mapameTpiiepid e3repTy apKbUIbl
OHBIH 0OJKaMJIBI TUATHO3BIH JKaKcapTyFa MyMKiH OOJaIb.

Kaman omerTepmeH Oac TapTy, camayaTTBl eMip CalThl, AYPHIC TaMaKTaHy, (PH3UKAIBIK OCICEHIUTIK CHUSKTHI
mapamMeTpiep OOoJDKaMABl TUArHO3IBI JKAaKCHl JKaKKa esrepTe amansl. EHTi3y mapaMmeTplepiHiH e3repyiH JKoHe
OomkaMIpl HOTHOKeNepl Oaiikay apKbUIbl TOYENAUTIKTI aHbIKTayFa OONajibl, COHbIH HETi3iHAe MAalMEHTTIH >KeKe
eMJey KOCIapbIH jkacayra 00aibl.

Tyiiin ce3mep: HEHPOH/BIK XKelli, )KYPEK-TaMbIp JKyiecl aypyJiapbl, 00JDKay MoJelbepi, OaKblJIaHATBIH OKBITY,
aktuBanys ¢pyHkuuscel, Keras.
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"MexmyHapoHbIA YHUBEPCUTET HHPOPMAIIMOHHBIX TEXHOIOTHH, Anmatsl, Kazaxcram;
?Ka3axCKuli HAMOHAIBHBIN EIArorMIECKUi YHUBEPCUTET HMeHH AGast, Anvartel, Kazaxcram;
SUHCTHTYT HHGOPMAIMOHHEBIX U BEMUCIATENRHBIX TexHonoruii KH MOH PK, Anmvartsr, Kazaxcran

NPUMEHEHUE HEVMPOHHOM CETH JJIS1 IPOTHO3UPOBAHMSI PUCKA
CEPJIEYHO-COCYJAUCTBIX 3ABOJIEBAHUI

AHHoTanusl. JlaHHas CTaThs KacaeTcs MpPOOJIEMBbl PACIPOCTPAHEHHS CEPACYHO-COCYAMCTHIX 3a00JieBaHUi B
9KOHOMHMYECKH PA3BUTHIX cTpaHax. Leab 3ToH cTaThy 3aKII0YAETCs B CO3/aHUU HEUPOHHOM CETH ISl ONPENEIICHUS
pHCKa CeplieuHO-COCYAUCTHIX 3a001eBaHNi Ha OCHOBE MHIMBUAYAJIbHBIX XapaKTEPHCTHK narueHTa. Monens Obuia
MOCTPOEHA C OTKPBITHIM UCXOJHBIM KOJIOM HEHpOHHOI cereBoil Oubnmorexu Keras, Hanncannod Ha Python. Keras
paspaboTaH I IIOCTPOEHHUSI TJIyOOKMX HEMpOHHBIX ceTeil. DTo yaoOHas /jsi I0JIb30BaTeNsl M MOAYJIbHAs
OubsMoTeKa, KOTOpasl BKIIOYAET Takue OJIOKM, KaK CJIOHM, ONTUMU3ATOPbI, (PYHKIMHM aKTHUBAlMHU, LIeIX U HAOOp
WHCTPYMEHTOB Ui paboThl C M300pak€HHEM M TEKCTOBBIMH JaHHBIMH. Keras MoOiJepKuUBaeT CTaHIapTHBIC,
CBEPTOYHBIC U PEKYPPEHTHbIE HEHPOHHBIE ceTu. JlaHHbIe, coaeprkalue HHHOPMALIUIO O MALUEHTE Al HOCTPOSHHUS
MoJenH, OblH B3sTH ¢ caiita Kaggle.com. TouHocTh HelipoHHOI ceTn cocrasisieT 82%.

3aboseBaHusl CEpIAEYHO-COCYIUCTOW CHCTEMBI, B YaCTHOCTHM XPOHHYECKas CepledHas Hell0CTaTOYHOCTb,
UOIEMHUsT CepIlla W apTepuaibHas TUICPTOHHUS SBISIOTCS MPOOIEMOI OONISCTBEHHOI'O 3/PaBOOXPAHCHHS B
9KOHOMHYECKH Pa3BUTBHIX cCTpaHaXx. OmHOW M3 OUYEBHIHBIX M OCHOBHBIX NPUYUH SIBIAETCA CIIOKHOCTh
MIEPBOHAYAIIFHOTO IMAarHO3a M HEXKEJaHWE JIIOAEH ITOCemaTh KIMHUKKA M OOJNBHUIBI, KOT/a MOSBIISIOTCS IEpBbIC
CHUMITTOMBI. BBICTpBIN TeMIT JXH3HHM, IJIOXO€ IHTAHWE, CHISYMA 00pa3 XKW3HHW, BPEIHBIC NMPHUBBIUKHA U OTCYTCTBHE
HaJUIEXKAIIEero CHa HEraTHBHO BIIMSIOT Ha CEP/ICYHO-COCYANCTYIO CUCTEMY .

[To nannbiM BcemupHoll opranuzauum 3z1paBooxpanenusi B 2016 rony, oT uiieMudeckoil 0ojie3HM cepaula
ymepiio 6osee 17,9 MuuimoHa denoBek, 4to coctaBuiio 31% ot Bcex cMepreii [1]. YuuThiBas pacpoCTpaHEHHOCTh
CEPAEYHO-COCYANUCTBIX 3a00sieBaHMII B pPa3BUTHIX CTpaHaX, CYIIECTBYET OCTpasi HEOOXOAMMOCTb B CO3JaHHU
WHCTPYMEHTA ISl IMAarHOCTHKH CEPACYHO-COCYUCTHIX 3a00I€BaHNI Ha paHHUX dTanax pa3BuTsi. HelipoHHas ceTh
MOXeET OBITh OHUM W3 PEIICHUH MPOOJIEMBI W3-3a €€ JOCTYIHOCTH M MPOCTOTHI MCIOIb30BaHus. HeifpoHHas ceTsb
Obuta paspaboraHa /I IPOTHO3MPOBAHMS PUCKA CEPIEYHO-COCYAUCTHIX 3a0oneBaHni. CTaHIapTHOE OTKIOHEHHE
cocrapwio 0,026, 4To MO3BONISIET HaM YTBEPKIaTh, YTO MOJCIb CTAOMIbHA M MOXET OBITh HCIIOJIB30BaHA IS
l/IZleHTI/l(l)l/IKaLIl/II/I SaKOHOMepHOCTeﬁ B OTOM 06J'IaCTI/l MEANIUHBI, BKJIFOYasA TC, KOTOPbIC HC ABJIAIOTCA ABHBIMU. Takue
3aKOHOMEPHOCTH MOTYT OBITh BBISIBICHBI B X0JI€ 9KCIIepruMeHTOB. HelipoHHas ceTh mocie o0y4eHus! 1 ONTUMU3AUN
Obuta IIPOTECTHPOBaHA HAa OCHOBE JAaHHBIX, KOTOPbIE HE OBUIM 3alI€HCTBOBAHBI B IIpoIiecce OOYUYEHHS MOMEIH.
Hanbonee 1ieHHBIMH NEPEMEHHBIME OBUIM THUIIBI OOJM B TPYAH, MakCHMalbHAs 4aCTOTAa CEPACYHBIX COKPAIICHUMH,
CTEHOKapIus, BbI3BaHHas (M3MUecKOl Harpyskoil, amenpeccust ST, BbI3BaHHAs (U3MUYECKOH HArpy3koi, IO
CPaBHEHUIO C OT/BIXOM, U KOJIMYECTBO KPYMHBIX cocy1oB (0-3), OKpalIeHHbIX ¢ HOMOIIBIO (IIF0OPOCKOIHH.

HN3menenune BXOJHBIX IMapaMETPOB NMallM€HTa, HAIIPUMEP, BO3PACT, MMOBLIICHUC KPOBAHOTO JaBJICHHUS, ITIO3BOJIUT
aHAJIM3MPOBaTh M3MEHEHWSA U Pa3BUTHE 3abosieBaHmil B OyxymieM. MOXHO HONBITAThCA YMYUIINTh HPOTHO3HYIO
JMAarHOCTUKY AIlMEHTa, N3MEHHUB BXO/IHBIE TAPaMETPBI.

OTKa3 OT BpeAHBIX NMPUBBIYEK, 310POBBIH 00pa3 XKHU3HH, MPABIILHOE MUTAaHKUE, (Pru3ndecKas akTHBHOCTh — BCE
9TH HapaMeTpbl MOTYT W3MEHUTh NPOTHO3UPYIOIINIT AUArHO3 B JIy4LIyI0 CTOpOoHY. Habimronas n3MeHeHHs BXOHBIX
MapaMeTpoB M MPOTHO3HPYEMBIX PE3yJIbTATOB, MOXHO OIpPENEIMTh 3aBUCUMOCTb, Ha OCHOBE KOTOPOIl MOXHO
pa3paboTaTh WHAUBUIYATbHBIN TUIAH JICUCHUS MMAI[UCHTA.

KnroueBble cnoBa: HEHpOHHas ceTh, 3a00€BaHMS CEPAEYHO-COCYAUCTOM CHCTEMBI, MOJAEIN IPOTHO3HPO-
BaHMs, KOHTpOIUpyeMoe o0ydeHne, GpyHKus aktuBanud, Keras.
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SOLAR ACTIVITY MONITORING
FOR THE PERIOD MARCH 20-25, 2019

Abstract. During a large solar flare, the flux of hard electromagnetic radiation from the sun increases many
times. In the ultraviolet (UV), X-ray and gamma rays that are invisible to us, our Sun becomes “brighter than a
thousand suns”. Radiation reaches the Earth’s orbit eight minutes after the solar flare. In a few tens of minutes, flow
of charged particles arrive, accelerated to gigantic energies, and after two or three days - huge clouds of solar plasma.
The huge interest in solar flares is not accidental. Large flares have a strong effect on near-Earth outer space. Particle
and radiation flows are dangerous for astronauts. In addition, they can damage the electronic devices of spacecraft,
disrupt their work. UV and X-rays from a flash suddenly increase ionization in the upper atmosphere of the Earth, in
the ionosphere. This can lead to radio communications disruptions, malfunctions of the radio navigation devices of
ships and aircraft, radar systems, and long power lines.

The source of flare energy is a magnetic field in the atmosphere of the Sun. It determines the morphology and
energy of the active region where the flare will occur. Here, the field energy is much larger than the thermal and
kinetic energy of the plasma. During a solar flare, the excess field energy is rapidly converted to particle energy and
plasma changes. The physical process that provides this transformation is called magnetic reconnection.

In this paper was monitored solar flares registered in the period 20-25 March 2019. We measure physical
parameters of 2 flares, such as the temporal scale, size, and magnetic flux density, and find that the sizes of flares
tend to be distributed more broadly as the GOES class becomes weaker and that there is a lower limit of magnetic
flux density that depends on the GOES class. We also made a brief analysis of solar flares registered in these days,
also has shown the duration of time and peak of solar flares in Universal time.

We have identified several physical quantities of solar flares and estimated reconnection rate of solar flares. To
determine the physical parameters we used images taken with the AIA instrument on board SDO satellite at
wavelengths 131 A, 174 A, 193 A, 211 A, 335 A, 1600 A, 1700 A, 4500 A, SXT - pictures, HMI Magnetogram,
SOLIS Chromospheric Magnetogram, GOES XRT-data. We estimate reconnection inflow velocity, coronal Alfven
velocity, and reconnection rate using the observed values. The inflow velocities are distributed from a few km s! to
several tens of km s™!, and the Alfven velocities in the corona are in the range from 10° to 10* km s™'. Hence, the
reconnection rate is 103, We find that the reconnection rate in a flare tends to decrease as the GOES class of the flare
increases.

Keywords: solar flares, X-rays, reconnection rate.

Introduction. Solar flares can be classified according to their brightness in the x-ray wavelengths.
There are three categories: X-class flares are big; they are major events that can trigger radio blackouts
around the whole world and long-lasting radiation storms in the upper atmosphere. M-class flares are
medium-sized; they generally cause brief radio blackouts that affect Earth's polar regions. Minor radiation
storms sometimes follow an M-class flare. Compared to X- and M-class events, C-class flares are small
with few noticeable consequences here on Earth [1-4].

Monitoring of solar flares in a real time is carried out by the Geostationary Operational
Environmental Satellite or GOES [5]. Data on the electrons, protons, and X-rays were taken from satellites
GOES 13, GOES 14 and GOES 15 [5-6].
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Figure 1 - Active area 12735 (XRT Hinode) and the total X-ray flux obtained in GOES 13 and GOES 15 [5]
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Figure 2 - Total proton and electron flux obtained in GOES 13 and GOES 15 [5]

On March 20, 2019, on the Sun, 1 class C and 8 class B flares were registered. In total, 2 classes are
distinguished in the scale of solar flares: A, B, C, M and X, each subsequent of which exceeds the
previous power by 10-100 times. The event, more accurately estimated as B1.1, occurred at night and
observed for about 3 minutes with a maximum at 00:20 UT [6].

On March 21, at 00:04 UT recorded the first flare of class B8.0 with a duration of 9 minutes from the
highs of 00:13 UT on the Sun. In total, 7 solar flares of class B and 5 solar flares of class C were
registered.

On 22 March midnight, there was an eruption of class C2.1 at 00:27 UT and was observed for about
7 minutes with a maximum of 00:34 UT. In total, 17 flares of class B and 6 flares of class C were
registered.

On March 23 around 01:16 on World time there was a fairly strong release of solar matter into space.
The solar flare is estimated as B3.2 and its maximum was observed at 01:31 on world time. In total,
19 solar flares of class B were registered.

On March 24, 2019, around 02:28 GMT, another solar flare of class B8.6 was registered and was
observed for about 5 minutes with a maximum at 02:33 UT. In total, 6 flares of class B were registered.

On March 25, at 06:07, the first M class flare B1.5 was registered. The event occurred in the active
area of 12736 and was observed for about 8 minutes with a maximum at 06:15 UT. In total, 7 flares of
class B were registered.
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Table 1 - Solar flares registered in the period from 20 to 25 March 2019 [6]

Date X-ray class Start time (hhmm) Maximim time (hhmm) End time (hhmm)
1 2 3 4 5
20/03/19 Bl1.1 00:17 00:20 00:22
B6.1 07:07 07:14 07:16
C4.8 10:35 11:18 11:34
B4.4 12:19 12:25 12:28
B1.0 13:06 13:09 13:14
B1.0 13:40 13:43 13:49
B2.1 14:23 14:32 14:48
B3.2 17:36 17:59 18:12
B1.8 21:19 21:24 21:32
21/03/19 B8&.0 00:04 00:13 00:19
Cl.2 02:52 03:00 03:04
C5.6 03:08 03:12 03:15
B1.6 07:56 07:59 08:01
Bl.4 09:45 10:12 10:22
Bl1.1 11:17 11:21 11:31
Cl.5 14:40 14:44 14:47
B2.2 15:42 15:45 15:47
Cl.2 15:58 16:01 16:03
C2.6 17:13 17:21 17:39
B8.8 19:54 19:59 20:02
B9.9 20:54 21:13 21:19
22/03/19 C2.1 00:27 00:34 00:38
B6.7 02:00 02:06 02:08
B6.5 04:11 04:15 04:20
C4.8 05:05 05:14 05:17
C2.6 07:54 08:01 08:04
Cl1.3 08:13 08:19 08:22
C1.0 10:14 10:19 10:25
B3.5 11:54 11:58 12:04
B3.7 12:10 12:13 12:15
B8.5 12:31 12:39 12:42
B7.0 12:46 12:54 12:57
B4.9 13:48 13:52 13:55
B3.5 14:13 14:18 14:21
B2.1 14:41 14:44 14:46
B4.4 15:24 15:34 15:55
B2.3 16:38 16:42 16:46
B3.6 16:55 17:03 17:07
B6.3 19:29 19:47 19:56
Cl4a 20:16 20:23 20:33
B9.7 20:52 21:19 21:31
B9.8 21:11 21:19 21:26
B3.2 22:35 22:39 22:42
B8.1 23:57 00:04 00:15
23/03/19 B3.2 01:16 01:31 01:43
B5.0 01:50 01:53 02:01
B6.1 02:07 02:12 02:14
B2.5 02:57 03:02 03:05
B6.6 03:10 03:17 03:23
B3.0 05:06 05:09 05:11
B3.4 06:02 06:10 06:16
B2.7 10:33 10:40 10:44
B3.1 12:10 12:16 12:22
B5.7 12:41 12:49 13:01
B3.0 14:18 14:22 14:24
B5.7 18:14 18:17 18:20
B4.5 18:49 18:53 18:55
B4.5 18:57 19:00 19:15
B2.1 20:48 20:51 20:54
B8.9 21:09 21:20 21:27
B5.3 22:04 22:11 22:19
B8.0 22:36 22:39 22:41
B9.9 23:30 23:59 00:17
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Continuation of the table
1 2 3 4 5
24/03/19 BS8.6 02:28 02:33 02:51
B4.8 04:35 04:39 04:44
B4.3 07:13 07:20 07:27
B1.8 08:03 09:22 09:33
B2.6 14:32 14:37 14:43
B9.6 19:16 19:31 19:40
25/03/19 B1.5 06:07 06:15 06:27
B2.2 06:52 07:23 07:27
B1.3 09:42 09:47 09:53
B1.7 11:29 11:34 11:44
B3.6 13:08 14:10 14:35
B4.1 18:03 18:11 18:25
B3.4 21:26 21:48 22:23

Data analysis. In the energy release process in solar flares, magnetic reconnection is generally
considered to play a key role. The reconnection rate is an important quantity, because it puts critical
restrictions on the reconnection model. To evaluate the reconnection rate in nondimensional form,

cor

|
M, =—", we must estimate the Alfven velocity in the inflow region: V, =———
V, (47p)

measure the coronal density 0 the spatial scale of the flare L , the magnetic flux density in the corona

. Hence, if we

B, , and the timescale of flares 7,,,, we can calculate inflow velocity V;

cor ? in >

Alfven velocity V,, and

reconnection rate M , [7].

Monitoring of solar flares in real time is performed by the Geostationary Operational Surveillance
Satellite GOES. Electron, proton and X-ray fluxes are tracked by the satellites GOES 11, GOES 13 and
GOES 15.

In figure 1 shown the images obtained on the board of Hinode satellite in XRT. To determine the
length of the loops, we used SXT images. From the SXT data, we get values for the length of the loops.

In figure 2 shows the total flux of X-rays and an electron, which was registered on March 21-24,
2019.

Results. Using the method described in [7-9], we analyzed solar flare that have been registered on
March 21-22, 2019. Examined the dependence of the reconnection rate from GOES class of solar flares.
The temperature were obtained in SunPY using the methods of White et al. [10-11] who used the
CHIANTI atomic physics database to model the response of the ratio of the short (0.5-4 angstrom) to long
(1-8 angstrom) channels of the XRSs onboard various GOES satellites [12-13]. Table 2 summarizes the
parameters of the flares obtained in this work. Figure 3 shows the dependence of the reconnection rate
from timescale.

Table 2 - Parameters of the flares

Parameter 2019 Mar 21 19:54 B8.8 Flare 2019 Mar 22 05:05 C4.8 Flare

7(s) 300 540

L (10° cm) 7.25 x 10° 6.525 x 10°
T (10° K) 10 16

Vin(em s7") 6.04 x 10° 3.02 x 10°
Va(em s7) 6.76 x 108 8.56 x 108
Ma 8.93 x 103 3.52x 1073
Eftare /7 (ergs s7) 7.29 x 10% 4.72 x 10%
ldEmag / dt | (ergs s7) 4.86 x 10% 3.14 x 10%
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Figure 3 - Reconnection rate M 4 Dlotted against timescale

Conclusion. During the period from 20 to 25 March 2019, 64 B class flares and 12 C class flares
were registered. The solar flares are recorded by a network of space observatories: telescopes on the board
of American SDO observatory, LASCO coronagraphs (European SOHO station), and by both STEREO
satellites (USA), which are now at a giant distance of hundreds of millions of kilometers from our planet.

The values of reconnection rate is distributed in the range 1 i Here, the value of the reconnection
rate decreases as the GOES class increases. The value of the reconnection rate obtained in this study is
within 1 order of magnitude from the predicted maximum value of the Petschek model [14].

A.T. CapcembaeBa', M. Oncypen?, ®.B. beaucaposal, A.T. Capcembaii’, M.E. AGumes’

| Ousyka-TeXHUKANBIK (GakyasTeTi, On-Dapadu ateiEaarsl KasYV, Kazakcram;
2I/IH>1<eHepJ1iK JKOHE KOJITaHOAIBI FRUTBIMIAP HHCTUTYTHI, MoHFONUS ¥YATTHIK YHUBEpCUTETI, Yan-bartop;
3T. Komexbaes ateiaaarsl Ne250 Mekren-nuneiti, Kapmakmer aynanst, Kpissuopaa o6msicsr, Kazakcran

2019 KbIJIABIH 20-25 HAYPbI3 APAJIBIFBIHJIATBI KYH )KAPKBIJIBIHBIH BAKBIJIAYbI

Annotanusi. KyH )KapKpUIbl Ke3iH/I€ KYH COYJIECIHEH KaTThl JJIEKTPOMAarHUTTIK CoyJielieHy aFbiHbI OipHele ece
apransl. bisre kepinOeiTin ynbrpakyirid (YK), penrren »one ramma-coynenepne 0i3aiH KyH «MbIH KYHHEH je
apThIK XXapKpIpaiae». Paguanus XKep opOuTaceiHa ceriz MUHYT ©TKEH COH xeTeli. bipHelue oHnaraH MUHYT ilIiHae
3apsiATanFaH OeIIIeKTepAiH aFrbIHAAphl Maiaa 0oaabl, oJap YJIKeH dHEprusFa alHanaabl, ajl eKi-yIll KYHHEH KeHiH -
KYH TUIa3MaChIHIAFbl YIIKSH OYITTap Keuin sxketeli. KyH jkapKbUIbIHA JETeH YJIKESH KBI3BIFYLIBUIBIK Ke3/IeHCOK eMec.
Ynxen Kyn sxapkpuiel JXKepriH jkakplH KEHICTiriHe KaTThl ocep ereni. benmex koHe pamualysiblK arbHOAP
rapsliikepiaep yuriH kayinti. COHbIMEH Karap, Ojiap Fapbllll ANapaTTapbIHBIH 3JIEKTPOHIBIK KYpPBUIFbUIAPBIHA
HYKCaH KeJNTIPIM, )KYMBICBIH 1CTEH IIbIFapybl MyMKiH. KyH >KapKbUIBIHAH YJIBTPAKYJriH KOHE PEHTIeH Caylelnepi
KEHETTEeH >KepJiH JKOFaprbl aTMocdepachiHia, HoHOC(epana HOHAaHYAbl Kylueiteai. by paano OaiiiaHbICHIHBIH
y3ilyiHe, Kemeslep MEH dye KeMeJepiHiH, PaJHOJIOKALMSIBIK KYHeaep MEH dJIEKTp JKeJIUIePiHIH HaBUTalHsIIbIK
KYPBUIFBUIAPBIHBIH aKayJiapblHa 9Kyl MYMKIH.

KyH >kapKbUIBIHBIH SHEPTHSICBIHBIH K031 - KYH arMocdepackiHaarbl MarHutT epici. On KyH >xapKbuibl 001aThiH
Oernceni aitMakThlH MOP()OJIOTUACH MEH DHEPIHACHIH aHBIKTaiAbl. MyH/1a ©pic SHEPrHACHI IUIa3MaHbIH KbUTY KOHE
KHHETHKAIIBIK JHEPrHsACHIHAH oMneKaiia yikeH. KyH jKapKpUIbl Ke3iHAE apThIK Opic SHEPrusachl OeJIeKTepliH
JHEPrHsAChIHA Te3 aifHajajbl JKOHE IUIa3MaHbIH e3repiciHe ambll Keneni. Byin TyprneHyni KamTamachl3 eTeTiH
(hM3HKAIBIK IPOLIECCTI MATHUTTIK KAHTa YINTACY [IeTl aTalbl.

Ocwl makamama 2019 sxeurgery 20-25 HaypbI3 apanbIFbIHAA TIPKENTeH KYH JKapKBUITAPBIHBIH OaKbLIAyBI
Kyprizingi. Bynm Makamama eki KYH >KapKbUIBIHBIH (DM3HUKAJBIK ITapaMeTpiiepiH OImIeNiK, OJ HeTi3iHeH YaKbIT
IIKANIACHl, KYH JKapKbUIBIHBIH ©31H/IIK OIIIEMiH KOHe MarHUT aFbIHBIHBIH THIFBI3IBIFBH, koHe GOES Kmacer ancipeit
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OacraraH cailblH KYH JKapKbUIBIHBIH ©31H/IK eJIIeMAepi KeHIpeK Tapanyra OeiliM 00JaThIHABIFbIH aHBIKTA/IbIK, JKOHE
oy sxxepae GOES knackiHa Toyen/i MarHUT aFbIHBIHBIH THIFBI3BIFBIHBIH TOMEHTI IIeTi 00NaThIHBI aHBIKTAIIBL bi3
coHpaii-ak 20-25 HayphI3 apabIFbIH/Ia TIPKEIreH KYH *KapKbUIBIHBIH KbICKAIIA TAJIAYbIH KYPTi3IiK, COHBIMEH KaTap
KYH JKapKbUIBIHBIH YaKbIT IIKAJACBIHBIH Y3aKTBUIBIFBI OHE BYKiT oMeMIiK yakKpITTa KOPCETIIreH MaKCHMYMBbI
aHBIKTAJIJIEL.

Bi3 kyH >KapKpUIIApbIHBIH OipHemie (U3MKAIBIK MOHAEpPI MEH KaiTa YINTAaCy KBUIMAMJIBIFBIH €CEITell
TaNKBUTAIBIK, DU3MKAIBIK TapaMeTpiiepi anbikTay yirie SDO cnytHuKiHiH OopThiHna ATA wHCTpyMeHTiHIH 131 A,
174 A, 193 A, 211 A, 335 A, 1600 A, 1700 A, 4500 A Tonxsix Y3BIHIBIFBIHIA anbiaFad xoHe SXT cyperi, HMI
Magnetogram, SOLIS Chromospheric Magnetogram, GOES XRT- nepekrepi maiimanansuigsl. baiikay HoTIOKeciHIE
aJBIHFAH MOHIEPIi KOJIaHa OTBIPHIN, 013 MarHUTTIK KalTa YINTACYIBIH TYCY XBUIIAMIBIFBIH, KOPOHATBIK ANB(BEH
JKBUIIAMIBIFEIH JKOHE MATHHTTIK KalWTa YINTacyAbl €CENTeNiK. AFBIHHBIH TYCY JKBULIAMIBIFEI GipHeIe KM c'-meH
GipHelIe OHJaFaH KM-Te ¢’'-re Jeiin TapanraH, ajn KopoHanarsl Anb(BeH KbpuaMasrsl 10°-ten 10* kM ¢! quanazon
apanbIFbIH Kypaiasl. COHBIMEH, MArHWTTI KalTa yinracy xbeuiaMasrsl 107 Monin Kypaiinel. KyH apKbUIBIHIAFEI
MarHuTTi KalTa yIracy >KbUIaMasiFsl ToMenaeret caitbii GOES kiachl xoFapbIIaiTEIHBL aHBIKTAJIIBL.

TyitiH ce3aep: KYH KapKbUIbl, PEHTIEH COYJIEC], KaiiTa yIITacy *bULAaM/IbIFbI.

A.T. Capcembaenal, M. Oncypen?, ®.b. Benucaposa, A.T. Capcem6aii, M.E. AGumen

|®usuko-rexnnueckuii paxynsrer, KasHY um.ans-Dapadu, Kazakcran;
?1Ixoma HEKEHEPHBIX M IIPUKJIATHBIX HAyK, HannoHansHbI yHUBepcuTeT MoHrouw, Yian-barop;
SIxoma-maneit Ne250 um. T. KomexGaepa, Kapmakunnckuii paiion, Keissuiopauackas o6nacTs, Kazaxcran

MOHHUTOPHUHI" COJTHEYHbBIX BCIIBIIIEK B ITEPUO/I
20-25 MAPTA 2019 TOJA

AnHoTtanusi. Bo Bpemsi OoJbIION BCIBIMIKA IOTOK JKECTKOTO DJIEKTPOMAarHUTHOro wu3nydenus CoiHua
BO3pacTaeT BO MHOTO pa3. B HeBHIUMBIX [uisi Hac yibTpaduoneToBsix (YD), peHTreHOBCKHX U raMMa-Iyyax Halle
CounHile cTaHOBHUTCS "sipue Thicsun cosHI('. M3nmydeHue nocturaet opOUTHI 3eMJIM Yepe3 BOCEMb MHUHYT IOCIE
Hayajla BCHBIIKH. Yepe3 HECKOJBKO IECATKOB MHUHYT NPHUXOAAT MOTOKH 3apsDKEHHBIX YacTHIl, YCKOPEHHBIX 10
THTaHTCKUX SHEPruil, a yepe3 JIBOE-TPOE CYTOK - OTPOMHBIE O0JlaKa COJHEYHOHW Ita3Mbl. OTpOMHBIN MHTEpeC K
BenblukaM Ha ConHIe He ciaydaeH. Bospline BCHBINIKM OKa3bIBAIOT CHIJIBHOE BO3JEHCTBHE HA OKOJIO3EMHOE
KOCMHYECKOE MPOCTPaHCTBO. [IOTOKM YacTHIl W M3Iy4eHHUs OMAcCHBI JJIs KOCMOHaBTOB. Kpome TOro, OHH MOTYT
MOBPEAUTE AIIEKTPOHHBIE TPUOOPHI KOCMUYECKUX allapaToB, HAPYIIUTE UX paboTy. Y®- 1 peHTTeHOBCKHE JTY9IH OT
BCITBIIIIKK BHE3AITHO YBEIWYMBAIOT MOHU3AIMIO B BEPXHHUX CIOAX atMocdepsl 3emum, B MOHOchepe. ITO MOKET
MPUBOJHUTH K HAPYIICHHUSM PaIHOCBsI3H, CO0sSIM B paboTe paJHMOHaBUTallMOHHBIX TPHUOOPOB KOpabiell U caMoJIeToB,
PaZrOIOKAIMOHHBIX CHCTEM, JITUHHBIX JIMHUH 3IeKTPOCHAOKEeHNS.

VICTOYHUK SHEPTUM BCIBINIKK - MarHUTHOe moie B arMmocdepe Comnma. OHO ompenensieT MOp(OJOTHIO U
SHEPreTUKY TOW aKTUBHOI 00JIacTH, I/ie POM30MIET BCIIBIIIKA. 3/1eCh SHEPTHsl OIS MHOTO OOJIbIIE, YeM TEIUIOoBast
W KMHETHYeCKasi SHEeprusl IU1a3Mbl. Bo BpeMsi BCIBIIIKK ITPOMCXOAUT OBICTpPOE MpEeBpalieHre M30bITOYHON IHEPrHU
NOJIsI B SHEPTUIO YacTUI M W3MEHeHHs Iuta3Mbl. Dusnueckuii mpouece, 00eCHeYNBAIOMINN TaKOe IMpeBpalleHue,
Ha3bIBACTCS] MATHUTHBIM [1€PECOCTUHEHIEM.

B aroii cTathe ObUT IPOBEIEH MOHUTOPHHT COJTHEYHBIX BCIIBILIEK 3aperMCTPUPOBAaHHBIX B mepuoy 20-25 mapra
2019 roma. Msl m3Mepmiin (pU3MYECKUE MapaMEeTPHl ABYX BCIBIIIEK, B OCHOBHOM INIKAaly BPEMEHH, XapaKTEePHBII
pa3Mep BCIBIIIEK W IUIOTHOCTh MAaTHUTHOTO IOTOKA, M OOHAPYKHIIHM, YTO XapaKTePHBIC pa3Mephl BCIBIIICK HMEIOT
TEH/CHIINIO pacIpenensiThcst Ooiee MmUpoko, mockonbky kiaacce GOES cranoButcs cnabee W 31eCh CyIIeCTBYET
HWOKHUH TTpees MIIOTHOCTH MarHUTHOTO TOTOKa, KoTopas 3aBucHT oT kiacca GOES. Mbl Takke caenainu KpaTKuid
aHAJIN3 COJIHEYHBIX BCIBIIMIEK 3apernCTPUPOBAHHBIE B 3TU JIHHU, a TaKXKe IOKa3aHa MPOIODKUTEIFHOCTh BPEMEHHU
BCITBIIIKY U €€ MaKCUMyM 10 BcemupHOMY BpeMeHH.

Mp1 OINpCACIININ HECKOJIbKO (l)I/I3I/IlleCKI/lX BCJIMYMH BCIBIIIEK W OLICHUWIMW CKOPOCTH IMCPECCOCAUHECHUA
COJIHCYHBIX BCIIBIIICK. I[.]'DI OIPCACIICHUA (l)I/I3I/IlleCKl/IX napaMeTpoB Mbl HCHOJIB30BAJIM CHUMKH, IOJYYCHHBIC C
uHcTpyMenTa AIA Ha 6opty ciytHuka SDO Ha ammnax Bom 131 A, 174 A, 193 A, 211 A, 335 A, 1600 A, 1700 A,
4500 A, SXT - cuumku, HMI Magnetogram, SOLIS Chromospheric Magnetogram, GOES XRT-naHHble.
Hcnonp3ys HabOIr01aeMble 3HAUEHHsI, Mbl OLICHWIA CKOPOCTH NPUTOKA MAarHUTHOTO MIEPECOETUHEHHS, KOPOHAIBHYIO
anb()BEHOBCKYIO CKOPOCTb W MarHWTHoe nepecoeanHeHne. CKOPOCTH HPHUTOKA PaCIpelessiioTCsl OT HECKOJIBKUX
KM ¢! 10 HECKONBKHX HECATKOB KM ¢!, a anb()BEHOBCKUE CKOPOCTH B KOPOHE HaXOAATCA B amamasoHe oT 103 mo
10* xm ¢’'. CienoBaTenbHO, MATHUTHOE NEPECOECTUHEHUE COCTABIISIET 10°3. MBI HaX0OIUM, YTO CKOpPOCTh MarHUTHOI'O
MIEPECOCTMHEHNUS B BCIIBIIIIKE MIMEET TEHACHIINIO YMEHbIIAThCA ¢ yBennmdeHneM kiacca GOES.

Ki1roueBble cjioBa: coTHEUHAas! BCIIBIIIKA, PEHTTCHOBCKOE U3ITYYEHHE, CKOPOCTh IIEPECOSANHEHHS.
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MODERN TRENDS IN THE DEVELOPMENT
OF SPEECH RECOGNITION SYSTEMS

Abstract. This article presents the main ideas, advantages and disadvantages of models based on hidden
Markov models (HMMs) - a Gaussian mixture models (GMM), end-to-end models and indicates that the end-to-end
model is a developing area in the field of speech recognition. A review of studies that conducted in this subject area
shows that end-to-end speech recognition systems can achieve results comparable to the results of standard systems
using hidden Markov models, but using a simpler configuration and faster operation of the recognition system both
in training and in decoding. An analytical review of the varieties of end-to-end systems for automatic speech
recognition is considered, namely, models based on the connection time classification (CTC), attention-based
mechanism and conditional random fields (CRF), and theoretical comparisons are made. Ultimately, their respective
advantages and disadvantages and the possible future development of these systems are indicated.

Key words: automatic speech recognition, hidden Markov models, end-to-end, neural networks, CTC.

1. Introduction

Automatic speech recognition (ASR) is now widely used in our daily life. ASR can help people with
disabilities interact with society. ASR is used in such areas as the automated user interface, mobile device
management, information services and access control interfaces [1].

The purpose of ASR is identify the sequence of acoustic input X = {x;, -, xr} of length T as a
sequence of words W= {w1, ---, wn} of length N. The task of ASR is to find the most probable sequence of
words W from given X. This can be represented as follows [2]:

W =argmax * p (W | X). )
Wey*

Therefore, the main work of ASR is to create a model that can accurately calculate the posterior
distribution p(W|X).

In the task of recognizing continuous and long speech, a model based on the Hidden Markov Model
(HMM) was one of the best-known method. Even today, the best speech performance still comes from the
HMM-based model combined with deep learning methods (hybrid models). At the same time, deep
learning methods also simulated the emergence of an alternative, which is an end-to-end (E2E) model.
This model, compared with HMM, uses one model to match directly sound to words. It replaces the design
process with a learning process and does not require special knowledge in this area. Therefore, it is easier
to create and train the E2E model. According to these advantages, the E2E model is quickly attracted
much attention as a powerful method in the field of continuous speech recognition.

This article provides a detailed overview of the E2E model, as well as a brief comparison between the
HMM-based model and the E2E model, an analysis of the various paradigms of E2E models and a
comparison of their advantages and disadvantages. First, consider the main methods of speech recognition.

— 4y ——
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2. The main methods of speech recognition

2.1 Speech Processing Methods

Currently, there are several basic approaches for ASR.

The standard process for automatic speech recognition consists of the following steps:

— Feature extraction from the input signal.

— Acoustic modeling.

— Language modeling.

— Decoding sequence.

The most important parts of a speech recognition system are feature extraction methods and
recognition methods. Feature extraction is a process that extracts a small amount of data from a signal [4].
At the beginning, the original signal is converted into feature vectors, based on which classification will
then be performed. This step includes the following steps:

— conversion of the signal into digital form;

— the use of various filters to suppress noise;

— highlighting the boundaries of speech;

— extraction of signal features [5].

The most popular extraction features methods are the Mel Frequency Cepstral Coefficients (MFCC)
and the linear prediction cepstral coefficients (PLP). MFCC is an audio function extraction method that
extracts the speaker’s specific parameters from speech [6]. MFCCs are extracted from speech signals
through cepstral analysis. The input signal is first formed and processed in the form of a window, then the
Fourier transform is taken and the value of the resulting spectrum is deformed according to the Mel scale [7].

By using the obtained feature vectors, it is necessary to determine which sound or sequence of words
was in the original signal. Widespread methods of automatic speech recognition (ASR) are hidden Markov
models (HMM) and neural networks (NN) [5].

2.2 Standard Speech Recognition System. HMM-based model

For a long time, the HMM-based model was the main model for continuous speech recognition with a
large dictionary with better recognition results. In general, an HMM-based model can be divided into three
parts; each of them is independent of each other and plays a different role: acoustic, pronunciation and
language model. The acoustic signal of speech is modeled by a small set of acoustic units, which can be
considered as elementary sounds of the language. The traditionally chosen unit is a phoneme, so the word
is formed by combining them [8]. The pronunciation model, which is usually created by professional
human linguists, is used to achieve a correspondence between phonemes (or sub-phonemes) and
graphemes. The language model maps a sequence of characters into free final transcription [9].

The HMM mechanism was used in all of these three parts. However, an HMM-based model
emphasized the use of HMM in an acoustic model. In this HMM, sound was observation, and feature was
a latent state. For an HMM that had a set of states {1, ---, J}, the HMM-based model used the Bayesian
theorem and introduced the sequence of states HMM S = {s,€ {1, ---, J} |t =1, ---, T} and expanded
p(L | X).

N p(L, X)
argmax p(L|X) = argmax PO
Ley* Ley”
= argmax p(L, X)
Ley*
= argmax Z p(P,L,X)
S
Ley*
= argmax Z p(X|S,L) p(S,L)
S
Ley*
= argmax Ys p(X|S,L) p(SIL) p(L) 2
Ley”
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According to the conditionally independent hypothesis, we can approximate p (X | S, L) =p (X | S),
therefore
argmax p(L|X) = argmax Ysp(X|S) p(SIL) p(L) 3)
Ley” Ley”

p (X |S),p(S|L), and p (L) in equation (3) correspond to the acoustic model, pronunciation model, and
language model, respectively.

— The acoustic model P (X | S) indicates the probability of observing X from a hidden sequence
S. According to the rule of the chain of probabilities and the hypothesis of independence of observations
in HMM (observations at any time depend only on the latent state at that time), P (X | S) can be laid out in
the following form:

P(XIS) = Mz p(xelxy, s e, S) = Moy pCrelse) o TTEz, 200 )

In the acoustic model p (x: | si) is the probability of observation, which is usually represented by the
Gaussian Mixture Model (GMM). The distribution of the posterior probability of the latent state p (s; | ;)
can be calculated using the method of deep neural networks (DNN). These two different calculations of P
(X'| S) lead to two different models, namely HMM-GMM and HMM-DNN. Over time, the HMM-GMM
model has been a common framework for speech recognition. With the development of deep learning
technology, DNN is being introduced into speech recognition for acoustic modeling. The role of DNN is
to calculate the posterior probability of the state of the HMM, which can be converted into probability,
replacing the usual probability of observing GMM [10]. Thus, the HMM-GMM model turns into an
HMM-DNN, which achieves better results than the HMM-GMM, and becomes a modern ASR model.

In an HMM-based model, different modules use different technologies and play different roles. HMM
is mainly used for dynamic time warping at the frame level. GMM and DNN are used to calculate the
probability of emission of latent HMM states. The building process and the mode of operation of the
model based on HMM determines whether they encounter the following difficulties in practical use [11]:

— The training process is complex and difficult for global optimization. An HMM-based model often
uses different training methods and data sets to train different modules. Each module is independently
optimized using its own target optimization functions, which usually differ from the true criteria for
evaluating the performance of continuous speech recognition. Thus, the optimality of each module does
not necessarily mean global optimality.

— Conditionally independent assumptions. To simplify model building and training, an HMM-based
model uses assumptions about conditional independence within HMM and between different modules.

2.3 End-to-end ASR models

End-to-end (E2E) automatic speech recognition is a new paradigm in the field of speech recognition
based on a neural network, which offers many advantages. Traditional “hybrid” ASR systems, which
consist of an acoustic model, a language model, and a pronunciation model, require separate training for
these components, each of which can be complex. For example, training an acoustic model is a multi-stage
process of training a model and aligning the time between a sequence of acoustic characteristics of speech
and a sequence of labels at the output. The E2E ASR, by contrast, is a single integrated approach with a
much simpler learning pipeline with models that work with low audio frame rates. This reduces training
time, decoding time and allows joint optimization with subsequent processing, such as understanding of a
natural language.

However, modern E2E ASR systems also have some limitations:

Firstly, E2E ASR systems require more training data than ASR hybrid systems to achieve a similar
word error rate (WER). This is because E2E ASR systems tend to exceed training data when they are
limited.

Secondly, Connectionist Temporal Classification (CTC), a popular version of the E2E ASR, is not
amenable to ‘student-teacher’ training, which is useful for deploying high-precision ASR systems with
time-out limits [12].

The end-to-end model can be divided into three different categories depending on their smooth
alignment implementations: CTC, attention-Based Models, the model, based on Conditional Random
Fields (CRF).

— Y4 ——
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2.3.1 End-to-end model based on Connectionist Temporal Classification

Although the HMM-DNN hybrid model still has the most up-to-date results, the role of DNN is
limited. It is mainly used to model the probability of an a posteriori state of the latent state of HMM,
presenting only local information. The temporary domain function is still modeled by HMM. By trying to
simulate objects in the time domain using RNN or convolutional neural networks (CNN) instead of HMM,
he encounters the problem of data alignment. The loss functions of both RNN and CNN (Convolutional
Neural Networks) are determined at each point in the sequence, therefore, to provide training
opportunities, need to know the alignment relationship between the output RNN sequence and the target
sequence [13].

The CTC process can be thought of as including two subprocesses: calculating the probability of a
path and aggregating a path. In these two subprocesses, the most important is the introduction of a new
blank label (“-”, which means no output) and an intermediate path to the concept.

By solving these two problems, CTC can use a single network structure to map the input sequence
directly to the label sequence and implement end-to-end speech recognition.

For a given input sequence X = { xi, -+, Xt } of length T, the encoder encodes it into a sequence of
signs F = { fi, -, fr } of length T for any t, f; - this is a vector whose dimension is greater than the number
of elements in the dictionary v, i.e., fieR 171",

CTC acts on the sequence of signs F = { fj, ---, fr}. Through the softmax operation, CTC transforms it
into a probability distribution sequence Y = { yi1, -, yr}, yt = { y', -, y « " I}, where y', indicates the
probability that the output signal at time step t is the label i, y. " * !l indicates the probability of outputting
an empty label at time step t.

Let ¥ = y U {b}, y'" denote the set of all sequences of length T defined in the dictionary y'. In
combination with the definition of y*, we can conclude that for a given input sequence X, the conditional
probability distribution of any sequence 7 in the set y'" is calculated as equation (5):

p@|X) = [Tz ', vm €y'" )

where 7, represents the label at position t of the sequence 7. An element in y'" is a path and is represented
as .

After the calculation process described above, the input sequence {xi, -+, Xt} is mapped onto a path
of the same length, and the conditional probability @ can also be calculated in accordance with equation
(5). In this mapping process, each input x; frame is mapped to a specific label w. This might be thought
that mapping an input sequence to a path is actually a tightly coordinated process.

From the process of calculating equation (5), we can see that there is a very important assumption,
which is an assumption of independence: the elements in the output sequence are independent of each
other. Any time step whose label is selected as the output does not affect the distribution of marks at other
time steps. On the contrary, in the coding process, the value of y is influenced by the speech context
information in both historical and future directions. That is, CTC uses conditional independence
conditions in language models, but not in acoustic models. Therefore, the encoder obtained by training
CTC is essentially and completely an acoustic model that is not capable of modeling the language.

Let y < T denote the set of all label sequences defined in the dictionary y whose length is less than or
equal to T, and path aggregation is defined as a function of the map O: L'T—L<T. It maps paths in "
(that is, a path) to a real label sequence in y ='. Aggregation of O paths mainly consists of two operations:

1. The union of the same adjacent labels. If consecutive identical marks appear in the path, combine
them and leave only one of them. For example, for two different paths “d-oo-t-” and “d-o-tt-”, they are
aggregated in accordance with the above principles to obtain the same result: “d-o-t-".

2. Removing the empty “-” mark in the path. Since the “-” label indicates no output, it should be
deleted when the final label sequence is generated. The above sequence “d-o-t-” after aggregation in
accordance with this principle becomes the final sequence “dot”.

In addition to obtaining a sequence of labels corresponding to these paths, aggregation is also aimed
at calculating the probability of a sequence of labels. We use O™' (L) to represent the set of all paths in y'T
corresponding to the sequence of labels L, then, obviously, given the input sequence X, the probability p
(L | X) for L can be calculated as in equation (6):

p(LIX) = Zn’EO‘l(L)p(an) (6)
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Obviously, the calculation of the probability L is differentiable. Therefore, after obtaining the
probability of the label for training the model, it can be used the back propagation method of the error.

However, there is still difficulty in calculating equation (6). Although p (n | X) is easy to calculate, it
is difficult to determine which and how many paths from y'T are included in O"' (L). Consequently, this
equation is not actually used to calculate p (L | X). Its operational method of calculation is the forward and
reverse algorithm.

The advent of CTC technology greatly simplifies the design and training of continuous speech
recognition models. No longer required experience to create various dictionaries; this eliminates the need
for data alignment, allowing us to use any number of layers, any network structure to build an end-to-end
model that maps sound directly to text [14].

One of the great benefits of CTC is that it eliminates the need to align data segmentation, so deep
learning techniques such as CNN and RNN can play an increasingly important role. Network models with
different structure and depth were introduced in the end-to-end ASR and achieved better results.

2.3.2 Attention-Based Model

An alternative approach to the end-to-end mapping between speech and tag sequences is to use an
encoder-decoder architecture based on the attention mechanism [15]. This architecture has two separate
subnets. One of them is the encoder subnet, which converts the sequence of acoustic features into a
sequential representation of the length T. Based on this encoded information, the decoder subnet predicts a
sequence of labels whose length L is usually less than the input length. The decoder uses only the relevant
portion of coded sequential representations to predict the label at each time step using the attention
mechanism.

The encoder is implemented as a multilayer bidirectional recurrent neural network (RNN), such as
Long short-term memory (LSTM), and the decoder usually consists of a 1st level unidirectional RNN,
followed by the output layer softmax. The structure of the attention-based model is shown in figure 1 [16].

Decoder

T 51

Attention

mechanism
t H=(. ..h)

Encoder

f

Features { x1, ..., X1 }
Figure 1 - Attention Mechanism Model
The attention-based model is formulated as follows. The encoder converts X into intermediate

representation vectors H = (hy, ..., hr). At the next stage of decryption, activation of the latent state
(memory) of the RNN-based decoder at the 1-th time step is calculated as:

s; = Recurrency(s;_1, 91, Vi-1) 7

where g; and y.; denote a “glimpse” at the I-th time step and the predicted mark at the previous step. The
glimpse g; is a weighted sum of the encoder output sequence as

g1 = Xiayche (®)
where a; , — weight of attention h; and calculated as

ey = Score(s;—q, he, a1—1) )

— 4 ——



ISSN 1991-346X Series physico-mathematical. 4. 2020

_ exp(eyr)
= ST exp(ery) (10)

The encoder-decoder method that use the attention mechanism does not require preliminary data
segmentation. With attention, it can implicitly learn the soft alignment of input and output sequences,
which solves a big problem for speech recognition [17].

The encoder plays the role of an acoustic model, which is the same as in CTC models, RNN
converters, and even hybrid HMM-DNN models. Thus, he faces the same problems as they, and their
solutions are the same. However, when the encoder is combined with attention, new problems arise [18].

A serious problem caused by the combination of encoder and attention is delay. Since attention is paid
to the entire sequence of coding results, it is necessary to wait until the encoding process is fully
completed before it can start working, so the time spent on the encoding process will increase the model
delay. In addition, an encoder that does not reduce the length of the sequence will have a sequence of
encoding results that is much longer than the target label sequence (for the input speech sequence is much
longer than for transcription) [19]. This leads to two problems: on the one hand, a longer sequence of
encoding results means more attention, thereby increasing the delay; on the other hand, since speech is
much more than transcription, the sequence generated by the encoding process without sub-sampling that
will bring a lot of redundant information to the attention mechanism.

Similar to the development trend in models based on CTC and RNN converters, to improve the
encoding capabilities, the encoder in attention-based models is also becoming more and more complex.
The most obvious moment is reflected in its depth. The early encoder was mainly in three layers and
gradually developed to six layers. As the network structure becomes more complex and its depth deepens,
the model effect is constantly improving. In [20], a 15-layer network of encoders was built by using
network on the network, packet normalization, residual network, convolutional LSTM, and ultimately
achieved a WER of 10.53% without using a dictionary or language model.

ape

2.3.3 Conditional Random Field Model

Conditional Random Fields (CRF) model allows to combine local information to predict the global
probabilistic model for sequences. This model was first proposed in [21] for speech recognition.

In this method, X is a random variable for the data sequences that is labeled, and Y is a random
variable for the corresponding label sequences. All Y; components from Y are located in the alphabet of
the final label Y. Random variables X and Y are distributed together, but in the discriminatory structure
they must build a conditional model p (Y | X) from pair observations and sequences of labels. Let
G = (V, E) be a graph, and Y = (Y.)vev, so that Y is indexed by the vertices of G. Then (X, Y) is a
conditional random field in the case where the condition on X is random variables Y, obey the Markov
property with respect to the graph: p (Yv | X, Yw, w #v) =p (Y | X, Yw, W ~ V), where w ~ v means that
w and v are neighbors in G. The structure of the model on CRF-based is presented in figure 2.

Yii Y; Yia

XH Xi Xi—l
Figure 2 - Graphical representation of a CRF model

The most common application is the linear chain CRF model. This model is most often used to solve
the problems of marking and segmentation of sequences [22].

A similar method for CRF is the MEMM algorithm (maximum-entropy Markov model), which is also
a discriminative probabilistic model. The main difference between CRF and MEMM is the absence of a
label bias problem (label bias is a situation where states with fewer transitions take precedence, since a
single probability distribution and normalization are built) [23].
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According to [24], [25] studies, after using CRF, better results were obtained than MEMM or HMM
without using a language model.

3. Conclusion

The considered methods for constructing end-to-end models are superior the HMM-GMM model, but
its performance is still worse or comparable to the HMM-DNN model, which also uses methods of deep
learning. In order to take an advantage of the end-to-end model, there should be at least improved in the
following aspects:

— CTC-based models are monotonous and support stream decoding, so they are suitable for low-
latency online scenarios. However, their recognition efficiency is limited. The main disadvantage of the
CRF-based model is the computational complexity of the training sample analysis, which makes it
difficult to constantly update the model when new training data arrives. Models based on the attention
mechanism can effectively improve recognition characteristics, but they are not monotonous and have a
long delay. Although methods exist such as ‘a window’ to reduce attention delay, they can reduce
recognition performance to some extent. Therefore, reducing latency while ensuring performance is an
important research problem for the end-to-end model.

— The HMM-based model uses additional language models to provide a wealth of language training,
while all linguistic training of the end-to-end model is obtained only from transcriptions of training data,
the scope of which is very limited. This leads to great difficulties when working with scenes with great
linguistic diversity. Therefore, the E2E model should improve the study of linguistic training while
maintaining the integral structure. This article was prepared based on the project: IRN AP05131207
Development of technology for multilingual automatic speech recognition using deep neural networks.
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COIJIEY]I TAHY ’KYNECIHIH JJAMYBIHJAFBI KA3IPT'T TEHAEHIMSIJIAP

Annoranus. byn makanana xaceipeiH MapkoB Monenbiepine (HMMs) HerizgenreH MoOJIENbICpAiH HETi3ri
WIesUIaphl, apTHIKIIBUIBIKTAphl MEH KeMiniiikrepi - Gaussian ynectipimaepi (GMM) xkoHe MHTErpajibIK Kyienep
(end-to-end) ruOpwmai YCHIHBUIFaH, COHBIMEH KaTap MHTETpalIbl MOJENb COMNICYAl TaHy calachblHla JaMblll Keie
JKaTKaH KaHa callaHbIH Oipi OOJBIT TaObLTAIBI.

KipikkeH cefineyni Tany npobieMacsiHaa xacslpeiH MapkoB Mozenine (HMM) Heri3penareH Moenb opaaibiM
0acThl TEXHOIOTHS OOJIBIN KEIi jkoHe KeH KOMTaHbUIABL. TinTi Ka3ipri yakpITTa ceiiieyai Tany OOMBIHINA eH >KaKChI
kepcetkilm HMM-re =HerizgenreH (TepeH OKBITy omictepiMeH OipikTipinren). Kemreren eHepkocinTik
opHanacteipynap HMM-re Herizaenres.

ConpIMeH 6ipre TepeH OKBITYy oAicTepi MHTErpaibl MOJAeNb OOJBINT TaOBUTATHIH OanaMaHBIH Maina OoybIHA
TYpTKi Oosmbl. HMM HeriziHzeri MozeibMeH cajbICThIpFaHja JAbIOBICTBI TaHOAlapra HeMece ce3jepre TiKelen
ColiKeCTeHIIpy YIIH OipiKTipiireH Mojens Oip Mopaenbai KojmaHamel. OJ ©HICY MPOIECIH OKBITY YpAiCiMEH
aJIMacTBIPaJIbl J)KOHE OChI calaja apHaibl OKBITYbl KOKET eTIEH/Ii, COHIBIKTAaH WHTErpajiibl MOJIENIBl KYpy *KOHE
OKBITY OHaibIpak. Ocbl apTHIKIIBUIBIKTAPbIH apKachlHIa HMHTErpanipl MOZIEIb Te3 apaja ceieyai TaHy
caJlaChbIHJIaFbl TAHBIMAJ 3€PTTEy aliMarbIHa alHAIIBII OTHIP.

Kenreren wuHTrerpanmsl ceisieyni TaHy MoeibJepiHe Keneci OejikTep Kiperdi: ceitney eHrizy Ti30erin
MYMKIHIIKTEp Ti30€TiMEH CalbICTBIPATHIH KOHEep; OOBEKTiiep Ti30eri MeH TN apachIHAAFBl TEHECTIPYIi Ky3ere
aCBIPATHIH TY3€TY; TYIHYCKAJBIK COHKECTeHIIpY HOTIDKECIH aIlaThiH JeKkoaep. Tarbl aiiTa KeTeTiH XalT, Oyi Oeiry
opraiibiM Ooya OepMmeiimi, OWTKEHI MHTErPAIABIK KYPBUIBIMHBIH ©31 TOJBIK KYPBUIBIM OOJIBIT TAOBUIAIABI JKOHE
WHXKEHEPJIIK MOJYJIb/IIK J)KYHere YKCACThIFbI OOMBIHIIIA KYMBICTBI Kail 06JIiri OpbIHIANTHIHBIH aHBIKTAY OT€ KUBIH.

bipueme wmomympaen typatsiH HMM wMopneniHeH aWbIpMAIIbUIBIFBl, HHTETPANABI MOJENTb aKyCTHKAIbIK
CUTHAJIJAP/BIH TIKEJICH KOPCETUTYiH ICKE achIpaThlH TEPEH KeIIep MOMAYJiH anMacThipansl. COHBIMEH Karap,
HOTH)KE ILIBIFAPFaH Ke3/1e KeHiHT1 OHACY Il KaXKET eTHeH .

HMM HeriznenreH MOJIENBMEH CajbICThIPFaH/a, >KOFapblIAarbl albIpMAIlbUIBIKTAD WHTErpPajiibl MOJEJbre
KeJeci cunarramanapzasl oOepeni:

— OipyiecKeH JKaTTHIFyap YIIiH OipHeme Moy baep Oip skerire Oipikripinren. bipaeme Moaynbai OipikTipy i
apTHIKIIBUIBIFEL - 9P TYPJl apajblK KarAaibIHBIH (KaINbIHBIH) albIpMaIIblUIbIFEl apachIHAaFbl KOPCETUTyiH XKy3ere
acelpy YVIIIH KO MOIyNb >KacayAblH KaXKETTIrl >XOK. bipiieckeH OKBITy WHTETpaimbl MoJenbre xahaHIbIK

—— 4] ——
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OHTAIJIAHABIPY MaKCaThl PETIHJE KOPBITHIH/ABI Oarajiay KpUTEpHiiiepl YIIiH eTe MaHbI3/bl (QyHKIUSHBI KOJJaHyFa
MYMKIH/IIK Oepe/li, OchUIaiiia THIM/I HOTHXKeJIepre KOJ )KeTKI3yre MyMKIHIIK Oepei.

— aKyCTHKaJBIK CHUTHATYpachl MOTIHIIK HOTIDKECIHIH Ti30€riHe TIKeIeH COWKECTCHIIPUICHI JKOHE HAKThI
TPAHCKPHIIIUAFA KOJI )KETKI3y HEMeCe TaHy CHIaTTaMallapblH )KaKCapTy VIINiH OJaH opi OHACYAl KaXeT eTIeii, an
HMM monenbaepinae afThUIbIM YIIIIH iIIKi OKBITY 0ap.

WHTerpanabl MOJCIbIIH OChl apTHIKIIBUIBIKTAPEI COMIICY i TaHy MOAETBACPiIHIH KYPBUIBICHI MEH KATTHIFYBIH
afTapibIKTall JKeHIJIIeTe .

WHTerpanabl MOJEIBI 0JIapbIH KYMCaK TeHecTipityiHe OaiilaHbICThI YIII caHaTKa Oeiryre 6oJaibl:

- CTC mwerizinge: CTC anppiMeH OapiblK BIKTUMAll TEHECTIpyJNepHi Ti3iMaelmi, comaH KeHiH OCBHl KaTThI
Typanaynapasl OipikTipin xkymMcak TeHecTipyre ko xetkizeni. CTC mbirsic Oenrinepi KaTaH Typaayasl Ti3iMIereH
ke3ze Oip-OipiHeH Toyenci3 Oomaabl nen OomKaiabL.

- Hazap aynapy MeXaHU3MIHE Heri3JieNireH: Oys o[ic Kipic JepeKTepi MeH WIbIFBIC OeJriiepi apachlHAAFrbl
TETiCTey akKnaparblH TiKeJel ecenTey YIIiH Ha3ap ayJAapy MEeXaHU3MiH KOJIIaHaIbl.

- CRF wapTThl Ke3/1eiicoK epicTepiHe Heri3[AeiIreH Moelb FallaM/IbIK BIKTUMAJIIbl MOJIEIIb/II Ti30eKTel Oomkay
YILIH )KepriliKTi akmnapaTTsl OipiKTipyre MyMKIHIIK Oepenti.

Ocebunaiiiia, ceiiyieyii aBTOMaTThl TYpJe TaHyFa apHaJIFaH WHTErpa/ibl )KyHenepIiH TypiepiHe aHAINTHKAaIbIK
IOy YKOHE TEOPHSUIBIK CaNBICThIpYJIap skacainabl. COHbIH/A, OJapAbIH THICTI apTHIKIIBUIBIKTAPhl MEH KEMIILTIKTEpP1
JKOHE OCHI JKYHenepiH OoJianrakra 1aMybl MYMKIH IEepPCIIeKTUBAchl kepceriireH. HMM Monen MeH HHTerpaiibl
MOJIENIb TypaJbl KbICKAIa CalbICThIpaMbI3. CaibIl KeNreH e, OJIapAblH THICTI apTHIKIIBUIBIKTAPEI MCH KEMIIUTIKTEP1
JKOHE OCHI JKYHenepaiH OoarakTa JaMybl MYMKiH €KeHIITT KOPCEeTUITeH.

Tyiiin ce3mep: ceiineyni aBTOMATTHl TypAe TaHY, >KachIpplH MapkoB Monenblepi, end-to-end; HEHPOHIBIK
xkeminep, CTC.
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COBPEMEHHBIE TEHJAEHIINHU PAZBUTUA CUCTEM PACIIO3HABAHUA PEUHN

AnHoTanusi. B naHHOH craThe InpeicTaBlieHbl OCHOBHBIE MJEH, NPEUMYILECTBA M HEJOCTATKH MOJENel, Ha
OCHOBE CKPBITBIX MapkoBckux Mmoneneit (HMM) - cmecn rayccoBckux pacmpenenenuii (GMM) u MHTErparbHBIX
cucreM (end-to-end), a Takke yka3aHO, YTO HWHTETpalibHAas MOJENH SBISETCS PA3BUBAIOIINM HAIpPABICHHEM B
00JacTu pacro3HaBaHUS PEUH.

B 3ajmade pacmosHaBaHUsI CIMTHOM pPEYM IIMPOKO MCIONB30Ballach MOJENIb HA OCHOBE CKPBITOH Mozenu
MapkoBa (HMM) u Bcerna Obuia OIHON M3 OCHOBHBIX TEXHOJIOTMH B ATOM oOmactu. [laxke cerofHs ydruas
MIPOM3BOAUTEIBHOCTh PACIO3HABAHUS PEYU IO-IPEKHEMY HCXOAMUT OT Mojenu Ha ocHoBe HMM (B coderanuu c
METOJIaMH TJ1yO0KOro 00yueHusi). BoJbIIMHCTBO MPOMBIIIIEHHO Pa3BEPHYTHIX CUCTEM OCHOBaHbI HA HMM.

B 10O xe BpEMs, METOIbL Fﬂy60KOF0 O6y’{eHl/Iﬂ TAaKKE€ CTUMYJIMPOBAJIM IMOABJICHUC AJIBTCPHATHUBLI, KOTOpas
SIBJISIETCA MHTErpasibHOM Mozenbto. [lo cpaBHeHHIO ¢ Monenblo, ocHoBaHHOM Ha HMM, B mHTEerpanbHON Mojaenu
UCIIONIB3YETCS OJHA MOJENb JUIs HEIOCPEICTBEHHOTO COIIOCTaBJICHHS 3ByKa C CHMBOJaMu win ciioBamu. OH
3aMEHsIeT MPOLECC MPOEKTHUPOBAHMS IMPOIieccOM OOydeHHs W He TpeOyeT CrelHanbHBIX 3HaHWi B 3TOH 00JacTH,
MO3TOMY HMHTETPAIBHYIO MOZENb MpOIIe co3laBaTh M 00y4arh. biaromaps 3TMM mpenMyIiecTBaM HHTErpajbHas
MOJIETb OBICTPO CTAHOBHUTCSI MOIMYJISIPHBIM HAIIPABICHUEM HCCIICIOBAHUH B 00JIaCTH PACIO3HABAHUS PEUH.

BosbIIMHCTBO MHTErpabHBIX MOJAENEH pPaclo3HaBaHHWSA PEYM BKIIOYAIOT B ceOs CIEAYIONIME YacTH: KOAEp,
KOTOpBIH OTOOpa’kaeT IOCIIEN0BATENLHOCTh BBOJA PEYM B IIOCIEIOBATEIbHOCTh IPHU3HAKOB; BBIPABHUBATEID,
KOTOpBIH peanu3yeT BBIPAaBHUBAHHE MEKAY IIOCIEIOBATEILHOCTBIO OOBEKTOB U S3BIKOM; JEKOZEp, KOTOPBIN
JIEKOAMPYET OKOHYATEIbHBIN pe3ynbTaT uiacHTU(UKau. HeoOXxoaumMo OTMETUTD, UTO 3TO Pa3[elieHHuE HE BCETAa
CYLIECTBYET, OTOMY YTO MHTErpaJibHas CTPYKTypa cama 1o cebe SIBISeTCs] 3aKOHYEHHOH CTPYKTYpoW, U OOBIYHO
O4YC€Hb TPYAHO OIPCAC/INTL, KaKasd 4YaCTb BBINOJHACT KaKyr MmoAa3ajgady IO aHaJloruu C I/IH)KeHepHOﬁ MOHyﬂbHOﬁ
CUCTEMOM.

B ornmume ot mozenu Ha ocHoBe HMM, xoTopasi cocTOMT M3 HECKOJIBKUX MOJYJIEH, MHTETpalbHas MOJEINb
3aMEHSIET HECKOJIbKO MOyJieH TIyOOKOH CeTblo, peannsysl npsMoe OTOOpa)keHHe aKyCTHYeCKHX CUTHAJIOB B
TIOCJIEIOBATEIFHOCTH METOK 0e3 TIIaTeNbHO MPOJYMaHHBIX HPOMEXYTOYHBIX cocTossHMH. Kpome Toro, Her
HEOOXOAUMOCTH BBITIOTHSTH MOCIEAYIONIYI0 00pa0OTKy Ha BBIXOZE.

Ilo cpaBHenuto ¢ mozenpto Ha ocHoBe HMM BbllleyKa3aHHbIE pa3ivuus JAIOT HHTErpaIbHOM MOJENH
CJIEAYIOIIHE IPEUMYIIECTBA:

— HECKOIIbKO MOJyJell OObEIMHEHBI B OJIHY CETh AJS COBMECTHOro oOydenus. IIpenmymectBo oObeaguHEHNS
HECKOJIBKUX MOJyJel COCTOMT B TOM, YTO HET HEOOXOAMMOCTH Pa3pabaThiBaTh MHOTO MOIYJIEH ISl pealn3aluu
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OTOOpakeHUSI MEXITy pPA3MTUYHBIMA IPOMEXYTOYHBIMH COCTOSHUAMH. CoBMecTHOE OOy4YeHHE IT03BOJIET
MHTErpajbHOM MOJENN KCIOJIb30BaTh (DYHKIIMIO, KOTOPasi OueHb BaXKHA ISl OKOHYATEJIbHBIX KPUTEPUEB OLICHKH, B
Ka4yeCTBC LICIIN FJ'IO6aJ'ILHOI>i OIITUMH3AIIUH, TEM CaMbIM 1[061/11321;101, rJ100aJIbHO ONTHUMAIBLHBIX PE3YJILTATOB.

— OH HAINpsMYI0 0TOOpaXkaeT BXOAHYIO MOCJIENOBATEIbHOCTh aKyCTUYECKOW CUTHATYPHI B MOCIIEA0BATEILHOCTD
TEKCTOBOI'0 pe3yjibTara U He TpeOyeT nanbHeiiei 00paboTKu ISl JOCTIDKCHHUS UCTUHHON TPAHCKPHIIIIAN WM JIJIS
YIJIy4IICHHs] XapaKTepUCTUK DPACIO3HABAaHMSA, TOrJa Kak B Mojessix Ha ocHoBe HMM o0OBIMHO ecThb BHYTpEeHHee
NIPEeACTaBICHUE ISl IIPOU3HOILICHHSI.

OTH TperMyIIecTBa WHTErpajbHOW MOZAENN IIO3BOJSIOT 3HAYMTENIFHO YHPOCTHTH IOCTpOEHHE M 00ydeHue
MOJieJIEN paclio3HaBaHUs pEUH.

WHTerpanpHas MOAeTh MOXET OBITH pa3felieHa Ha TPH pPa3MUYHBIC KATETOPHHA B 3aBUCHMOCTH OT HX
peanu3anyii TIaAKOro BEIPaBHUBAHUS:

— Ha ocHoBe CTC: CTC cnayana mepednciseT Bce BO3MOKHBIE TpyOble BHIPABHUBAHHS, 3aT€M OH JOCTUTaeT
TJIAAKOTO BBIPABHUBAHUS MyTeM 0OBeAWHEHHS 3THUX TIpyObIXx BelpaBHHBaHWK. CTC mpeamonaraer, 4To BBIXOTHBIE
METKH He 3aBUCST JPYT OT Apyra MPH NePEUrCICHUH TaAKUX BEIPAaBHUBAHUI.

— OCHOBaHHas1 Ha MCXaHM3ME€ BHHMaHUA: OTOT METOA HUCIOJB3YCT MCXAaHM3M BHHMAHUA, '-ITOGI)I
HEMOCPCACTBCHHO BBIYUCIIUTH I/IH(l)OpMaI_ll/I}O TJIaAKOr'0 BBIPpABHUBAHUA MEKAY BXOJAHBIMHU JaHHBIMHU U B]:lXO[lHOfI
METKOH.

— Mopenb, Ha OCHOBE YCJOBHBIX ciyyaiiHelx moneil (Conditional Random Fields, CRF), mnosBonser
KOMOMHHUPOBATH JIOKAJIbHYI0 HMH(GOPMAIMIO U HPOTHO3UPOBAaHMS TIJIOOAJLHOM BEPOSTHOCTHOM MOJENIH 110
TIOCTIETOBATEIHHOCTSIM.

Takum o0pa3oMm, B CTaThe MPHUBEOCH aHANUTHYCCKUHA 0030p pa3HOBUIOHOCTEH WMHTETPATBHBIX CHCTEM
aBTOMAaTHYECKOTO PACIIO3HABAHMS PEUH, U JICIAIOTCS TEOpEeTUIeCKre cpaBHEeHM. KpaTko cpaBHUBAIOTCS MOZIETH Ha
ocHoBe HMM wu wuHTerpampHas MOJAETb, TIIATENHHO AaHAJIM3HPYIOTCA pa3IW4HbIC HapaJuTMbl HHTETPATbHBIX
TEXHOJIOTUH W CPaBHHUBAIOTCA HMX INPEHMYIIECTBA W HEAOCTATKH. B KOHEYHOM HWTOTe YKa3BIBAIOTCS BO3MOXKHOE
Oynay1iee pa3BUTHE STUX CHCTEM.

KaioueBble cioBa: aBTOMAaTHUECKOE pAaclo3HaBaHUE pedd, CKpPBIThIE MapKOBCKHe Mojend, end-to-end;
Heiiponnsle cetu, CTC.
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CONVOLUTIONAL NEURAL NETWORKS AS A METHOD
TO SOLVE ESTIMATION PROBLEM OF ACOUSTIC WAVE
PROPAGATION IN POROELASTIC MEDIA

Abstract. This article concerns the problem of the acoustic wave propagation in the 3 layered half-space. The
first and third layers are assumed to be solid, whereas the second is assumed to be poroelastic. This article considers
results of finding acoustic wave propagation with regard to its depth and time (further called solution to the forward
problem) [1-4] and tries to estimate the initial physical properties of aforementioned three layers. The aim of this
article is to create a convolutional neural network that estimates said properties, namely speed of sound in each layer
and porosity of the second layer. Model was built using “PyTorch”, open-source machine learning library. In order to
evaluate the initial coefficients of acoustic wave propagation the convolutional neural networks were used. During
the procedure, 3 convolutional hidden layers and 2 fully connected linear hidden layers were used. The data for data
characterization was simulated by iteratively solving forward problem of acoustic wave propagation described by
Stokes equation and continuity equation with given initial values of the acoustic model.

Key worlds: Neural network, Convolutional neural network, acoustic wave propagation, predicting models,
supervised learning, activation function, PyTorch.

Introduction. Researching acoustic wave propagation, is one of overlying problems of geological
exploration [6]. The prominent problems in the aforementioned area is the problem of acoustic wave
propagation in poroelastic medium, the problem related to the discovery of oil and water reserves
underground. In practice however the solution of the problem requires extensive reliance on regularization
of data, and thorough and expensive measurements that sometimes are hard to provide due to various
circumstances.

The relevance of the utilization of deep learning algorithms is defined by the fact that deep learning
algorithms provide solution that is more robust and do not require extensive data regularization.

The aim of this article is to explore possibilities of building a neural network capable of estimating
solutions to problem of acoustic wave propagation in poroelastic medium.

Specification of the problem. Consider 3 layered half-space that consists of:
Q, ={x € R:0 < x < Hy}which is a first layer, Q; = {x € R: H < x < H,} and
Q, = {x € R: x > H,}, and let O-point be a surface of the first layer.

Let L (within dataset it is denoted as H) be the depth of the portion of half-space under
consideration, while » denotes the time frame of the experiment, their respective values during experiment
is going to be equal to 1000 meters and timeframe of the experiment in question is going to be equal to
1.5 seconds. The acoustic wave is sent at the surface at x = 0, y=0.
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The mathematical model is at the edges of the layers of the half-space could be described via Stokes
equation and continuity equation as follows in terms of acoustic pressure p on the whole layer Q, as

described by [1]:
1- 0 (M
<E+( = m))—p+divv =0

E]? c? at

~ ~ 0V mv, 0p
(mps + (1 - m)Ps)E ==V (P + ?E)

Where m represents porosity of the second layer, p shows the acoustic pressure,
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- (1-m)

m
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is an average speed of wave propagation in the considered area of half-space.

That could be brought to the form:
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With initial conditions:
p(x,0)=0, x€Q (3)

op 0)=0 e
at(x' )=0, x

and boundary condition:
p(0,t) = po(t),t >0 “4)

to solve the above problem, we don’t need a second boundary condition, so we don’t need to set a second
boundary condition.
At this point it is possible to apply Fourier Transformation so that our mathematical model stable,
thus making the equation dependent on o (angular frequency) and the depth of underground length:
d?p pw? Q)
+ ——P =0
dx? = c2(1 — iw =2

2
°f

Applying continuity conditions and continuous differentiability conditions on the equation (5) near
layer boundaries yields a system of linear algebraic equations (6-9) [5]:
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Which in turn could be solved [5]:
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Iteratively solving (10)-(13) will find the values of acoustic wave pressure dependent on angular
velocity () and depth of the half-space (x). By applying inverse Fourier transformation [7] on those
values we obtain the values of acoustic wave propagation (acoustic pressure) dependent on time (t) and
depth of the half-space (x). These values were calculated using MatLLAB and stored in the form of text file
with comma separated complex numbers [2].

20 40 60 80 100 120 140

Figure 1 — Values of acoustic pressure at given time (horizontal axis) and depth (vertical axis).
1 pixel in time = 0.01 seconds, while 1 pixel in depth = 20 meters
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Neural Network architecture. Convolutional neural network (CNN) is a method of modeling data
analysis with statistical tools, loosely based around the idea of how neurons and synapses work. The
structure of neural networks consists of 3 layers [8]:

a) Input layer;

b) Hidden layer;

c) Output layer.

On their turn each layer consists of neurons that work as a simple function, taking data, via
connections referred to as synapses from neurons in the previous layer, making calculations to it and then
passing the results to the neurons in the next layer.

The input layer works as a primary data input part of our model. It accepts data, sometimes referred as
a training data that forms conditions of the problem. Once the data is inputted the neurons in input layer
start sending signals to the first hidden layer.

Input layer Hidden layer  Output layer

Figure 2 — the general model of machine learning algorithm [3, 15]

The hidden layer is where most calculations happen in the following way [3, 8, 15]:

A=o(w® - X +bD) Yy =cw® .4+ bh?) (14)
0g(X) =o(w@(@w® - X + b®)) + b@) (15)

1 Nnn
f(0) = fO; {X 3 (YD) = N—m;(Ge(Xe) —Yp)? (16)

where X = (xq, ...,x,)T, Y = (y1,y2)T, A = (a4, ..., as)T, w and b representing weights and biases of our
model.

The activation function is a way to model the cell firing procedure and to standardize data sent from
one layer to the other.

Convolutional neural network works on the idea of convolutions. The data given to us with in the
form the matrix get convolved and pooled from one layer to another, with the idea of finding patterns in
each receptive field.
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Figure 3 --Example of convolutions and pooling for CNN [14]

Creation of neural network. For the purpose of building a deep learning model it is necessary to
specify input and output datasets. In this case the input is a set of text files that describe acoustic pressure
at various depths over time, whereas the output are values characterizing the layers of the half-space under
consideration, including [5]-[6]:

1) speed of acoustic wave propagation at the first layer;

2) speed of acoustic wave propagation at the second layer;

3) speed of acoustic wave propagation at the third layer;

4) porosity of the second layer;

There is a variety of other coefficients that influence the acoustic wave propagation, including depth
and viscosity of the layers. For the purposes of this experiment those values were taken as constant,
simulating conditions where it is necessary to find out what is a content of porous media in the second
layer, often met in more practical applications.

The number of datasets is equal to 3600, with a data sets being given in 149x151 2 dimensional
arrays.
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Figure 2 — Dataset of acoustic pressure
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The model was created with open-source deep learning library PyTorch. Convolutional neural
networks were used for the purposes of estimating initial coefficients of acoustic wave propagation. There
were 3 convolutional hidden layers and 2 fully connected linear hidden layers utilized during the
procedure. The sigmoid function was used for activation.

Results. During training procedure, the neural network shows clear decrease in standard deviation
over the number of batches:
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Figure 4 — Standard deviation over the number of batches
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Figure 5 — Comparison of expected (left) solution created by forward model
and predicted (right) values created by applying results from deep learning algorithm

Conclusion. All in all, the experiment shows that it is possible to create a deep learning algorithms
that estimates the solution of the acoustic wave propagation in poroelastic media. The deep learning neural
network was successfully developed with standard deviation of 0.03 over the course of last batches,
showing the convergence of neural network model, which gives an alternative to analytical solution to the
problem given in [1]-[2]. After training neural network model can provide characterization of the physical
properties of the layers based only on data of acoustic wave propagation over time and depth. Experiments
display successful results in potential of deep learning in building seismic-acoustic wave propagation
model and thus also successful in estimating solution to the problem via neural networks. This opens up a
lot of opportunities with regard to making seismic-acoustic problems solving algorithm in geophysics that
is robust to data regularization.

One of the ways of future developments that are possible in this area is generation of deep learning
neural networks for more thorough and sophisticated wave propagation models such us inverse seismic-
acoustic problems and then try to industrial application of trained network in real world conditions.
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X anbIKapanblK aKInapaTThiK TEXHOJIOTHsIAp yHUBepcuTeTi, AnMarsl, Kazakcran;
2AGaii aTerHaarsl Kaszak yITTHIK earorukanblk yHUBepeuTeTi, AnMarsl, Kasakcran;
3 AKNapaTThIK XoHE €CENTEYIll TEXHONOTHIAp MHCTUTYThI, AnmaTsl, Kasakcran

KOHBOJIIOIUSJIBIK (KMHAKTAJIATBIH) HEUPOH/IBIK XKEJILJIEP AKY CTUKAJIBIK
TOJKBIHIAPABIH TAPAJTY MOCEJIECIH IHEITY ITH 9AICI PETTHAE

Annoranusi. byn makana ymr kabaTThl jKapThUlall KEHICTIKTE aKyCTHUKAJIBIK TOJIKBIHHBIH Tapajly MacelleCiHe
apHasiFaH. BipiHmn »koHe yimiHIN Kabarrap y3AiKCi3 KaTKbUI KaOaTTap, an eKiHII Kabar KeyeKTIK KaTKbLI Jer
Oomkananel. byn Makanaza aKyCTHKambIK TOJIKBIHHBIH TapaiyblH OHBIH TEPEHAIr1 MEH YaKBITBIH €CKepe OTBIPHII
aHBIKTAy HOTIDKENepi KapacThIpbUIamsl [1-4], COHBIMEH KaTap JKOFapbila aTajfaH YII KaOaTTelH OacTarmkbl
(hm3MKaIBIK KaCHETTEPiH HEHPOHIBIK >KEIHIH apKbLIbl €CeNTeyTe ThIPBICAIbI.

Makana makcatel — OipHeme JepOec >Karqaliabl ecelKe aja OTBIPBIN, OChl KaCHeTTEp[i, aTam aiTKaHxa op
KabaTTarbl AbIOBIC )KBUIIAMIIBIFBIH JKOHE EKiHII KaOaTThIH KEYeKTIil'lH eCeNTeUTIH KOHBYJIbCHSUIBIK (’KHHAKTAJIAThIH)
HEeWpOHMBIK kel Kypy. Mogens PyTorch, ambik oKy MallMHaJIApblH OKBITY KiTallXaHAChl apKbUIbI JKAacajFaH.
AKyCTUKANBIK TOJKBIHAAPIBIH Tapany Kod(QQUIUEeHTTepiH Oaranay yIIiH YHIPTKIN HEHPOHIBIK IKeJiep
nmaiinanaHeUAbl. Y WipTKLUTI HEUPOHABIK JKelli — HeHpOoHIap MEeH CHHAIICTapIbIH KYMBICHI TYPajlbl €pKiH HETi3IeNreH
CTaTUCTUKAIBIK KypajJapAbl KOJJaHy apKbUIbl MANIMETTEpl TaJlayAblH MOJENbAEY oMAici OOJNBINT caHajabl.
HefipoHpIK sxeniniep i KYphUIBIMBL 3 KabaTTaH TYpaabl: Kipic KaOaThl, )KACHIPBIH Ka0aT JKOHE IIBIFY KabaThl. O3
Ke3erinje, opoip KabaT KapanaibiM GyHKIUS PETIH/C )KYMBIC ICTCHTIH HEMPOHIApAaH TYPabl. AJIBIHFBI KA0ATTaFrbl
HEHpOHAApAaH CHHAICTAap AEN aTalaTblH KOCBUIBICTAp AapKbUIBI MOJIMETTEpAl JKHHAIL, COJl apKbUIbl ecenTey
KYpriseli lie, HOTHXKENIEpiH Kelieci KabaTTarbl HelipoHmapra eTkizeai. Kipic kabaTel MOAENBIIK IepeKTepli eHI13YAiH
HeTi3ri Oeiri peTiaae >kyMbIc icteini. On Keie MoceneHiH KaFJaiiblH KYPalTBIH OKBITY MOJIIMETTEpi JeTl aTaJaThIH
JepekTepli ananpl. JlepekTepai eHri3reHHeH KeWiH Kipic KabaThlHAarbl HeWpoHnap OipiHIII JKachIpblH KabaTka
curHai sxioepe Oacraiinsl. by »xarmaiina 3 yHipTKial >kachIpplH KabaTTap »oHE 2 TOJBIK JKaJFaHFaH CHI3BIKTHI
JKachIPbIH KabaTTap KOJJaHbUIIbl. AKTUBTEY YIIiH CUIMa Topi3ai GyHKIMS KOJAaHbuIAbl. MaiMeTTepi cunarrayra
apHaJiFaH MOJIMETTep CYWBIKThIKTapra apHamraH CTOKC TeHJeyi MOHe Y3UICCI3AIK TeHJAeYiHIH KeMeriMeH
CHUIIATTAJFaH aKyCTHKAJIBIK TOJKBIHHBIH TapaJlybIHBIH TiKeNed eceOiH WTepaTHBTI LIelly apKbUIbl MOJEIbICHII,
aKyCTHKAJIBIK MOJENBIIH OacTanKsl MoHepi 6epinreH [5] - [6].

AKYyCTHKaJIBIK TOJIKBIHHBIH TapaJlyblH 3€pPTTEY TI'€OJIOTHSIIBIK OapiiayAblH HEri3ri MiHAeTTepiHiH Oipi Oouibim
caHanaznpl [6]. Byn camamarbl Herisri Macernenep — KEYeKTi-CepIiMIl OpTajarbl aKyCTHKANIBIK TOJKBIHIAPIBIH
Tapaybl, XKep acThIHJIAFbl MYHal MEH Cy KOpPJIapbIHbIH alllblIyblHa OalIaHbICTBI Macelie OOJIbII ecenTenesni. Anaiaa
ic yKy3iHIe OyJ1 MocelsieHi LIenry AepeKTep/l KyheleyaiH KeH KOJIaHBUTYbIH Tallall eTelll, COHbIMEH KaTap, Keije
OpTYpIi JKaFAaiiapra OaliIaHBICTHI €1eCTeTyre KUbIH MYKHAT XKOHE KbIMOAT eJIeMaepl KaKeT eTeli.

Toxipube KeyeKTi-CepIiMai OpTaJarkl aKyCTHKAIBIK TOJIKBIHHBIH Tapaty MICHIIMiH OaFalalTBIH TepeH OKBITY
NTOPUTMIEPIH KypyFa OONaTHIHABIFBIH Kepceredi. TepeH OKBIThUIFaH HEHpoHABIK kemi [1]-[2]-ma xenTipiiren
MOCEIICHIH aHATUTUKANIBIK IeNTiMiHe OajlaMa YChIHATBIH, HeWPOHIBIK Kelli MOJISNIHIH KaKbIHIaCKaHIBIFEIH KOPCETe
OTBIPBIIN, COHFBI maprusuiap OoiibiHina 0,03 craHIapTTHl aybITKy HEri3iHAe coTTi NaMbIThULIbl. OKBITYyIaH KeWiH
HEHPOHABIK JKelli MOZAENI TeK aKyCTHKAJIBIK TOJKBIHHBIH Tapalybl Typajabl MOJIMETTep Heri3iHie KabaTTapiblH
(bu3MKaNbIK KACHETTEPiHIH CUIIaTTaMaChIH Oepe allajbl.

DKCIIepUMEHTTEp CeHCMHKAIIBIK-aKyCTHKAIBIK TOJKBIHAAPABIH Tapally MOAECNIH Kypyda TepeH OKBITYIBIH Y3IiK
HOTW)KENEPIH KepceTelli, COHBIMEH KaTap HEHpOHABIK JKEJJIepAl KoJiAaHa OTBHIPBIN, €CENTi HIEHIyli COTTI icke
acelpanbl. bynm reodumsmkamarbl ceHCMOCTaKyCTHKAaNbIK, JEPEKTEpIi peTTeyre TYpakThl ecenTepil MIenryaiH
AITOPUTMIH KYpyFa MYMKIHIIK Oepeti.

byn canana pikTMMan Oonaiiak aamy SicTepiHiH Oipi — TONKBIHHBIH TapajdyblHbIH HEFYPIBIM MYKUAT XKOHE
KYpZeni MOZIENbAEpiH TepeH OKBITATHIH HEHPOHABIK SKeNiIepAi Kypy, MbICalbl, Kepi CEHCMHKAIBIK aKyCTHKAJIbIK
Moceenep, CoJaH KeliH HaKThI Karaaia OKBITBUIFaH JKeNiHI HHIY CTPHSIAHIBIPY OPEKeTi.

Tyiiin ce3nep: HEHPOHIBIK KeJli, KOHBOIOLMSIIBIK HEHPOH/BIK JKeJli, aKyCTUKAIIBIK TOJKBIHIAPABIH Tapajysl,
Ooinkay MoJienbIepi, OaKbUIAHATBIH OKBITY, akTUBTEHIIpY (yHKuuscel, PyTorch.
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CBEPTOYHBIE HEMPOHHBIE CETU KAK METO/I PEIIIEHUS
3AJJAYU PACITPOCTPAHEHUSA AKYCTHYECKHUX BOJIH B TIOPOYIIPYI'UX CPEJAX

AHHOTAUMA. J[aHHAs cTaThsl NOCBSILIEHA 3a/aye pPaclpOCTPAHEHUS AKYCTUYECKOM BOJIHBI B TPEXCIOHHOM
nosiynpoctpancTBe. Ilpennonaraercs, 4To MEpPBBIA M TPETHM CIOM SBIAIOTCS CIUIOIUHBIMHM, @ BTOPOM —
MOPORJIACTUYHBIMU. B 1aHHOM cTaThe paccMaTpUBAIOTCS PE3YIbTAThl ONPEAEIICHUS PACIIPOCTPAHEHUS aKyCTUIECKON
BOJIHBI C YY€TOM €€ TJTyOMHBI U BpeMeHH [1-4], a TakKe MBITaeTCsl pacCUMTaTh HadaJbHBIE (PU3UUECKHE CBOWUCTBA
BBILICYTIOMSAHYTBIX TPEX CIIOEB.

Ienpto TaHHOI CTaThU SABNAETCS CO3JaHME CBEPTOUHON HEHPOHHOM CETH, KOTOpas pacCUMTHIBAET YKa3aHHBIE
CBOHCTBa, a UMEHHO CKOPOCTbh 3BYKa B K&XK/JIOM CJIO€ W IOPHCTOCTH BTOPOro ciost. Monenb Oblila MOCTpOeHa C
ucnosib3oBanuem PyTorch, OMOMHOTEKHM MAIIMHHOTO OOYYECHHS C OTKPBITHIM HCXOAHBIM KomoM. Jlyis oleHKu
HavaJIbHBIX KO3((HUINEHTOB PaCIPOCTPAHEHHs aKyCTHUECKHX BOJIH HCIIOJIb30BAINCH CBEPTOYHBIE HEHPOHHBIE CETH.
CBeproyHasi HEHpOHHAs CeTh — 3TO METOJ MOJEIHMPOBAHWS aHAJIM3a JAHHBIX C TOMOIIBIO CTaTUCTUYECKHX
HHCTPYMEHTOB, CBOOOJHO OCHOBAaHHBIH Ha Haee padOTHI HEHPOHOB M CHHAICOB. CTPyKTypa HEHpOHHBIX ceTei
COCTOMUT U3 3 CJIOEB: BXOJHOM CJIOH, CKPBITHIM CJIOM U BBIXOJIHOM ciod. B cBOIO odepenn, KaKablil CIIOM COCTOUT U3
HEWPOHOB, KOTOpPBIE pabOTAIOT KaK MpocTast (PYHKIHSL, COOMpasi JaHHbBIEC Yepe3 COeANHEHHs, Ha3bIBaEMbIE CHHAIICAMU
U3 HEWPOHOB B NpPEIBIAYIIEM cJO€, [elas C HUM BBIYMCIEHHA W 3aTeM IepelaBas pe3ysbTaThl HEWpOHaM B
cienyromemM cioe. BxomHoi cioif paboTaeT Kak HMEepBUYHAS YacTh BBOJA JAaHHBIX Hamed monxenu. OH MpUHUMAET
JIaHHBIE, NHOTJa Ha3bIBAEMbIE JAHHBIMHU 00y4YeHUs], KOTOpbIe (POpMUPYIOT ycioBus mpodnemsl. [locie BBoga naHHBIX
HEHPOHBI BO BXOJIHOM CJIO€ HAaYMHAIOT MOCHIIATh CUTHAJIBI IEPBOMY CKpBITOMY clioro. [Ipu 3ToM mcnonb3oBaiuch 3
CBEPTOYHBIX CKPBITHIX CJIOS U 2 TOJIHOCTBHIO CBS3aHHBIX JIMHEHHBIX CKPBITBIX CJIOA. CI/IFMOBI/II[HaH q)yHKIJ,l/ISI 6])1]'13
HCIIOJIb30BaHa JJId aKTHUBallUH. IIaHHbIe IJId XapaKTEPUCTUKU HOaHHBIX MOJACIIUPOBAIUCH MYTEM HUTCPATUBHOI'O
pemieHusT NpsSMOM 3aJaddl pPaclpOCTPAHEHMS] AaKyCTHYECKOM BOJIHBI, OMKChIBaeMoil ypaBHeHneM Crokca u
YpaBHEHHEM HEPa3pbIBHOCTH, C 33laHHBIMU HAYaJIbHBIMH 3HaUEHUSIMU aKyCTHUECKOU Mozenu [5]-[6].

HccnenoBanue pacnpocTpaHeHHUs] aKyCTUYECKOH BOJHBI ABISIETCA OAHOM M3 OCHOBHBIX 33/1ad T'€0JIOTHUECKOU
pa3Benku [6]. OCHOBHBIMHU TpoOIEMaMH B 3TOH OOJIACTH ABISAETCA MPOOIIeMa pacipOCTPaHEHHS aKyCTHYECKIX BOITH
B TIOPUCTO-YIIPYTOH cpene, mpobieMa, CBAI3aHHAS C OOHAPYKEHHEM 3arlacoB He()TH M BOIHI o 3emiei. OgHako Ha
MPaKTHKE PpEIIeHnEe 3TOW MNpoOJIeMbl TpeOyeT NIMPOKOTO HCIHONB30BAHUS DEryJIsipU3allii JaHHBIX, a TaKkKe
TIIATENBHBIX M JOPOTOCTOSIMX W3MEPEHHH, KOTOpble HHOTAA TPYAHO TMPEICTaBUTh B CHIIy pPa3IHYHBIX
0OCTOSITENBCTB.

OKCHeprMEHT MOKa3bIBAa€T, YTO MOXKHO CO3JaTh aJTOPHUTMBI TTyOOKOro oOydeHHs, OLIEHHBAIOIINE PEIICHUE
pacipocTpaHeHus! aKyCTHUECKOM BOJIHBI B TOPUCTO-YIPYTHX cpenax. HelipoHHas ceTh ¢ riryOokuM oOyueHHneM Oblia
ycremHo paspaboraHa co craHgapTHbIM oTkioHeHneMm 0,03 B TedyeHHe MOCIECIHHUX NapTHi, JEMOHCTPUPYS
CXOJIMMOCTh MOJEIH HEHPOHHOW CeTH, KOTopas JaeT ajlbTePHATHBY AaHAIUTHYECKOMY PELICHHIO IPOOJIEMBI,
npuseneHHoi B [1]-[2]. [Tocne oOyueHus Moienb HEHPOHHOW CETH MOXKET 00ECIEUUTh XapaKTEPUCTHKY (PH3NIECKUX
CBOICTB CJIOEB Ha OCHOBE TOJIBKO JIAHHBIX PACHPOCTPAHEHHsI aKyCTHYECKOM BOJIHEI 110 BPEMEHH U TITyOuHe.

OKCHEepUMEHTHl TTOKa3bIBAIOT YCIICIIHBIE PE3yJIbTaThl B MOTEHIHMaNe NIyOOKOro oOydeHHs B IOCTPOCHUH
MOJIETIM PacIPOCTPAHEHUSI CEHCMOAKyCTHYECKMX BOJIH M, TAaKUM 00pa3oM, TAaKXKe YCIICIIHBl B OLEHKE PEICHUS
npoOJIeMbl C TMOMOIIBI0 HEHPOHHBIX CETeH. DTO OTKPHIBAET MHOTO BO3MOKHOCTEH IJISi CO3JAaHUS aJrOpUTMA
pelIeHus celicMOaKyCTHUECKHX 3a1ad B Te0(hU3UKE, KOTOPBII yCTOWYNB K PETYIISIPH3ALUH JaHHBIX.

OmanM u3 cnoco0oB Oymymux pa3pabdOTOK, KOTOpBIE BO3MOXKHBI B 3TOW 00J7acTH, SBIAETCS CO3JaHHE
HEHPOHHBIX ceTell rryOokoro oOydeHHs i Oojiee THIATEIBHBIX M CIOXKHBIX MOJENEH pacmpocTpaHEeHHs BOJH,
TaKuX Kak 06paTH])Ie CeﬁCMH‘leCKHeaKyCTH‘[eCKHe HpO6J’IeMI:I M 3aTCM IMOIBITKa MPOMBIIJIICHHOI'O NPHUMCHCHUA
00y4YEeHHOM CeTH B pEaJIbHBIX yCIOBUSIX.

KiroueBble cioBa: HeHpOHHas ceTh, CBEPTOYHAs HEWPOHHAs CETh, PACHPOCTPAHEHHE aKyCTUYECKUX BOJH,
MOJIETIM IPOTHO3UPOBAHMS, KOHTpOIMpyeMoe o0yueHue, GpyHkuus akruBanuu, PyTorch.
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COMPARATIVE ANALYSIS OF OBJECT DETECTION
PROCESSING SPEED ON THE BASIS OF NEUROPROCESSORS
AND NEUROACCELERATORS

Abstract. This paper is devoted to a comparative analysis of neural network models based on neuroprocessors.
The following neural network models were selected: MobileNetSSD v1, SSD MobileNet v2. As a research task, the
authors determined an attempt to compare several platforms that differ in size, computational capabilities and cost:
Coral Dev Board, NVIDIA Jetson Nano, Coral USB Accelerator, Neural Compute Stick 2, Raspberry Pi 4. Local
data processing offers a number of advantages compared to downloading calculations to a remote server or data
center. Firstly, downloading data to remote servers takes a lot of time, as well as additional costs for infrastructure
with energy, financial and computer equipment. It also requires high bandwidth and reliability, as data transfer may
not be completed in case of a bad signal. Secondly, data transfer can lead to security and privacy issues. Finally, local
processing can reduce the amount of data transferred to the cloud, which allows to performing tasks of a higher level.

The aim of this paper is a comparative analysis of platforms for object recognition tasks (object detection) with
MobileNetSSD vl / v2 models. For training, a cloud service based on the Jupyter Notebook, which gives access to
incredibly fast GPUs and TPUs was used. The paper addresses the topic of determining small objects using the
example of car detection.

Based on the study of platforms and models, it was found that the MobileNetSSD v1 model is effective for
NVIDIA Jetson Nano by NVIDIA (61FPS), but in turn, the MobileNet v2 SSD model is less efficient (11FPS).
Google’s Coral Dev Board is more productive than other devices (47.8FPS and 63FPS). Raspberry Pi 4 (0.8FPS and
1.4FPS) turned out to be less effective. Among neuroprocessors, Neural Compute Stick 2 (9FPS and 7.1FPS) showed
poor performance.

Key words: convolutional neural network, neuroaccelerators, neuroprocessor, object detection, deep learning.

1. Introduction

In modern conditions, the tasks of intelligent image processing are relevant, so the question arises of
choosing a hardware platform with minimal power consumption, small size and high computing power
[1-3]. There are a number of neural network models for object detection: Single Shot Detector (SSD),
Faster Region-based Convolutional Neural Networks (R-CNN) and Region based Fully Convolutional
Networks (R-FCN) [4]. These models, combined with various models such as VGG, Resnet101 and
Mobilenet, determine the optimal combination of performance and speed. The combination of Faster
R-CNN with Resnet-101 provides the best accuracy for object definition with 33.7% average accuracy and
396 ms of time in the GPU. The SSD-MobileNet model provides 19% and 40 ms in the GPU.

Other studies are aimed at improving the available models. For example, in [5], the performance of
the traditional Faster R-CNN method is optimized by connecting blocks to the Fast R-CNN model, this
new network is called RF-RCNN. The traditional Faster R-CNN method has an accuracy of about 61%,
and with RF-RCNN this value improves to 75%.
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The paper [6] describes the analysis in terms of the power and computational capabilities of the CNN-
based model for an object detection system. The implementation uses a platform for embedded devices
with support for a graphics processor (GPU), and the results are compared with a traditional platform
based on a personal computer (PC).

In [7], the Movidius Neural Computer Stick is used to implement real-time object detection systems
on the Raspberry Pi 3B. The results show that Movidius reaches 3.5 FPS. In most cases, detection models
are used in modern computers with a GPU, the reason is that models such as Faster R-CNN, R-FCN or
GoogleLenet require high processing, which cannot be satisfied with the built-in device. The most suitable
deployment model with embedded devices and additional graphics processing elements is SSD-Mobilnet,
which is strictly designed for devices with low performance. And also, the MobileNet SSD is an advanced
convolution network architecture (model) that allows for fast recognition [8-9]. MobileNet SSDs are
20 times faster than their peers. The aim of this work is a comparative analysis of the computing
capabilities of neuroprocessors and neuroaccelerators such as Coral Dev Board, NVIDIA Jetson Nano,
Coral USB Accelerator, Movidus Neural Compute.

2. Hardware testing platforms

Platform NVIDIA Jetson Nano single-board computer for computing in the field of Artificial
Intelligence (AI). A small computer with CUDA-X Al library support delivers 472 gigaflops to run
modern Al workloads. The solution expands the capabilities of developers in terms of creating loT
applications, including for entry-level DVRs, home robots and smart gateways with analytical capabilities.

Figure 1 - NVIDIA Jetson Nano

Table 1 - NVIDIA Jetson Nano Features

Parameter Value

CPU Quad-core ARM AS57 @ 1.43 GHz
GPU 128-core Maxwell

RAM 4 GB 64-bit LPDDR4 25.6 GB/s
Cost 100$

Intel® Neural Compute Stick 2 is a plug-and-play development kit for Al. The module can work
without connecting to cloud technologies and allows you to create prototypes using inexpensive end
devices such as Raspberry Pi4, etc.

Figure 2 - Intel® Neural Compute Stick 2+Rb Pi4
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Table 2 - Intel® Neural Compute Stick 2 Specifications

Parameter Value

VPU Intel Movidius Myriad X
Power supply USB 3.0 Type-A

Sizes 72,5x 27 x 14 mm

Cost 1008

Coral USB Accelerator is a specialized ASIC developed by Google, which is considered a lightweight
version of the TPU (Tensor Processing Unit) provided as part of cloud services for training neural
networks.

Coral USB Accelerator supports two different operating modes: at standard frequency and maximum
frequency. At maximum frequency, output performance grows in two.

Figure 3 - Coral USB Accelerator+Rb Pi4

Table 3 - Coral USB Accelerator Specifications

Parameter Value

ML accelerator Google Edge TPU coprocessor
Connector USB 3.0 Type-C* (data/power)
Sizes 65 mm x 30 mm

Cost 758

Coral Dev Board is a single-board computer that is ideal for quickly performing machine learning
(ML) operations in a small form factor (technical product standard). You can use Dev Board to prototype
your embedded system and then scale it to production using the integrated Coral System-on-Module
(SoM) system in combination with custom PCB hardware.

Figure 4 - Coral Dev Board

Table 4 - Coral Dev Board Specifications

Parameter Value

CPU NXP i.MX 8M SoC (quad Cortex-A53, Cortex-M4F)
GPU Integrated GC7000 Lite Graphics

ML accelerator Google Edge TPU coprocessor

RAM 1 GB LPDDR4

Flash memory 8 GB eMMC

Sizes 48mm x 40mm x Smm

Cost 150§
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The Raspberry Pi 4 is a single-board computer the size of a bank card, originally developed as a
budget system for teaching computer science, but later gaining wider application and fame.

Figure 5 - Raspberry Pi 4

Table 5 - Raspberry Pi 4 Specifications

Parameter Value

SoC Quad core Cortex-A72 (ARM v8) 64-bit SoC @ 1.5GHz
GPU VideoCore VI ¢ OpenGL ES

Sizes 88 x 58 mm.

Cost 35%

3. The results of a comparative analysis of neuroprocessors

The following neural network models were selected as objects for testing: MobileNetSSD v1, SSD
MobileNet v2. Models are trained on common objects in the Common Objects in Context (COCO)
database of a data set. For training, we used a cloud service based on the Jupyter Notebook, which gives
access to incredibly fast GPUs and TPUs.

Graph 1 below shows the results of a study on the processing speed of data on single-board platforms.

70
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Graph 1 - The result of testing platforms in FPS (the number of frames per second)

The diagram shows that the MobileNetSSD v1 model is an order of magnitude faster with the
NVIDIA Jetson Nano (61FPS). The results obtained were tested for the task of recognizing the flow of
cars in real time (Figure 6).

— 4 ——
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Figure 6 - Test result of MobileNet v1 / v2 SSD models in FPS (frames per second) trained using the COCO dataset

Based on the result (Figure 6), it can be seen that the detector missed small cars. The solution to
this problem is to increase the resolution of input images. Vehicles that are far away are not a problem for
the model. As the approach getting closer, models will be able to recognize their presence. The second
problem that may encounter is that the models do not distinguish between the "front" and "frontal" type of
vehicle. These incorrect classifications are partly due to the fact that the front and rear parts of vehicles
have many visually similar characteristics. Despite this, MobileNet SSDs achieve high recognition
accuracy.

4. Conclusion

The results of this paper show that the MobileNetSSD v1 model is effective for NVIDIA Jetson Nano
from NVIDIA (61FPS), however, this device for the MobileNet v2 SSD model showed a low performance
(11FPS) compared to other devices. Google’s Coral Dev Board is more productive than NVIDIA Jetson
Nano, whose results for neural network models are 47.8FPS and 63FPS, respectively. The Raspberry Pi 4
(0.8FPS and 1.4FPS) turned out to be not effective, since the platform does not have a built-in
neuroprocessor and a neuro accelerator. Among neuroprocessors, Neural Compute Stick 2 (9FPS and
7.1FPS) showed poor performance.

E.T. KoxkaryJios, JI.M. Kekcedaii, C.A. CapmanberoB, A.A. CararbaeBa, /I. Kospnac
on-®apadu arernarsl Kazak ¥YarTeik YHUBEpcuTeTi, Anmatsl, Kazaxcran

HEPOIIPOLIECCOPJIAP MEH HEMPOKBLTIAMIATKBIIITAPIBIH BA3ACBIHJIA
OBBEKTLIEPI AHBIKTAY KBLTJAMIBIFBIH CAJTBICTBIPMAJIBI TAJIIAY

AHHOTanMs1. AKIapaTThIK TEXHOJIOTUSFA IET'€H CYPaHbICTBIH apTybl HEHPOHBIK JKEJILIep MEH alrOpUTMIEPAiH
namybiHa  okenai. COHFBI OKbULIAPhl  3€PTTEYIIUIEPAIH KBI3BIFYIIBUIBIFBIH  apTTHIPFAH  MAIIMHAIBIK  OKBITY
aNrOpUTMIEPi, COHBIH ilIiHIEe, HEHPOHBIK XKeJliyiep 6acThl Hazapra iirin otelp. HeHpoHBIK kel aropuTMiepine
KECKIHJI OHJAey, MOTIHAIK TUINl eHJey, MAIIMETTepAl Taunay >koHe T.0. jKaraabl, HEWPOHIBIK el KenTereH
cajajlapZia JKOFapbl HOTWIKeNepre KOJ KeTKizemi. bys skericTikrep 3epTreyniiiepai anaMm eMipiHiH 0OapibIK
cayajapbelHIa HEUPOHIBIK allTOPUTMICPII KOJIaHyFa MIa0BITTaHIBIPa (bl BYTIiHTI TaHaa 3uSTKepIiK OciHEeH1 eHuey
MIHAETTEePi ©3€KTi OOJIBIT OTHIP.

JKympic Helipomporeccopiap HeTi3iHIe HEWPOHABIK JKeTi MOAENACPiH CaNBICTRIpMAllBl TYpPAE TalgayFa
apHajraH. 3epTTeyre HeHpOoHIBIK JKeMiHIH Keneci moaenaepi Tagxanasr: MobileNetSSD v1, SSD MobileNet v2.

KympicTbik Makcatsl MobileNetSSD v1/v2 monenbaepi MeH OOBEKTIJIep/li aHBIKTayFa apHAaFaH ajaHaap.ibl
CalBICTBIpMaIbl TYpJe Tajnay. Moxenaep skanmbl Heicangapaarbl Common Objects in Context (COCO) 6a3acbinna
okbIThULABL. OKBITY YiiH 013 Jupyter Notebook-ke Heriznenres Kpi3merTi Kongauapik, o1 GPU men TPU-ra xbuiaam
KOJI JKeTKi3yre MyMKiHmIK Oepemi. JKymbIC aBTOMOOWJIBIEP/I aHBIKTay MBICAIBIH KOJIAaHA OTBIPBIN, KIIIKCHTaH
3aTTap/ibl aHbIKTay1a KapacThIPbUIFaH.
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Kesnenren MakcaTKa KOJI )KETKI3y YIIIiH Kelieci MiHJeTTep KOHbUIIbI:

Coral Dev Board, NVIDIA Jetson Nano, Coral USB Accelerator, Neural Compute Stick 2, Raspberry Pi 4
wiaropMaiapbliH CaNBICTRIPY. Bip Mmiaranbl mporeccopiap - Oy KO kKeTiMai OaraMeH MallMHAIBIK OKBITYIBIH
03BIK YIITLIEPiH OpHATIACTRIPYFa MYMKIH/IIK OEepeTiH KepeMeT Kypanaap 00ibin Tabbiiaasl. Jetson Nano - OyJ1 TOJBIK
(hyHKUMOHANABIFBI Oap KilnkeHTail Linux KoMIbIOTEpi, OHBI OarnapiamMalblK KacaKTaMaHbl KOJJIaHy TYPFBICHIHAH
ukemai eremi. On TensorFlow, Caffe, PyTorch, Keras xone MXNet CHUSKTBI MalldHAIAPIBl OKBITYIBIH OapIIbIK
opTajapbIMeH XyMbIc icted ananpl. Cansictoipy yuriH, Coral Dev Board, Coral USB Accelerator, Neural Compute
Stick 2, Raspberry Pi - Jetson Nano cuskrel (peMBOpKTapAbl KOJIAAHY TYPFBICHIHAH HMKEMJI €Mec, OMTKeHi
amnmapaTThIK apXUTEKTYpachlHA COHKEC KeNeTiH apHaibl (popMaTTarsl MOJENbACPAl FaHa KonmaHa anangsl. COHBIMEH
JKOFaphIZia aThUIBII KETKEH IuaTdopManap e3AepiHiH MIeKTeyli MyMKIHAIKTepiHe KapaMacTaH OJapAbl MAIIHHAIBIK
OKBITYla TalJaNiaHya THIMII eTeTiH OipHemre ¢akropmap Oap. IllareiH KyaTThl TYTHIHY apKachlHAA KipiCTipinreH
Kyitesep nepeKTepii )KuHay OpHBIH/IA OHIeYTe MYMKIHAIK Oepeni, Mbicaibl petiniae [0T KypbUIFbIChIH, pOOOTTAPIBI,
aBTOHOMJIbI aBTOMOOWIIb HEMece JPOHAApIbl JKATKbI3cak Ooyanbl. JKeprijmikri AepekTepii eHJeY KalllbIKTaFbl
cepBepre HeMmece JOEpeKTepll OHJAEY OpTAlbIFbIHA eCenTeylepll JKYKTeyMeH calbICThIpFaHna Oipkarap
apTHIKIIBUIBIKTapAbl Oepeni. BipiHImigeH aepexTepai KallbIKTarbl cepBepiepre JKYKTEy YIKEH Kiaipictep anaisbl,
COHBIMEH KaTap JHEPreTUKANIbIK, KapKbUIBIK JKOHE €CeNnTey TEeXHHKaJIapbhIMeH HH(PACTPYKTypara KOCHIMINA
HIbIFbIHAAp anbin keneai. CoHmaii-ak, OyJ1 »Koraphl ©TKi3y KaOUIETTUTIN MEH CeHIMIUTIKTI KaKeT eTei, OWTKeHI
Hamap curHan OOJFaH jKarJaiaa JepekTepi kibepy askraamail Kaiaybl MyMKiH. ExiHmineH, pepekrepai kioepy
KayiIlCi3iK MeH KYNHMSIBUIBIK MacellesiepiHe anbln Keinyl MyMkiH. COHbIHAQ, XKepriulikTi eHiey Oynrka Oepinerin
JIepeKTep KOJIEMiH a3ailTybl MyMKiH, OYJI OFaH JKOFapbl JEHT eI Ieri TarchipMaap sl OpeIHAAYFa MYMKIHIIK Oepei.

OmapabiH ecenTey KaOineTTepi MEeH KyHBI OOHBIHIIA epeKIIeTiKTepiH OipHelmre miatdhopManapasl cadbICThIpa
OTBIPBIN aHBIKTAY;

[Mnarpopmanap men mopenpaepai 3eprrey Herizinge NVIDIA Jetson Nano NVIDIA-pen (61FPS) yiuin
MobileNetSSD v1 mozeni tuiMzi ekeHi aHbIKTagsl, 0ipak SSD MobileNet v2 mozaeni MobileNetSSD v1 monemimMex
canpicThIpranza Timainiri temeH. Google Coral Dev Board 6acka kypbsuiFbiiapra kaparanaa tauimai (47,8FPS sxone
63FPS). An Raspberry Pi 4 (0,8FPS u 1,4FPS) tiumainiri toemen. Conbimen katap Neural Compute Stick 2 (9FPS u
7,1FPS) monenaepi HeWpOmpoIecCopIapIblH apachiHia TOMEHIT KOPCETKIIITEP KOPCETTI.

Tyiiin ce3mep: >KMHaKTasFaH HEHPOHABIK JKelli, HEHpoyIeTKimTep, HeWpompoueccop, OOBEKTIHI aHBIKTAY,
TEPEHICTIIT OKBITY.

E.T. Ko:karyJos, I.M. Kekcebaii, C.A. CapmanderoB, A.A. CaraTdaeBa, /I. JKoaxac
Kazaxckuii HarmoHaNBHBIH YHUBEpCUTET UMEHH anb-Dapadu, Anmatel, KasaxcTaH.

CPABHUTEJIbHBIN AHAJIN3 CKOPOCTH OBPABOTKH OBHAPYKEHUSI OBBEKTOB
HA BA3E HEUPOITPOLIECCOPOB U HEUPOYCKOPUTEJIEH

AHHOTanUs. BBICTPBIN poCT NaHHBIX, BHEIPEHHUE HEHPOHHBIX CETEHl M MOSBJIEHHE PA3IUYHBIX TEXHOJIOTHII,
YCKOPSIOIINX Ipouecc o0ydeHus, IIPUBEJIM K pa3paboTKe HeHpomnpoleccopoB U HelpoyckopuTeneid. B mocnennue
rO/Ibl aJTOPUTMBI MALIMHHOTO OOy4YeHHs IPHUBIICKAIOT OONBIIOE BHUMAHHE MHCCIIENOBATENed, 3TO CBA3aHO C
HEOOXOAMMOCTBIO 00pabOTKHM OOJBIIOr0 MaccuBa JAaHHBIX. AJTOPUTMBI HEWPOHHOW CETH BKIIOYAOT 00paboOTKy
n300pakeHnH, 00pabOTKy €CTECTBEHHOTO $3bIKa, aHAIW3 JaHHBIX M T. J. JOCTHTAeT BBICOKHX DPE3yJIbTaTOB BO
MHOTHX 00JIaCTSAX. DTH JOCTI)KEHHS BIOXHOBWIIM MCCIIEA0OBATEINCH HA TPUMEHEHHE aJITOPUTMOB HEWPOHHBIX CETEH B
CIIOKHBIX OOJACTSIX UENOBEYECKOW JKU3HM, TpeOYIOImeH WCIoab30BaHWE HETPAATHIMOHHBIX aJITOPHUTMOB
aHAJMTUYECKUX BbIUUCICHUI. Ha cerofHsmHuil JeHb 3a/laud HMHTEJUIEKTYaJbHOM 00paboTKu HW300pakeHHui
aKTyaJIbHBI.

Pabora mocBsmieHa CpaBHHUTEIBPHOMY aHAJM3y HEMpOCETEeBBIX Mojeneil Ha 0a3e HelpompoueccopoB. brum
BbIOpaHbl cieayrome HelpocereBble Moxaenu: MobileNetSSD  v1, SSD MobileNet v2. B xauectse
UCCIIEI0BATEIbCKOM 3a/laud aBTOpaMM ObUIa OINpEJelieHa MOIBITKA CPAaBHEHHTh HECKOJIBKO IIaTdopM, KOTOphIC
OTJIIMYAIOTCS 110 pa3Mepy, BHIYUCIUTENBHBIM BO3MOKHOCTIM U croumocTh: Coral Dev Board, NVIDIA Jetson Nano,
Coral USB Accelerator, Neural Compute Stick 2, Raspberry Pi 4. 113-3a Hu3K0T0 3HEpronoTpedieHust BCTPOSHHbIE
CHCTEMBI IO3BOJIIOT 00palaThiBaTh JaHHBIE B TOYKE cOopa, Hampumep, ycrpoictBa loT, poOoTel, aBTOHOMHBIE
TPaHCIIOPTHBIE CPEACTBA WK IpoHbI. JIokaibHast 00paboTKa JaHHBIX HpeyIaraeT psil MPEUMYILECTB 10 CPaBHEHHIO
C 3arpy3Koi BBIYHMCIICHUH Ha yIaJICHHBIA CEpBEp WM B LEHTP 00pabOTKM AaHHBIX. Bo-TIepBhIX, 3arpy3Ka JaHHBIX Ha
yZIaJeHHbIE CEpBEPHl 3aHMMAeT MHOTO BPEMEHH, a TakkKe JOIOJHUTEIBbHBIE PacXoabl Ha HH(QPACTPYKTYpY C
SHEpPreTUIeCKNM, (PUHAHCOBBIM M KOMIIBIOTEPHBEIM O0OpYIOBaHHEM. JTO Takke TpeOyeT BBICOKOH IPOITYyCKHOM
CIIOCOOHOCTH U HaJIeXKHOCTH, IIOCKOJIbKY IIepe/iada JaHHBIX MOXKET ObITh He 3aBepIlieHa B CIydae IUIOXOro CHUTHaia.
Bo-BTOpBIX, Iepeaya JaHHBIX MOXKET INPHBECTH K MpodieMaM 0€30HMacHOCTH M KOH¢uIeHnnanbHocTH. Hakoner,
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JOKanbHast 00paboTKa MOXET YMEHBIIUTh 00bEM JaHHBIX, HEepPEeJaBaeMbIX B 00JIAKO, YTO MO3BOJISET BBINOJHSIThH
3aaul OoJiee BBHICOKOTO ypoBHs. OIHOIUIATHBIC IPOLIECCOPHI SIBISIOTCS OTIMYHBIMH HHCTPYMEHTAaMH, KOTOpBIE
MO3BOJISIIOT Pa3BepThIBATh NEPENOBbIE MOJEIN MAIIMHHOTO OOyuYeHMs 1o JocTynHOW neHe. Jetson Nano - 3T0
HeOOoJbIION MONHO(YHKIMOHAIBHBIA KOMITBIOTEp LinuX, KOTOpBIH JAenaer ero rMOKMM B IUIaHE HCHOJIBb30BaHUS
nporpaMMmHOro obecrieueHus. OH MOXKeT paboTaTh CO BCEMH CpEAaMU MAIIMHHOTO OOYYCHHMs, TaKUMH Kak
TensorFlow, Caffe, PyTorch, Keras m MXNet. [Ins cpaBHEHHS, OH SBISCTCS HETHOKAM C TOYKH 3pPEHUS
MCTOIb30BaHus Takux miatdopm, kak Coral Dev Board, Coral USB Accelerator, Neural Compute Stick 2, Raspberry
Pi -Jetson Nano, NOCKOJBbKY MOXET HCIOJIB30BaTh MOJEIU TOJNBKO B CIEIHANbHBIX (DOpMATaX, COOTBETCTBYIOIIUX
armnapaTHoOd apXUTEKTypeE.

Henpto paboThl ABNSETCA CpaBHUTENBHBIN aHANMW3 IUIATGOPM U 3aJad pacmo3HaBaHUSA 0OBEKTOB (object
detection) ¢ momemsmu MobileNetSSD v1/v2. B catee mMozenu oOyueHbl Ha obmue o0BekTHl B 0aze Common
Objects in Context (COCO) Habopa nanHbiX. s 00y4yeHus UCTIONb30BaIach 00IauHbIil cepBrC Ha ocHOBe Jupyter
Notebook, kotopast gaet goctyn k HeBepositHo ObicTpbiM GPU u TPU. B pabote 3aTparuBaercst TeMa onpeeneHus
MaJIeHbKUX 00BEKTOB Ha IIPUMEpPE ACTEKTUPOBAHUS aBTOMOOMIICH.

Ha ocHoBe m3ydenus miardopM u Mojeliell yCTaHOBJICHO ,uTo Mojeiab MobileNetSSD v1 addexrusna s
NVIDIA Jetson Nano ot NVIDIA (61FPS), Ho B cBoro ouepens monenb SSD MobileNet v2 menee 3ddexrrBHa
(11FPS). Coral Dev Board or Google siBisiercss 6oiee mpou3BOIUTEIbHEE YeM apyrue ycrpoiicta (47,8FPS u
63FPS). Menee a¢dexruBapiM okazancst Raspberry Pi 4 (0,8FPS u 1,4FPS). Cpean HeiiporponeccopoB HH3KYIO
npousBoauTenbHOCTH nokaszan Neural Compute Stick 2 (9FPS u 7,1FPS).

KiaroueBble cjI0Ba: CBEpTOYHAs HEHpPOHHAS CETh, HEHPOYCKOPUTENH, HeHpormporeccop, oOHapyKeHHe
00BEKTOB, TITyOOKOE 00ydeHHE.
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APPLICATION OF GEOMETROTHERMODYNAMICS
TO THE TWO-DIMENSIONAL SYSTEMS:
IDEAL BOSE-GAS AND SYSTEM WITH STRONG INTERACTION

Abstract. In the framework of the method of geometrothermodynamics, in present work, we studied the
properties of equilibrium manifolds of the following thermodynamic systems: a two-dimensional Bose gas, a
Berezinsky-Kosterlitz-Thouless system. The results are invariant under the Legendre transformations, i.e.
independent of the choice of thermodynamic potential. For the systems under consideration, the corresponding
metrics and scalar curvatures are calculated, and their properties are also described. Research of two-dimensional
quantum thermodynamic systems is becoming more urgent. It is sufficiently to mention that such systems are related
to, for example, topological insulators, graphene, systems with quantum Hall effect, etc. Two-dimensional quantum
systems may have a statistical distribution different from distributions of Fermi-Dirac and Bose-Einstein. Geometric
approaches in research of these thermodynamic systems certainly open the new perspective.

In this paper the thermodynamic properties of two-dimensional Bose-Gas and Berezinsky-Kosterlitz-Thouless
system have been studied with the help of geometrothermodynamics. The main objective was to reproduce the Bose-
Einstein condensation for the first system and find possible new phase transitions for the second.

In order to study the above mentioned thermodynamic systems, we have consequently calculated the covariant
metric tensors of corresponding equilibrium manifolds and their determinants, then counter-variant metric tensors,
Christoffel symbols, curvature tensors and corresponding scalar curvatures. Using the thermodynamic potential, we
obtained (using the Matlab system) the corresponding geometric values in a wide range of temperature and area.

Explicit formulas were also obtained for each geometric quantity but due to their bulkiness we do not present
them in this paper. Examples of calculated scalar curvatures for a certain range of parameters T and S are shown in
the figures. The figures also show that despite the significantly different behavior of the curvatures depending on the
parameters T and S, both metrics lead to the same General result regarding the location of singularities for the
corresponding curvatures.

Next, we used geometric thermodynamics for the system of the Berezinsky-Kosterlitz-Thoules. This is a two-
dimensional system of Bose particles with a strong interaction (strong in the sense that topological defects - point
vortices-contribute to the thermodynamics of the system) with a complex, not fully studied system of phase
transitions. An ideal two-dimensional Bose gas with a finite number of particles and a Berezinsky-Kosterlitz-Thoules
system are considered. As thermodynamic potentials for these thermodynamic systems, the chemical potential
depending on temperature and area and the Free energy depending on the temperature and size of the system were
taken, respectively. The paper also presents 3-dimensional drawings that clearly show at which values of
thermodynamic variables scalar curvatures tend to infinity or to zero, which indicates possible phase transitions and
possible compensation of interactions by quantum effects, respectively. It is shown that both variants of metrics for
an ideal two-dimensional Bose gas lead to the same arrangement of lines, where scalar curvatures become singular.
This arrangement of lines is consistent with the region where the phase transition occurs - Bose condensation in a
two-dimensional Bose gas. It is also shown that for large values of temperature and area parameters, the curvature is
close to zero and this corresponds to a classical ideal two-dimensional gas. When considering the Berezinsky-
Kosterlitz-taules system, possible new phase transitions were discovered by the method of geometric
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thermodynamics. The metric calculation leads to a possible phase transition located below the Berezinsky-Kosterlitz-
Taules transition, and the calculation leads to a possible phase transition located above.

Keywords: geometrothermodynamics, Legendre transformations, metric tensor, scalar curvature, two-
dimensional Bose gas, Berezinsky-Kosterlitz-Thouless system.

1. Introduction. Interactions in thermodynamic systems in geometrothermodynamics (GTD)
developed by H. Quevedo (described in detail by him and his co-authors, for example, in papers [1-8]) are
determined using the scalar curvature of equilibrium manifolds. This curvature, in turn, is invariant
relatively to Legendre transformations. In thermodynamics, the physical properties of the system also do
not depend on the choice of thermodynamic potentials using which this system is described. Transition
from one set of thermodynamic potentials to another is carried out with the help of Legendre
transformations, and in this sense the thermodynamics is invariant relatively to Legendre transformations.
In GTD, for example, as it is shown in [1], the ideal gas, which particles do not interact with each other,
corresponds to manifold with zero curvature. In the case of interacting systems with nontrivial structure of
phase transitions, the curvature, as shown in [2-5], reproduces the behavior of the system near the points
where phase transitions occur. So, for example, near the phase transitions in gases of Van der Waals, Bose
- Einstein, etc., the scalar curvature of the corresponding equilibrium manifolds tends to infinity, i.e.
becomes singular. This circumstance can be used for searching unknown phase transitions in insufficiently
studied thermodynamic systems. Research of two-dimensional quantum thermodynamic systems is
becoming more urgent. It is sufficiently to mention that such systems are related to, for example,
topological insulators, graphene, systems with quantum Hall effect, etc. Two-dimensional quantum
systems may have a statistical distribution different from distributions of Fermi-Dirac and Bose-Einstein.
Geometric approaches in research of these thermodynamic systems certainly open the new perspectives. In
this paper the thermodynamic properties of two-dimensional Bose-Gas and Berezinsky-Kosterlitz-
Thouless (BKT) system have been studied with the help of GTD. The main objective was to reproduce the
Bose-FEinstein condensation for the first system and find possible new phase transitions for the second.

2. Formalism of GTD method. In order to study the above mentioned thermodynamic systems, we
have consequently calculated the covariant metric tensors of corresponding equilibrium manifolds and
their determinants, then counter-variant metric tensors, Christoffel symbols, curvature tensors and
corresponding scalar curvatures.

For calculating metrics and corresponding metric tensors we used the following formulas [1]:

oD 0’ e
d? =E,—6,———
OF OE"OF (1)
2
di* =E, acpa My ‘iqD ~dEE°
OFE OE’0OF 2)

where /? - square of thermodynamic length, ® = ®(E") — thermodynamic potential, which obviously
depends on other thermodynamic potentials - E* (a = 1,....,n), n — number of thermodynamic potentials,

from which @ depends o, , = diag(l,1,....,1) and 7, = diag(l,—1,....,~1). Both relations (1) and (2) are

invariant with respect to Legendre transformations [1].
The expression for the curvature tensor has the general form:
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where g""(g,,)— metric tensor, I, 5 g [GEC YT

scalar curvature is calculated by formula: R = g“g"R,, .

j — Christoffel symbols. Further, the

Since in the future we deal with systems which depend only on two thermodynamic potentials, the
expression for scalar curvature is simplified to:

69 ——
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— 2])1212
det(g)’ @)

where det(g) — determinant of two-dimensional metric tensor.

3. Two-dimensional ideal Bose gas. First consider the well-known system - two-dimensional ideal
Bose-gas particles with mass m. As a thermodynamic potential we take the chemical potential p, which
depends on temperature T and area S (two-dimensional volume) with a fixed number of particles N (see
for example [9]):

24’ N

,u(T,S)len l—e SmT

)

2

To simplify the formula, let's assume a constant is equal to one and rewrite the expression

(5) in the form:

1

w(T,S)=Tln|1—¢ 5T

(6)
Figure 1 shows a graph (6) for certain range of parameters T and S. Using (1 - 4) and thermodynamic
potential (6) we have obtained (using the Matlab system) corresponding geometric values in a wide range
of temperature and area. For each geometric value we have also obtained explicit formulas, but due to
their extensionality we do not show them in this paper. Examples of calculated scalar curvatures for
certain range of parameters T and S are shown in Figures 2a and 2b for metrics (1) and (2) respectively.
From calculations and figure 2a and (2b) it can be seen, that curvature tends to plus (minus) infinities
when approaching zero of temperature at finite value of parameter of the area, that is just corresponds to
Bose condensation for two-dimensional Bose-gas (see for example [10]). Also from these calculations and
figure 2a and (2b) it is seen, that the curvature tends to plus (minus) infinities when approaching infinity
of density at finite value of temperature. At large values of parameters T and S the curvatures are close to
zero and it corresponds to classical ideal gas.

Two-dimensional ideal Bose gas at low temperatures

x10

-0.5

1(T,S) - chemical potential

0.7
0.6

S - area

0.24
T - temperature 0.55

Figure 1: Chemical potential (6) depending on the temperature and area of two-dimensional
ideal Bose-gas at low temperatures [9]
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Two-dimensional Bose gas at low temperatures Two-dimensional Bose gas at low temperatures

108 «10°

scalarcurvature
scalarcurvature

R
R

0.26

T - temperature . 055 T - temperature

A b
Figure 2 - Dependence of scalar curvature on temperature and area: a) metrics calculated using formula (1),
b) metrics calculated using formula (2).
Figures 2a and 2b also show that despite the significantly different behavior of the curvatures depending
on the T and S parameters, both metrics (1) and (2) lead to one common result related to the location of singularities
for the corresponding curvatures.

4. BKT system. Then we applied GTD to BKT system (see for example [11-15]). This is a two-
dimensional Bose system of particles with strong interaction (strong in the sense that the contribution to
the thermodynamics of the system is made by topological defects - point vortices) with a complicated, not
fully understood system of phase transitions [16-20]. Consider free energy as a thermodynamic potential
[20]:

F(T,L)= (J;r—ZkBT)lnGj (7)

where T — temperature, L — system size, a — vortices size, kp - Boltzmann constant, J — certain constant.

. Jr
Formula (7) makes sense at L > a, and near the BKT transition at 7' =7, = —— when the appearance of a
B
free vortex becomes energetically favorable. At lower temperatures in the system there is a vortex - anti
vortex bound pair and the phase transition is interpreted as a process of dissociation of this pair.

To simplify the following calculations, we assume J7z =k, =a =1. Then
F(T,L)=(1-2T)in(L) ®)

Figure 3 shows the graph (8) for certain range of parameters T and L. Applying the formula (1) to
expression for metrics (8) we obtain the metric tensor:

2T +T1In(L)-0.5)

0
L
T,L)= —-0.
g(T,L) 2(T+Tlr2(L) 0.5) er-y
2
L ©)
Determinat of this tensor:
_ 2
det(g) = — 4T+TIn(L)-0.5)

r (10)

and the scalar curvature (4):
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87-4 T+TIn(l)-0.5 T

| 4n()+) 12 (In(L)+ (=3 Iz 7
r r AT +TIn(L)-0.5)
R= 3
4T +TIn(L)-0.5) (11)
Applying the formula for the metrics (2) to the expression (6), we obtain:
0 2(T'In(L)—T +0.5)
L
T,L)= -
&(T,L)=| 2(TIn(L)-T +0.5) or -1y
L 7
L (12)
Determinant of this tensor:
4TIn(L)-T +0.5)
det(g,) =~ AT 0D
L (13)
And scalar curvature:
8T-4 T-TIn(L)-0.5 T
| 4mn@)-n 4 OOV I i
I r AT +T1n(L)—-0.5)
R, = 2
4(TIn(L)—-T +0.5) (14)

Examples of calculated scalar curvatures for a certain range of parameters T and L are shown in the
figures 4a and 4b for the metrics (1) and (2), respectively.

Berezinsky-Kosterlitz-Thouless system

= 1o

po

=] 0

=

a -1

= "\
~ 3 '
£ 4,

3

0

T - temperature L - size

Figure 3 - Free energy (8) depending on temperature and system size [20]
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Figure 4 - Dependence of the scalar curvature on temperature and size of the system:
a) metrics calculated by formula (1), b) metrics calculated by formula (2)

Formulas (11) and (14), as well as Figures 4a and 4b show that the scalar curvatures for metrics (1)
: and To(L) =

and (2) become singular at T} (L) = respectively. At these values of T

1
N1+ (L)) 21—l (L))
and L parameters, GTD predicts possible phase transitions. Moreover, if using the metrics (1), then the
phase transition is located below the BKT transition (in given units T, = % ), and if using (2), then above.
At larger values of parameter T the curvatures, and thus the intensity of the interaction between the
particles of the system (both for metrics (1) and for (2)) are close to zero.

5. Conclusion. Using GTD method in this work, the metric tensors and scalar curvatures are
calculated for equilibrium manifolds of two-dimensional quantum systems.

The ideal two-dimensional Bose-gas with a finite number of particles and BKT system are
considered. Chemical potential depending on temperature and area and the free energy depending on
temperature and size of the system were taken as thermodynamic potentials for these thermodynamic
systems, respectively.

The paper also presents 3-dimensional figures which clearly show at which values of thermodynamic
variables the scalar curvatures tend to infinity or to zero that indicates possible phase transitions and
possible compensation of interactions by quantum effects.

It is shown that both versions of metrics (1) and (2) for an ideal two-dimensional Bose-gas lead to the
same location of the lines where the scalar curvatures become singular. This location of the lines
consistents with the region in which the phase transition occurs (the Bose condensation in the two-
dimensional ideal Bose gas). It is also shown that for large values of the temperature and area the
curvatures are close to zero and this corresponds to the classical ideal two-dimensional gas.

When considering BKT system using GTD method, possible new phase transitions (calculations
based on metrics (1) and (2)) have been found. Calculation by metrics (1) leads to a possible phase
transition located below the BKT transition, while calculation by metrics (2) leads to a possible phase
transition located above. For large values of the temperature the curvatures, and hence the interactions
between particles of the system (both for metric (1) and for (2)) are small.

pr— ‘73 pr—



News of the National Academy of sciences of the Republic of Kazakhstan

I.M. 3asynun'?, C.E. Kememxkanosa', U. Caroimes’, O. Opmanrtaen!

' On-®apabu areigarsl KasYV, Anmarel, Kazakcran;
2 Snponbik husuka HHCTUTYTHI, AnMathl, Kazakcran;
3 AnIMaThI IPOJIBIK, (PHU3HMKA HHCTHTYThI, AMathl, Kazakcran

TEOMETPOTEPMO/JIMHAMUKAHBI EKIOJIIEM/II )KYHAETE KOJJIAHY:
HIEAJIIBI BO3E I'A3 )KOHE KYIITI ©3APA 9CEPJIECY KYUECI

Annoranusi. Xywmeicra bepesun-Kocrepnuu-Taysnec xyiteci MeH ekienmemai uaeainsl bose-ras tepmosu-
HAMUKAIBIK JKyHeci OOWBIHIIA Tere-TeHMIKTIH KONTYPIUIK KAaCHeTi TeOMETPOTePMOAMHAMHKA OIici apKBLIBI
3eprrenai. TepMOIUHAMHKAIBIK MOTCHIHANIb ecenke anmail JIlexxaHap TypleHIIpyiHe KAThICThl HHBAPUAHTTHI
HOTIWDKENEp alblHABL. KapacThIphIll OTHIpFaH XKylieraepre colkec eJeMaep MEH CKalspIbIK KUCHIKTHIK €CenTemi
JKOHE KaCHETTEPi CHUITATTAIIIBI.

ExienmeM/ii KBaHTTBIK TEPMOJWHAMHKAJIBIK XKYHEJIEpi 3epTTey Kasipri Ke3je ©3eKTi caHamanasl. MyHnmait
XKyitesepre MbICajbl, TOMOJOTHSJIBIK OKIIAYJIAFbIl, rpadeH, XOoIIblH KBaHTTHIK 3 dexTici 6ap xkyitenep xoHe T.0.
Kyienep xaranpl. boze-OnnmTeitn sxone @epmu Jupak ynecrtipynepiHeH e3relie eKieimeMai KBaHTTHIK JKyiene
CTaTHCTHUKANBIK YIECTipy O0aysl MyMKiH. OCHl TEPMOAWHAMHKAIBIK XYHEIepIi TeoOMeTpOTepMOIMHAMUKA OIiCi
apKbUIBI 3epTTEY OapbICHIHAA )KaHA HOTYDKEIIED alIbIH/IBI.

3eprrey OapbIChIHIA TEOMETPOTEPMOJMHAMHUKAHBI KOJIJIaHa OTBIPHII, eKieJIeM i naeansl bo3e ra3biHbIH KoHe
Bepesun-Kocrepnui-Taysiec jxyieciHiH TepMOIMHAMHUKAIBIK KACHETTEPIH KapacTHIPIABIK. 3epTTey OapbIChIHIA
Heri3ri MakcaThIMbI3 — OIpiHIII Ke3eHre KaThiCThl bo3e-DHHINTEHH KOHISHCAIMACHIH KOOSHTY jKOHE eKiHILI Ke3eHTe
colfkec BIKTHUMAJ jkKaHa (a3allblK aybICyIbl i31ecTipy. JKorapeiga atanFaH TEpMOAWHAMHKAIBIK JKYHEIepai 3epTTey
YIIiH CoHKeC Teme-TeHIIKTIH KONTYPIiiriHe KaTbICTHl KOBAPHAHTTHI METPUKAJIBIK TEH30pIbI, JCTEPMUHAHTTAPIBI,
Kpucroden cuMBOIIBIH, KUCHIKTHIK TEH30PBI )KOHE COMKEC CKaIAPIIBIK KUCHIKTBIKTHI €CEeNTe K.

TepMO]II/IHaMl/IKaJ'II)IK INOTCHII A1 AbI HaﬁﬂaﬂaHblH, TeMII€paTypa MCEH ayJdaHHbIH KC€H ayMarbiHa colKec
reoMeTpUsUIBIK iaMaiapzbl Matlab skyiiecin KongaHa OTBIPBIN KapacThIpAbIK. OpOip reOMEeTpHsUIBIK Iamaiap YIIiH
HaKkTbl (opMmynanap anbiHAbl. T >xoHe S mapamerpiiepiHiH Oenrijgi Oip AMAaNa3oHbIHA ECENTEeNreH CKASPIIBIK
KHUCBIKTapAbIH MbIcaibl cyperte kepcerinmi. Cyperren T sxoHe S mapameTpiepiHe OaiIaHBICTHI KHCHIKTapAbIH
opTypii OonyblHA KapamacTaH €Ki MeTpHKara COWKec KUCBHIKTApFa apHaJIfaH CHHTYJISAPIApAbIH OpHAIaCybIHA
KATBICTBI )KAJIIIBl OPTAK HOTIXKE OCPETIHIH Kopyre O0JIaIbl.

Apsbikapaii  bepesun-Kocrepnuu-Taynec kyiieciHe TreoMeTpoTepMOIMHAMHUKA ONICIH KOJJIAHIBIK. by
ekienmempi xyie bBose jkyileciHe KaThICTBI KYIUTI SpeKeTTeceTiH Oeuiektepai KapacTbipanbl. Ockl kyieneri
(hazaibik aybicynap TOJBIK 3eprrenamereH. CoHAbIKTaH Oy kepae OeniekTepliH CoHFbl canbl jxoHe BKT xyiteci
Oap wmpmeangel exiemmiemMai boze — ra3 KapacThIpbUIFaH. TepMOAMHAMUKANBIK >KYHEHIH TEepMOIMHAMHKAIBIK
MOTEHITHAJBI OONFaHIBIKTaH, COMKECIHIIE )KYHEHIH oIIeMi KoHe TeMIlepaTypara TOyeIUTiri, epKiHAiK YHEPTUACHL,
ayJlaH MEH TeMIIepaTypara ToyeJ Ui, XUMHSUIBIK TOTEHINAIIBI €CEITEeIN/I].

Conpaii-aK ymeJimemi chizdanap OepiireH, ojap TePMOAMHAMHUKAIBIK aliHBIMAIBLIAPIBIH KaHIAH IamMaiaphl
IICKCI3/IIKKe HEMECe HOJIIe YMTBUIATHIHABIFBIH KepceTeal, Oy (ha3anapiblH aybICybl MCH KBAaHTTBHIK CEp apKbLIbI
e3apa OpeKeTTeCY/iH BIKTUMAIABIFBIH KepceTeni. Mneannsl exienmemai bo3e raspiHa apHanfaH METPUKAHBIH €Ki
HYCKACHl N1a CKAISAPBIK KHCHIKTBIH CHHTYJSIp OONBIN Oip CHI3BIKTHIH OOWBIHIA OpHAJAcKaHBI KepceTinreH. by
OpHAJIACKaH CHI3BIKTAp eKiemmeM i bose ra3siaaarsl a3aisik aypIcyiap JKYpeTiH aiiMakka coiikec keneni. COHbIMEH
KaTap, TeMIieparypa MeH ayJaHHbBIH YJIKSH MOHI HOJIT'€ YMTBUIATBIH/BIKTaH KJIACCUKAIIBIK UACAIIIbI EKioJIeM/ i ra3ra
coiikec Kenei.

Bepesun-Kocrepnui Taynec xylieciHe TeOMETPOTEPMOIMHAMUKA O/IICIH KOJIZaHy OapbIChIHIIA jKaHa (ha3asbik
aybicy aHbIKTanabl. Merpuka OoifblHIIA ecenTereHie bIKTUMan ¢a3anblk aybicy bepesun-Kocrepnuu-Taynec
aybICybIHaH TOMEH OpHAJIacKaH (ha3asiblK KOIIyre, ajl ecentey 0apbIChIH/IA XKOFAPhI/Ia OPHAACKAH BIKTHMAIT (ha3asibIK
aybICyFa OKeJeIi.

Tyiiin ce3gep: reomerporepMoanHaMuKa, JIexxaHap TypiieHIipyi, METPHKAJIBIK TEH30p, CKAJSIPIBIK KHCBHIK,
ekienmemai bose-ras, bepesun-Kocrepmui-Taynec xyiteci.

— 7y ——
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NPUMEHEHUE TEOMETPOTEPMOJUHAMMUKU K IBYMEPHBIM CUCTEMAM:
HJIEAJIBHOMY BO3E-T'A3Y U CUCTEME C CUWJIbHBIM B3AUMOJENACTBUEM

AHHOTaUnMs. MeToI0M TeOMeTPOTEPMOIMHAMUKHI B HACTOSIIEH paboTe MCCIeJOBaHBl CBOWCTBA PABHOBECHBIX
MHOT000pa3uii CIEAYIONNX TEePMOAWNHAMHYECKIX CHCTEM: IBYMEPHOTO uieadbHOro bose-raza M CHCTEMBI
Bepesunckoro-Kocrepimmna-Tayneca. [lomydeHsl pe3yibTaTel, WHBAapHAHTHBIE OTHOCHUTENBHO TIPeoOpa3oBaHUI
Jlexxanzapa, T.e. HE3aBUCHMBIE OT BBIOOpPAa TEPMOAMHAMHYECKOro NOTeHmuama. i paccMaTpHBaeMBIX CHCTEM
paccuMTaHbl COOTBETCTBYIOLINE METPUKHU U CKAJISIPHbIE KPUBU3HBI, @ TAK)KE OMMCAHbI UX CBOMCTBA.

I/I3yqu1/1e JABYMEPHBIX KBAHTOBBLIX TEPMOJUHAMHUYCCKUX CHUCTEM B HACTOALICC BPEMS SABJIACTCA AKTYaJIbHBIM.
IIOCTaTO‘iHO YIIOMAHYTBH, YTO K TaKUM CHCTEMaM OTHOCATCs, HAIPUMEP, TOIOJOTHYCCKUE H30JIATOPLI, rpaq)eH,
CHCTEMBI C KBaHTOBBIM 3(dekrom Xoua U T.4. [IByMEepHbIE KBAaHTOBBIE CHCTEMbI MOTYT MMETh CTAaTUCTHYECKOE
pacopenenenue, oTau4Hoe oT pachpeneneHuit @epmu-Jdupaka u boze-DitHiuTeiina. ['eoMeTpuueckue Moaxosl B
N3yYEHUH STHX TEPMOJANHAMUYECKHX CUCTEM, 0€3yCIOBHO, OTKPHIBAIOT HOBBIE NIEPCIEKTUBHI.

B nacrosmeit padote ¢ MOMOIIBI0 T€OMETPOTEPMOTMHAMHUKH OBIJIO MPOBEACHO HMCCIEIOBAaHUE TEPMOIAUHAMHU-
YECKUX CBOWCTB HMACANBbHOro OBYMepHOro bose-rasa m cucremsl bepesmnckoro-Kocrepnuma-Tayneca. OcHOBHOM
[eNbI0 OBLTO BOCTIPOM3BEICHHE KOHAeHcan bo3e-DiHITelHa U TIEpBOM CHCTEMBI M TIOUCK BO3MOYKHBIX HOBBIX
(ha30BBIX MEPEXOIOB IS BTOPOIL.

st n3ydeHusi  BBILICHA3BaHHBIX TEPMOJMHAMUYECKMX CHCTEM Mbl BBIYHCISUIM  IIOCIEA0BATEIBHO
KOBapHaHTHbIE METPHYECKHE TEH30pPHl COOTBETCTBYIOIINX PaBHOBECHBIX MHOT000pasmii, MX AETEPMUHAHTEHI, Jajee
KOHTpaBapUaHTHbIE METPUYECKHUE TEH30pbI, CHUMBOJIBI KpucTodens, TeH30pbl KPHUBU3HBI M COOTBETCTBYIOLIHE
CKaJISIPHBIC KPUBU3HBI.

Hcnonb3yst TepMOTMHAMUYECKUH MTOTEHIIMAN, HAMU OBUIM IOJIy4YeHBI (C TOMOILbI0 cucteMbl Matlab) cooTBer-
CTBYIOIIE FEOMETPUUECKUE BEIUUUHBI B IIMPOKOM JUAMa30HEe TeMIEpaTypsl U Iuomany. Jius kaxkJol reoMerpu-
YEeCKOH BEITMYMHBI TaK)Ke OBLIH MOJYYCHBI SBHEIC (DOPMYJIBI, HO BBHIY TPOMO3JKOCTH B HACTOSIIECH paboTe MBI HX
He mnpuBoauM. [IprMepsl BBIYMCIEHHBIX CKAJSIPHBIX KPUBU3H JUIsl HEKOTOPOro Juarna3oHa mapameTpoB T u S
[IOKa3aHbl Ha pUCYHKaX. M3 pUCYHKOB TakKe BUIHO, YTO HECMOTPS Ha CYIIECTBEHHO Pa3JIMYHOE NIOBEICHUE KPUBU3H
B 3aBUCHUMOCTH OT mapameTrpoB T um S 00e MeTpHKH NpPUBONAT K OZHOMY OOIIEMY pe3yJIbTaTy OTHOCHTEIHHO
PACIIOJIOKEHUSI CUHTYJISIPHOCTEN JJ11 COOTBETCTBYIOIIMX KPUBU3H.

Jlamee MBI TPUMEHHWIH T€OMETPOTEPMOAMHAMUKH Ui cucTeMbl bepesmHckoro-Kocrepnmma-Taymeca. 3to
JIByMepHas cuctemMa bo3e — 9acTHIl ¢ CHIBHBIM B3aHMMOJACHCTBHEM (CHJIBHBIM B TOM CMBICIIE YTO BKJIaX B
TEPMOJIMHAMHUKY CHCTEMbI BHOCST TOIOJIOTHYECKUE AE(PEKThl - TOYCUHbIE BUXPH) CO CIIOXKHOM, 10 KOHIA HE
M3y4YEHOW CHCTeMOH (ha30BBIX IEPEXOJ0B. PaccMOTpeHbl MiueanbHbIH AByMEpHbId bo3e-ra3 ¢ KOHEYHBIM YHCIOM
YyaCcTul U cucrema BKT. B kauectBe TEPMOJUHAMUYCCKUX MOTCHIUAJIOB IJIA 3TUX TEPMOAMHAMUYCCKHUX CHUCTEM
Opasich, COOTBETCTBEHHO, XMMHUUECKHH TIOTEHIIMAI, 3aBUCAIINI OT TEMIIepaTypsl U IUIOMIaIi U CBOOOIHAS DHEPTHS,
3aBHUCANIAA OT TEMIIEPATYPHI U pa3Mepa CUCTEMBI.

B pabote Taxke NpHBEICHBI 3-MEPHBIC PUCYHKH, HAa KOTOPBIX XOpOIIO BHJHO, NPH KAKUX 3HAYCHUSIX
TEPMOANHAMIYECKUX ITEPEMEHHBIX CKaJISIPHBIC KPUBU3HBI CTPEMSATCS K OECKOHEYHOCTH WM K HYIIO, YTO YKa3bIBACT
Ha BO3MOXXHBEIE (Da30BBIE TEPEXOAbl U Ha BO3MOXKHYIO KOMIICHCAITMIO B3aMMOICHUCTBUI KBaHTOBBIMHU 3(ddekramu
COOTBETCTBEHHO.

ITokazaHo, yTO 0062 BapmaHTa METPHK Ui HACATHFHOTO IByMepHOTro bo3e-raza mpuBOIAT K OJHOMY M TOMY K€
PaCIONIOKEHUIO JMHHUK, TAE CKAIApHBIC KPWUBU3HBI CTAHOBSTCA CHHTYJSPHBIMH. OTO pACIIONOKEHHE JHHUH
coryacyercsi ¢ 001acTblo, B KOTOpOil mpoucxoaut ¢a3oBblit nepexo - bo3e konaeHcanus B 1symepHoM bose-rase.
Taxoke MoKa3aHo, YTO MPH OOJBUIMX 3HAYEHUSIX ITAPaMETPOB TEMIIEPATyphl U IUIONIAM KPUBH3HBI OJIM3KU K HYJIIO U
3TO COOTBETCTBYET KJIACCUYECKOMY HUIIEAIbHOMY ABYMEPHOMY Tra3y.

IIpu paccmotpenun cuctemsl bepesnnckoro-Kocrepnuna-Tayneca METogoM reoMeTpoTepMOINHAMUKY ObLIH
oOHapy»KeHbl BO3MOJKHBIC HOBBIE (ha30BbIe Iepexoabl. Pacuer mo MeTprke NPHBOAUT K BO3MOXHOMY (hazoBomy
Hnepexoay paclojoKEeHHOMY Hmxke nepexoga bepesunckoro-Kocrepnuna-Tayneca, a pacdeT IPUBOAUT K BO3MOX-
HOMY (ha30BOMY IIEPEXO/Iy PacIiOI0KEHHOMY BBIIIE.

KiroueBble ci10Ba: TeOMETPOTEPMOIUHAMUKA, TIpeoOpazoBanus JlexxaHapa, METPUIECKUH TEH30p, CKaISIPHAS
KpuBH3Ha, NByMepHbIi bo3e-ras, cucrema bepesunckoro-Kocrepnuua-Tayeca.
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INVESTIGATION OF VIRTUAL STATE OF *Be+n SYSTEM USING
THE COMPLEX SCALING METHOD

Abstract. Nuclear states observed around threshold energies provide us with interesting problems associated
with the nuclear cluster structure. Most of them are also interesting astrophysically from the viewpoint of
nucleosynthesis.

The first excited 1/2" state in °Be has been observed as a sharp peak above the ®Be+n threshold energy in the
photo-disintegration cross section of y+’Be->a-+o-+n. Since the size of the peak has a strong influence on the reaction
rate of the °Be synthesis, new experimental data have been investigated. Recently, we performed calculations using
an o+o+n three-cluster model together with the complex scaling method (CSM), which well reproduces the recently-
observed photo-disintegration cross section. The results indicate that the virtual-state character of the 1/2* state plays
an important role in formation of the peak structure appearing in the cross section observed above the ®Be+n
threshold. From these results, we discuss that the first excited 1/2* state in °Be is a Be+n virtual state but not
resonant one. However, the virtual state cannot be directly obtained as an isolated pole solution in the CSM, because
the scaling angle in the CSM cannot be increased over the position of the virtual state pole on the negative imaginary
axis of the complex momentum plane.

In our previous work, the cross section form of the photodisintegration and the phase shift behavior of a virtual
state assuming a simple two-body model are discussed. In the CSM, the virtual state cannot be obtained as an
isolated solution, but the continuum solutions are considered to include the effect of the virtual state. There is no
previous study that the CSM can be applied successfully to virtual state. Applying the CSM to the simple schematic
potential model, we have shown that the sharp peak of the photodisintegration cross section calculated just above the
threshold which does not correspond to a usual Breit-Wigner type pole. A new approach for the CSM to describe the
virtual state was proposed, and we discussed the pole position of the virtual state using the continuum level density
(CLD), the scattering phase shift, and scattering length calculated in the CSM. The next problem is how to
distinguish a virtual state from a resonant state and how to see the difference in the observed photo-disintegration
cross sections.

The purpose of this work is to investigate the reliability of the virtual state solutions in the CSM as comparing
with the solutions of the Jost function method. To investigate the structure of the virtual state, we calculate the
energy eigenvalues, phase shifts and photodisintegration cross section of the two-body model with a two-range
Gaussian potential by changing the strength of the attractive potential.

Keywords: Complex scaling method, continuum level density, phase shift.

Introduction. It is a long-standing problem to determine its resonance energy and width of the first
excited 1/2" state of *Be, which is closely connected with the problem to clarify whether it is a resonant
state or not. Recently, we studied the 1/2" unbound state of *Be and the photodisintegration cross section
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applying the complex scaling method (CSM) [1-2] to the a+a+n three-cluster model [3]. The results
indicate that there is no sharp resonant state corresponding to the distinguished peak observed just above
the *Be+n threshold in the photodisintegration cross section of Be. However, the recent experimental
cross section data [4, 5] can be well explained by the a+a+n calculation. From these results, we concluded
that the first excited 1/2° state in *Be is a *Be+n virtual state but not resonant one.

The purpose of this work is to investigate the reliability of the virtual state solutions in the CSM as
comparing with the solutions of the Jost function method. To investigate the structure of the virtual state,
we calculate the energy eigenvalues, phase shifts and photodisintegration cross section of the two-body
model with a two-range Gaussian potential by changing the strength of the attractive potential.

Complex scaled two-body model. To understand the characterization of the virtual state [7-9], we
investigate the simple two-body model corresponding to the *Be+n structure in *Be. In this model, both
clusters are assumed to have no-spin and the relative motion between clusters is described by the
following Schrédinger equation:

HY). =EY).

6]
Where J” is the spin and parity, and v is the state index. The Hamiltonian is given as
2
H=——V’+V(r)
2H )
Where we assume a simple Gaussian potential
V(r)=-V, exp(-ar’) , 3)
h2
where a = 0.16 fm™. For simplicity, we put — =1 (MeV fm?).
y7i
In this study we use the CSM, in the CSM the relative coordinate r is transformed as
Uu):
r—>re 0 4)

Where U(6) is a complex scaling operator given by a scaling parameter 6. Applying this trans formation to
Eq.(1), we obtain the complex-scaled Schrodinger equation:

HOW,.(0)= ELW.(0). (5)

The complex-scaled Hamiltonian H? and wave function ‘P;” (0) are defined as U(0)HU ()" and

U (9)‘{];” , respectively, and see Ref. [10] for detail.
Applying the L? basis function method, the wave function is expanded as

(0= ¢ (0),(r)
n=1 , (6)

Where {(15,, (r)} is an appropriate basis function set. The expansion coefficients c,{”'/ (@) and the complex
energy eigenvalues E’ are obtained by solving the complex-eigenvalue problem.

The scattering phase shifts & 7 (E) for the Hamiltonian Eq.(2) can be calculated using the solutions
of the complex scaled Schrédinger Eq.(5) with and without interaction.
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)

where the eigenvalues Ef are classified into N, bound states, N’ resonant states and N f continuum

I

From Eq. (12) in Ref. [11-14], we have

5" (E)= N7Z'+NZ{—COt (E Emj}+2{—cot (

states for a given 8; N =N, + N Y+ N’ The N eigenvalues of the free Hamiltonian given by the only
kinetic energy operator are expressed as &, —i&; (k =L...M )
The photodisintegration cross section due to the electric dipole transition from the ground state

J g =1 to the continuum J7 = 0" states is expressed as

167* ( E, \dB\ELLE
O-El(E}/): 9 (h}/] (dE }/)
v, (®)

where the transition strength is calculated by using the solutions of the CSM

%lﬁl (00 0% (61 v 0)

e

v=Il

1 6’ gv
X E0< (0) 0°(£1) |5 ( ﬂ o

Numerical results. To understand the characterization of a virtual state, we investigate a simple two-
body potential model for the *Be+n system in the CSM. The potential strength V; in Eq.(3) is taken to
reproduce one bound state of s-and p-waves. The energy levels of J= 0" and 1~ obtained by solving the
complex-scaled Schrodinger equation which are presented schematically in figure 1. The potential
strength V) is taken to reproduce one bound 0'state of s-waves. In this model, this 0" solution is assumed
as the Pauli forbidden state, because this model simulates *Be(0")+n. Hence the 1™ solution describes the
ground state, and there is no 0" bound state.

= - + 0*  Continuum states

F
E ;3 { 0*, Resonance or virtual state
7.1 TEETTT PRI Threshold energy

E:m El

£, = I, Ground state

i = = 0%, Pauliforbidden state

Figure 1 - Schematic diagram of the energy spectrum
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Figure 2 - The scattering length and phase shifts

In this work, we first apply different method ideally the Jost function method [8] for analyzing the
virtual state to the simple schematic potential and two-body model. The Jost function method is applicable
not only to study resonant states but also bound and scattering states. Using the Jost function method,
poles of the S-matrix for a virtual state can be obtained without the complex rotation in the same way as
bound states. The Jost function method is applied to calculate scattering phase shifts and scattering length
at different strengths between V; = —1.5 MeV and —1.2 MeV. In figure 2, we show the calculated
scattering length and scattering phase shifts applying the Jost function method. The blue with filled
triangle and black with filled circle lines show the phase shifts and scattering length, respectively. From
the scattering length we find that an increase at the strength 7y = —1.43 MeV and sudden decrease at the
strength V1 =-1.42 MeV. It can be seen from figure 2, the scattering length shows an extreme sensitivity
to the choice of the potential strength V. This result indicates the existence of the virtual state at the
strength V1 =—-1.42 MeV which is consistent with our previous results in Ref. [6].

Next we consider the different case when there exists the resonance state to see how the resonance
state contributes to the photodisintegration cross section. It is needed to perform calculation using both
types of potentials (with and without a repulsion term). As a purely attractive potential we choose the
potential Eq.(3) and with a repulsive term of the potential we employ as following

Vir)=-V exp(—arz) +V, eXp(—Wz) , (10)
Where 7 = 0.04 fm>. We adjusted the strength of the potential for second term of Eq.(10) so that the
resonant state generates when the ¥, switch on.

To investigate the structure of the obtained state, we calculate the energy eigenvalues of the system by
changing the strength of the repulsive potential /> in Eq.(10), which is shown in figure 3. In the present
calculation, when the strength of the repulsive potential /> = 0.7 MeV, the resonance pole suddenly
appears just below the threshold. This resonance pole with a narrow decay width moves smoothly to the
bound state region as the repulsive potential becomes zero, and we finally obtain the bound state with the
region of /2= 0.6 MeV. On the other hand, we consider the pole trajectory in the opposite case of the
repulsive potential with V>, = 0.7 MeV. If the resonance exists, the pole with a narrow decay width should
appear above the threshold as the analytical continuation from the resonance pole. However, we found that
no resonances appear above the threshold for /> > 0.7 MeV of the repulsive potential.
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Figure 3 - Pole trajectory of the state in a complex energy plane by changing the repulsive potential

We consider the different case when there exists the resonance state to see how the resonance state
contributes to the phase shifts. By using the repulsive potential with V> = 0.7 MeV, the resonance state is
obtained with the energy and decay width being 0.038 and 6.58 x10* MeV, respectively.
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Figure 4 - Upper panel: Energy eigenvalues on the complex energy plane at Vi=-1.42 MeV
and V2>=0.7 MeV. Bottom panel: Phase shifts at Vi=-1.42 MeV and V2=0.7 MeV
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In figure 4a) we show the distribution of eigenvalues in the complex energy plane calculated at the
strengths V1 =-1.42 MeV and V>= 0.7 MeV in Eq.(10). It can be seen from figure 4a), the segregated pole
is obtained near the zero energy imaginary part which means a narrow resonance state is calculated and it
is presented as a red triangle and continuum states are displayed by black diamonds. We can calculate the
scattering phase shift using the eigenvalue solutions of H(6) and H(6) in the CSM [10], where Hy(6) is the
free-Hamiltonian without potentials. In figure 4b) the scattering phase shift is given which is calculated at
the strengths V7 = —1.42 MeV and V> = 0.7 MeV in Eq.(10). It is found that the effect of the narrow
resonance state to the calculated phase shift is remarkable.

We investigate E1 transition from the 1~ ground state to the excited 0" unbound state including the

0;_ state. From the E1 transition we can calculate photodisintegration cross section using Eq.(9). In the
present calculation, when the strength of the repulsive potential V> = 0.7 MeV, the resonance pole appears
just below the threshold. In figure 5, we show the photodisintegration cross section, which shows a sharp
peak at the resonance energy. It can be seen from the calculated photodisintegration cross section, we
obtain the peak with a usual Breit-Wigner type pole and the peak shape of the calculated
photodisintegration cross section is much different from figure 4 in Ref.[6] for the virtual state. This trend
is much different from that figure 4 in Ref. [6]. Comparing with Fig. 4 in Ref.[6], we can understand how
the shape of the photodisintegration cross section deviates from the Breit-Wigner type form for virtual
state. As was discussed by Fano [15], deviation from the Breit-Wigner form can be investigated by
calculating the interference between resonance and continuum terms.

120

100
> 80
=
= 60
—
T 40
©

20

0 0.2 0.4 0.6 0.8 1

E, [MeV]
Figure 5 - Photodisintegration cross section at Vi=-1.42 MeV and V,=0.7 MeV

Discussion and summary. We investigate the character of the virtual state using the CSM and the
Jost function method. In both methods, the virtual state is obtained V7 =—-1.42 MeV. The pole trajectory
of the resonance state is calculated at different repulsive potential strengths.

In the present calculation, we do not investigate the decomposed photodisintegration cross section in
detail. It would be important to understand the structure of the resonance states and the virtual states, and
the detailed analysis will be performed in a forth coming paper.
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$Be + n JKYMECIH KEIIEH/II MACIITABTAY 9JICI APKBLJIbI
BUPTYAJIAbI KYUIH 3EPTTEY

AnHoTauus. TaGanabIpbIK SHEPTUSAIAPBIH aifHaTaChIHAa OalKaIFaH SAPOJIBIK KYiJiep 0i3re sIpoJbIK KiIacTep
KYPBUIBIMBIMEH OaTaHBICTBI KBI3BIKTHI CYpaKTap MEH Mocenenepnai ketepeni. OmapablH KOMIIUTIrT HyKICOCHHTE3
TYPFBICBIHAH KapacThIPFaHaa aCTPOPHU3NKAIIBIK KbI3BIFYIIBUIBIK TYABIPABL.

‘Be-neri anramkel Kosran 1/27 kyili v + “Be=> a + a + n-miH (oTo-bLbIpay KuMachiHaarkl ‘Be + n
PEAKIUACHIHBIE, TabalAbIPBIK SHEPrUACHIHAH KOFAaphl ailKplH INBIH peTinfe Oaiikamael. LblHHBIH eonmemi °Be
CHUHTE31HIH PeaKIus KbUIIaM/IbIFbIHA KATThI 9CEP CTETIHMIKTEH, JKaHa TOHKIpHOeTiK MoiMerTep 3eprreni. JKakbiHaa
013 ym emmeMai o + o + n MOJIENTIH KOJIJaHa OTBIPHII, KemeH i MacmTadTay oaici (KMO) KoiamaHAbIK, 01 )KaKbIHIa
Gaiikarran (DOTO-BIABIPAY KHMACBIHA KaKchl coiikec Kemeni. Hormkenep 1/2% xyiiiHiH BupTyammsl KyHiHIH
cunarramacel ®Be + n IIeriHEH KOFAaphl KOJJIEHEH KMMaa Maiaa GOJNATBhIH INbIH KYPHUIBIMBIH KAIBIITACTHIPYIA
MaHBI3/IBl POJI aTKAPATHIHBIH KopceTei. OChl HOTIKeIEpre cylieHe oThIphIn, ° Be-zeri anramkpl Ko3ran 1/27 kyiii $Be
+ n BUPTyalAbl KYHi €KeHiH TaJKpUIaMBI3, Oipak OJ pe30HaHC TyABIpMaiiibl. Analiga BUPTYyaIIsl KYHAi KEIIeHI
Macmtabray omiciame (KMO) okmraymanfaH IONMIOCTIH INENIiMI pEeTiHAE aly MYMKIH e€Mec, OWTKeHi KeIIeHMIl
Macmtabray omiciHzeri macmTadTay OyphIIIBI KypAeii HUMITYJIbCTIK JKa3bIKTBIKTBIH BHPTYaJIBl OCIHE KaTBICTHI
BHPTYyaJAbl KYH TOIOCIHIH OpHBIHA KeOeHTiIMeiii.

Bi3fiH anAbIHFBI KYMBICHIMBI3Ia (POTOAMCHHTErpalMsHBIH KOJJIEHEH KHMAachl JXOHE BHUPTYyalIbl KYHIIH
(hazaiiblk OeTabIChl KapanaibIM eKi JeHeni MOJEeNbIiH 00/pKaMbl Herizinae KapacTelpbuiibl. Kemenai macmradray
onmicinne (KMO) BupTyannmsl KyWai OKIIayJiaHFaH IIEIIiM peTiHAe ajly MYMKIH emec, OipaKk KOHTHHYYMJBIK
HIemiMAep BUPTYa sl KYHAIH ocepiH KamTuabl jen ecenteneni. Kemenni macmradray oxicin (KMO) Bupryanast
Ky#re coTTi KoyiaHyra OOJATBIHABIFBI Typaibl 3epTreyiep Keszpecmeiini. CxeMablK MOTEHIUAIBIH KapanaibiM
MOJICNTIHE KEUmIeHII MacmTadTay ofIiCiH KOJJaHa OTBIPBIN, 013 IIEKTI JCHIeHIeH KOFaphl eCCeNTeNreH
(hoToaMUHTETpaI KIMACHIHBIH IIBIHBI bpeiT-Buraep TunTi momocTe coiikec KeMMEHTiHIH KOPCETTIK.

BupTyanmger Kydmi cumarTay VIOiH KemIeHII MacIuTa0Tay oMiCiHAE jKaHa TOCUT YCHIHBUIABI, 0i3 BHPTYaIIBI
KYHIiH MOJIFOCTI XKaFTalbIH y3idicei3 aeHredaid Teirbi3abEbH (YAT), mameipay ¢a3aisik BIFBICYBIH JKOHE KEIIeHI1
macmradbray aaicinae (KMO) ecenrenred miamibipay Y3bIHIBIFBIH KOJIJ@Ha OTBIPBIN TaNKbLIAAbIK. Keneci macene
BHUPTyaNAbl KYHAI pPE30HAHCTHIK KyHIeH Kajail aXbIpaTyFa d>KoHe OaiikamraH (OTO-BIABIPAYIBIH KOJICHEH
KHMaJlapblHIAFbl aibIpMAIIBUIBIKTBI KOPY JKOJIapbl OOJIBIN CaHATA bl

JKYMBICTBIH MaKcaTsl — MoCT (yHKIMACH OMICIHIH IIeIIMiMEH CanbICTHIPFAHAA KeMIeHIi MaciiTabray
onicinneri (KMO) BupTyanabl Ky NIeMIiMiHIH CeHIMALTITH 3epTTey. BupTyanapl KyHaiH KYpbUIBIMBIH 3€pPTTEY YIIiH
JIJBIMEH TapThUIBIC TOTEHIMAIBIHBIH KYIIIH €3repTy apKbUIbl €Ki Auana3oHabl ['aycc moTeHnuansl 6ap exi geHerni
MOJICTIHJICT] SHSPTUSIHBIH MCHIITIKTI MOHACPIH, (a3aiblK KBUDKYBIH XOHE (POTOIMCHHTETPALUsS KOIICHCH KUMAChIH
ecenTenmis.

Tyiiin ce3aep: kemeHai MacmTadTay ofici, Y3UTiCCi3 NEHTeHiHIH THIFBI3IBIFB, (PA3aJbIK BIFBICY.
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HanumonaneHelil yausepcurer Monronuu, ¥Ynasu-barop;
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SLleHTp JaHHBIX MO ANEPHBIM peakiusaM, DaKyabTeT Haykn, Y HUBepcuTeT XoKKaiino, Canmopo, Snoxus

HUCCJEJIOBAHUE BUPTYAJIbHOI'O COCTOSISHUS CUCTEMBI #Be + n
C HCTTOJIB30BAHUEM METOJA KOMINVIEKCHOTI'O MACIITABUPOBAHUSA

AHHOTauMs. SInepHbIe COCTOSHUS, HaOIF0JaeMble BOKPYT MOPOTOBBIX SHEPTHi, MPEJOCTABIIIOT HAM BeChMa
HWHTEPECHBIC BOMPOCHI ¥ 331a4H, CBA3aHHBIE CO CTPYKTYPOH SAEPHOTO KiacTepa. bOMBIIMHCTBO U3 HUX TaKXKe MMEET
acTpo(PHU3MUECKIIA HHTEPEC C TOUKH 3pEHHS HYyKIICOCHHTE3A.
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IlepBoe Bo36yxknenHoe cocrosuue 1/2° B “Be HaGMOMaNI0Ch B BHAE PE3KOTO MHKA BHIIE TIOPOTOBOM SHEPTUH
8Be + n B ceuennm Qoropacmemienus y + °Be-> o + o + n. HoBble 3KCIepUMEHTaIbHBIE NaHHBIE OBUIN
MCCIIEI0BAHEI, TIOCKOJIBKY pa3Mep IHKa CUJILHO BIMSAET Ha CKOPOCTh peakiuy cuntesa ‘Be. HenaBHO MBI NpoBesu
pacdeTsl C HCIOJIb30BAaHUEM TPEXKJIACTEPHOM Mojenu o + o + n BMeCTe C METOJOM KOMIUIEKCHOTO
macurradbupoBanus (MKM), KOTOPBII XOpOIIO BOCIIPOM3BOAMUT HEJABHO HaOII0aeMoe ceueHne (hoTopacuieruieHusI.
Pe3ynbTarhl MOKa3bIBAIOT, YTO XapaKTep BHPTYaJIbHOTO COCTOSHHUS 1/2 Wrpaer BaxkHYKO poiib B (POPMHPOBaHUM
CTPYKTYpBI ITHKa, HOSBIISIOIIEICS B ITONIEPEYHOM cedeHHH, HabmoqaeMoM Bole ropora 8Be + n. Mcexons n3 atux
PE3yJIbTaToB, Mbl 00CYKIaeM, uTO TNEpBOe BO30OykIeHHOe cocrosuue 1/2° B °Be sBIsercs BHPTYaIbHBIM
coctosnueM SBe + n, HO HE SABIAETCS pE3OHAHCHBIM. OIHAKO BHPTYalbHOE COCTOSHHE HE MOXKET OBITH
HETIOCPEJCTBEHHO IMONYYeHO KaK peIIeHHe C W30JIMpPOBaHHBIM momocoM B MKM, motomy d9Tto yrox
MacImTabupoBaHUsI B METOJIe KOMIUTEKCHOro MacirabupoBanus (MKM) He MOXeT OBITh YBEIHUYECH MO ITOJ0KESHUIO
MOJIFOCa BUPTYAJIBHOTO COCTOSIHUS Ha OTPHIIATEIFHOW MHUMOM OCH TUIOCKOCTH KOMIUTIEKCHOTO UMITYJIbCA.

B mameit npensigymieir pabore OBUIO pacCMOTPEHO cedeHHe QoTopacuieryieHns U (a30Boe IOBEICHHE
BHPTYaJIbHOTO COCTOSIHHS B TIPEAINOJIOKEHWH TPOCTOM MOJENM JABYX Tel. B Merome KOMITIEKCHOTO
macurradbupoBanus (MKM) BUpTyalibHOE COCTOSIHHE HE MOXKET OBITh MOJYYEHO KaK W30JMPOBAHHOE pElIeHHe, HO
CUHUTACTCA, UYTO KOHTHHYAJIbHBIC PCUHICHUA BKIIIOYAIOT B Ce6ﬂ BJIMIHUEC BUPTYAJIbHOT'O COCTOSHUA. Her mpeaAbIAYIIUX
UCCJIEOBAaHUH, YTO METOJ] KOMIUIeKCHoro MacmradbupoBanuss (MKM) Moxker ObITh YCHEHNIHO NPUMEHEH K
BUPTYaJILHOMY cocCTOsiHUIO. [IpuMeHsisi Meron komiuiekcHoro wmacmrabuposanus (MKM) k mpocroit moxenu
CXEMaTHUYeCKOTo IOTEHIMaNa, Mbl [OKa3ajH, YTO PEe3KHH NHMK cedeHHs (HOTOpacIlieIUICHHs, paCCUMTaHHBIA YyTh
BEIIIIE TTIOPOTa, KOTOPHIH HE COOTBETCTBYET OOBIYHOMY TIOIIFOCY THIa bpeiita-Buraepa.

Brur mpemmoskeH HOBBIM TOAXON Al METOIa KOMIUIEKCHOro MacmrabupoBanus (MKM) mns omumcaHus
BHPTYAJIFHOTO COCTOSIHHSA, W MBI OOCYIIUTH TOJIOXKEHHE IONI0Ca BUPTYaTbHOTO COCTOSIHHS, UCTIONB3Ys IDIOTHOCTH
ypoBHs KoHTHHyyMa (IIYK), da3oBeiii caBur paccesHHS W [UIMHY pAcCesHHSA, BBIUYMCIEHHBIE METOIOM
KomIuiekcHoro MmacmrtabupoBanmst (MKM). Crexyromas mpobieMa COCTOMT B TOM, KaK OTIHYWTH BUPTYaJbHOE
COCTOSIHHE OT PE30HAHCHOTO U KaK YBUJIETh Pa3HUIy B HAOJIIOJaeMBbIX ceueHHsIX (OTO-pacnaia.

Llenbto naHHO#M PaOOTHI SIBJISAETCS MCCIECAOBAHUE HAJISKHOCTH PEIICHUI BUPTYAILHOTO COCTOSHHS B METOJIE
KOMILUTIEKCHOro MaciTabuposanus (MKM), cpaBHMBas HX C pemeHHsaMH MeTona GyHkuun Mocra. s TOro urobbl
HCCIICAIOBaTh CTPYKTYPY BHPTYAJbHOTO COCTOSHHS, Mbl B CaMOM Hadyajie BBIUMCIIIEM COOCTBEHHBIC 3HAYCHUS
SHEPrHM, 3aTeM ompenensieM (a3oBble COBUIH, a TaKKe IyTeM H3MEHEHHsS HaNpsHKEHHOCTH IOTEHIHMana CHIl
NPUTSDKEHUS] HAXO0ANUM TIOTIEpEYHOE ceueHHe (POTOPACIISIUICHNSI MOAENHN ABYX TeJl C IBYX JWAla30HHBIM T'ayCCOBBIM
MOTEHLIUAJIOM.

KiaroueBble ca0Ba: METOI KOMIUIEKCHOTO MAaCIITa0MPOBaHUS, IUIOTHOCTH YPOBHS KOHTHHYyMa, (pa3oBBIif
CIIBWT.
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A MICROSCOPIC TWO-CLUSTER MODEL
OF PROCESSES IN °Li

Abstract. Structure of bound and resonance states and dynamics of different processes in SLi are investigated
within a microscopic two-cluster model. The model is an algebraic version of the resonating group method which
correctly treats the Pauli principle and makes use of the oscillator basis to expand a wave function of a two-cluster
system. Within this model the nucleus °Li is considered as two-cluster a + d system. Dynamics of the two-cluster
system is totally governed by a semi-realistic nucleon-nucleon potential. We study interaction of °Li with electrons
and photons. Form factors of elastic scattering of electron are determined for two nucleon-nucleon potentials. We
also study the density distribution of protons and neutrons in °Li. We demonstrate that the model used correctly
reproduces form factors for the ground state of °Li. Our results are compatible with results of other microscopic
models. The capture reaction o + d = °Li + y are investigated in detail. The astrophysical S-factor of the reaction is
obtained at low-energy region.

Keywords: cluster model, light nuclei, capture reaction, density distribution.

1. Introduction. In this paper we consider in more detail the structure of °Li. We will consider the
processes initiated by the interaction of °Li with electrons and photons. Interaction of electrons with °Li
will be represented by a form factor of the electrons elastic scattering from the °Li ground state.
Interaction of photons with °Li will be represented by a cross section of the °Li photodisintegration
vy +°Li = a + d, or by a cross section and the astrophysical S-factor of the radiative capture reaction
o +d = °Li + y. It is well known that the radiative capture reaction o + d = °Li + y is very important for the
astrophysical applications.

To achieve these goals we apply a two-cluster microscopic model. This model is so-called the
algebraic version of the resonating group method formulated in Refs. [1], [2]. The main peculiarity of the
algebraic version is that it employs a full set of oscillator functions to describe the relative motion of the
interacting clusters in bound and continuous spectrum states. In Ref. [3], which includes many important
details of formulation and implementations of the algebraic version of the resonating group, this model
was applied to study the lightest nuclei of the p-shell represented by the dominant two-cluster
configuration. It was shown that this model reproduces the main features of the nucleus “He, °Li, °Li, "Li,
"Be and ®Be. In the present paper we concentrate our attention on some interesting features of °Li which
have not been considered in Ref. [3].

2. Two-cluster model. The total wave function describing the state of two-cluster systems within the
resonating group method can be represented as:

W, = A{[ 91 (A1) 02(A)]Yis (D)}, 1)

where ¢@4(4;) is a wave function describing the internal motion of A; nucleons which comprise the first
cluster, ¢,(A4,) is a wave function describing the internal motion of A, nucleons which comprise the
second cluster. Both functions depend on the spatial, spin and isospin coordinates of individual nucleons.




ISSN 1991-346X Series physico-mathematical. 4. 2020

And both functions are antisymmetric with respect to a permutation of any pair of nucleons. It is assumed
within the resonating group method that these functions are known. There are some simple methods how
to construct such functions. Contrary to the functions ¢4(A4;) and ¢,(4,), the wave function l/),{ $(§) which
describes the relative motion of two clusters is unknown and has to be determined by solving dynamical
equations of the resonating group method. This function is a function of the Jacobi vector ¢, which
determines the distance between clusters.

Within the algebraic version of the resonating group method, the wave function 1/){5 (q) is
decomposed into an infinite series of the three-dimension harmonic oscillator wave functions ¥, (g, 1p):

Wis(@) = Zong Cor Ynr (4, 70), )

where C,,; is the expansion coefficient, g is the modulus of the vector ¢. The explicit form of the oscillator
functions 1,,(q, 1) can be found in Ref. [3]. As oscillator functions form a complete set of orthonormal
functions, then any wave function of a two-cluster system can be expanded over these functions. In the
framework of the algebraic version of the resonating group method, the wave function (1) of two-cluster
system, by taking into account Eq. (2), can be represented as a generalized Fourier series

W) = Xn=n, Cnr Wnr 3)

it also yields the dynamical equations for the expansion coefficients as a set of the linear algebraic
equations

Z??L= n°[<ﬁL |ﬁ| 171L> -E- (Sn,m] (_:mL =0, 4
where H is the many-particle Hamiltonian of the nucleus, E is the total energy of the nuclear system, and

Ynp, =A{91 (A1) 02(A2) Y01 (q, DY ()} (%)

is the many-particle, cluster oscillator function.

To construct matrix elements of Hamiltonian and other operators of physical importance we employ
the technique of the generating functions [4]. The generating functions of two-cluster system is the Slater
determinant constructed from single-particle Brink orbitals. A single-particle Brink orbital is connected
with Gaussian functions:

p(ri. R)) = exp {—(r: — R;)"/ (2b%)}. (©6)

where r; is a coordinate of the ith nucleon (i = 1, 2, ..., 4) and R; (j = 1, 2) is a generator parameter

representing center of mass of jth cluster. After elimination of a wave function of the center of mass
motion, we obtain the translationally invariant generating function of 4 nucleons system. We denote this
function as ®(R), where R is the generator coordinate associated with relative position of clusters in the

space and equals
A A
R= [ Ri— Ry, (7)

By using properties of the determinant functions, we can easy calculate the kernel of the Hamiltonian
(or the generating matrix elements of the Hamiltonian)

(R|H|R) = (@(R) [H| @(R)), ®)
the norm kernel

(RIR) = (®(R)|®(R)) )

and the generating matrix elements of other operators.
The important feature of the generating function ®(R), as was shown in Ref. [4], is that it generates
an infinite set of cluster oscillator functions (5)

SR = D" an R Yy (R, (10)

n=0 LM
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To extract the necessary cluster oscillator function {,; from the generating function we use the
following procedure

1 1 d 2n+L = .
U = = (5) S ARV (RSB o, (11)
Thus we need to integrate over the unit vector R with the weight Y}, (ﬁ’) and then differentiate 2n + L

times with respect to R. After differentiation we have to put R = 0. Such a projecting procedure can be
applied directly to the matrix elements of the kernel of the Hamiltonian

2n+L
d

—~ 1 1 - -

1 1 d 2m+L - - o
«— e iar) [ AR (R) RIAI R o

We use this procedure to construct matrix elements of proton and neutron form factors and operator
of electromagnetic transitions, which we need to calculating cross sections of the capture reactions or
photodisintegration reactions.

3. Definition of form factor and density distribution. The proton and neutron form factors are
determined as the matrix elements

By (@) = (g jn| By [Wg ), (13)
FE.(q) = (¢E}"|F;L|¢EJ"): (14)

calculated with a wave function g ;= describing a bound states of a nucleus. Here the operators I% and F,
are

A
-1 _ .
F=5 ) (1+5) expliar)}, (15)
i=1
L&
F=5 ) (-5 expliar)}, (16)
i=1
and the operators %(1 + 7,,) and %(1 —T,,) are projection operators on proton and neutron state,
respectively.
The proton and neutron density distribution are determined as

Dp(r) = (W] T4 (1 +5) 80 = 1)y, (17

(1= 80 —1)

L Wer) (18)

To calculate F,(q), F,(q), D,(r) and D, (r), one needs to perform in Egs. (13), (14), (17) and (18)
integrations over all spatial, spin and isospin coordinates.

For numerical calculations of properties of the °Li nucleus, we selected two nucleon-nucleon
potentials: the Minnesota potential (MP) [5] and the modified Hasegawa-Nagata [6, 7] potential (MHNP).
This is done in order to study the dependence of calculated quantities of °Li on the shape of selected
nucleon-nucleon potentials.

Here, we are not going to discuss the wave function of the ground state of °Li as it was discussed in
Ref. [3]. And we will not present wave functions or phase shifts of the elastic scattering of deuterons from
an alpha particle as they were presented in Ref. [3]. It is necessary to note that phase shifts of the elastic
a + d scattering and the parameters of resonance state are in a good agreement with the experimental data.

Dy(r) = (‘PE]" -
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4. Form factor and density distribution. Within the two-cluster model used, the total isospin T = 0
for °Li, thus the neutron form factor coincides with the proton form factor. This can be deduced from the
definitions of the proton and neutron form factors Egs. (13) and (14). And this is why the proton, neutron
and mass density distributions are also identical. Thus we display only the proton form factor and proton
density distribution. The proton density distributions D(r) obtained with MP and MHNP are display in
figure 1. There is a substantial difference in the proton density distributions for these potential at small
distances r. The proton density distribution in the ground 1* state of °Li calculated with MP and MHNP.
The proton form factor F(g) for elastic scattering of electrons from the 17 ground state of °Li are shown in
figure 2. As we can see, the first minimum of the form factor are in the same point of the transferred
momentum ¢ for both potentials. As it is well known the range of small values of q associated with the
root-mean-square radius of °Li, which has approximately the same value for MP and MHNP [8, 9].

30 op
0 |
2.0 4 D, MHNP r |
—_—— DMP F MHNP
T-15 | —_— MP
SRE; = \r=
= & !
< af |
1.0 4
25
0.5 \{‘:
00 4 b ]
0 > 4 6 s 10 g 2 # 5 B 1
r, fm q, fin"!
Figure 1 — The proton density distribution in the ground Figure 2 — The proton form factor F(q) from the °Li ground
1" state of °Li calculated with the MP and MHNP state. Results are obtained with MP and MHNP

5. The capture reaction a + d = °Li + y. The cross section and astrophysical S factor of the reaction
o +d =°Li + vy are calculated by employing the quadrupole transitions only. It has been repeatedly shown
that the quadrupole transitions from continuous spectrum states to the ground state of °Li dominates in the
low energy region. Having calculated wave functions of the ground state of °Li and continuous spectrum
states in the channel o + d, we then easily calculated the quadrupole transitions and cross section of the
capture reaction. The explicit formula for calculating the cross section of the capture reaction can be
found, for example, in Ref. [10, 11]. It is worthwhile noticing that the quadrupole transitions connect the
ground 1” state with three states of the continuous spectrum, namely, J* = 3", J* = 2" and J* = 17, Within
the present model, the total spin S is a good quantum number and S=1. Thus, the total orbital momentum
L is also a good quantum number. For the ground state L = 0, and for the scattering states J* = 3", J* = 2"
and J* = 17 the total orbital momentum L = 2. The spin-orbit interaction splits the state with the total
orbital momentum L = 2 on three states with the total angular momentum J* = 3", J*=2"and J*= 1", As
the total isospin of °Li T=0, then the dipole transitions are forbidden in the long-wave approximation. It is
well-known, that the dipole transition operator in the long-wave approximation contains only the isovector
part, thus the dipole transitions are allowed for the nuclei with total isospin T > Y.

In table 1 we show the energy and width of the J* = 3", J* = 2" and J* = 1. These resonance states, as
we can see later, play an important role in the capture reaction. It was shown in Ref. [3] that these
resonance states have a great impact on the cross section of the elastic o + d scattering. The energy E of
the resonance states are measured from the a + d threshold. Results of our calculation with the MP and the
MHNP are compared with the experimental data [12-14]. There is a fairly good agreement between the
theoretical and experimental data. As we can see, the MHNP provides more correct description of the 37,
2"and 1" resonance state, than the MP.
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Table 1 - Experimental and theoretical values of the parameters of resonance states of °Li

Potential L;J" E (MeV) I' MeV)
MHNP 2;1% 4.100 2.357
2; 2% 3.063 1.013
2;3% 0.763 0.019
MP 2;1% 5.174 6.33
2; 2% 4.288 3.005
2;3% 0.848 0.028
Experimental data 2; 1% 4.176+0.050 1.5+0.2
[12,13] 2; 2% 2.838 +£0.022 1.30 £ 1.00
2;3% 0.712 +0.002 0.024 £ 0.002

As was indicated above, all resonances in the °Li nucleus mentioned in Table 1 have the total orbital
momentum L = 2, which indicates the presence of a centrifugal barrier in these states. The effective barrier
in the o + d channels is complemented also by the Coulomb barrier. The spin-orbital forces increase the
effective attraction between clusters in the 3" state and thus generates a very narrow resonance at low
energies. At this energy range, the width of the barrier is large which difficult to penetrate. This stipulates
the appearance of a very narrow (long-lived) resonance state. In the 17 state, the spin-orbital forces,
contrary to the 3" state, reduce the interaction of the alpha particle and the deuteron and push the
resonance state to a relatively larger energy, where the effective barrier is small. The spin-orbit forces
have small effect on the 2"state, as the consequence the resonance width is less than in the 17 state, but
larger than in the 3" state.

In figures 3 and 4 we display the partial and the total astrophysical S factors of the reaction
o +d = Li +y as a function of the energy E of relative motion of clusters alpha-particle and deuteron. One
can immediately notice a peak below the energy E = 1 MeV. This peak is associated with the narrow
3" resonance state. The contribution to the partial and total S factors of wider 2* and 1" resonance states is
not so prominent. By comparing Fig. 3 and Fig. 4, we see explicitly how the astrophysical S factor of the
capture reaction a + d = °Li + y depends on the shape of the nucleon-nucleon potentials used in our
calculations. It is important to note, that the transition from the 3" continuous spectrum states to the ground
state dominates at the low energy range 0 < E < 1 MeV. At the higher energies, the transition from the
2" continuous spectrum states to the ground state is more prominent than the other transitions.

o
o

Z 7 = ol 0 e
= I"=1", MHNP %
i WY (I [ - S . gt =37, MP
g leiy %‘ J_r 2 v =) Total, MP
1751 ‘ — T T I =3 ,MHNP H w

le-12 ‘ —:—:—-= Total, MHNP & le-124

le-13 | le-1

|
le-144 le-144
le-1 le-1
0 1 2 3 4 5 0 1 2 3 4
E, MeV E, MeV

Figure 3 — The astrophysical S-factors generated by the
quadrupole transitions. Results are obtained with the
modified Hasegawa-Nagata potential

Figure 4 — The astrophysical S-factors of reaction
o +d = SLi + y generated by the quadrupole transitions.
Results are obtained with the potential of Minnesota

The astrophysical S factor of the capture reaction a + d = °Li + y obtained by the theoretical or
experimental methods usually is approximated by the three terms expression:

S(E)=So+ S|E + S,E* . (19)
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For this aim we selected the energy interval 0 < £ < 0.2 MeV. In Table 2 we display parameters of
the three terms fit to the calculated astrophysical S-factor of the capture reactions o + d = °Li + v. In the
table we show partial astrophysical S-factors S (E; J* = ]}T) and the total S-factor

Sr(E) = ) S(E: JF = JF), (20)

It

In our calculations this sum involves three partial astrophysical S-factors.

Table 2 - Parameters of three-term fitting of the calculated astrophysical S-factor of the reaction o+ d = °Li +y.

Potential Transition So M S,
MHNP 3F=> 17 3.092x101 10.923x10710 7.455%107°
2F= 17 2.035x107" 7.878%10710 4.370x107°
"= 1" 1.214x1071 4.716x10710 2.593%107°
Total 6.341x10°1 23.517x10710 14.418%x10°°

The total astrophysical S factor obtained in our model is in a fairly good agreement with the available
experimental data and is also compatible with results of other theoretical two- and three-cluster models.

6. Conclusions. We have applied a two-cluster microscopic model to study structure of the nucleus
SLi. This nucleus was represented as a two-cluster configuration a + d, which determines the main
properties of °Li at the low energy region. Two well-known nucleon-nucleon potentials were employed to
study properties of °Li and their dependence on the shape of the potentials. The present model correctly
reproduced the main features of bound and scattering states in °Li.

We have calculated the form factor of the elastic scattering of electron from the ground state of °Li. It
was shown that at region of the small values of the transferred momentum q the form factor F(q) slightly
depends on the shape of the nucleon-nucleon potentials, however for large values of the momentum q the
shape of the potentials has the large impact on the form factor. As for the proton density distribution D(r),
the shape of the nucleon-nucleon potentials has noticeable impact at the region of small distances r.

We have also studied the dynamics of the capture reaction o + d = °Li + y at small energy region
which is of a great importance for the different astrophysical applications. We have calculated the partial
and total astrophysical S factor S(E) of the reaction. We have demonstrated how the low-lying resonance
states 37, 2" and 1" contribute to astrophysical S factor of the capture reaction. It was shown that our model
provides a satisfactory description of the S factor in the range of energy 0 < £ < 1 MeV.
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'O-Dapabdu areingarsl Kazak yaITThIK yHUBEpCHTETI, AnMaThl, Kazakcran;
2Boromo60B aThIHAAFEI TEOPUAIBIK (U3nKa MHCTUTYTHI, Kues, Ykpanna

SLI-IET'T MUKPOCKOMUSJIBIK EKIKJIACTEPJIK YJEPIC YJITICI

Annoranusi. JKyMmpicTa GailTaHBICKAH XXOHE PE3OHAHCTHI KYWIEPHiH KypBUIBIMBL, COHBIMEH Oipre °Li-meri
OpTYpiai YIepic AMHAMHKACHI MHUKPOCKOIMSUIBIK EKIKJIACTEpIiK YITi asChlHAa 3epTTeireH. byn TocinmiH Herisi
abinitio >kKoHE EKIKJIIACTEPINIK JKYHEeHIH TONKBIHABIK (QYHKIWSIAPBIH OCIIUUIATOPIBIK HETi3Ae JKIKTey YIIiH
KOJIJIAaHATBIH PE30HAHCTH TOI OmiciHiH anreOpanblk Hyckachl (PTOAH). °Li mocemecin kapacTelpy GacTamKsl
HyKJIEOCHHTe3 Ke3eHinge SLi INbIFyBIHBIH HETi3ri peakuuschl CAHANATHIH PAJAMANMIBIK KAPIY PEAKIHACHI
TYPFBICBIHAH TybIHAANHABL. OChl MOCENETe eKi KO3KApACThl KOJNJIAHY OTe KakeT, oiTkeHi °Li panmanmsibik Kaprmy
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PEaKIISIChIHIA aNTHl ©3apa 9PEKETTEeCeTiH HyKIOHAap 06ap, oJap CoMKeciHIne anThl JeHe KaThICAThIH KYPAETi ecemnTi
tynsipaabl. PTOAH kypannapsl Oy mMoceneHi exi qeHe eceOiHe: anb(a-0eleK o )KoHe CyTeri H30TOIbI AeUTepuid
d-re azaiita ananpl. [laynu npuHIUIIIH )KOHE aHTHCHUMMETPHU3ALMSHBI €CKEpPMEil, ©3apa opeKeTTeCETIH KilacTepiepaiH
TOJIKBIHABIK (DYHKIMSCHIH TAPMOHUKAIBIK OCLHMIUISTOP (PYHKUMSCHIHBIH Oa3ucTep >KUBIHTHIFBI OOMBIHIIA JKIKTEyre
MYMKiHIIK Oepeni. Byn €3 keserinme ecenteyli eoyip KEHUIIETYre JOHE JKYMBIC COHBIHIA TKIPHOETiK
MOJTIMETTEp HETi31H/Ie COMKEeC HOTMKENIepre KOJI )KEeTKi3yre MYMKIHIIK Oep/ii.

3epTTenin XKaTKaH XYHe IMHAMHUKACHI TOJBIFBIMEH HYKIOH-HYKJIOH/BIK MOTCHIMAIBIMEH aHbIKTAIAbl. HoTrxke-
CIHJIE SAPOJIBIK dcepiiecy i CHMaTTay YIIiH €Ki HyKJIOH-HYKJIOH/BIK TOTEHIMAN KOJJaHbIIIbL: MOIU(UKAMIaHFaH
XaceraBa-Harara motennumansr (MXHII) sxone MuHHecoTa moTeHIuansl. MoanpukanusiianFad XaceraBa-Harara
NOTEHUHUANbl JKYIl HYKIOH-HYKJIOHIBIK dcepiiecy YLIIH ajblC apaKallbIKTHIKTapAa TapTBUIBICTEI JKOHE >KaKbIH
apaKamIBIKTBIKTapAa TeOUTICTI JKaKchl IMIBIFapael. Byl TOTeHIMam KenTereH jXardaija, atam aWTKaHda, KESHLT
SAAPOJIAPABIH SHEPTUSHBIH KEH AWalla30HbIHAA MIAIIbIpay MOJIMETTepiH CHIATTayza, JIEKTPOMArHUTTIK Kachet-
TEPIiH JKOHE JKEHLIT SIIPOJIAPbIHBIH KATBHICYBl aPKbUIbI OTETIH YJepicTep/l cHMaTTay YIIiH KojjaHasl. MUHHecoTa
MOTEHIINAJIBI CIIMH-OPOUTAIIBIK KOMIIOHEHTI O6ap yIII Taycc (yHKIHUACHIMEH aHBIKTaJIabl.

JKYMBICTBIH HETi3ri MakcaThl — SKCIEPHUMEHTANIbl TYP/E€ PE30HAHCTHI KYHIlepi OaKblIaHFaH, acTPOMH3UKAIBIK
5 MbaB sHeprusira >KakbIH TOMEHTT SHEPTHSUIBI HHTEpBaNIA *Li JKEHIT SIpO peakUsITapbIHAAFbL SIPOIIBIK KYIITEPIiH
acepl MeH TabuFraThiH 3epTTey. JKacairaH *KyYMBICTBIH MaKCaThl OChIHAAN PE30HAHCTHIK KYI/Ii TEOPHUSJIBIK €CeITey.

Knacrepnik ynriHiH apThIKIIBUIBIFBL, 3€PTTEIIN JKaTKaH OeJIIeKTep, onapablH KYpbUIBIMBI KeHOip *arnainapia
Ha3apJaH ThIC KaJdybl MYMKIH HYKJIOHAApIbIH SIPOJIBIK YaKbITBIHBIH KOHIJIOMEpAalMsuIapbl OJIeMi TypiHIe
yceiHbULIEL. COHBIMEH KaTap, 3epTTelreH sapoiap Oipkarap KbI3BIKTHI CHIIATTaManiapra ue Oonipl. Paamanusibik
Kapiy peaknuschiHaarbl °Li sSIpOCHIHA V33K TOJKBIHAAP/BIH JKAKBIHAAYBIHA OANTAHBICTE JUIOIBIIK AYBICYHI
MYMKIiH 0OJIMaJbl, COHABIKTAH TEK KBAJAPYIOIABIK ayBICYHI VIIiH 3epTTEYIep KYPri3iimi.

HlIpenunrep TeHIeyJIepiH MIENIyAe KOIJaHbUIAThIH MEeKapaJIbIK IapTTapAbl eHI131M, OCHUUIATOPIBIK (QyHKIH-
JTapAblH GasucTepi OOMBIHIIA KJIACTEPIIK KO3FAJIBICIEH CAaJbICTHIPMANbl TYPAEri TOJKBIHIBIK (YHKLIUSIAPIBI
anreOpaiiblk Gopmana xikTeyre Kypaeil uHTerpanibl-auddepeHInanibK ecenteyiepai KenTipin, ®eHuT sapoiap-
JIbIH OaiiJIaHBICKAH JKOHE KBa3MOaWIaHBICKAH KYWIEPIH €CenTey YIIiH PEe30HAHCThI TONTAp OMICIHIH aareOpabik
HYCKachl KOJIaHbUIABL. OHBIH OPTYPJIi HYKIOH-HYKJIOHJBIK TOTCHIUAIBIH KOJJIaHY apKbUIBl aCTPOQPHU3HKAIIBIK
S-dakTopaapsl MeH mansipay (aszaiapbl Typaibl MOTIMETTEP aIbIH/IbI, OJlap KeHIHHESH OHICIII

Pe3zonaHcThl TOmTap 9MiciHIH anreOpaiblK HYCKAChIH KOJIIAHY apKbUIbl allbIHFaH S-(akropiiap TypiHmeri
TEOPUSUIBIK HOTWKENEp TOKIPUOENIK MONIMETTEPMEH CANBICTBIPBIIIBI, COJAH KEHiH oHiC TeH JSKCIEePUMEHT
HOTHOKENEPI )KaKChl COUKECTI.

SLi smpOCKIH eKIKIACTEPIIK JKyHe PETiHae KapacThIpy Ke3iHIe TyBIHOANTEIH HETI3r MOCENeHiH 6ipi — SIpOHBIH
ANIEKTPOHAAp MeH (OTOHAAp opeKeTTecyiH 3eprTrey. HoTmkeciHAe €Ki HYKIOH-HYKJIOHABIK ITOTEHIMAN YIIiH
CepIiMIl AMEKTPOHBI MAIIBIpayIslH (GopM-pakTopiapsl aHBIKTanAbl. COHIa-aK, SAPOHBIH KYPBUIBIMBIH 3€pTTEY
yurin °Li-zeri mpoToHaap MeH HEHTPOHIAP/IBIH THIFbI3ABIFbIHBIH TAPATYBIH 3€PTTEY KAKET GOIIBL.

Pe3oHaHCTBIK TONTAp 9ICIHIH alre0paiblKk HYCKACHIH KOJIJIaHa OTBIPBII, XKYPIi3UIreH ecenrteyiep HOTHKECiH e
SJIEKTPOHHBIH, CEpIIiMAi marmsipay dhopma koddumenti *Li SapockHBI Herisri Kyiii yimin ecenrenmi. OChIHBIN
canapblHaH, OepluireH ( UWMIyJIbCTiH a3 Iamacekl aiiMarbiHaa F  (q) ¢opm-dakTop HYyKIOH-HYKIIOHABIK
MOTEHLMAJBIHAH QJICI3 TOYeNl eKeHJIr, anaiiia q UMITYJIbCIHIH YJIKeH MOHIHJE IOTeHIHAIABIH (GopMackl (hopM-
takTopeiHa Ke0Oipek acep ere Oactambl. IIpoTOH THIFBIABIFBIHBIH D (r) Tapanysl HYKIOH-HYKJIOHIBIK
MOTEHLHANIAPBIHBIH I' apaKAIIBIKTHIK a3 OOJFaH/a alMaKTa aiiTapJIbIKTail acep eTEeTiHIH KOpCeTTi. AJbIHFaH aKmapar
3€pTTENIN JKaTKaH SAPOHBIH 1IIKI KYPBUIBIMBIH KapacThIPhINT KaHa KolMaii, COHBIMEH Oipre 3epTrey AepeKTepiHje
KOJIIaHBUIAaThIH HYKJIOH-HYKJIOH/IBIK ITOTEHIHAIBIHBIH TAOUFAaThl MEH CUIIaTTaMalapbl Typajbl aKnmapar Oepai.

Tyiiin ce3aep: KIACTEPIiK YITi, )KEHLUT apoJap, KapIry PeaKIusAChl, TAPaTy THIFBI3IBIFHI.

H. Kamkururos!, H. 7K. Taku6aes', B. C. Bacuiesckniiz, . M. Akxkururosal, B.O. Kypmanraauesa'

'Kazaxckuit HAUMOHANBHBIN YHUBEPCUTET MMEHH anb-Dapabu, AnMarsl, Kaszaxcran;
2HMuctutyt Teopetndeckoit ®usnku umenu boromobosa, Kue, Ykpanna

MUKPOCKOIMUYECKASI JIBYKJIACTEPHASI MOJAEJIb IPOIECCOB B °Li

Annotanusi. CTpyKTypa CBS3aHHBIX M PE30HAHCHBIX COCTOSIHUM, a TaKkKe AMHAMUKA Pa3lIMuHBIX IPOIECCOB B
SLi 6buM WCCNENOBaHBl B JI@AHHOW paboTe B paMKax MHKPOCKONMYECKOM AByXKiacTepHoi Mmomenu. OCHOBOM
JMAHHOTO TOAXOJa SBILIIOTCSA ab initio m anreOpamdeckas Bepcus MeToaa pe3oHupyromux rpymm (ABMPT), garo
UCTIONB3YET OCHWUIATOPHYIO OCHOBY ISl PasloKEHHWS BOJHOBOW (YHKIMM ABYXKIACTEPHOM CHCTEMBI.
Paccmotpenne npoGiembl °Li MPOMCXOAMT ¢ MO3MIMH PEAKIMU PAJMAIMOHHOTO 3aXBara, KOTOpAas SBISETCS
OCHOBHOM peaKImedl NpoucxokaeHuss °Li B MEpHON MEpPBHYHOTO HYKIEOCHHTE3a. VCIONB30BaHME 3THX ABYX
MOJIXO/IOB K JIAHHOMW 3a/1aue KpaiiHe HeOOXOAMMBI, TaK KaK B PEAKIMM PAJUAIMOHHOTO 3axBara °Li mpucyTcTByeT
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IIECTh B3aMMOJCHCTBYIOIINX MEXIY COOOH HYKIIOHOB, YTO CO3MaéT BEChMa CIIOKHYIO 33Jady C y4acTHEM MIECTH
ten. Uactpymentst ABMPI mo3Bosst0T COKpaTuTh TaHHYIO 3a7ady 0 PACCMOTPEHUS IBYX Tell: anb(ha 4acTHIIBI O 1
u3oTomna Bojopoaa nekrepus d. He mpeneOperas npuHimmom 3amnpera [laynu v aHTHCHUMMETpHU3alMe, TaHHBINA
TIOJIXO/]] TIO3BOJISIET PA3JIOKUTh BOJIHOBYIO (DYHKIIMIO B3aUMOICHCTBYIOLIMX KJIACTEPOB 110 HAOOpy 0a3ucoB QyHKIMN
TFapMOHUYECKOT0 OCHIIIATOpa. DTO B CBOIO OYepe]b MO3BOJIMIIO B 3HAUUTENBHON CTENEHU YNPOCTUTh pacueThl U
MOJYYUTH PE3YJIbTAThl, KOTOPBIE 110 OKOHYAHHIO PAOOTHI OBUTH COIMOCTABIICHBI C KCIIEPUMEHTAILHBIMU JTaHHBIMU.

JluHamMKa jke HCCIelyeMOH CHCTEMBI IMOJHOCTBIO OINpEessulach IOJypeaTuCTHYHBIM HYKJIOH-HYKIOHHBIM
MOTEHLMAJIOM. BcnencTBum 3TOro Ajisl ONMUCAHUS SAEPHOTO B3aMMOIEHCTBHS MHCIOJIB30BAJMCH JBa HYKJIOH-
HYKJIOHHBIX TTOTEHIHaa: MOTUGHUIIMPOBaHHBIN moTeHan Xacerasel-Haratel (MITXH) 1 moTeHmman MuHHECOTEHI.
MomndunrpoBaHHBIN MOTEHIMAN XaceraBbl-HaraTel Ui MapHOTO HYKJIOH-HYKJIOHHOTO B3aUMOICHCTBHUS XOPOIIIO
BOCTIPOM3BOAMI NPUTSDKEHUE Ha OONBIIMX PACCTOSHHUSX M OTTAIKMBAHHE HA MAJBIX PAcCTOSHILIX. [Ipumensics
JAHHBIA TMOTEHIAaJl BO MHOTHX CIy4asX, B YaCTHOCTH Ul ONHMCAaHUS NAaHHBIX IO PACCESHHWIO JIETKUX fIep B
IIMPOKOM JHANa30HE PHEPTHH, AJIEKTPOMArHUTHBIX CBOWCTB M IPOIIECCOB C ydacTHeM Jerkux saep. [lorenmman
MHUHHECOTHI B CBOIO O4YEpEe/b ONPEICISeTCs] TPeMsi rayCCOBBIMU (YHKIMSIMHU C IPUCYTCTBUEM CIIUH-OPOUTAIBHON
KOMIIOHCHTHI.

OcHOBOI1 33,1241 JaHHOI pabOThI OBLIO MCCIIEOBAHUE XapaKTepa U BIMSHUS SIIEPHBIX CUJI B PEAKLUSIX JIETKHX
anep °Li, mpu KOTOpHIX B MHTEPBAJ€ HM3KMX JHEPTMA ONU3KOMY K acTpO(GU3MUECKUM SHEPrHsM 10 5 MbdB,
9KCIIEPUMEHTAILHO HAOIIOANINCh PE30HAHCHBIE cocTosIHMA. Llenblo jxe mposenaHHoi paboThl ObUT TEOpPETHUECKHUN
pacder Takoro pe30HaHCHOTO COCTOSHUSL.

[IpenMytecTBOM KITACTEPHOW MOJENH SBISLIOCH TO, YTO HCCIEAyeMble YaCTHIBI TPEICTABIUINCE B BUIAE
JIOBOJIFHO YCTOWYHMBBIX IO MEpKaM SACPHOTO BPEMEHH HYKJIOHHBIX KOHTJIOMEpalui, BHYTpEHHEW CTPYKTYpOi
KOTOPBIX B HEKOTOPHIX CIydasx MOXHO Obuto mpeneOpeus. K ToMy ke mccienyeMbie siapa oONamald PsaoM
MHTEPECHBIX XapaKTEPHCTUK. Tak sapo °Li B peakuum paiualMOHHOTO 3axBaTa W3-3a JUIMHHOBOJHOBOTO
NpUOIMKEHNST HE MOTJIO MMETh JAWIOJNBHBIN MEepexoj], B CBA3HM C YeM HCCICIOBAHMS MPOBOIMINCH JIMIIbL IS
KBaJIpyHOJIBHOTO ITEpPEXoa.

AnreOpanueckasi BepcHsi METOJa PE3OHUPYIOUIMX TPYII HCIOIb30BAIACH MJISl PACUYETOB, CBS3AaHHBIX W
KBa3KCBSA3aHHBLIX COCTOSIHUN B JIETKUX AApax, NpuBoAsA CIO0KHBIC I/IHTeraHI)HO-IlI/I(l)(l)epeHLII/IaIl])H])le BBIYUCJICHUS K
anreOpanyeckor (opMe METOIOM Pa3JI0KEHHS BOJHOBOH (DYHKIIMH OTHOCHUTEIBHOTO JBIDKCHHS KJIACTEPOB IO
0a3ncaM OCHWIIATOPHBIX (YHKIMHA W, BBOAS TI'PAaHWYHBIE YCJOBHs, MO KOTOPHIM OyAeT pelarbcsi ypaBHEHHE
penunrepa. Ero pemenne ¢ MCrogb30BaHUEM pA3IMYHBIX HYKJIOH-HYKJIOHHBIX MOTEHIMAJOB /A0 JIaHHBIE 10
actpodusnyeckuM S-paxkropam U pazam paccestHus, KOTOPBIE B IOCJIEACTBUN ObIIIH 00pabOoTaHBbI.

Teoperndeckne pe3ynbTaThl B BHAEC S-(pakTOpOB, TIONyYEHHBIX ITyTEM pPAacyeTOB C WCIIOJIBE30BaHHEM
anredpamdecKkoll BEpCHH METOa PE30HUPYIOIIUX TPYII CPABHUBAINCH C SKCICPUMEHTANBHBIMA TAaHHBIMH, TTOCIIE
49ero OBIIO MOIYYEHO XOPOIIee COOTBETCTBHE PE3YIbTATOB METO/Ia C SKCIIEPUMEHTOM.

OnHoit W3 OCHOBHBIX 3a1a4 BO3HHKAIOLIEH IIPM paccMOTpeHmu siupa °Li Kak IByX-KIACTEPHOM CHCTEMBI
SBIISICTCS W3Y4YE€HHE B3aMMOACWCTBHUS MAaHHOTO sApa C 3JIeKTpoHamMH u (oToHamu. BcenenctBme sToro OpuH
omnpejeneHbl (opM-(hakTOpbl YIPYroro paccesiHusi NEKTPOHA /s IBYX HYKIOH-HYKIIOHHBIX MOTEHIMAJIOB. Takxke
JUIS MCCIIE0BAHMS CTPYKTYPBI Spa Hy>KHO ObLIO M3YYHTh paclpe/elleHye ITIOTHOCTH IIPOTOHOB 1 HEWTPOHOB B °Li.

B pesynbrare mpoOBOIUMBIX PacdeTOB C HCIOJIb30BAHHUEM ajreOpanvecKkod BEpCHHM METO/a PE30HUPYHOLIHX
rpynn GopM-(aKTop YIPYroro paccesHusi 3JIEKTPOHA BHIYMCIIEH M3 OCHOBHOTO COCTOsiHMA sapa °Li. Benemctsue
3TOrO OBLIO IMOKA3aHO, YTO B 00J1aCTH MaJIbIX 3HAYCHHUU TIepeaHHOr0 uMIyIbea q hopm-dakrop F(q) cmabo 3aBucen
0T (OpPMBI HYKJIOH-HYKJIOHHBIX TOTEHIMAIOB, OJTHAKO IPH OOJBIIMX 3HAUEHHSX UMITyJIbca ( (popMa MOTEHIIHAIOB
cTana UMeTh Ooiblee BIUsHUE Ha GopM-dakTop. Pacmnpenenenue mioTHocTy mpoToHOB D(r) mokasano, 9ro ¢hopma
HYKJIOH-HYKJIOHHBIX TIOTCHIIMAJIOB OKA3bIBAET 3aMETHOE BIFSIHHAE B 00JIACTH, KOT/Ia PACCTOSHIE I' OBIIIO Maio.

[Momyuennas wHbOpPMANKS MO3BOJIIIA HE TOIBKO PACCMOTPETh BHYTPEHHIOI CTPYKTYPY HCCIEAYEeMOTO spa,
HO TaKKe Jajla CBEACHHUS O TMPHUPOJE M XAPAKTEPUCTHUKAX, HCIIONB3YEMBIX B JAaHHBIX HCCIEJOBAHUS HYKIIOH-
HYKJIOHHBIX TIOTEHIIHANIAX.

KiroueBble cjioBa: KiiacTepHas MOJIEIb, JISTKHE SApa, PEaKIUs 3aXBaTa, ITIOTHOCTh paclpeieeHusl.
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STUDYING THE EFFECTIVENESS OF A NEW ALGORITHM
WITH A DEFINING FUNCTION FOR FINDING
THE GLOBAL MINIMUM OF A SMOOTH FUNCTION

Abstract. This article presents a new algorithm with a defining function to find the global minimum of multi-
extreme functions of two variables. The stages of the new algorithm are described in detail.

Computational experiments were performed on three different test assignments. We have found the global
minima of the test functions. A convex function was given as the first example. In the second example, a non-convex
function that has a global minimum inside a parabolic strongly elongated surface has been analyzed. In the third
example, a function with a large number of local minima has been analyzed. These functions are different in
complexity, but our algorithm determines the global minimum of different functions in the same amount of time.

A determining function is formed depending on the function considered so that the algorithm to function. If a
function is two variables, then the defining function will contain a double integral. Such integrals were calculated
using Sobolev's cubature formulas with a regular boundary layer. Computer programs were used to calculate
cubature formulas. The calculation algorithm has been implemented using Microsoft Visual Studio in C++.

As a result of the computational experiment, the values and coordinates of the global minima of the test
functions have been found. A comparative analysis of the reference values and those found was made using the new
algorithm.

Key words: multidimensional optimization, global optimization algorithm, Sobolev’s cubature formulas, De
Jong function, Rosenbrock function, Rastrigin function.

Recently, the relevance of optimization problems has been growing very rapidly and successfully.
The range of optimization tasks has significantly expanded. There is a need to solve optimization
problems in almost all Sciences. Many methods for finding the minimum of the function have been
suggested [1-4]. Each method has its advantages and disadvantages. The task becomes more difficult if
you need to find a global minimum for a function with a large number of local minima.

We have built a new algorithm for finding the global minimum. The algorithm for a function of a
single variable has been analyzed [5] and tested.

Now let's describe the proposed algorithm for a function of two variables.

Let be a smooth function of two variablesz = f(x, y). The domain of the function a < x<b,

a <y <b.Itis necessary to find the value and coordinates of the global minimum z = f(x, y).
The algorithm works by means of a defining function:

g(@) = [/ (x.») —a|-(f(x,y)-a)]"dxdy . (1)

where the integration area on the plane xOy is a square [a;D], x[a;b] ;- This integral defines the first

touch of the global minimum of a function z = f(x, ) with a plane z = &, so the function (1) was called
the defining function.
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Let's start with the value of the global minimum point. Let's denote it & = globmin f (X, J). To do
this, it is necessary to select the value & and put it into the defining function and calculate the value of the
integral.

If f(x,y)2a, then the module as a defining function is expanded with a positive sign and is
obtained g(a) =0. This means that the plane z = o passes below the function graph or touches the
bottom. In further we select a value ¢ greater than it was before.

If f(x,y)<a, then the module in the defining function is expanded with a negative sign and is
obtained g(«) > 0. This means that the plane z = « passes above the function graph or intersects, so we
select a value « less than it was before.

Continue to choose « until, (@, —,  |<& whereg(e,)=0 and g(e,, )>0. After a certain

number of iterations, we will get close to the value of the global minimum up to the desired accuracy. The
global minimum lies on the segment & €[, ;,.,]-

In searching for the coordinates of the global minimum, it is necessary that the defining function takes

a positive number g(&) > 0. Therefore, the approximate value of the global minimum takes the right end

of the segment [a,,q,,,], g(a,,)>0.
a,., =a=globmin f(x,) 2)

We found the value of the global minimum (2) with & - precision.

Let's start searching for the coordinates of the global minimum point £ and y, where % €[a;b] and

v €[a;b]. We look for the coordinates of the point in the square[a;b] x[a;b] , - Divide the given square
into four equal parts. We get four squares [a;x,], x[a;y,],,[a;x,], x[n ;b]y , [x;;6], x[a; n],and

[x;;0], x[»;0], by dividing the sides in half x, = b;a and y, = b;a' We modify the defining

function for each of the obtained regions(1).

m

—(f(x,y)—a)] dxdy , ...... 3)

1 X

atan, @ = [ Jlf 1) -

~(f(x,y)—a)] dxdy

b b
Einotn, @ = [ [lf () -a

pA|
The found value of the global minimum (2)were used in the modified functions (3). At least one of
these four integrals must be positive. We continue to search for the point of the global minimum in the
part where the modified integral will take a positive number. We divide the selected part into four more
squares and build four more integrals for them in the same way. This iteration continues until

|xm —xm+1| < ¢ and \yl — Vi

< &where g . (&) >0.The coordinates of the global minimum

xm+1+xm and );=y1+1+yl
2

The accuracy of the value and coordinates of the global minimum is set by us. In our examples, the

point are equal to x =

values and coordinates of the global minimum are calculated with precision & =107°.

To calculate a two-dimensional complex integral, we used Sobolev's cubature formulas with a regular
boundary layer [6-8], as multidimensional integrals are well approached by Sobolev's formulas.

The proposed algorithm for the minimization problem has been implemented in C++ in the Microsoft
Visual Studio 2017 development environment [9].

In this article, we will test the new algorithm for accuracy and efficiency. Optimization methods are
tested for accuracy and efficiency by means of test functions that have well-known exact extremes. To test
our algorithm three well-known functions were chosen [11-12].
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De Jong’s Function. It is sometimes called a spherical function. It is one of the simplest test tasks
used for testing the optimization algorithm [13]. The function is defined by the following formula:

[y =x"+y",
where the scope of the function definition is —5.12<x<5.12, —5.12<y<5.12. The function is

continuous and convex and has one global minimum: f(x,y)=0, x=0, y=0. There are no local
minimums. The graph of the function in space is shown in figure 1.

Figure 1-Graph of the De Jong’ function of two variables

Rosenbrock Function. It is also called the "banana function". Finding the global minimum for this
function is considered a non-trivial task [14-15]. The function has a slowly decreasing large plateau. The
global minimum is located inside a long, narrow, parabolic flat valley. It is difficult to find a global
minimum under these conditions,. The function has the following definition:

S(x3)=100(y = x*)* +(1-x)*,
where the function definition area is: —2.048 < x <2.048, —2.048< y<2.048 and has one global
minimum: f(x,y)=0, x =0, y =0. There are no local minimums. The graph of the function in space
is shown in figure 2.

LBEEE

Figure 2 - Graph of the Rosenbrock function of two variables

The Rastrigin function is a non-convex and multi-extreme function [16]. Finding the global
minimum of such a function is a difficult task because of the large number of local minima. For this
reason, the Rastrigin function is used to test the effectiveness of optimization algorithms. The function is
defined by the following formula:

f(x,)=20+x" +y> —10cos(27x) — 10cos(27y) ,
where the region of definition of the coordinates is —5.12<x<5.12 and —5.12< y <5.12 and has one

global minimum: f(x,y)=0, x =0, y =0. There are many local minimums. The graph of the function
in space is shown in Figure 3.
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Figure 3 - Graph of the Rastrigin function of two variables

We will show how to search for the global minimum of the last example on the basis of the algorithm
proposed above. It is more difficult to solve this example by using the gradient method than convex
functions. The algorithm proposed above will easily calculate the value and coordinates of the global
minimum.

First let's build a defining function for the Rastrigin function:

5.12 5.12
j[\zo +x° +y” —10cos(27x) = 10cos(27y) — | -

-5.12-5.12

—(20+ x> + y* —10cos(27x) —10cos(2ny) — a)]° dxdy

gla)=

Search ¢ for the value of the global minimum point using the function g(«) . The initial value « is

randomly selected. If the function value area is set, you can start from it. If the function value area is not
specified, then start searching with & =0. At o =0, it turns out g(0) = 0. Then the plane z = a passes

below the graph of the specified function or touches at the point of the global minimum. Table 1 below
shows a computational search & experiment.

Table 1- step-by-step search a

Calculate the value of The location of the plane z = « We need to find the
Select a value o the defining function definition of an interval
belonging to o
1 a=0 g(0)=0 z=0 the plane passes below the | We need to find the global
graph or touches the function graph at | minimum value is greater
the global minimum point than 0, o € [0;+00)
2 | a=5 g(5)>0 z=5 the plane passes above or | We need to find the global
intersects the function graph minimum value is less than
5, a €[0:5)
3 a=25 g(2.5)>0 z=2.5 the plane passes above or | We need to find the global
intersects the function graph minimum value is less than
25,0 €[0;2.5)
4 a=125 2(1.25)>0 z=1.25 the plane passes above or | We need to find the global
intersects the function graph minimum value is less than
125, a €[0;1.25)
a =0.000001 £(0.000001) >0 z=0.000001 the plane passes above | The accuracy has been
or intersects the function graph achieved & €[0;0.000001)




ISSN 1991-346X Series physico-mathematical. 4. 2020

We stop the computational experiment when we reach the desired accuracy. In our examples, the
accuracy for the value of the global minimum point £<107° is taken. We took the right end
& =0,000001 of the segment a €[0;0.000001) as the value of the global minimum, because in

searching for the coordinates of the global minimum point, the defining function must give a positive
number.
Let's start searching for the coordinates of the global minimum point ¥ and 3, where

%e[-5.12;5.12] and p€[-5.12;5.12]. We are looking for the coordinates of the point in the square
[-5.12,5.12] x[-5.125.12] . Divide the given square into four equal parts.

5.12 4 (=5.12) 5.12+(=5.12)
R T— =
squares [-5.120], x[-5.12,0],,, [-5.12,0], x[0;5.12] [0;5.12], x[-5.12;0], and

[0;5.12], x[0;5.12],. We will start calculating modified defining functions for the obtained regions.

Dividing the sides in half x, 0 and y, =0, we get four

0 0
Zsnosizn, (@)= [ [1204x" +y? ~10cos(272r) ~10cos(2) - &| -

-5.12-5.12

—(20+x* + y* =10cos(27x) —10cos(27y) — &)]° dxdy

The integral for the first part gives a positive number. The integrals over the other parts can not be
seen. We continue to search for the global minimum point in the square [-5.12,0] x[-5.12,0] . We

divide the selected part into four more squares and build four more integrals for them in the same way.
table 1 below shows the search for global minimum coordinates.

Table 2-step-by-step search for global minimum coordinates

The definition area under consideration Value of defining functions Actions
[-5.12;5.12] x[-5.12:5.12],.. 8isans 2y msazsnay, (@) > 0 Divide the definition area into four
) ’ equal parts
[-5.12,0], x[-5.12,0], g[—SA12;O]4\x[—5A12;0]V(&) >0 Divide the definition area into four
’ equal parts

[-5.12-2.56], x[-5.12;-2.56],

Do not consider this part, move to the

8l-5.12;:-256),-5.12-2.56], ()=0
) next square

[-5.12;-2.56], x[-2.56;0], g[*S.I2;—2.56]‘x[—2.56;0]y (0}) =0 Do not consider this part, move to the
next square

[-2.56;0], x[-2.56;0], 8 s 1201425601, (a)>0 Divide the definition area into four
equal parts

[~0.000001;0], x[~0.000001;0]

Stop searching for coordinates. The

¥ 8100000001, {-0.00000t07 , (&) >0 t :
! desired accuracy has been achieved.

This iteration continues until we reach the desired accuracy & <107°. The coordinates of the global

minimum point are % ~ - (0000000 4 6000005 and §~ 2 EC00000D 4 6000005 . we

2 2
found the global minimum: f(x,y) =0, x ~0, y = 0. They match the reference values.

All test cases have been solved with accuracy & <10 and the answers received match the reference
values.

The proposed algorithm does not do any extra work. First of all, it finds the value of the global
minimum. And only then searches for the coordinates of this point. This will take less time and make your
computer work easier.
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TEI'IC ®YHKIIUAHBIH I'VIOBAJIBbl MUHUMYMBbIH I3JEYJIE
KAHA AJITOPUTMHIH TUIMAUII'TH 3EPTTEY

Annorauusi. COHFBI yaKpITTa OHTaWIaHABIPY €CENTEPiHIH ©3eKTLIIri eTe KapKBIHABI JKOHE TaOBICTHI OCyIe.
OHraitnangplpy €cenTepiH KOJJaHy aschl aWTapiblKTail KeHeiai. OHTallaHABIpy ecenTepiH HIenry KaXeTTiIiri
OapibIK FhUTBIMIApAa 0ap. OYHKUUSHBIH JOKAIbABl MUHUMYMBIH TaOyJbIH KONTEreH OMICTEPl YCHIHBUILIBL bipak
(OYHKIHMSHBIH T100a7IbI6I MHHUMYMBIH Ta0y MIHAETI a3 3epTTENTeH. Op OIICTIH ©3iHiH apTHIKIIBUTBIKTapEl MEH
Kemiinikrepi 6ap. Jlokanpapl MUHUMYMIaps! Kol (GyHKUUSHBIH I7100abI6I MUHUMYMbIH Ta0y KaXeT Oosca, ecer
KHUBIHJAH Tycesi.

By makanaga exi aifHBIMaNIBICHI Oap JIOKaIbJbl MHHUMYMAApPbl Kol ()YHKIUSHBIH TI00anbIbl MUHAMYMBIH
i371ey YIIiH ’KaHa aJrOPUTM YCHIHBIIFaH. MyH/Ia )KaHa alTOPUTMHIH XKYMBIC Ke3eHIepi erKei-TerKeii jka3blIFaH.

¥ ChIHBUTFaH 9/1ic 0acKa 9JicTepeH epeKIleNeHei, Oyl xepae i37ey i r100anbapl MUHUMYM HYKTECIHIH MOHIH,
SFHA JICHTeHiH aHBIKTayJaH OacTaiMbI3. [ 1o6ansapl MUHUMYM HYKTECiHIH MOHIH JKOHE KOOPAWHATAJAPBIH €CeITey
YIUiH JKaHAa aHBIKTayIIbl (YHKIUS KYpbULABL AHBIKTaymIbl (YHKIHUSHBIH KeMeriMeH OepiireH (yHKIUSHBIH
rno0aibipl MMHHUMYM HYKTECIHE JKaHama JKa3bIKTBIKTBI Tabamb3. [7100anbipl MUHMMYM HYKTECIHIH MOHIH
AHBIKTaFraHHaH KeHiH OHBIH KOOPJMHATTApPhI ECENTEN .

Makanana KBasipaTTa aHbIKTaJIFaH (QYHKIHSUIAP KapacThlpblUIra. [7100a16/161 MUHUIMYM KOOPAWHATTapbIH Ta0y
YILIIH aHBIKTay OOJIBICBIH TOPT TEH KBajJpaTka 0eily kepek. bynan opi ochl KBaapaTTap/iblH KaiiChIChIHAA TTI00aIbbl
MHUHIMYM Oap eKeHiH aHbIKTaiMbI3. TaHmaxFaH KBaJpaT Tarkl TOPT TEH KBaapaTKa OeriHeni. bisre KakeTTi gommikke
JIeiiH KBajparThl Oeiy kairacaabl. Onap e3repreH aHbIKTaylibl (YHKIHUSHBIH KOMETriMeH aHbIKTanaabl. bi3 "xana'
KBaJIpaTThl KApacThIPFaH/a, aHbIKTAYIIbl (DYHKIHS A3 HHTerpaigay aiMarbl e3reprei.

By anroput™m ecenteyiep CaHBIH alTapibIKTail a3aiTapl, oyait 0oJica ecenTey YakbIThl KbICKapasibl.

I'moGanbap! OHTAIAHABIPY AITOPUTMIEPIHIH JKBUIIAMIBIFBI MEH JIIIIriH Oaranay YIIiH TECTTIK (QyHKLUsIIap
KOJIAAHBUIIBI. Y II TYpIi TECTTIK (DYHKIMSIAP albiHAbL. BipiHIui Mbican peTinae neHec GpyHkuus kenripingi. Exinmi
MBICAIIa TapaboNaiblK KATTBI CO3BUTFAaH OCTTiH IMmHAe TI00ampIbl MHUHHMYMBI Oap IeHec emec (QyHKIHS
KapacThIpbUIABL. Y IIIHIII MBICAJIJIA JIOKAIbBl MUHIMYMIAPH! 6T¢ KOl ()yHKIHSHBIH T100abIbI MUHUMYMBI 1371€T1/11.
Ochl hyHKIMsATIAPMEH €CENTEy SKCIIEPUMENTTEDPI Ky prizinai. bapibik ecenreynep ¢ <10~° momnairiMen opeIHIaIIbL.
Bi3 TecTTik QyHKUIMSIIApABIH TII00ATBIR MHHUMYMIAPBIHEIH MOHIEPiH KOHE KOOPIUHATTAPHIH KaHa alTOPUTMHIH
KOMETIMEeH TayBblIIl, 3TAJOH/IBIK MOHAEPMEH CalbICTHIPABIK. EcenTenren MoHIep 3TaJOHIBIK MOHAEPre COHKeC KeJi.
by TecTTik yHKUMsIIap KYpIeilirine Kapai op TypJi, 6ipak yChIHBUIFaH ajropuTM OipAel yaksIT iliHae ap Typii
(bYHKIUIapABIH 1100l MUHUMYMBIH QHBIKTAHIbI.

AHBIKTayIIB! (DYHKIHS KapacThIPbLIATHIH (PYHKIMSFA )KOHE OHBIH aHbBIKTAy oOnbIchiHA OaiinmanbicThl. Erep exi
aiiHpIManbicel Gap ¢yHKuus OepinreH Oosca, OHIA aHBIKTAYHIbl (YHKIMS KOC HMHTErpaiibl OoJa/bl, OHBIH
WHTETpajinay aiiMarbl aHBIKTAay OOJIBICEIHA colikec kenemi. bepinren o0ipIc OOMBIHINIA eceli MHTETpaabl )KyBIKTAIl
€cerTey YIIiH TYpakThl mieKkapaiblK Kabarsl 6ap CoboneB KyOaTypaiblK GopMysIaigapbH Naijganany Kosaiiusl. bip
OINIIIeMII KBajpaTypajapipl ecenTeyneri Manbpi3abl KacuerrepiH CoOOJEBTIH KeIl eeMIal KyOaTypalibiK
hopmynanaperaia na cakraigaasl. Onap KEHICTIKTIH KeH KIacCTaphl YIIiH KOJIOHBIIAIbL.

Kybatypanbik (opmynanapapl ecenrtey KOMIBIOTep OarmapiaMaliapbl apKbUIbl JKy3ere achlpbliaisl. biz C++
barmapnamanay TimiH TaHmaaeik. Cebedi C++ Oarmapiamanay TUTIHIH KOJJIAHY asChl ©T€ KEH JKOHE Kypaewi
ecemnTepni icke acelpy MYMKIiHZITi Jkorapel. Ecemrey amroputmi C++ timiEme Microsoft Visual Studio
OariapIaMachbIHBIH KOMETIMEH iCKe aChIPBIIIBI.

Tyiiin ce3mep: Kem emeMIi OHTAWIAHIBIPY, TJI00AIBABI OHTAMIAHABIPY anroputMi, Co00JIeB KyOaTypabIK
tdopmynanapsl, e JIxonr GpyHKImsce], PozeHOpok ¢yHKImsCH, PacTpurud QyHKIHSICEL.

— 100 =——
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HUCCJIEJOBAHUE DOO®EKTUBHOCTH HOBOT'O AJITOPUTMA
C ONPEJEJSIIOILEN ®YHKIUMEN B IOUCKE
IJ10BAJILHOTO MUHUMYMA TJIAJIKON @ YHKIINHA

AHHOTanus. B mocnenHee BpeMsi akTyadbHOCTH 3a[ad ONTHMHU3AIUU PAcTET OUYCHb MHTEHCHBHO M YCIIEIIHO.
Kpyr 3agau onTuMu3anmy CymeCTBEHHO pacmmpuica. I1oTpeOHOCTh pemuTh ONTHMH3AIMOHHBIE 3a/ladd €CTh
MPAaKTHYECKH BO BceX Haykax. IIpemIoskeHbl MHOTO METOIOB HAXOKAEHWSA JOKAIFHOIO MHHHMYyMa (YHKIHH.
MeHbIle n3ydyeHa 3a7ada HAaXOXKICHUS TJI00aNbHOrO MHUHMMyMa OGYHKOMH. Y KaXIOr0 METoJa €cTh CBOHU
JIOCTOMHCTBA M HEAOCTATKH. 3aJjada CTAHOBHUTCS CIIOXKHEE, €CIIM HY>KHO HaWTH III00AIBHBI MHHUMYM Y (DYHKIIHH C
OOJIBIINM KOJIMYECTBOM JIOKAJTbHBIX MUHIMYMOB.

B naHHO# cTaTbe MpeNCTaBIeH HOBBIM aNTOPUTM ISl MIOMCKA III00AIFHOIO MUHMMYMa MHOT'O3KCTPEMAIbHbBIX
MIAAKAX (QYHKIUH ABYX IIEPEMEHHBIX. 31€Ch IETAIBHO PACIIMCAHBI BCE ATAIBI pabOTHl HOBOTO aJITOPUTMA.

[IpennoxeHHbI METO OTJIMYAEeTCs OT OPYIMX METOJOB TEM, YTO 3AeCh IMOMCK HAYMHAETCS CO 3HAYCHHUS, TO
€CTb ONpeesieM YPOBEHb TOUKH INT00aIbHOTO MUHMMYMA. J{7Isl BEIYHMCIIEHHS 3HAYCHUH M KOOPAMHAT TI100aIbHOTO
MHHAMYMa IIOCTpOE€Ha HOBas ompenensiomas QyHknus. C MOMOIIBI0 ompeaessomell (GyHKIUA Mbl HaXOIUM
KacaTeNlbHYIO IJIOCKOCTh K Tpaduky 3amaHHON (yHKIMHM B TOuke riiodanpHOro MuHMMyMa. Ilocie ompenenenus
3HAYEHMS TOYKHU III00AIEHOTO MUHUMYMa, BBIYHCIISTIOTCS KOOPAMHATEI TOYKH TTI00aIbHOT0 MUHIMYMa.

B cratee paccMoTpeHbl (DyHKIMH ONpeAelieHHbIE B KBajgpaTe, YTOObl HAMTH KOOPAMHATHI TI00AIBHOTO
MHHAMYMa, 00JacTh ONpPEICICHUs ACIUM Ha 4EThIpe paBHBIC KBaJpaThl. Jlambiie ompenenseM, B KaKOM M3 3THX
KBaJ[paToOB JISKUT HAICHHOE 3HAYEHHE ITI00aTbHOTO MUHMMYyMa. BBIOpaHHBIM KBagpaT AeNuM elie Ha YeThIpe
paBHbIe KBazpathl. M Tak mpomoipkaeTcss A0 HyKHOH HaM TOYHOCTH. OHM ONpPENeNsoTcsl ¢ MOMOIIBI0 BHIOU3ME-
HEHHOH ompeensiomend GyHKIuU. Y onpeaeisromeii GyHKIuN OyIeT MeHATHCS 00JIaCTh HHTETPUPOBAHUS, KaXKIBIi
pas3, KOoria Mbl pacCMaTpUBAacM «HOBBIH» KBa/Ipar.

Takoil anropuT™M 3HAYUTENBHO YMEHBIIAET KOJMYECTBO BBIUMCICHHH — 3TO 3HAYHUT, COKPAINACTCS BPEMs
BBIYHCIIEHU.

J71s1 OLIeHKH CKOPOCTH ¥ TOYHOCTH aJrOPUTMOB INIOOATBHOM ONTUMH3ALNH IIPHUMEHSIOTCS] TECTOBBIE (DYHKIIUH.
ITono6paHsl TpU pa3aMyYHBIE TECTOBBIE 33/1a4d. B kadecTBe MepBOro mpuMmepa NMpUBEICHA BBIMYKIas (YHKIWA, TAe
JIOKJIBHBII MHHUMYM COBIIAIa€T C TJI00aIBHBIM MHHHMyMOM. Bo BTOpoM mpuMepe pa3oOpaHa HEBBITyKIas
(yHKIUS, KOTOpast UMEET INIO0ANBHBIA MHHAMYM BHYTPH NMapaOOIMYECKOW CHIIBHO BBITSHYTOW IOBEPXHOCTH. B
TpeTheM MpuMepe pa3oOpaHa (GYHKIUS C OOJBIIMM KOJMYECTBOM JIOKAIBHBIX MHHHMYMOB. IIpoBeneHs
BBIYHMCIIUTENbHBIE AKCIIEPUMEHTHl C NaHHBIMH (pyHKIMSAMH. MBI HalUM 3HAYEHUS W KOOPAMHATHI TJIOOATBHBIX
MHHAMYMOB TE€CTOBBIX (PyHKIMII C MOMOIIBIO HOBOTO QJITOPUTMA M CPaBHIIM C ATAIOHHBIMH 3Ha4eHHsMU. Bce
BBIUHCIICHUS CIENAHbl C TOYHOCTBIO g <107°. BbIUMCIEHHbIE 3HAYEHUS W KOOPIAHMHATHI TOYEK TIOGATBHBIX
MHHAMYMOB COBHAJafOT C 3TAJOHHBIMU 3HAYCHUSIMH. OTH (YHKIHMH pasHbIC MO CIOXHOCTH, HO TPEIUIOKCHHBINA
ITOPUTM OIIPEAEIAET MIO0ATBHBIH MUHUMYM PA3JIMYHbBIX (QyHKINH 32 OJJMHAKOBOE KOJIMYECTBO BPEMEHH.

Omnpenenstomast (GyHKIHUS 3aBHCHUT OT paccMarpuBaeModl (YHKIMH M OT ee obiactu ompeneneHus. Ecmu
3agaHHas (QyHKOMS ABYX MEPEMEHHBIX, TO ompeaersomas (QyHKUUs OyIeT colep)kaTh IBOWHOH HHTETpal, Ine
00JIacTh MHTETPUPOBAHUS COBMANaeT C obOmacTeio ompeneneHus. st npuONMKEHHOTO BBIYMCIEHHS KPaTHBIX
WHTETPajoB 110 3aJaHHON 00JacTH IpeliaraeTcss UCIOJIb30BaTh KyOarypHble Gopmynbl CobosieBa ¢ peryispHbIM
MOTPaHUYHBIM clioeM. MHoroMmepHble KyOartypHbie (opmynsl CobonieBa COXpaHSIOT JAOCTOMHCTBA OJHOMEPHBIX
kBazparyp. OHM ONTHMAJIBHBI VIS ITUPOKOTO KJacca MPOCTPAHCTB.

Boruncnenust ky0aTypHbIX ()OpPMyYJT peann30BaHbl C IOMOIIBI0 KOMIBIOTEPHBIX IporpaMM. MblI BBIOpanu si3bIK
nporpammupoBanus C++ motomy, 9to 36K C++ IMeeT OYeHb IMUPOKOe MPIMEHEHHE U BO3MOKHOCTh PEan30BaTh
CIIOKHBIE 3a7jadd. ANTOPUTM BBIYHMCIICHHUS PeaTn30BaH ¢ MOMOIIBI0 TporpaMmMbl Microsoft Visual Studio Ha si3b1Ke
C++.

Ki1roueBble cjI0Ba: MHOTOMEpHAs ONITHMHU3ANNS, allTOPUTM TI00aNbHON ONTHMHU3aINH, KyOaTypHbIe (OPMYJIBI
Cobomnesa, pyukmus e xonra, yakmus Pozendpoka, pyrkius Pactpuruna.

— 101 ——



News of the National Academy of sciences of the Republic of Kazakhstan

Information about authors:

Ramazanov Marat Davidovich - Institute of Mathematics with Computing Centre, Ufa Federal Research Centre of the
Russian Academy of Science, Doctor of physical and mathematical sciences, Professor of Mathematics,
Ramazanovmd@yandex.ru, https://orcid.org/0000-0002-9374-5997,

Kaidassov Zhetkerbay - Aqtobe Regional Zhubanov State University, Candidate of Physical and Mathematical Sciences,
Associate Professor, jet-k@mail.ru, https://orcid.org/0000-0002-3746-6117;

Tutkusheva Zhailan Salavatovna — Agqtobe Regional Zhubanov State University, PhD Student, zhailan k@mail.ru,
https://orcid.org/0000-0003-3611-9620.

REFERENCES

[1] Kochegurova E.A. Optimization theory and methods, Tomsk: Tomsk Polytechnic University, (2011), 150. (in Russian)

[2] Yang X.-S., Deb S., Engineering optimization by cuckoo search. Int. J. Math. Modelling Num. Optimisation, (2010).
Vol. 1, Ne 4, 330-343.
[3] Panteleev A.V., Letova T.A., Optimization methods in examples and problems, M.: Higher school, (2005), 544.
(in Russian).

[4] CHernoruckij I.G. Optimization methods in management theory, SPb.: Peter, (2004), 256. (in Russian).

[5] Tutkusheva Zh.S. Determining the coordinates of the global minimum of an arbitrary smooth function // Modern
innovations: Journal. Moscow( 2019). No 4(32), 5-7. (in Russian).

[6] Sobolev S.L. Vaskevich V.L Cubature formula, Novosibirsk: Sobolev Institute of mathematics, (1996), 484.
(in Russian).

[7] Ramazanov M.D. New algorithm for asymptotically optimal lattice cubature formulas // Ufa mathematical journal,
(2009), 178. (in Russian).

[8] Ramazanov, M.D. Theory of lattice cubature formulas with a bounded boundary layer / Ufa mathematical journal,
(2010), Vol. 2, No 3. 63-82. (in Russian).

[9] Kul'tin. N. Visual C++ in tasks and examples. - 2nd ed. - Petersburg: BHV-Petersburg, (2015), 268. (in Russian).

[10] Sidorina T. L. "Tutorial Microsoft Visual Studio C++ and MFC" BHV-Petersburg, (2009), 848. (in Russian).

[11] Sergienko A.B. Test functions for global optimization. Krasnoyarsk, (2012), 112. (in Russian).

[12] Yuret D. De Jong’s test suite, (1997), http://www?2.denizyuret.com/pub/ aitr1 569/node19.html.

[13] Rosenbrock function. http://en.wikipedia.org/wiki/Rosenbrock function.

[14] Rosenbrock H.H., An automatic method for finding the greatest or least value of a function». - The Computer Journal 3,
(1960), 175-184.

[15] Rastrigin function. http://en.wikipedia.org/wiki/Rastrigin_function

— 102 ——



ISSN 1991-346X Series physico-mathematical. 4. 2020

NEWS
OF THENATIONAL ACADEMY OF SCIENCES OF THE REPUBLIC OF KAZAKHSTAN

PHYSICO-MATHEMATICAL SERIES
ISSN 1991-346X https://doi.org/10.32014/2020.2518-1726.71
Volume 4, Number 332 (2020), 103 — 113

UDC 517.929.4
MRNTI 27.29.17, 27.29.23

K.B. Bapaev!, G.K. Vassilina'?, S.S. Slamzhanova?

nstitute of Mathematics and Mathematical Modeling, Almaty, Kazakhstan;
2Almaty University of Energy and Communications, Almaty, Kazakhstan;
3Zhetysu State University named after 1. Zhansugurov, Taldykorgan, Kazakhstan.
E-mail: bapaev41@bk.ru, v_gulmira@mail.ru, beksultan.82e@mail.ru

ON COMPRESSIBILITY AREA OF UNSTABLE
DIFFERENCE-DYNAMIC SYSTEMS AND DETERMINATED CHAOS

Abstract. In this paper saddle-point bifurcation is studied. It is shown that as a result of bifurcation or collision
of stable and unstable points, they leave the area. In other words, they go into chaos, i.e. in a state of disorder. Here
the normalization method is used to identify the bifurcation point. Unstable in the sense of Lyapunov difference-
dynamic systems are considered.

In the first part of the paper, the transformation of linear systems in instability case is given. A linear system
with a diagonal matrix is considered. It is shown that in a neighborhood of zero this system is not reduced to a
special form with the help of non-degenerate transformations. It is proved that for non-degenerate transformations
the trajectories of a system of a special form from a neighborhood of the origin cannot be displayed in the trajectory
of solutions of a given linear system. Thus, the topology of the neighborhood of the zero point of a system of a
special form does not transform into the topology of a given system in a neighborhood of zero. The causes of the
contradiction obtained by applying this method are shown.

In the second part, analytic difference-dynamical systems and analytic homeomorphisms are considered. Also
compressive difference-dynamical systems are investigated. The concept of @-compressing difference-dynamical
systems is given. It is shown to which system the @ -compressing difference-dynamical systems are isomorphic.

Key Words: difference-dynamic system, bifurcation, stability, homeomorphism, chaos.

Introduction. The word "chaos" comes from the Greek. Initially, it meant an infinite space that
existed before the appearance of everything else. Later, the Romans interpreted chaos as the original raw
formless mass, into which the creator brought order and harmony. In the modern sense, chaos means a
state of disorder and an irregularity of physical processes, which is called hydrodynamic and plasma
turbulence.

The theory of turbulence, it would seem, should be completely based on classical macroscopic
equations: Navier-Stokes equations, equations of gas dynamics, etc. However, it is not yet possible to
derive the main characteristics of turbulent motion from macroscopic equations and we have to resort to
additional considerations.

Until recently, the Landau hypothesis reigned supreme in the theory of the appearance of turbulence
[1,2]. This theory he expressed in 1944. Similar considerations were put forward by Hopf [3] in 1948.

Landau's theory connects the emergence of turbulence with instability. This is certainly true, but how
Landau's theory does this will require substantial refinement. Landau's theory indicates only one of the
possible variants of the appearance of turbulence and, apparently, is far from the most important. The
modern theory of bifurcations offers many other ways [3-10].

These are new ways of randomization and stochatization of fluid motion, different from those
indicated by Landau.
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According to Landau, the occurrence of turbulence occurs as a result of a sequential series of stability
loss by the equilibrium state, by the periodic motion, by the bipolar motion and etc., as a result of which
the motion becomes multi-periodic:

V(t)= f(wt,wt,...,w,t),
here w,,w,,...,w, are the frequencies. The function f(4,4,,....4,) as a function of variables ¢,4,,...,4,

is periodic for each of them with the period 27 . Ruelle and Tuckens [10] drew attention to the fact that
the path indicated by Landau is not common, that the common possibility is the formation of a strange
attractor [7]. But how a strange attractor arises, they have not investigated.

Statements by Yu.l. Neymark [11] on turbulence is the result of his study of homoclinic structures
discovered by A. Poincare [12].

In the description of turbulence, against the background of chaos theory, one result stands out in a
special way. This is a period doubling cascade discovered by the Los Alamos physicist Mitchell
Feigenbaum [6,7].

One interesting aspect of the cascade of period doubling or fork-shaped bifurcation (Feigenbaum
scenario) is that when you notice it during an experiment, you will not confuse it with anything else. In
addition, it is known that chaos exists beyond the cascade. Therefore, the observation of the Feigenbaum
cascade in hydrodynamics is particularly convincing evidence that modes must yield to chaos.

In this paper, we study bifurcation of the “saddle point” type. And the result of a collision
(bifurcation) of stable and unstable fixed points is showed, as a result of which both disappear (leave the
region) i.e. this point go into chaos. The use of the normalization method to identify the bifurcation point
is used for the first time for difference-dynamic systems unstable in the sense of Lyapunov [13-15].

I Transformation of linear systems in instability case
Inability to make a special appearance. Consider the linear system
X, =Ax,, (xn =X, X eR’").

Without loss of generality, we can consider diagonal matrix A and restrict ourselves to the equation
for one component:

x,.,=Ax,,x, €R', |/1|>1. (1.1)

Using analytic mappings in a neighborhood of point x = 0 [4]

x:y+2aky25¢(y); y=x+2akxk Egp"l(x) (1.2)
k=2 k=2
we transform (1.1) to the following form
yn+1 :ﬂ’yn _ayj (13)

We calculate the coefficients «, of the inverse transformation @' (x):

2 3
yzzo;y"ak+a2£zo::y’“akj +a3(i:;y"akj +.o.=y+(a,+a,)y +
+(a3+2a2a2+a3)y3+(a4+3a2a3+a2(a22+2a3)+a4)y4+...;

a, =-a,; 0, =2a; —a,;a, =—a, —az(az2 +2a3)+3a2(a3 —2a22)m,...

From (1.3) we find (a2 Ea)

Vo =4y, —aA(A-1)y! +(a; A= 2" 2> +20°a> - Xy )y, + ..,
a,d—2a’ 2> +22°a> - Aa, = 0.
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Therefore if a, # 0 then (1.1) can be reduced to (1.3). If mappings (1.2) are non-degenerate in the
neighborhood of a point x = 0, then a unique trajectory {xn}of equation (1.1) corresponds to any

trajectory {yn } of equation (1.3) and vice versa.

Consider the trajectory {y,}(1.3), y, = 4
a

yi=v,A-ay,)=0,p, =0, k>1.

Then x, = ¢(y,)# 0, x, = Ap(y,) = @(,) = @(0) = 0. This is impossible.

Let {r,}e(1.3) be such that Mo S|y, | S uyn. Thenx, = ¢(y,)# 0,
X, = ﬂgo(yo ),...,xnﬂ = /1”(0(y0). i.e. x, — oo takes place for n—co.

Theorem 1. For non-degenerate transformations (2) trajectories {y,} e (1.3) from the neighborhood
y =0 cannot be displayed in the trajectory {xn } € (1) the neighborhood x =0.

Thus, the topology of the neighborhood of y =0 of the system (1.3) does not transform into the

topology of the system (1) in the neighborhood x =0.
The neighborhood y =0 of system (1.3) is very interesting:

0<A-ay, <1
|/1 —ay,|<l; = stability zones;
0<ay,-A<l1
A—-ay, >1
|/1 —ay,|>1; = instability zones.
ay,—A>1
t = /1;1 , 1, = %, t, = /1;1 are singular points of the system (1.3). As shown above, if the

. . . A A o
trajectory {y,} e(1.3) falls for some “n” at a neutral singular point ¢, = — i.e. #, ==, then this trajectory
a a

. A . o
goes to the point y, =0 :{yn =—, YV =0,k 2 1} . There are no such trajectories in system (1.1).
a

Let’s consider a more general case: let (1) be converted to

2p

yn+l :(ﬂ’_ayn 7 =2Z,- (14)

n

)yn;znﬂ :(ﬂ“—azn )2p Zn 5 Y

n

Let the transformation x = (D(Z) (1.2) transform the neighborhood z =0 into a neighborhood x =0

one-to-one.

Then in particular the trajectory {zn € (4)}; zZ, = i; z, =0,k>1 goes into the trajectory
a

X, = ¢(ij #0,x, = /1¢££j =¢(y,)=¢(0)=0. But it is impossible.
a a

Similarly with the trajectories , <z, < ,Vn we have x, =¢(z,)#0,x,,, =1"¢(z,),n>1. Since
A>1 itis followed x, — oo for n—>o0. And in this case, Theorem 1 holds.

Thus, system (1.1) in a neighborhood of a point x =0 cannot be reduced to the form (1.3) or (1.4)

using non-degenerate transformations (1.2).
So, the following contradiction has been obtained: on the one hand, formally (1.1) can be reduced to
(1.3) (in the general case, (1.4)) by transformation (1.2), on the other hand, according to statement (1.1),

this is impossible.
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The reasons for the contradiction. Since we are talking about the transformation of a neighborhood
of a point x =0 into a neighborhood ¥ =0 (in the general case z=0), it suffices to consider the

transformation
x=y+ay’ Egﬁ(y);yzzL N1+4ax —1)E¢’1(x); ax|£1, (1.5)
a
where from y = x —ax” +2a’x’ +a,a’x* +...= 97" (x).
Moreover, (1) is reduced to the form
= k-1
Ve =10+ 2, 7:@2) iy = 2= 22 -1y, (1.6)

k=3

For the map (1.6) to be contracting in a neighborhood y =0, it is necessary that for

Vo =10+ 27 @d) vy = 2= 20 - Dy,
k=3
inequalities
w:ay, >0, |y1|=ﬂ‘1—(/1—1)|ayn”<l (1.7)

take place.
<1 the terms in (1.6) should be small in comparison with {;/1 V, }

Moreover, by virtue of |y,
On the other hand, by virtue of (1.7), we have
a) 0<A-A(A-1)ay,|<1;

b) 0<A-A(A-1)|ay,|-2<1.

Hence we have

a) {ylyn}’
b) /1|ayn

2

4 " >1, T.e. (/1|ayn|)k >1,Vk>3.

But then in (1.6) |7k |(|/1ayn )k_l
comparable with the first term (;/1 V, ) .

takes place, i.e. all terms in expansion (1.6) are

Vo> 7l

Direct study of the mapping (5). Based on (5), system (1) is transformed to
1
Voo =2—(1/1+An —1), A, =4l[ayn +a2y,f]. (1.8)
a

Let us find out when the map (1.8) is contracting in a neighborhood ¥ =0, i.e. inequality

= gahiea, -l<r

holds. Let's consider all possible options:
(i) Ifay, >0 then A > 0. We will refine the estimate in (i):

240y, (1+|ayn )
1+ 1+A,
From this inequality we find

24(1+2) <y (1+41+4,), A, =44(z+2"), z=|ay,|. ()

, ¥, €0,Vn>>1 (1.9)

yn+l yn

,r<l.

Yn

n+l
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Take a = % —-1= 24~ 7 24 = i > 1, a > 1. Inequality (*) takes the form

Y Y Y Y
(a+24z)<1+4A(z+2), (@’ —1)+4dz(a—1)+44z" (A-1)<0.

22 24—y 24-4 _2

It is impossible for ¢ = ——1= =—>La>1,1ie.
/4 /4 /4 /4
_ 1 An 2
yn+1 _2|a|l+m<lqyn +|ayn)<7|yn7 7/<1

impossible since 4 >1.
. 1 . . o
(i) ay, <0, A,>0. Then ay,,, =E(1/1+|A”| —1)> 0,A, >0, which by virtue of (i) is

impossible.
(i) ay, <0, A, > 0(butcertainly 1+ A > 0). Then

o)
P11 21+ 1=a])

From the latter for y, # 0 we have

yn+1

yyl _lzj(lll\/ﬂ"n)qq, ie. All=|ay,|)< yn:1 el

Thus | )’n| 2q,= ( J >0, Vn>>1, which contradicts the compressibility of the map.

Theorem 2. The map (1.8) is not compressive in a neighborhood y =0.

II Analytic difference-dynamical systems and analytic homeomorphisms
Isomorphisms of difference-dynamical systems. Consider difference-dynamical systems on R'

Xpu =4z, +X(x,); X(x,)=D bx", 2.1)
e=b
Here the function X(x,) is analytic in a neighborhood of x=0. We apply to (2.1) the analytic
homeomorphism x = (o(y) of a neighborhood of a point y =0 [4]

x=p(y)=y+d(y) ®= Zaky" 22)
y=¢"(y)=x+¥lx )= ax*
k=2

Here CD(y) and ‘P(x) are respectively analytic in the neighborhoods of =0and of x=0. The
coefficients a, of expansion ‘P(x) are uniquely determined through @, of ®(y).
In the new variables, system (1) takes the form

Vo =, + (0 ()= B y* (2.3)

Here Z(J’) is analytic in a neighborhood of ¥ = Oand its coefficients /3, are uniquely determined in
terms b, of (1) and a, of (2).

Systems (2.1) and (2.3) are called isomorphic with respect to the analytic homeomorphism (2.2) or
simply isomorphic.
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@ - compressive difference-dynamical systems. System (2.1) is called @-compressive if there exists
asst wc M : |x| < & on which (1) is a compressive manifold

|xn+1|S7/ , O<y<l; x,em, Vn>>I. (2.4)

x}’l
Obviously, for |/1| <1 (stable case) system (2.1) is compressive in a neighborhood M :|x| <g,le.
a)=M={x|x|<€}.

Let 's highlight the next non-trivial class of unstable difference-dynamical systems (|ﬂ,| >1)

n?

X, :(ﬂ—ax,‘f )xn +X(xn ); X:xZ”Zbkxk g=1. (2.5)
k=0
In the neighborhood M : |x| < & we introduce the set

a)={x/‘/1—axq‘<1, x|<5}. (2.6)

Obviously, in the unstable case (|/1| >1), the set @does not contain a point x =0, and system (5) is
@-compressive if ®# @.

Let for definiteness A > 0, then ‘Z - axq‘ <l1:

a) 0<A—ax? <1

B) 0<ax?-A<1.
1

1 1 1
Let'sput p = i ' , P= E ' , D= M q. If the condition
a a a

1
p= (qu <& 2.7
[
is satisfied then
1 1
w=w= x/0<p:[ﬂ]q S|x|£pz[i}q z;<g , here w=¢.
~ (L ld g
If the stronger condition
1
- (z - qu
p=|——| <¢ (2.8)
g

is satisfied then @ = QUE, ®= {x/p < |x| < ; < 6‘}¢ 0.

Thus, when one of the conditions (2.7) or (2.8) is fulfilled, the difference-dynamical system (5) is @-
compressive.

In part I it is proved that (5) is not an isomorphic to the linear system (1) in (X (x) = 0).

Theorem 3. If the difference-dynamical system (2.5) is @-compressive, then it is isomorphic to the
system

Vo = (A =ay? )y, Vp>1. (2.9)

Consider the general case of system (1) for x, € R",m>1.

The proof is carried out in two stages. I. We prove first that (2.5) can be reduced to (2.9). For any
fixed ¢ (in this case b = a) we apply sequentially the transformations
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x=y+ryT=0p(y), i22 (2.10)
We start for i = 2 and calculate the inverse transformation

v=d (¥)=x+ Yt = (v ) (v ) +os
k=0

g+1 q+2

+(7/2 +aq+2)y +oen

From here we finde, =0,k =2,¢g+1; Ay ==V, Substituting the transformations ¢, (y) and

(o;l(x) to (5), we get

2
=y+ta,y Fota,,y

o
_ koo_ q+2 3
yn+l - xn+l + Z Clk‘xn-ﬁ—l - //an - a‘xn + X* (‘xn ) -

k=0

—¥, (ﬂxn _ax;]H +X(X,, ))‘”2 = Ax, — q+1 (b ﬂquyz) q+2 _I_an+3X* (xn),

here X Zﬂ X*(xn):iﬂk*xr]:'
k=0

So
Vo =20+ 7200 ) = a3, + 7o) (0,27 ) (v, )
Y (3,) = A3, =™ + (b, + 72 (A= A72)) 7 + 7Y (3,).

Assuming y, = —(/1 S sak )_1 b, we get to the difference-dynamical system (2.5):

yn+1=(ﬁ—ay3)yn+yn”Y(yn Y= Zﬂkyn-

Applying the transformation (10) y=z+y,z7° =¢,(z) for i=3 to the last difference-dynamical
system, we obtain

=(A-azt ), +202(z,)

and i.e. As usual, using Newton's method the convergence of this infinite process of "destroying"
decomposition members in (2.5) is proved. Note that Y (yn) do not enter the growing degrees of the

"large" parameter |a| >> 1.

We show that the system

(ﬂ, ax| )x ¢¢ = {x‘l ax? <5} (2.11)
reduced to the following system
Vo = A=ty )y, + 1Y (0, ) 0ly)= ¢ (2.12)
using conversion
x=y+ry " =o(y)
Note that for existence (o_l(x) the neighborhood of a point y =0 must be so small as to
7y < lu.

Consider the inverse transformation y:x+2akxk =¢p”! (x) As before, we make sure that
k=2

a, =0, k:ﬁ. Then
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¢ (x)=y=x+ax" P x T = (y+}/1y"+1 +7/2y‘”2)+

+a, (¢)q+1 +a, ((,/ﬁ)q+2 +a, ((,/5)"+3 o=y +a)y (e, y T+

g+1

+a,x

q+2

Hence o, =—y,, k=12 and by thaty = x+ y,x +...= (o_l(x). Substituting (o(y)

and @' (x) to (2.11) we obtain

+Y,X

Voo =(A=axd)x, =y (A-and) 5 =g (A-axd )
=Ax, —(a +y, A7 )x;’+1 — Ay X =
+ + + +1 + +2
=2y, + 0" + 7,00 ) = (a+ 7,47 ) (8(0,) = 7A (B(2,)) +.=

=y, +((/I—X"”))/1 —a)y;’+1 ++(/1—X‘”2)]/2y3+2 +...

Assuming y, = (2, R S )71aand (/I — Q0 );/2 = —b we obtain (2.12) with arbitrary b (together
y| <0 }

Note that, due to the @-compressibility of the considered difference-dynamical systems (conditions
(2.7), (2.8)), we have |7/1| >>1. Similarly, the @-compressibility conditions (2.12) lead to the relation

<1,

with arbitrary y, ), which allows us to obtain a)(y) @, = {y”ﬂ — by

7, >>1.

Therefore, when proving the convergence of decompositions, it is necessary to distinguish the

growing degrees of values p = ‘/1 —ax,!|<lu pu= ‘/1 - aynq+1 < 1. The theorem is proved.

Remark. Polynomial difference-dynamical systems
X, =pz_iakxf+x,f)(p(xn), (2.13)
k=1
can be considered. Here continuous function X, (x) is uniformly bounded
X, () <M, |x<e
in the neighborhood of the point x =0.

System (2.13) turns into analytic if X, (x) is analytic function in the neighborhood of the point

x=0, ie. the series X, (x) = ibkxk converges for |x| <g.
k=0

Similarly, one can consider polynomial homeomorphisms x = go(y)of a neighborhood y = 0 into the
neighborhood of x =0:

p-1 p-1
x=y+ > 7 +®,0)=00y) y=x+>ax +7,x)=0"(x),
k=2 k=1

here @ ( y) and y, (x) are continuous functions, i.e. they are uniformly bounded functions
respectively in the neighborhoods of y =0 and of x =0.
Moreover, the need for proving the convergence of the series in the neighborhood of the points y =0

and x = 0 disappears.
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TYPAKTBI EMEC AWBIPBIM/IBI-THMHAMMKAJIBIK )KYAEJEP/IIH,
CBIFBIMJIAJTY AUMAFBI TYPAJIBI JKOHE JETEPMUHHUCTIK XAOC

AnHoOTanus. Xaoc TeOpusCHl Oenriyi Oip karmaiimapaa xaoc (IMHAMHKAIBIK Xaoc, TETCPMUHHCTIK XaocC) ATl
aTamaThlH KYOBUTBICKA YINBIPANUTHIH KeHOIp CHI3BIKTHI eMeC MUHAMUKAJIBIK JKYHelIepHiH OpEeKeTiH CHUIAaTTaNTHIH
Teopusi. MyHmail JKyHeHiH e3repici Ke3JeicoK OOINBIT KepiHenmi, TIiMTi erep >KYHEHI CHIIATTAWTHIH MOJEINb
JETEPMHIHHUCTIK OoJica fa.

Kazipri marbiHama, xaoc NereHiMi3 - THAPOIMHAMHUKANIBIK XOHE IDIa3MaNlbIK TYpPOYMEHTTLTIK Jem aTajaThlH
(hPM3HKATBIK IPOIECTEPIiH TYPAKCHI3IBIFHL.

TypOyIeHTTITIK TEOPHUSCH TONBIFBIMEH KIACCHKAIBIK MaKPOCKOMMSIIBIK TEHACYJIepre Herizaenyi kepek: HaBbe-
Crokc TeHzeynepi, ra3 IWHAMHKACH XOHE T.0., NEreHMEH TypOyIeHTTI KO3FaJbICTBIH HETI3Ti CHIaTTaMallapbiH
MaKpOCKOTIHSIIBIK TeHICYIIEPACH ally dJIi MyMKiH eéMec, COHABIKTaH KOCBIMIIIAa OMJIapFa )KYTiHyTe Typa KeJei.

Conrsl ke3re neitin Jlammay rumore3acsl TypOYJCHTTUTIKTIH Taima OOy TeopHWsACHIHAa OacThl OpBIHFA He
Oonnel. Jlanmay Teopusichl TypOYNEHTTUTIKTIH maiima OONYBIH TYpPaKCHI3ABIKICH OailmaHBICTBIpansl. bynm opuHe
IYpBIC, Oipak OHBI Xacay ofici alTapibIKTail >keTinmipyni tamam ereni. JKana ke3kapactap TypreichiHaH JlaHmay
TEOPHSACHI TONBIK eMec. byt TypOyIeHTTUTIKTIH maiiga O0MyBIHBIH MYMKIH OOJIaTBIH HYCKANAPBIHBIH TEK OipeyiH FaHa
KepceTeli JKoHe, MYMKiH, eH MaHBI3IBICHIHAH ajibic. Kazipri Oudypkamus Teopusce JlaHmnay TeopwschiHaH Oacka
CYHMBIKTBIKTBIH KO3FaJIBICBIH PAHIOMH3ALHS JKOHE CTOXATHU3aLMSIAY JKOJIBIHAH 0AaCKa KONTEreH KO ap bl YChIHAIBI.

JlanmaynelH  alTybl OOHBIHINIA TYpOYJNCHTTUIIKTIH mmaiga Oodysl Teme-TeHAIK KYHIIH TYpPaKTBUIBIKTHI
JKOFAIITYIBIH JOHEKTI Ti30eri, maiima OoIFaH MEpHUOATH KO3FaNbIC, Maina OOFaH OUIONSPIBIK KO3FAJIBIC JKOHE T.0.
HOTIDKECIHIE TMaiiaa 00Iabl, HOTHKECIHIE KO3FAIBIC KOIl IIEPHOATHI OOJa IbI.

Proans men Takenc JlaHmay KepCeTKEH KOJIIBIH Tap eMec eKEHAIriHe, OpTaK MYMKIHIIILIIIK - OeHTaHbIC TapTyIbI
KaJIBINTACTBIPY eKeHAIriHe Ha3ap ayxapabl. bipak TaHFa)ailbIll Tap Tyl Kajlail naiaa 601aibl, oJlap 3epTTEIMETeH.

I0.U. HetimapkriH TypOyneHTTIK Typaisl Mamimaemeci - A. [lyaHkape amkaH TOMOKIMHHUKAIBIK KYPBUIBIM-
JApIIBI 3€PTTEYIIH HOTHKECH.

Jloc-Anamocteiy ¢usuri Mutaen ®elireHOayM amKaH XaoC TEOPHSCHIHBIH (DOHBIHOAFHI TYpOYICHTTLTIKTIH
epeKIle 9CeMAITIMEH XOHEe MaHBI3IBUIBIFEIMEH epeKIIeTICHETIHI Oip HOTmKeneH kepiHenmi. Exi ecermeHreH Hemece
IIAHBIIIKEl TOpi3Ai OmdypKamws Ke3eHIHIH KacKaIbIHBIH Oip KBI3BIKTBHI AacCIeKTiCi - OHBI ToXipuOe Ke3iHae
OaifKacaHBI3, Ci3 OHBI 0acKa eImTeHeMeH MaTacTbipMaiichi3. COHBIMEH KaTap, XaOCTHIH KACKaATaH THIC OOJATHIHBI
Oenrimi. Jlemek, DeiireHOayM KacKaIblHBIH THIPOAMHAMEKANA OalKalybl PeXUMICPIIH XaoCKa TYCETIHAITiHIH
HaKTBI J2J1ei1l OOJIBIN TaOBLUIAIbI.

Byn sxympicTa 0i3 epekmie HYKTe Ou(ypKamusachlH 3epTTeiiMi3. TypakTel JKOHE TYpPaKChI3 HYKTEIEpHiH
Ondypkalms HeMece COKTBIFBICYBI HOTH)KECIH/E OJap allMaKTaH IUBIFAaThIHBI KepceTireH. backama aidTkanna, onap
XaocKa Tycemi, sSFHM KapOaiac skarmaiipiHa. MyHna Omdypkanus HYKTECiH aHBIKTAy YIIIH KaJbIKa KeNTipy omici
KOJIIaHbUIaABL. JISITyHOB MarbIHACBIHIA TYPAKChI3 albIPBIMABI-THHAMUKAIIBIK JKYHenep KapacThIpbUIFaH.

JKympicTeiH OipiHIm OemiMiHIE CBI3BIKTBIK JKYHENepOiH TYpPaKCHI3ABIFEl KaFIalbIHOA ONApIBIH TYPJICHYI
KenTipinred. JlparoHanpIel MaTpULACHL Oap CHI3BIKTHIK JKyie KapacTelpburraH. HemnmiH alHamaceiHma Oyn xKylie
apHafBl Typre a3alTBUIMANTHIH TYPJICHAIPYICPAIH KOMETIMEH TOMECHICTIIMEHTIHAIrT KopceTinred. Heporenai emec
TYpACHOIpynep YIIiH Oenrimi Oip CBIBBIKTHIK JKYHE MICHIMIIEpiHiH TpPaeKTOPHACHIHIA TEKTIK ayJaHIapIbIH
TPACKTOPUSUIAPBl KOpCeTiMMeHTiHAiri monenaenred. Ochlnaifma, apHalbl GopMa >KYHeciHIeri HeNIiK HYKTEHIH
alfMarelHBIH TOIIOJIOTHSCHL OepiireH >KYWeHIH HOJNMIK aiMarblHIa TOIOJOTHACHHA aiHanMaiabl. Ochl omicTi
KOJIJaHy apKbUTBI aIbIHFaH KAWIIBUTBIKTHIH ce0enTepi KOpCeTIITeH.

Exinmi OemiMae aHANIWTHKAIBIK alBIPHIMABI-TUHAMUKAIBIK JKyHelep MEH aHaIUTHUKAIBIK roMeoMopdusMaep
KapacTelppuiraH. COHBIMEH KOca ailbIpbIMIBI-IMHAMHKANBIK (@ — CHIFBIMAAIFaH JKyienep Ie 3epTITeNireH. @ —
CBHIFBIMJIANIFAH  alBIPBIM/bI-IMHAMUKAIBIK JKYHenaep Typambl TYCIHIK OepiIreH. @ — CBHIFBIMAANFaH aWbIpbIMJBI-
JTUHAMUKAJIBIK KYHelep KaHaal sxyienepre n30Mop(Thl OOJIBIT TaOBUIATHIHBI KOPCETIITEH.

Tyiiin ce3nep: TMHAMUKAJIBIK-aHBIPBIMIBIK XKYHe, Ou(pypKaus, OPHBIKTBUIBIK, TOMEOMOP(H3M, Xaoc.
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OB OBJIACTH C)KUMAEMOCTH HEYCTOMYUBBIX
PA3HOCTHO-JIMHAMMYECKHUX CUCTEM U JETEPMUHHUPOBAHHBIN XAOC

AnHoTanus. Teopust xaoca ecTb T€OpHs, KOTOpas ONKCHIBAET MOBEJCHHUE HEKOTOPBIX HEIMHEWHBIX THUHAMH-
YECKHUX CHCTEM, MOJIBEPKEHHBIX MPH ONPEACIEHHBIX YCIOBHUAX SIBICHNIO, HA3bIBAEMOMY Xa0C (AMHAMUYECKHH Xaoc,
JIETePMUHHAPOBAHHEIN xaoc). [ToBenerne Takol CHCTEMBI Ka)XKETCsl CIIyJalHBIM, Ja)Xe €CIIM MOJEIb, ONFCHIBAIOIIAS
CHCTEMY, SIBIISETCS AETCPMUHIPOBAHHOM.

B coBpeMEHHOM NOHHUMaHMM XaoC O3HAYaeT COCTOSHHE OEcropsiika W HEpPeTyJSIPHOCTb (PU3NYECKUX
MPOLIECCOB, KOTOPOE HA3bIBAETCSl THAPOIMHAMUYECKON U TIa3MEHHON TypOyJIeHTHOCTBIO. Teopust TypOyJIeHTHOCTH,
Kazajuoch Obl, IOJDKHA MOJHOCTHIO OCHOBBIBATHCS Ha KJIACCHYECKUX MAaKPOCKOIMYECKUX YPaBHEHHSIX: YPaBHEHUSIX
Hasbe-CTokca, ra3oJJMHaMHKH M JIp., OJHAKO BBIBECTH OCHOBHBIE XapAaKTEPUCTUKU TYPOYJECHTHOIO JBW)KEHHS M3
MaKpOCKOIIMYECKUX YPaBHEHHUH [TOKa He MPEACTABISETCS. BO3MOXKHBIM M IPUXOUTCS TPUOETaTh K TOMOIHUTEIbHBIM
cooOpaxenus. Jlo mocieaHero BpeMeH! B TEOPUH BO3HUKHOBEHHS TypOyJIeHTHOCTH Oe3pa3ziebHO roCHOoACTBOBANIA
runoresa Jlannay.

Teopust Jlangay cBsI3pIBacT BOSHHKHOBEHHE TYPOYJIEHTHOCTH C HEYCTOHYUBOCTHIO. JTO, O€3yCIOBHO BEPHO, HO
TO, KaK OHa 3TO JIeJIaeT, HOTpeOyeT CyIIeCTBEHHbIX yTouHeHNUH. C TOUKM 3peHns] HOBBIX BO33peHMH Teopus Jlannay
He monHa. OHa yKa3bIBaeT JIMIIb Ha OJWH M3 BO3MOXHBIX BapHAHTOB BO3ZHHKHOBEHUS TYypOYJIEHTHOCTH H, IIO-
BUIMMOMY, JajieKo He camblii BakHbIi. CoBpemeHHas Teopusi Oudypkauuii npeajaraet MHOTO JPYTHX MYTeH,
OTJIIMYHBIX OT Teopuu JlaHnay, MyTH Xa0THU3aIMK ¥ CTOXATH3ALUK JBIKEHUS kuakocty. [1o Jlannay BO3HUKHOBEHHE
TypOyJIEHTHOCTH MPOHMCXOAUT B pE3yJIbTaTe IOCIEN0BATEILHON CEepUU IOTEPU YCTOWYMBOCTH COCTOSIHUEM
PpaBHOBECHU, BOSHUKIIUM NEPHUOJUICCKHUM ABUKCHUEM, MTOABUBIIUMCA ABOAKO NEPHUOJANYCCKUM IBUKCHUCM U T./., B
peE3yJIbTAaTE Y€TO0 ABMKCHUC CTAHOBUTCA MHOT'OIIEPHUOJANICCKUM.

Proane u TakeHc oOparuny BHUMaHWE Ha TO, 4YTO IyTh, yKa3zaHHbIH Jlanpmay, He oOmmi, 4ro oOmas
BO3MOXKHOCTh — 3TO 00Opa3oBaHME CTPaHHOTO aTTpakropa. Ho Kak BO3HMKaeT CTpaHHBI aTTpakTop, OHH HE
HCCIIE0BAIH.

BrickazpiBanus HO.M. Heiimapka o TypOyJNEHTHOCTH — pe3yJibTaT HCCICIOBAHUS WM TOMOKIMHHYECKUX
CTPYKTYp, OTKpHITHIX eme A. [Iyankape. Onmcanme TypOyIeHTHOCTH Ha (OHE TEOpHH Xaoca, Omaromapsi cBoeit
0c000# KpacoTe M 3HaYMMOCTH, OCOOCHHBIM 0Opa3oM BBIACISIETCS OIOWH PE3YJbTAaT - KacKaja YABOCHHUS MEPHOAA,
oTKpbITHIH Jloc-Anamocckum puzukom Mutueruiom Deiirenbaymom.

OauH MHTEpEeCHBIH AaCleKT Kackala Y/JBOSHMs Mepuoja wid BuiooOpasnoit Oudypkanun (Cuenapuii
QeiireHbayma) COCTOUT B TOM, YTO KOTJA BBl 3aMETUTE €T0 B XOJI€ 3KCIIEPUMEHTA, TO HE CITyTAaeTe HU C YEM JAPYTHM.
Kpome Toro, nzsectHo, 4To 3a KackaJoM cyuiecTByer xaoc. CienoBartenbHo, HabmtoneHne kackana delirendayma B
TUAPOAVHAMUKE SABJISACTCA OCO6CHHO y6eZlI/ITeJ'II)HbIM JA0Ka3aTeJIbCTBOM TOT'O, YTO MOABI JOJIKHBI YCTYIIATh XaocCy.

B nanHO# pabore wuccnemyercs Oudypkauusi Tuma ceuioBod Touku. IlokaspiBaeTcs, YTo B pe3yibTare
OudypKranmy WIn CTOJIKHOBEHHS YCTOMYMBOI M HEyCTOWYHMBOW TOYEK, OHHM YXOIAT U3 obnactu. Jpyrumu cioBamu,
OHHU TEPEXOAT B Xaoc, T.€. B COCTOSIHHE Oecropsiaka. 3/1ech MPUMEHSETCS METOJ HOPMAaW3alMy ISl BBISIBICHUS
Touky Oudypkammu. PaccMaTpuBaroTCs pa3HOCTHO-JUHAMHYIECKHE CHCTEMBI HEYCTOHUIMBEIE B CMBICiE JIAmyHOBa.

B mepBoii Wactm paboTHl maercs mpeoOpa3oBaHWE JIHHEHHBIX CHCTEM B CIlydae WX HEYCTONYHUBOCTH.
PaccmarpuBaercs nuHelHas cuctemMa ¢ AMaroHajibHOM Marpulei. [loka3zpiBaeTcs, YTO B OKPECTHOCTU HYJISl IaHHAs
CHCTEMa He IIPUBOJUTCS C OMOIIBIO HEBBIPOXKICHHBIX IPE00Pa30BaHM K CIIEUaIbHOMY BHIY. [loKa3pIBacTCs, YTO
JUIL HEBBIPOXKIECHHBIX IPEOOpa30BaHMI TPAaeKTOPUU CHUCTEMbI CHELMAIbHOTO BHAA W3 OKPECTHOCTH Hadaia
KOOpJMHAT HE MOTYT OTOOpa)kaThCsl B TPACKTOPUM PEUICHHH 3a/JlaHHOH JMHEHHOW cucTeMbl. Takum o0pazoM,
TOTIOJIOTHSL OKPECTHOCTH HYJIEBOM TOYKH CHUCTEMbI CIIEIHAJIBHOTO BUAA HE MpeodpasyeTcs B TOMOJOTHIO 3aJaHHON
CUCTEMBI B OKPCCTHOCTHU HYIJIA. IToka3spiBaroTcst MPUYHHBI ITPOTUBOPCUUS, MMOJYyHaCMOro Npmu NpuMEHCHUU JaHHOT'O
MeToa.

Bo BTOpOif uacTH paccMaTpUBAIOTCS AaHATUTUYECKHE Pa3HOCTHO-IMHAMHYECKHE CHUCTEMBl U aHAUTHYECKUE
romeomMopdusmbl. Takxke nccIeqyIOTCS @ — COKUMAIOLINE PA3HOCTHO-AMHAMUYECKHE CUCTEMBI. JlaeTcs moHATHE @ —
C)KUMAIOIIUX PA3HOCTHO-JMHAMHYECKNX CHCTEM. [loKas3pIBaeTcsi KakoW cHCTeMe H30MOPGHBI @ — CHKUMAIOIINE
Pa3HOCTHO-ANHAMHYECKHE CUCTEMBI.

Ki1roueBble cj10Ba: pa3HOCTHO-ANHAMUYECKas cHcTeMa, OndypKalys, ycTOHIMBOCTh, TOMEOMOP(H3M, Xaoc.

—— 112 =——



ISSN 1991-346X Series physico-mathematical. 4. 2020

Information about authors.

Bapaev K.B., Doctor of Physics and Mathematics, Senior Researcher, Institute of Mathematics and Mathematical Modeling,
Almaty, Kazakhstan, bapaev41@bk.ru, https://orcid.org/0000-0002-7931-6985;

Vassilina G.K., PhD, Senior Researcher, Institute of Mathematics and Mathematical Modeling, Senior Lecturer, Almaty
University of Energy and Communications, Almaty, Kazakhstan, v_gulmira@mail.ru, https://orcid.org/0000-0003-2504-9620;

Slamzhanova S.S., candidate of Physics and Mathematics, associate professor, Zhetysu State University named after I.
Zhansugurov, Taldykorgan, Kazakhstan, beksultan.82e@mail.ru, https://orcid.org/0000-0002-7059-0785

REFERENCES

[1] Landau L. D. On the problem of turbulence // Reports of the USSR Academy of Sciences. 1944. Vol. 44, No. 8.
P. 339-342.

[2] Landau L. D., Livshits E. M. Hydrodynamics. Moscow, 1988.

[3] Hopf E. A mathematical example displaying features of turbulence / Comm. Pure Appl. Math. 1948. Vol. 1. P. 303-322.

[4] Arnol'd V.I. Small denominators and problems of stability of motion in classical and celestial mechanics / Russian
Mathematical Surveys. 1963. 18(6):85. http://dx.doi.org/10.1070/RM1963v018n06ABEH001143.

[5] Amold V.I., Avets A. Ergodic problems of classical mechanics. Izhevsk, 1999. 160 pp.
[6] Feigenbaum M. Quantitative universality for a class of non-linear transformations // J. Statist. Phys. 1978. 19, 25-52.
[7] Feigenbaum M. The universal metric properties of nonlinear transformations // J. Stat. Phys. 1979. 21, 669.
[8] Lorenz E.N. On the prevalence of aperiodicity in simple systems. In: Grmela M., Marsden J.E. (eds) Global Analysis //
Lecture Notes in Mathematics, 1979. Vol. 755.

[9] Manneville P., Pomeau Y. Different ways to turbulence in dissipative dynamical systems // Physica D. 1980. Vol. 1,
No. 2. P.219-226.

[10] Ruelle D., Takens F. On the nature of turbulence // Commun Math Phys. 1971. 20, 167-192.

[11] Neymark Yu.l. The structure of the motions of a dynamical system in the vicinity of a homoclinic curve // Proceedings
of the 5th Summer Mathematical School. Kiev, 1968. P. 400-435.

[12] Poincare A. Selected Works. Vol. II. Moscow, 1972.

[13] Bopaev K.B. Normalization of systems of nonlinear difference equations. KazSU, NSU. Almaty-Novosibirsk, 1995.
61 p.

[14] Bapaev K.B., Slamzhanova S.S. On stability and bifurcation of resonant difference-dynamic system // News of the
national academy of sciences of the republic of Kazakhstan. Series physico-mathematical. 2015. Ne 4. P. 250-255.

[15] Bapaev K.B., Vassilina G.K. On Lagrange stability and Poisson stability of the differential-dynamic systems // News of
the national academy of sciences of the republic of Kazakhstan. Series physico-mathematical. 2019. Vol. 5, Ne 327. P. 120-125.
https://doi.org/10.32014/2019.2518-1726.66

—— 13—



News of the National Academy of sciences of the Republic of Kazakhstan

NEWS
OF THENATIONAL ACADEMY OF SCIENCES OF THE REPUBLIC OF KAZAKHSTAN

PHYSICO-MATHEMATICAL SERIES
ISSN 1991-346X https://doi.org/10.32014/2020.2518-1726.72
Volume 4, Number 332 (2020), 114 — 118

VJIK 550.383
B.T. Zhumabayev!, L.V. Vassilyev?, 1.D.Kozin?, I.N.Fedulina?

!Institute of Ionosphere, National Center for Space Research and Technology, Almaty, Kazakhstan;
2 JSC Special Design and Technology Bureau “Granite”, Almaty, Kazakhstan.
E-mail: beibit.zhu@mail.ru, iv@granit.kz

THE INFLUENCE OF WATER ON THE FORMATION
OF EARTHQUAKE SOURCE

Abstract. A hypothesis is proposed to explain the relationship between the number of earthquakes and
geographical latitude. Analysis of ultra-deep well drilling results showed that the boundaries of seismic wave
reflection that were taken beyond the boundary between the granite and basalt layers were actually related to the rock
decompression zone due to increased porosity and microcracking in the main granite layer. These cracks allow water
to penetrate the rocks while being compressed and heated at the same time. Calculations show that at a depth of
30 km the temperature should be 460 degrees, and at 42 kilometers (at the base of the Earth 's crust) - already
580 degrees. The pressure at these depths is 3000 and 4200 atmospheres, respectively. When the temperature reaches
374.3 degrees Celsius and 221 atmospheres, the water changes to a supercritical state. In this state, water has special
properties, in particular, increased solubility of various substances and high oxidative capacity. It mixes freely with
oxygen, hydrogen, and hydrocarbons. Even with a small change in pressure and temperature, complete dissolution
or, conversely, precipitation of oxides and salts can occur. The pressure required to achieve the supercritical state is
already reached at a depth of 2.2 kilometers. The required temperature is reached at depths of 20-25 kilometers.
However, in areas of magmatic hearths, this temperature can be reached at significantly lesser depths. The
dissolution of rocks can lead to the formation of cavities like karst, the collapse of the arches of which leads to the
collapse of large arrays of rocks with the formation of new cavities over the filled-in cavity, leading to the formation
of sub-vertical clusters of earthquake hypocenters, called seismic "nails". At the same time, a Coriolis force
proportional to the cosine of latitude must act on the water moving underground. The distribution of the centers of
strong earthquakes shows a more sharp decrease in their latitude, proportional to the third degree of the cosine of
latitude. These calculations show that the number of earthquakes correlates fairly well with the cubic root of latitude.
An additional factor, which also depends on latitude, may be the increase in rock treadiness, which increases towards
the equator in proportion to the square of latitude, reducing rock resistance to fluid movement and resulting in an
increase in the speed of movement of the rocks.

Keywords: earthquake, seismic sources, fluids.

In 1927, as a result of the analysis of the locations of the epicenters of 1551 major earthquakes from
1903 to 1920, Moran established a relationship between the number of earthquakes and geographical
latitude, these data were subsequently summarized by Polycarpov [1]. However, to date, there are no
sufficiently convincing hypotheses explaining the nature of this relationship. Statistical analysis of a wider
range of observational data (205311) from 1973 to 2014, added to the NEIC global seismological
catalogue for earthquakes with magnitude greater than 4.5, showed a structural correspondence between
the geographical location of seismically active zones and the geometry of the main geomagnetic field [2].
The reason for this dependency was not identified. The emergence in 2014 of work [3], which justified the
connection of the main geomagnetic field of the Earth with the rotation of polarized silicon dioxide
molecules, which form the basis of the Earth 's crust and mantle substance, allowed to put forward a
hypothesis on the influence of water on the formation of earthquake sources.

The inner structure of Earth has now been studied very little. Analysis of the results of drilling of
ultra-deep wells [4] showed that no ultra-deep well confirmed the geological cut that was expected before
drilling began. And that the boundary of seismic wave reflection that was taken beyond the boundary
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between the granite and basalt layers is actually related to the rock decompression zone. Decompression
has been associated with increased porosity and microcracking in the base granite layer. These cracks
allow water to penetrate the rocks.

Starting from depths of about 6-7 kilometers the strength of rocks is violated very much and it is not
possible to keep the vertical of wells in practice. The deepest well in the world Kola (12261 meters)
deviated from the vertical by 840 meters. The KTB-Oberpfalz well (Bavaria, Germany) remained the most
vertical in the world to a depth of 7500 m, but then deviated 300 meters, reaching a depth of 9901 m. Due
to high temperatures and high pressure, drill strings were repeatedly destroyed. At a depth of 12 km, the
Kola well recorded a temperature of 212 degrees Celsius. Calculations show that at a depth of 30 km the
temperature should be 460 degrees, and at 42 kilometers (at the base of the Earth 's crust) - already
580 degrees. The pressure at these depths is 1200, 3000 and 4200 atmospheres, respectively.

At depths of more than 4.5 km, even plastic clays are transformed into brittle argyllites prone to
cracking and permeable to liquids and gases. Crack systems form subvertical fluid migration channels [5].

Thus, water penetrating through the fractured channels into the Earth 's interior under the influence of
gravity is heated. It can be seen from the water phase diagram (Fig.1) that when the temperature of the
647.3 OK and the pressure of 22.1 MPa (374.3 degrees Celsius, 221 atmosphere) are reached, the water
must become supercritical. In this state, water has special properties, in particular, increased solubility of
various substances and high oxidative capacity.
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Figure 1

The pressure required to achieve the state of supercriticality is already reached at a depth of
2.2 kilometers. The necessary temperature - on average reached only at depths of 20-25 kilometers. In
areas of magmatic hearths, such temperatures can be reached at substantially lesser depths. Thus, a
temperature of 223 °C was recorded on the Tyrnyauz well (North Caucasus, Russia) at a depth of only
4001 meters. This well was drilled to build a geothermal station [4]. And the solubility of various
substances in supercritical liquids is primarily influenced by temperature. It has been shown in [6], that
even at pressures 4 times higher than supercritical, the best solubility of the substances is observed near
the supercritical temperature. The results of the experiments published in [7] show that supercritical water
is indefinitely mixed with oxygen, hydrogen and hydrocarbons. Even with a slight change in pressure and
temperature, complete dissolution or, conversely, precipitation of oxides and salts may occur. Of the
30 ceramics studied, only pure alumina and alumina with zirconium oxide were not corrosive by
supercritical water. At the same time, despite the high concentration of dissolved substances, the electrical
conductivity of water in the supercritical state remains quite low and can vary significantly even with
small variations in temperature and pressure.

If we accept the presence of water in a sub-and supercritical state in the depth of the earth and its
circulation, the dissolution of rocks can lead to the formation of cavities like karst, which are well known
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for their ability to collapse with the formation of karst craters. The collapse of the vaults of such cavities in
the depth of the earth does not directly lead to the formation of craters, but only to the collapse of large
masses of rocks with the formation of new cavities over the filled-in cavity. The sub-vertical clusters of
earthquake hypocenters were described in detail in [8], in which they were called the seismic "nail". Such
hypocentres are typical mainly for earthquakes with small magnitudes (2-3). The epicentral projection of
such "nails" has a diameter of 5-10 kilometers. The time of their formation is from a few days to a month.
The authors of this work assumed the connection between the formation of these "nails" with fluids.

In [8] it was shown (from the earthquake analysis for the period 1900-2004) that there are several
depths at which severe earthquakes occur most frequently. The figures given in this work show that at a
depth of 25 kilometers earthquakes occur most often, although there are several more depths where
statistically they are more frequent (10, 33, 40 and further up to 250 km every 10 km). As depths increase,
the vertical dimensions of the blocks increase. The data presented in [8] show that, within a century cycle,
the accumulated energy is gradually transferred from the deeper layers of the Earth 's substance to the
upper layers.

But if there is a circulation of water under the ground, then the Coriolis force must act on this water.
Under the influence of this force on the surface of the earth, rivers shift their channels, washing away one
of the banks. When water (fluids) moves from the earth's surface to its center, the maximum value of the
Coriolis force will be at the equator, but it will be absent at the poles. The Coriolis force for vertically
directed fluids decreases from the equator to the poles in proportion to the cosine of latitude. And the
distribution of centers of strong earthquakes shows a sharp decrease in their latitude. We will use the data
of Moran 's statistics [1] from the work of Polycarpov mentioned at the beginning of the article. It
analyzed 542 earthquakes from 1914 to 1920 and 1009 earthquakes from 1903 to 1910.

Table 1 - Distribution of the number of earthquakes by latitude

Latitudes, Number of Average Cosine of Cosine Estimated number Deviation, %
degrees earthquakes latitude, degrees | average latitude cube of earthquakes
0-10 450 5 0,996 0,988 450 0
10-20 329 15 0,966 0,901 410 20
20-30 244 25 0,906 0,744 339 29
30-40 258 35 0,819 0,549 250 3
40-50 152 45 0,707 0,353 161 6
50-60 87 55 0,574 0,189 86 1
60-70 21 65 0,423 0,076 35 40
70-80 9 75 0,259 0,017 8 12
80-90 1 85 0,087 0,001 0 -

The table shows that the number of earthquakes correlates fairly well with the cosine of the third
degree of latitude. So, in addition to the Coriolis force, there must be some other factors that also depend
on latitude.

In 2016, a paper [9] was published to explain the causes of vertical cracking of rocks at great depths,
which contributes to the penetration of fluids into the earth's interior. It has been calculated tangential
mass forces (TMS) and shows that the power of stress horizontal stretching and shear depend on the
square of latitude and decrease from the equator to the poles. If we accept this hypothesis and assume that
the fracturing of rocks increases to the equator in proportion to the square of latitude, then, accordingly,
the resistance of rocks to the movement of fluids should decrease, leading to an increase in the speed of
their movement. This may be the additional factor leading to an increase in the Coriolis force, and thus the
pressure of fluids on the rocks in the horizontal direction.

The work was carried out on the RBP-008 "Development of space technologies for monitoring and
forecasting natural resources, man-made changes in the environment, creation of space technology and
ground space infrastructure, research of objects of far and near space” within the framework of the topic
"Development of statistical models of spatial and time variations of seismicity characteristics in
connection with variations of the structure and dynamics of the radiation belt of the Earth (2018-2020),
registration number (RN). 0118RK00797
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'KEP CLIKIHICI OIIAKTAPBIHBIH KAJIBITITACYBIHA
CY/JIbIH O9CEPI

AnHOTanusi. Makanazia ’ep CUIKIHIC CaHBIHBIH reorpadusuIblK KeHAIKIIeH OaiIaHbIChIH TYCIHAIPETIH TUIIOTE3a
YChIHBIIaAbl. TepeH yHFpIManapabl Oyprbulay HOTIKECIH Tajlay TpaHUT >KoHe Oas3anbT KabaTTapbIHBIH
IIeKapachlHla KaObUIJaHFaH CEHCMUKAIIBIK TOJIKBIHIAP/ABIH KOpIHIC IIeKapajapbl HETi3iHEH TI'paHUT KaOaThIHBIH
KEYEKTIiI'lT MEH MHUKpPOXKapbIFbIHBIH YJIFAlObIHA OalIaHBICTHI JKBIHBICTBIH THIFBI3JANY aiiMarbIMeH OaiIaHbBICTHIFBIH
kepcerti. JKapblK Cyfa Tay O KbIHBICTApBIHBIH IIIiHE €HIiN, KbICBUIAABl opi Kbi3aapl. Ecenrtey OapbichiHzIa
kepcerinrenael, 30 kM TepeHuikre Temneparypa 460 rpamyc, an 42 xkwiomerpae (3kep KbIPTHICHIHBIH TYOiHIE)
580 rpaxyc 60uysl Tric. Ockl Tepenaikreri KpichiM THicinme 3000 sxone 4200 atmocdepansl Kypaiasl. Temmneparypa
374,3 rpanyc Llenbcuiire sxone 221 armocdepara KeTKeH/E Cy ChIHAK KyWre aybicaabl. by skarmaiiza cy epekiue
KacHeTKe, aTall aiTKaH/a, TYPJl 3aTTapIbIH >KOFaphl epyl MeH TOTHIFy Kabinerine ue. O OTTeriMeH, CyTeriMeH oHe
KeMipcyTeKTepMeH apayacaibl. TinTi, KbICBIM MEH TEMIIepaTypaHblH OOJIMalIbl e3repici Ke3iHae Ie TOJIBIK epill
HeMece KepiciHIle, OKCHATEp MEH TY3JIapAblH HIeTyi MYMKiH. Aca CHIHM >KarAaifa >KeTy YILIH KaKETTi KbICHIM
2,2 KWJIOMETp TEpeHJIKTe, KaKeTTi Temreparypa 20-25 KmioMeTp TepeHJikTe kereni. AJaina, MarMaiblK OIIaK
ayJaHAapblHIa MYHIAll TeMieparypara alTapibIKTaid a3 TepeHIIKTe KOJ )KeTKizyre Oomazapl. Tay >KbIHBICTAPBIHBIH
epyi cebebiHeH KapcTpalbIK CHIH/BI KybIcTap Maiaa 00irybl MyMKiH, OJap IbIH KYMOe3IepiHiH KyJlaybl CEHCMHKAIbBIK
«Ieresiepy el aTalaThlH JKep CUIKIHICI THIIOOPTaIBIKTapbIHBIH CyOBEpTHKAJIbIBI TONTaHybIHA oKejei. COHbIMEH
Oipre »ep acTelH/a KO3FanaThiH cyra Kopronmc Kymri acep eTyi THic, eH/IiK KOCHHYChIHA IPONopIHoHapl. KarTel
JKep CUIKIHIC OIIaKTapbhIHBIH Tapajaybl OJapAbIH KEHMIIK INETiHIH YIIIHIII Jope)XeciHe MPONOPLUOHANABl KeHJIr1
apKbUIBl KYPT a3aiifaHblH Kepcereni. KenTipuireHn ecenrey >KyMmbIcTapbl KOPCETKEH/IEH, JKep CUIKIHICTEpiHIH CaHbI
KEHJIIKTE TEKIe TaMbIPbIMEH >KaKChl KOppeJsIIUsUIaHabl. OpEeKeT eHMIKKe TayenIi OoJaThIH KOochIMIIa (hakTop
(hmronaTep KO3FAJBICHIHA TAy S>KBIHBICTAPBIHBIH KEIEPTICIH a3alThIN JKOHE OJapJblH KO3FAIbIC >KbUIJaMIbIFBIH
apTTHIPAThIH KeHJIIK KBaIpaThIHA IIPONOPLMNOHAI SKBAaTOPFa YJIFasThIH )KbIHBICBIHIAFBI KEYEK 6CYy1 MYMKIH.

Tyiiin ce3aep. XKep cinkiHici, xxep ciIKiHici omarsl, Gronarep

B.T. Kymaobaes', U.B.Bacuanes?, U.J.Kozun?, U.H.®enyauna’

! UucturyTt nonocdepsr AO « HLIIKUT», Anmarer, Kazaxcram;
2 CKTB «I'panut», Anmarsl, Kazaxcran

BJIMSAHUE BO/IbI
HA ®OPMHUPOBAHUE OUYAT'OB 3EMJIETPSICEHUI

Annotanus. [Ipemaraercs runoresa, OOBSCHSIOMIAS CBSI3b KOJIMYECTBA 3eMIIETPsICEHHH C reorpaduieckon
IMIAPOTOH. AHaNmM3 pe3yiabTaToB OypeHWs CBEpXIIIyOOKMX CKBaXMH II0Ka3aj, 4YTO TPAHHUIBl OTPaKCHUS
CeiCMHYECKHUX BOJH, KOTOPbIE NMPUHUMAIACh 332 TPAHUILy MEXTy T'PaHUTHBIM U 0a3ajJbTOBBIM CJIOSIMH, Ha CaAMOM
Jiesie CBA3aHa ¢ 30HOU pa3yIUIOTHEHUS MOPOJ U3-3a YBEIUUEHHs TIOPUCTOCTH U MUKPOTPEIMHOBATOCTH B OCHOBHOM
TPaHUTHOM cJ0€. OTH TPELIMHBl MO3BOJSIOT BOJAE MPOHMKATh BHYTPb TOPHBIX MOPOJ, MPH ITOM MOABEPrasich
C)KaTHIO U HarpeBy OJHOBPEMEHHO. Pacyérsl mokaspiBailoT, 4yTo Ha riayomHe 30 KM TemmepaTypa JOJDKHA OBITh
460 rpanycos, a Ha 42 xwioMerpax (y OCHOBaHMS 3eMHOW Kopwl) — yxke 580 rpamycos. JlaBieHue ke Ha 3THX
riryounax cocrasisier 3000 u 4200 atmoctep coorBercTBeHHO. Ilpu nmoctikennu temmneparypsl 374,3 rpamyca
Henscust u 221 arMocdep Boja MEPEXOJUT B CBEPXKPUTHYECKOE COCTOSHUE. B 3TOM cocTosiHMm Boja obOiamaer
0COOBIMH CBOMCTBAMHM, B YAaCTHOCTH, IIOBBIIICHHONW pacTBOPSIEMOCTBHIO PpA3IMYHBIX BEIIECTB M  BBICOKOU
OKHCIIUTENBHON cIOCOOHOCTHI0. OHa HEOTPAaHWYEHHO CMEIINUBAETCSI ¢ KUCIOPOAOM, BOJIOPOIOM U YIIIEBOAOPOIaMHU.
Jaxe npu HeOONBIIOM W3MEHEHHWHW JABJICHUS M TEMIIepaTypbl MOKET IPOMCXOAMTH MOJHOE PAcTBOPEHHUE HIIH,
HA000pOT, OCaXKJEHNE OKCHUIOB U coiieil. HeoOXxoaumMoe it JOCTHKEHHSI COCTOSIHUSI CBEPXKPUTHYHOCTH JIaBIICHHE
JocTHTaeTcs yxe Ha riyomne 2,2 kwiomerpa. HeoOxoammas Temmeparypa JJOCTHraeTcsi Ha TIIyOMHax
20-25 knnomerpoB. OfHAKO B paiioHaX MarMaTHMYECKUX OYaroB, Takas TEMIIEPAaTypa MOXKET OBbITh JIOCTHIHYTa Ha
CYIIECTBEHHO MEHBIIMX TIIyOMHaxX. PacTBOpeHHE TOpHBIX HOPOJ MOXKET MPUBOAUTH K OOpa3oBaHUIO IOJIOCTEH
Haro1001e KapcTpOBhIX, OOpYIIEHHE CBOJOB KOTOPBIX IMPUBOJUT K OOPYIIEHHIO OOJBIINX MAacCCHBOB FOPHBIX TOPOJ
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¢ oOpazoBaHMEM HOBBIX IIOJIOCTEH HaJ 3aCHIIAHHOW MOJOCTHIO, MPHUBOAA K (HDOPMHPOBAHUIO CYOBEPTHKAIBHBIX
CKOIUVICHUM THIOLIEHTPOB 3EMJIETPSICEHUM, Ha3bIBAEMbIX CEHCMHUYECKUMHU «TrBO3IAMU». B TO ke BpemMsa Ha
JIBIDKYIIYIOCS TIOX 3eMJIEN BOAy MOJDKHA NeiicTBoBaTh cmia Kopmonmca, mpomopunoHanbHas KOCHHYCY HIMPOTHL
Pacripenenenne o4yaroB CHJIBHBIX 3EMIICTPSICEHHI TMOKa3plBaeT 0oJjiee pPE3KOe YMEHBLIGHHE HX C IIUPOTOM,
[IPONIOPLIMOHAIBHOE TPEThEH CTENEHU KOCUHYca WMPOTHI. [IpuBenéHHBIE PacU€Thl MOKA3bIBAIOT, YTO KOJIUYECTBO
3eMJICTPSICEHUI JTOCTATOYHO XOPOIIO KOPPEIUPYETCsl C KOPHEM KyOWYeCKUM OT MIMPOTHL. J{OMOJHHUTEIHHBIM
(hakTOpOM, JAEHCTBHE KOTOPOTO TAKXKE 3aBUCHUT OT IIUPOTHI, MOXKET CIIY>KUTHh POCT TPEIIMHOBATOCTH MOPOI, KOTOpast
YBEJIMYMBAETCSI K JKBATOPY MNPOMOPHHMOHAIBHO KBAaApaTy IIHUPOTHI, YMEHBINAs COMPOTHUBICHHE TOPHBIX ITOPOJ
JBIDKEHUIO (IIFOUIOB U IPUBOIS K YBEIIMIEHUIO CKOPOCTH UX JBIDKEHHS.

Ki1oueBble c10Ba: 3eMJICTPSICEHUE, OYar 3eMJIeTPsICeHNUs, (DITIONIbI.
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EVIDENCES PROPAGATIONS IN BAYESTIAN NETWORKS

Abstract. This paper is devoted to some problems of the distribution of several evidences in Bayesian networks.
Currently, there are many different algorithms for calculations in Bayesian networks. Unfortunately, the description
of most algorithms is either absent or only the idea of algorithms is described. Not only algorithms but also ideas for
constructing these algorithms are quite complex. Many questions arise in the process of considering these algorithms
remain unanswered. Some of them can be understood by testing the appropriate software, but many questions remain
unanswered.

We use the idea of dividing the set of network vertices into sets by analogy using the concept of “Generation”.
The concept of "Generation" is convenient to use in the absence of evidence. The presence of evidence requires a
rather complicated adjustment of this concept. However, as a result, the propagation of evidence becomes more
visible, and the corresponding algorithms are greatly simplified.

The presence of several evidences in some cases leads to contradictions, which solutions should be provided for
by the algorithms of the Bayesian network nodes calculations. The modified concept of “Generation” allows one to
find more visual and adequate approaches to resolving contradictions.

Keywords: Bayesian networks, oriented graphs, generation, propagating.

Introduction. Since the beginning of 21* century Bayesian Networks is the most popular tool of
artificial intelligence in different researches. Models that use a Bayesian networks are usually insensitive
to wrong, incomplete, and redundant data. Bayesian networks allow the use of heterogeneous data in
various studies.

Bayesian networks, as a tool for studying models with uncertainties, is considered by many authors.
Pearl J. was the first one who considered more completely the Bayesian networks tool in his works [1] and
[2]. The Bayesian network theory is described quite well in [3], [4], [5].

The use of Bayesian networks in practice is practically impossible without the use of computer
technology and related software. Currently, there are many programs for work with Bayesian networks.
For example, BayesialLab ([6], [7], [8]), AgenaRisk ([9], [10], [11], [12], [13], [14]), Hugin Expert.
Unfortunately, we could not find a description of the algorithms for calculations in Bayesian networks
which were used in these works.

Main definitions. Bayesian network theory is based on some sections of probability theory and graph
theory. The definitions and concepts of graph theory used in BN theory can be found in [15], [16], [17].
The necessary concepts in probability theory can be found in [18], [19], [20]. The basic principles of BN
theory can be found in [3], [4], [5].

For brevity, we will not give them here.

Use of the concept «Generation». We can distinguish two types of generations — generations of
descendants and generations of ancestors. For a generation of descendants, this is a set of vertices which
have parents only from earlier generations (or do not have parents at all), and have children only in later
generations (or do not have children at all).

For a generation of ancestors, this concept is similar - it is a set of vertices which have children only
in later generations (or do not have children at all) and have parents only from earlier generations (or do
not have parents at all).
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The only difference is that the construction of generations of descendants begins with nodes that do
not have parents, and the construction of generations of ancestors begins with nodes that do not have
descendants.

Generations of descendants are constructed, starting from vertices which do not have parents.

%) Class: AsiaRab1 [E=RIECR =
HS&EE hoov oo ¥ o+ - BER G F

Vizit_to_Asia

Figure 1 - Partitioning into generations of descendants

Definition. Generations of descendants are defined as follows:

e Nodes without parents belong to the 0 generation of descendants.

e Nodes with only 0 generation of parents belong to 1 generation of descendants.

e Nodes with only 0 and 1 generation of parents belong to 2 generation of descendants.

The example of partitioning into generations of descendants is shown in figure 1.
Generations of descendants for a given Bayesian network:

Vertices Age and Visit to Asia will be assigned to the 0 generation.

Vertices Smoker and Tuberculosis will be assigned to the 1 generation.

Vertices Cancer and Bronchitis will be assigned to the 2 generation.

The only vertex TbOrCa will be assigned to the 3 generation.

Vertices XRay u Dyspnea will be assigned to the 4 generation.

Generations of ancestors are constructed starting from vertices which do not have children.
Definition. Generations of ancestors are defined as follows:

e Nodes with no children belong to the 0 generation of ancestors.

e Nodes with only 0 generation of children belong to 1 generation of ancestors.

e Nodes with only 0 and 1 generation of children belong to the 2 generation of ancestors.

The example of partitioning into generations of ancestors is shown in figure 2.
Generations of ancestors for a given Bayesian network:

e Vertices XRay and Dyspnea will be assigned to the 0 generation.

e Vertices TbOrCa and Bronchitis will be assigned to the 1 generation.
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Figure 2 - Partitioning into generations of ancestors

e Vertices Cancer and Tuberculosis will be assigned to the 2 generation.

e Vertices Smoker and Visit to Asia will be assigned to the 3 generation.

e The only vertex Age will be assigned to the 4 generation.

In most cases, the partitioning of the set of vertices into generation of descendants and generation of
ancestors is significantly different. However, it is not difficult to come up with a graph (Bayesian network)
in which the partitioning into generations of descendants and generations of ancestors is completely
identical.

Propagation of the several evidences with the use of “Generation” concept

Initialization of a Bayesian network, i.e. calculation of node values from the values of unconditional
variables (nodes without parents) and conditional probability tables is a fairly simple task. Nevertheless,
we briefly describe the initialization algorithm using the concept of “Generation”.

1. We separate the vertices of the BN into generations of descendants, as described above. Recall
that the 0 generation consists of vertices without parents. For nodes of 0 generation calculations are not
needed.

2. We will calculate the values for all nodes of the 1 generation, using the values of the nodes of the
0 generation and the formula for total probability.

3. We will calculate the values of the nodes of the 2 generation, using the values of the nodes of the
0 generation and the calculated values of the nodes of the 1 generation, as well as the formula for the total
probability.

4. Similarly, we will calculate the values of the nodes of the third generation.

5. ...etc.

At some point, some nodes in the Bayesian network get evidence. It is required to recalculate the
values of the network nodes considering the obtained evidence. One of the difficult issues is determining
the order of calculation of Bayesian network nodes. Obviously, the nodes that obtained the evidence do
not need calculations. Also, nodes that do not have parents do not need calculations, if among the
descendants of these nodes there are no nodes that have obtained evidence.

It would be interesting to collect in one set all the nodes for which we do not need to make
calculations. This set will be called the zero level of the Bayesian network nodes.

In the next set we will collect all the nodes for the calculation of the values of which there is enough
information from the nodes of the zero level. This set will be called the first level of the Bayesian network
nodes.
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In the next set we will collect all the nodes, for the calculation of the values of which there is enough
information from the nodes of the zero and first levels. This set will be called the second level of the
Bayesian network nodes.

In the next set we will collect all the nodes, for the calculation of the values of which there is enough
information from the nodes of the zero, first and second levels. This set will be called the third level of the
Bayesian network nodes.Etc.

Let us consider in more detail the construction of various levels of Bayesian network nodes. The
nodes that do not require calculations (nodes of the zero level):

1. Nodes that obtained evidences.

2. All descendants and ancestors of the nodes that obtained evidences must be recalculated. It is also
necessary to recalculate all nodes that are descendants of all the ancestors of the nodes that obtained
certificates. These nodes do not belong to 0 level. We remove these nodes from the Bayesian network. We
also remove the nodes that obtained evidence. Then we consider the remaining nodes of the Bayesian
network. These nodes together with arcs form a certain subnetwork of the studied network. From this
subnet, we select nodes that do not have parents. These nodes are also included in the 0 level.

To determine the first, second and other levels, we separate the set of Bayesian network nodes into
two subsets (two subnets): BN1 and BN2. BN1 subnet includes nodes that obtained evidences, these
nodes’ descendants, ancestors, and also the descendants of their ancestors. We assign the remaining nodes
to the BN2 subnet. In the BN2 subnet we define “Generations” as described earlier. If the node belongs to
some generation, then we will assume that this node belongs to the same level. It is easy to understand that
for the calculation of a node of a generation, information on other nodes of a given generation, older
generations, as well as on the nodes of the BN1 subnet, is not required. Only data on the nodes of the
previous levels (maybe not all) are needed.

Some nodes (BN2 subnet) are already distributed across levels. Then we divide the set of nodes of
subnetwork BN1 by levels. First, we replace all the BN1 nodes that are the ancestors of the nodes that
obtained evidences with descendant nodes. To do this, we change the direction of the corresponding arcs.
Let’s denote the new subnet by BN1A. This subnet differs from the BN1 subnet only in the direction of
some arcs. The BN1A subnet will no longer have the ancestors of the nodes obtained evidences - all nodes
will be descendants of the nodes obtained evidences. We divide the BN1A subnet into generations, as
described above. Then we assign a level number equal to a generation number to each node.

The nodes of the original Bayesian network are distributed at the same levels as the same nodes in the
auxiliary networks BN1A and BN2.

Thus, all nodes of the Bayesian network will be separated by levels (zero, first, second, etc.). Nodes
belonging to level zero do not need calculations. For the calculation of nodes of the first level we need
only data of some nodes of the zero level. For the calculation of nodes of the second level, we need only
the data of some nodes of the zero and first levels. Etc. For calculations we will mainly use the law of total
probability and Bayes formula.

Below we will provide 2 examples of distribution by levels of the training Bayesian network. The
network in both examples is the same, but the nodes that obtained evidences are different. Each level in
the figure is located on a separate line. The first line contains nodes of the zero level.

Example 1.

Figure 3a shows some Bayesian network. We have obtained 3 evidences for this network for nodes
C3, C4 and C6. In what order should we make calculations? To determine the order of calculations, we
separate the set of BN nodes into several levels. We refer to the zero level those nodes in which
calculations are not necessary. Obviously, these will be the nodes that obtained evidences (nodes C3, C4
and C6), as well as the nodes that do not have parents, and the nodes among whose descendants there are
no nodes that obtained evidences (nodes C8 and C10). In figure 3b, the zero level is in the top line.
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Figure 3a - Example 1

The first level includes nodes which calculation is required the only information of zero level. These
will be nodes C5, C11, C13, C7 and C9. In figure 3b, these nodes are in the second line.

Figure 3b - Example 1

The second level includes nodes which calculation is required information of the zero and first levels.
These will be nodes C2 and C12. In figure 3b, these nodes are in the third line.

The third level includes nodes which calculation is required information of the zero, first and second
levels. These will be the only node C1. In figure 3b, these nodes are in the fourth line.

The order of calculations:

1. Calculation of nodes of the first level using data from some nodes of the zero level.

2. Calculation of nodes of the second level using data from some nodes of the zero and first levels.

3. Calculation of nodes of the third level using data from some nodes of the zero, first and second
levels.

Example 2.

We consider the same Bayesian network as in the figure 3a. However, we obtain 3 evidences for the
nodes C8, C10 and C13. To determine the order of calculations, we partition the set of BN nodes into
several levels. We refer to the zero level those nodes in which calculations are not necessary. Obviously, it
will be nodes, obtained evidences (nodes C8, C10 and C13), as well as the nodes that do not have parents,
and the nodes among whose descendants there are no nodes that obtained evidences (nodes C5 and C7). In
figure 4a, the zero level is in the top line.

The first level includes nodes which calculation is required the only information of zero level. These
will be nodes C9 and C4. In figure 4a, these nodes are in the second line.
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Figure 4a - Example 2

The second level includes nodes which calculation is required information of the zero and first levels.
These will be the only node C6. In Figure 4a, these nodes are in the third line.

The third level includes nodes which calculation is required information of the zero, first and second
levels. These will be the only node C3. In figure 4a, these nodes are in the fourth line.

The fourth level includes nodes which calculation is required information of the zero, first, second
and third levels. These will be nodes C2 and C11. In Figure 4a, these nodes are in the fifth line.

The fifth level includes nodes which calculation is required information of the zero, first, second,
third and fourth levels. These will be nodes C1 and C12. In Figure 4a, these nodes are in the sixth line.

The order of calculations:

Steps 1-3 we repeat as in the Example 1

4. Calculation of nodes of the fourth level using data from some nodes of the zero, first, second and
third levels.

5. Calculation of nodes of the fifth level using data from some nodes of the zero, first, second, third
and fourth levels.

Conclusion. This paper shows one of the options for determining the propagation order of Bayesian
network nodes in the process of obtaining evidence with use the idea of partitioning of Bayesian network
nodes into independent sets (generations, levels). Nodes, which belong to zero level do not need
calculations. For the calculation of nodes of the next level, we use only the data of some nodes of the
previously calculated levels.

This method allows to develop simpler algorithms for calculations in networks, some nodes of which
have obtained evidences.
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BAWEC )XEJIVIEPTHIE KYOJIIKTEPJI HACUXATTAY

AnHoTauus. baiiec jxemici kemTereH aWHBIMAIBUIAPIBI, COHAAW-aK OCHI AWHBIMAIBUIAPABIH apaChIHIaFbI
OPTYPJIl BIKTUMAIIIBIK TOYCIAUTIKTEPIl CHIIATTAUTHIH rPpadUKaNIBIK BIKTHMAIIBIK MOeNi. baliec sxeninepiHiy Kabl
MaTEMAaTUKANIBIK alapaThlH aMEPUKAH/IBIK FaJIbIM, THIOPHHT CHIAIBIFBIHBIH Jlaypeatsl Pearl J Kyp/sl.
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baiiec sxenici cypaynap/pIH OpTYpJIl TUIITEPIHE Kayall ajlyFa MyMKIHIIK Oepeni:
KyonoHaipyiH BIKTUMANIBIK OaFachl

ATpHOPIBIK MApTHHAIBIK BIKTUMAJIBIKTAPIb] Oaranay.

ATIOCTEpUOPIBIK MAPTHHAIBIK, BIKTUMAIIBIKTAp/Ibl €CENTEY.
ATIOCTEpPHOPIIBIK MAKCUMYM eceOi.

blkTrman GonaTelH OKUFAHBI TYCIHAIPY I 3€pTTEY.

Baiiec >xeminepinzeri ecenreynep ete Kypaeni >koHe kenemnii. 10 TopanTaH TypaTbiH Oaifec keminepinmeri
ecenTeyiep, SleTTe, €CeNTey TeXHHWKAChIH MaiIanaHyAbl, alrOpUTMIECpAl NalblHIAyAbl, OarnapiiaMaliblK KOATa
aNropUTMIEPI icKe achIpyAbl Tanar erefi. baiec skeminepinae ecenreyaepi *KYprizy Ke3iHae opTYpIIi allrOpuTMIEp
KOJITaHBLTAIbI, OJIAPIBI KeJecinen xKikTeyre Oomapl:

e ToJbIK apanblkTap HeMece epecken Kyl oiici. TOoJbIK TaHAay/IblH KeMIITIKTEepiHe, SAETTe, TalChIPMaHbI
LICIIyre KETETiH YaKbITThIH KETKUTIKTI YJIKEH HIBIFbIHAAPbIH JKaTKbI3yFa 00JIa/Ibl.

e KiractepieyaiH Typil HAESIAapBIH MaiialaHaThIH anropuTMiaep. bysl aaropuTMuep >kui epecken KYII
OMICIMEH CaJIBICTHIPFAH A )KAKChI YAaKbIT YTHICHIH Oepe/i. OIeTTe, OChI AITOPUTMIEPIe CAbIHFAH UICsUIap KETKUTIKTI
aIlbIK K9HE TYCIHIKTI.

e Tyliinnep apacblHIarbl aknaparThl Oepy(lponaranusiay) WAesUIapblH INaijalaHaThiH adropurMmuep. by
aNropuTMIEp rpadrap TEOpUsCHIHAA )KaKChl OLTIM/I Tajlar eTei.

e  OpTYpJli CyphINTAY bl KYPYAa KOJJAHATHIH aITOPUTMIED

e Monte Carlo oxici unesuTapbIH MaiaJaHaTBIH aTOPUTMACD

Maxana Baitec xeminepiame OipHemre monenieMerepAi TapaTyIblH KeiOip MocenenepiHe apHamraH. Kasipri
yakeiTTa baiiec »keminepiHme ecemTeynepiH KeONTereH anroputMiepi Oap. OKiHimIKe opai, anropuTMIEpIiH
KOIIIUIINiHIH CHIIaTTaMachl KapacTHIpbUIMAaraH HEMece TeK alrOpUTM HAesUIapbl CHUIATTaIFaH. AJNTOPUTMIEp FaHa
eMec, COHbIMEH Katap OyJ1 alropuTMIepAl Kypy Hiesiapsl 1a ete Kypaeni. Ocbl allropuTMaep i KapacTeIpy Ke3iHe
OKbIpMaHFa KOWBUIFAaH KONTEreH CypakTap jayamchl3 Kanansl. baifec xenminepiHze anroputMmiepii Kypy KesiHge
JIOJICTIIEP/Il TaApaTy MACENIECi MaHbI3IbI OOJIBI TaOBLIAIBI.

Xeninik WIBIHAAPABIH JKUBIHTBIFBIH JKUBIHTBIKTApFa 06y HIESChl aHAJIOTUSl apKbUIbl «¥PIaK» YFbIMBIH
KolgaHanuel. «¥prak» YFeIMBI Joniest OojMaraH Ke3le KoyiaHyra bIHFainbl.  JlonennepaiH  Ooiybl  OCHI
TYKBIPBIMIAMaHbl €13yip KYpZAeil TY3eTyAl Tajam erei. Ajaiaa, HOTIKECIHAE NoNIeNIAEep/IiH Tapalybl aiiKbIHBIpaK
0ouapl, CoiKeCiHIIe arTOPUTMAED alTapIBIKTal JKEHIJIETIITeH.

Keiibip sxarnaiinapaa OipHee ganenaepain 00iybl Kapama-KalbUIBIKTapFa 9Keseai, ojapasiH mmemimi baitec
JKENJIEpiHAeTi ecenTey alTOpUTMACPIMEH KaMTaMachl3 eTiTyi KepeK. «¥pIaKk» TYKBIPBIMIAMachl TYBIHAAWTHIH
KaWIIBUTBIKTapAb] MIETTyTe KOPHEKI xkoHe Oapabap Tocinaepai Tabyra MyMKIHAIK Oeperi.

Tyiiin ce3nep: baiiecTik xeminep, OarpITTanFad rpadTap, reHepamnus, Tapary.

O. Mambip6aes'?, H. JIutsunenxo', A. lllasixmerona !

"MHCTHTYT MHOPMALIMOHHBIX ¥ BBIYMCIIUTENBHBIX TEXHOJIOTUH, AnMaTsl, Kasaxcran;
2 Kazaxckuil HAMOHALHBIA yHUBEPCUTET MMeHH anb-Dapabu, Anvarel, Kazaxcran

MPONATAIIMA CBUJIETEJIBCTB B BAMECOBCKHUX CETSIX

Annoranusi. baifecoBckas ceTh mpenctaBiseT co0oil TpaoBYIO BEPOSTHOCTHYIO MOJEINb, OMHCHIBAIOIIYIO
MHOYKECTBO MIEPEMEHHBIX, 8 TAKXKE PA3IUIHBIC BEPOITHOCTHBIC 3aBHCHUMOCTH MEXIY STUMH IepeMeHHbIMA. O0mui
MaTeMaTHYeCKuil ammapar OaileCOBCKMX ceTeil pa3paboTaH amepuKaHCKHM y4€HbIM Pearl J, maypeatom mpemuu
Trropunra.

BaitecoBckast ceTh TO3BOJISIET TTOYYHUTh OTBETHI HAa PA3IMYHBIC THITHI 3aIIPOCOB:

e BeposTHOCTHAs OLIEHKA CBUJIETENbCTB.

Or1ieHKa alpUOPHBIX MAapPTUHAJIBHBIX BEPOSTHOCTEH.

PacueTt anocTepuopHbIX MapruHaJIbHBIX BEPOSITHOCTEMU.
Pacuer anoctepropHOro Makcumyma.

HccnenoBanue Hanboiiee BEPOSITHOTO OOBSICHEHUST COOBITHSL.

Pacyersr B 0aifeCOBCKHX CETSIX JOCTATOYHO CIIOKHBI U 0OBEMHEIL. PacueThl B 0aileCOBCKUX CETIX, COMEpIKAIINX
6oxee 10 y3moB, Kak MpaBWIIO yKe TPEOYIOT MCIIOIB30BAHNS BBHIYUCIUTEIFHON TEXHHUKH, Pa3pabOTKH aJTrOpUTMOB,
peanu3ayy anropuTMOB B IpOrpaMMHOM Koje. [Ipy mpoBeaeHHM pacdeToB B 0aileCOBCKHUX CETSX HCIONB3YIOTCS
pa3iiuyuHbIe aITOPUTMBI, KOTOPBIE MOXHO KIaCCH(UIPOBATH, HAIPUMED, CIEIYIOLUIMM 00pa3oM:

e Tlomseni nepebop mwim MeTox Tpyboi cmibl. K HemocTtaTkaMm MOJTHOTO mepedopa MOXKHO OTHECTH, Kak
MPaBUIIO, TOCTATOYHO OOJIBIIKE 3aTPATHl BPEMEHH Ha pPelIeHHue 3a1aqu.
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e ANTOPHUTMBI, HCTIONB3YIOUINE Pa3IMYHBIC WAEH KiacTepu3anuu. JlaHHbIe aJTOPUTMBI 9aCTO JAIOT XOPOIINH
BBINTPHIII BPEMEHHU II0 CPAaBHEHHUIO C METOIOM rpy0oii cuisl. OOBIYHO WIeH, 3aJ0KEHHBIE B JTAHHBIX aJTOPHUTMax
JIOCTaTOYHO MPO3PauHbI U MOHSTHBI.

e AJNTOPUTMBI, WCIIOJB3YIOIIKME WICH Mepenadn(mponaranui) WHPOPMANUU MEXAy y3iaamu. JlaHHbIE
AJITOPUTMBI TPEOYIOT JIOCTATOYHO XOPOIIUX 3HAHHI B TEOpUHU TpadoB.

e  ANTOPHUTMBI, HCIIOJB3YIOIIUE TOCTPOCHIE PA3ITUYHBIX BBIOOPOK.

e ANTOpUTMBI, HCIIONB3YFOIIUE uaen metona Monte Carlo.

CraThsl TOCBAIICHA HEKOTOPHIM MpoOJieMaM pPacIpOCTPAHECHUS HECKOJIBKUX CBHIETEIBCTB B 0aileCOBCKHX
ceTsx. B HacTosImee BpeMs CyIIecTBYeT MHOXKECTBO Pa3IMUHBIX aJlTOPUTMOB IS PacueToB B OaiflecoBckux ceTax. K
COKAJICHUIO OIMMCAaHUE OOJNBIIMHCTBA aJTOPUTMOB JIHOO OTCYTCTBYET, TUOO OMUCHIBACTCS JIMIIDh HACS aJTOPUTMOB.
He Tonpko anropuT™Mel, HO TaKke U UIEH MOCTPOCHHUS TAHHBIX aJITOPUTMOB JOCTATOYHO CJIOXKHBI. MHOTHE BOIIPOCHI,
BO3HHUKAIOIINE Y YUTATENA P PACCMOTPEHHUH JAaHHBIX AITOPHTMOB, OCTAOTCS 0e3 oTBeTa. YTO-TO MOXHO MOHSTB,
TECTHPYS COOTBETCTBYIOIIEE IPOTPaMMHOE 00ECTIeYeHHEe, HO MHOTHE BOIIPOCHI OCTAal0TCs 6e3 OTBeTa.

Wcnonb3yercst umess pa3dUEHMsI MHOXKECTBA BEPIIMH CETH HA MHOXKECTBA MO0 AHAJIOTHHM C HCIIOJb30BaHHEM
noustust «[lokonenue». Ilonstue «IlokoneHue» yaoOHO HCIOIB30BATh IPU OTCYTCTBHU CBHICTEILCTB. Hamuumne
CBHUJICTENIBCTB TPEOYET JOCTATOYHO CJIOKHOW KOPPEKTHPOBKHU JaHHOTO MOHTHSA. OHAKO B pPE3yJIbTATe MPOIaralus
CBUJICTENIBCTB CTAHOBHUTCS 00JIee HATIISAHOM, a COOTBETCTBYIOIINE allTOPUTMBI 3HAYUTEIFHO YIIPOIIAIOTCS.

Hanuune HeckoNbKHX CBHJIETENBCTB B HEKOTOPBIX CIIydasX MPUBOJIUT K MPOTUBOPEUUSIM, PEIIEHUE KOTOPBIX
JIOJDKHO OBITH TPEIYCMOTPEHO aNTrOpPUTMaMHU PAacUeTOB Y3JIOB OaifecoBCkod ceTH. Moau(UIMpOBaHHOE MOHITHE
«ITokoneHre» IMO3BOJISIET HAXOIUTH OOJiee HArJSAAHBIE W aJCKBAaTHBIC IMOAXOMBI K Pa3pelIeHHI0 BO3HHKAIOITUX
[IPOTUBOPEYUIL.

KuroueBsle ciioBa: baifecoBckuie ceTr, OpHEHTHPOBAHHEIE Tpadbl, TeHepaIHs, PaCIpOCTPaHEHHE.
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PHOTOMETRIC AND SPECTRAL RESEARCHES
OF THE SEYFERT GALAXIES NGC 4151 AND NGC 7469

Abstract. Seyfert galaxies are much closer than the rest intergalactic objects and therefore the study of them is
the most suitable and it gives an information about the physical processes occurring in objects of this type. Spectra of
the Seyfert 1 galaxies (Syl) are represented by a set of forbidden and permitted emission lines. The latter ones
consist of a narrow and a broad (up to 10000 km/s) components. The ionization source is an accretion disk. the
energy of which is generated due to the accretion of the surrounding matter onto a central supermassive black hole.
The region of formation of the broad hydrogen lines (BLR) consists of dense clouds of gas fibers and jets located
near the gravitational center and rotating around it at high velocities. The sizes of BLR are about a few tenths of a
parsec. The region of formation of narrow forbidden lines and narrow components of hydrogen lines (NLR) is more
extended and farther from the center NLR has a lower density of gas. The extension of NLR in the galaxies is
determined by the time delay (reverberation). As it turned out, they are from several light days to several light weeks
and depend on the luminosity of the active nucleus of the Seyfert galaxy.

This paper presents the results of photometric and spectral observations of Seyfert galaxies NGC4151 and NGC
7469. Observations were carried out with the 70-cm telescope AZT-8. Eastern and Western 1-meter telescopes of the
Tien Shan Astronomical Observatory of the Fesenkov Astrophysical Institute. The estimations of brightness of
NGC4151 (in the B V filters) and NGC7469 (in B V R filters) were obtained from 2013 to 2019. Based on the
observational data. the light curves of the studied objects were made. Spectra of the galaxies were obtained in the
absolute units. Variations of the level of continuum at two wavelengths A=5100A and 6300A were studied.

Key words: seyfert galaxies, photometric variability, spectral variability, light curves, amplitudes.

1. Introduction. The active nuclei galaxies (AGNs) are the brightest objects in the Universe. The
reason of the strong energy release of AGN is the accretion of matter into a central compact object, that is,
into a “black hole”. Depending on the luminosity, several subclasses of the objects are distinguished:
quasars lacertids, Seyfert galaxies (Sy), blazars and radio galaxies. Seyfert galaxies are much closer than
the rest objects, and therefore the study of Sy makes it possible to understand the physical processes
occurring in objects of this type.

Photometric and spectral observations are the main methods of study of AGN. Researches of the
variability of Sy gives an information about the structure nuclei, as well as dynamic processes in the near-
nuclear regions of galaxies. Photometric and spectral changes at different time intervals from tens of
minutes to several years were observed.

NGC 7469 — SBa spiral galaxy with coordinates a(2000)=23"00"44°, §(2000)=+8°36'16" lying at a
distance D = 68 Mpc. The red shift is z=0.0166. The mass of the central body is about (1-6)x10'Mg [1].
Its physical companion. the irregular galaxy IC 5283 lies at an angular distance of 80". The light curve of
this galaxy for 1990-2014 was constructed in [2]. Those authors assumed that the light curve describing
the variability of the nucleus, consists of two components: a slow component with a period of a few years
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and a fast (flare) with a period of a few days. They are known as S and F components. The maximum of S
component usually corresponds to the active stage of the galactic nucleus and the F component depends on
the accretion rate [2]

NGC4151 — with coordinates a(2000)= 12" 10™ 325, §(2000)= +39° 24' 24". belongs to Seyfert class
1.5. The red shift z = 0.00332, and the distance D = 19 Mpc [3]. This is one of the brightest Seyfert
galaxies in the X-ray, UV and optical ranges. The high degree of X-ray variability in the 0.3 — 50 Kev
range makes this galaxy an outstanding object of study. The mass of the central body is estimated to
4.57x10'Mg [4] .

2 Observations. Photometric observations of the galaxies were made with a 1-m Carl Zeiss Jena
telescope of the Ritchey-Chretien system. located at the Tyan-Shan Astronomical Observatory (TShAO)
of the Fesenkov Institute of Astrophysics (FAI). Equivalent focal distance equals to 6.5 m and a field is
19'%19'. Images are recorded with the U9000D9 CCD camera of the Apogee Alta Company and BVR
Astrodon filters. The angular scale of the frame of an image was 0.38"/pixel (until 2016) and 0.56"/pixel
(after 2016). All images were dark subtracted and flat fielded. A standard package Maxim DL 6 was used
to process the images. Standard stars in the neighborhood of a galaxy were used. The typical errors of the
measurements do not exceed +0".01, and real accuracy of the results depends on the accuracy of the used
standards and on the accuracy of the aperture positioning on the centre of an image.

Spectral observations were carried out using diffraction spectrographs mounted on the telescope
AZT-8, the 1-meter telescope at the TShAO. The CCD cameras SBIG STT-3200 (2184x1472, 6.8u

2184x1472. 6.8) were used.

During observations. the spectrograms of a galaxy and a standard star with a known energy
distribution are performed with a wide slit. which guarantees the pass and registration of the full radiation
flux. The file processing consists of subtracting the dark background. taking into account field errors and
atmospheric absorption.

3. Results of photometric observations. Photometric observations of the galaxy NGC 7469 have
been made since 2013. The results of brightness measurements with the 6  aperture are shown in table 1
and figure 1.
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Table 1 - B V R magnitudes of SY NGC 7469. obtained during 2013-2019

Dataof |y, 7440000 | B v R Dataof | 1r p440000 | B v R
Observation observation
i 2 3 4 5 6 7 8 9 10

02092013 | 16537 | 13.94 | 1325 | 12.52 | 12.07.2015 17215 | 13.96 | 13.10 | 12.34
09.092013 | 16544 | 13.97 | 1328 | 12.53 | 14.07.2015 17217 | 13.98 | 1328 | 12.56
26072014 | 16864 | 13.86 | 1322 | 12.53 | 25.07.2015 17228 | 13.98 | 1329 | 12.60
07.082014 | 16876 | 13.93 | 1326 | 12.54 | 04.08.2015 17238 | 13.93 | 1325 | 12.52
27082014 | 16896 | 13.96 | 1328 | 12.58 | 15.08.2015 17249 | 13.92 | 1325 | 12.52
04.092014 | 16904 | 13.93 | 1325 | 12.56 | 16.08.2015 17250 | 13.91 | 1320 | 12.47
13.002014 | 16913 | 13.89 | 13.12 | 12.33 | 17.08.2015 17251 | 1391 | 13.15 | 12.38
26092014 | 16926 | 13.87 | 13.09 | 12.29 | 18.08.2015 17252 | 13.92 | 1323 | 12.46
11102014 | 16941 | 13.98 | 13.06 | 12.06 | 24.08.2015 17258 | 13.97 | 1327 | 12.55
05112014 | 16966 | 13.96 | 1330 | 12.60 | 26.08.2015 17260 | 14.01 | 1331 | 12.59
13122014 | 17004 | 13.99 | 1329 | 12.58 | 11.09.2015 17276 | 13.97 | 1326 | 12.50
05.012015 | 17027 | 14.02 | 1333 | 12.62 | 15.09.2015 17280 | 13.99 | 13.16 | 12.55
06.012015 | 17028 | 13.98 | 1327 | 12.55 | 20.09.2015 17285 | 13.97 | 1327 | 12.57
27012015 | 17049 | 1418 | 1343 | 1270 | 23.09.2015 17288 | 13.96 | 13.19 | 1245
25092015 | 17290 | 13.98 | 1323 | 12.59 | 26.08.2016 17626 | 13.97 | 1328 | 12.57
09.102015 | 17304 | 1406 | 1332 | 12.61 | 04.09.2016 17635 | 13.92 | 1323 | 12.49
04112015 | 17330 | 1409 | 1335 | 12.65 | 13.12.2016 17735 | 13.86 | 1330 | 12.65
08112015 | 17334 | 1408 | 1335 | 12.64 | 08.01.2017 17761 | 13.70 | 13.18 | 12.56
141012015 | 17340 | 14.05 | 1334 | 12.64 | 22.07.2017 17956 | 13.80 | 13.17 | 12.49
13122015 | 17369 | 13.94 | 1321 | 12.54 | 28.07.2017 17962 | 13.77 | 1315 | 12.46
31.07.2016 | 17600 | 13.97 | 1328 | 12.58 | 18.08.2017 17983 | 13.67 | 13.08 | 12.42
08.082016 | 17608 | 13.90 | 1322 | 1248 | 08.09.2018 18360 | 13.59 | 13.00 | 12.36
15002018 | 18376 | 13.52 | 1295 | 1231 | 06.08.2019 18701 | 13.50 | 1293 | 12.28
16102019 | 18772 | 13575 | 12.981 | 12317 | 29.10.2019 18785 | 13.607 | 13.011 | 12.353
12112019 | 18799 | 13.519 | 12.946 | 12302 | 28.11.2019 18815 | 13.53 | 12.047 | 12.256

The light curves of the galaxy NGC 7469 (figure 1) indicate a gradual increase of brightness in the
three filters, which began in 2016.

Photometric observations of NGC 4151 were carried out since 2013 [6]. The results are presented in
table 2.

Table 2 - B V R magnitudes of the Sy NGC 4151. obtained in 2013 — 2019 with the aperture of 8”

Date of observation | JD-2440000 B Y Date of JD-2440000 B \%
observation
1 2 3 4 5 6 7 8
22.11.2013 16618 1290 | 1221 06.02.2015 17059 12.98 11.78
06.01.2014 16663 12.66 | 11.84 26.02.2015 17079 12.74 11.43
09.01.2014 16666 1281 | 11.77 27.02.2015 17080 12.48 11.18
11.01.2014 16668 1276 | 11.95 28.02.2015 17081 12.53 11.19
05.03.2014 16721 12.64 | 11.56 18.03.2015 17099 12.48 11.15
10.03.2014 16726 1262 | 11.60 19.03.2015 17100 12.52 11.20
01.04.2014 16748 1292 | 11.68 06.04.2015 17118 12.61 11.82
09.04.2014 16756 1286 | 1191 09.04.2015 17121 12.46 11.11
11.042014 16758 1280 | 11.78 10.04.2015 17122 12.47 11.20
30.04.2014 16777 1290 | 11.69 11.04.2015 17123 12.90 11.81
12.12.2014 17003 1261 | 11.60 23.04.2015 17135 12.97 11.83
13.12.2014 17004 1264 | 11.69 28.04.2015 17140 12.52 11.54
26.01.2015 17048 1292 | 11.86 03.05.2015 17145 12.60 11.51
09.06.2015 17182 1288 | 11.72 28.06.2016 17567 12.36 1127
10.06.2015 17183 1251 | 1132 10.07.2016 17579 12.85 11.81
11.06.2015 17184 1246 | 1112 08.01.2017 17761 12.96 12.15
17.06.2015 17190 1249 | 1128 28.03.2017 17840 13.16 12.26
18.06.2015 17191 1229 | 11.26 08.04.2017 17851 13.15 12.29
19.06.2015 17192 1240 | 11.23 26.05.2017 17899 13.10 12.19
25.11.2015 17351 1271 | 11.76 05.06.2017 17909 13.18 12.23
13.12.2015 17369 1247 | 1130 24.07.2017 17958 13.14 12.17
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Continuation of the table
1 2 3 4 5 6 7 8
14.12.2015 17370 12.54 11.36 09.01.2018 18127 13.18 12.21
21.01.2016 17408 12.70 11.63 21.01.2018 18139 13.17 12.33
22.01.2016 17409 12.88 11.94 17.02.2018 18166 13.23 12.40
02.02.2016 17420 12.86 11.83 19.02.2018 18168 13.17 12.26
05.02.2016 17423 12.45 11.33 03.04.2018 18211 13.09 11.97
04.04.2016 17482 12.45 11.36 22.04.2018 18230 13.16 12.17
19.04.2016 17497 12.22 11.12 26.04.2018 18234 13.10 12.25
13.05.2016 17521 12.40 11.32 07.05.2018 18245 13.08 12.03
09.06.2016 17548 12.63 11.58 26.05.2018 18264 13.15 12.16
5.06.2018 18274 12.87 11.78 02.04.2019 18575 13.10 12.30
13.01.2019 18496 13.10 12.29 05.05.2019 18608 12.98 12.24
11.03.2019 18553 13.06 12.26
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Figure 2 - B and V light curves of the galaxy NGC 4151. The X axis is
Julian date JD -2440000 and the Y axis is the stellar magnitude.

The light curves of the galaxy NGC 4151 show that, since 2017, the brightness of the galaxy remains
at a fairly low level.

4. Results of spectral observations. Spectra of the Type 1 Seyfert galaxies (Syl) are represented by
a set of forbidden and permitted emission lines. The latter ones consist of a narrow and broad (up to
10.000 km/s) components. The ionization source is an accretion disk, the energy of which is generated due
to the accretion of the surrounding substance onto a central supermassive black hole. The region of
formation of the broad hydrogen lines (BLR) consists of dense clouds of gas, fibers, and jets located near
the gravitational center and rotating around it at high velocities. The region of formation of narrow
forbidden lines and narrow components of hydrogen lines has a lower density and greater sizes. The
extension of the regions of the emission lines formation are determined by the time delay (reverberation).
As it turned out, they are from several light days to several light weeks and depend on the luminosity of
the active nucleus of the Seyfert galaxy.

During spectral observations the absolute fluxes in the Ha, [NII] and [SII] emission lines were
obtained. In addition, study of changes in the intensity of the continuous spectrum of galaxies was made,
Figure 3 illustrates the changes in the intensity of the continuum of the Seyfert galaxy NGC 7469 in 2005-
2019. Besides our results. the observational data from the Paper [7] were used.
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Figure 3 - Change in the intensity of the continuum at A = 63004 in the spectrum of NGC 7469.
Axis X — Julian dates JD-24000000. Axis Y —in erg /cm? sec A

It can be seen from Figure 3. that over the past two years, the level of continuum in the spectrum of
this galaxy has increased significantly. which correlates with an increase in its brightness (see Fig.1). A
similar high level of the continuum. about (2-2.5)x10™'* erg/cm’secA was observed in the spectrum of
NGC 7469 in 1997-1998. [7].
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Figure 4 — Change in the intensity of the continuum at A = 5100 A in the spectrum of
NGC 4151. Axis X — Julian dates JD-24000000. Axis Y — in erg/cm? sec A

Figure 4 shows the change in the continuum of the Sy galaxy NGC 4151 on the A = 5100 A. Periodic
fluctuations in the continuum intensity within the range (1.5-8.3)*10'* erg/cm® sec A are observed. At
present, the level of continuum corresponds to the average value.

5. Conclusion. The results of our research confirm the photometric and the spectral variability of the
studied galaxies. Irregular fluctuations of the brightness of NGC 4151 are accompanied by the change of
the level of its continuum. The light curves of NGC 7469 show the tendency of the brightness increasing
during the last year.
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NGC 4151 5)KOHE NGC 7469 CE®EPT FAJIAMJAPBIHBIH
®OTOMETP.IIK KOHE CHEKTPJIIK 3EPTTEY.IEPI

Annoranusi. Fanampapnein 6encenai simposapel (FBS) xeH anama3oHOs! TOJKBIH Y3BIHIBFBIHIAFBl KYIITI
coyneneHy ke3i O6oubin Tabbutanbl. Kesinge ceitdept ramamaapsl Keieci mapTrap OOHBIHIIA JKeKe KiaccKa OeiHreH
OoJaThIH: SPOHBIH ©TE JKOFApFhl )KapKbIpaybl, 00BbEKTUIEP/iH CIIEKTPIEPIHACTI KeH 3MUCCHUSUIBIK, CHI3BIKTaphl JKoHE
CoyJeNeHyiHIH alHBIMaNbUIBIFEL. JKapKeIpaybIHBIH aiHBIMAJIBUIBIFBl SPTYPJII YaKbIT apaiblFblHAA OalKanasipl:
OipHemie MHYTTaH (pEHTI€H aliMarbIH/a) OipHeIe KbUTFa AeHiH.

FBS 3eprreyne criekTpiik »oHe (GOTOMETPIK Oakpuiaynap Herisri amicrep Oonbin Kanansl. COHFBI Keaepae
FBSI 3epTTeyne peHTreH ailMarbIHIarel OaKpLUIayIapFra Ken KeHil OemiHeni. COHbIMEH 0ipre, ONTUKANBIK aiiMaKTaFbl
AJBIHFAH MOJIMETTEP ©3CKTUIITiH )KOFaITIIANIEL.

OpTYpJli aliMaKTa aJbIHFAaH CIEKTPJICPIIH HOTWIXKENEPIH CaJbICTBIPY FaJlaMJapAbIH ilIiHAe OOJIBIN JKaTKaH
MIPOLIECTEP/IiH TOJIBIK CUIIATBIH Oepeti.

B. I'. ®ecenkos arsiHnarsl Acrpodusrka nHetutytbiaa FBS cniexrpiiik 3eprreynepi 6ipHerie oH Kbl OO IBL.
Fanamnapnsiy Gencenai siaponapbiH GOTOMETpIIIK OaKbUIayIapbl IaMaMeH OH XKbUI apalIbIFbIHA JKaIFacya.

Bepinren makanana Actpodusuka HHCTUTYTHIHAA €Ki ceiidepr ranamel NGC 7469 xone NGC 4151 3eprrey
HOTWOKEJEPi YCHIHBUIFaH.

®otomerpiik 3eprreynep PADU Tsub-Illans obceppaTopuschinga opuanackan (TIIAO) Kapn Leiicc Mena
I-meTpiik TeneckoObIHBIH KeMeriMeH xypriziiani. Coynenenik xaObuinarsi peringe 3bA Apogee Alta Company
U9000D9 xamepacsl, BVR Astrodon ¢unbtpiepi KoigaHbuIIbl. AJIBIFaH MAJIIMETTEpAl OH/IEYre CTaHIapTThl IaKeT
Maxim DI 6 Oarmapmamacel KonmaHbuiael. CTaHZApT SKYIABI3AAP PETIHAEC 3€pPTTEICTIH OOBEKTIIepre KaKbIH
OpHAJACKaH. >KYJIBI3IBIK IamMaiapbl OeNrini >KyIIbl3aap TaHJan aublHAbl JKapKelpayasl enmieyneri KaTesdikrepi
+0.m01 acnanmapl.

Cnexrputik 6akpuiaynap A3T-8 xone Tsaup-11lans ob6cepBaTopusicbIHIAFb! 1-METPITIK TeNeCKOOBIHIA XKYPIi3ii.
Crekrporpad SBIG STT-3200 (2184x1472. 6.8p) 3BA kamepacbiMeH xaOAbIKTayiFaH. bakbpuiay OapbIChIHIA
3epTTENETIH FalaMHbIH JKOHE CTaHAAPT XKYJIJBI3ABIH CIEKTpJIepi OeNri SHEPrUsiHbIH Tapaylybl OOWBIHINA AJIbIHA/IBI.
Fanamaapabix criekTpiiepin adCOMOTTI KaIMOpOBKaJlayFa KOJaHbLIa bl

NGC 7469 — 68 MIC KalIBIKTBIKTa OpHAIAacKaH. koopauHaTtanapsl o(2000)=23"00m44%, §(2000)=+8°36'16".
uipimai ranamaap. Kessun eirsicysl z=0.0166, opTanblk AeHeHiH Maccachkl mamameH (1-6)x10’Mo Ten. Fanamuan
80" OYpBITHIK KAIIBIKTHIKTA (PU3NKAIBIK TYPFBIIAFEL cepiri perci3 ranam - IC 5283 opHanackaH. YToJbpKoBa XKoHE
Tarbl Oacka aBTopiap 1999-2014 apansireina NGC 7469 xapkplpay KUCHIFBIH TYPFBI3FaH, OJJaH €Ki KOMIOHEHT
AHBIKTAJIBI: OlpHeIe JKbIIIAH TYPAaThIH Ko NEpUOATHI jkoHe OipHelle IepHoaTaH TYparhlH Te3 nepuox. Ko
komrioneHT I/ OencenpiniriHe coiikec OpHaJlacKaH, ajl Te3 KOMIIOHEHT SAPO MaHbl aliMarblHAAFbl aKKpeIus
JKBUTAMIBIFBIHA TOYEIIII.

DOADPH NGC 7469 dortomerpiik Oakputaynapsl 2013 xbuinan 6acranazasl. JKapkelpayslH enmey 6" Oenriren
aNbIHFaH areprypa OolibiHIIa opbiHAananbl. JKapKelpay KHCBIFBI OHBIH JKapKbplpay JeHrediHiH OipTiHzen
sorapiaranblH kepcereni. NGC 7469 cmekrpiepinge HI, [OIII], [NII] sxome [SII] 3MHCCHSIIBIK CBI3BIKTApP
OakputaHazpl. bi3 JKyprisreH COHFBI €Ki JKBUIIBIK Y37iKci3 chekrpiepaiH (A=6300A) 3eprreynepi OOBEKTiIHIH
JKapKbIpay KHUCBIFbIHA calikec aHarypibiM eckeH. 1997-1998 xpinapet NGC 7469 criekTpiiepine OChIHAAMN HKOFapFbl
MoHjteri (~ (2-2.5)x10“spr/cm’cex A) MHTHCHBTI KOHTHHYYM GaKblIaHFaH.

NGC 4151 ranamsel, koopaunatamapsl a(2000)= 12" 10™ 325, §(2000)= +39° 24' 24" Celidepr 1.5 Tumine
xatagsl. Kemeu sireicysl z = 0.00332. kambslkTeirsl D = 19 Mpce, 1J] maccacs 4.57x10'Me. YK. peHTreH xoHe
OIITHKA aiiMarbIH/AFbI €H JKapbIK celiep FaamMIapbIHbIH Oipi.

2013 sxpiinan 6acran PADU NGC 4151 dortomerpiik Oakpiiaynaps! xyprisintyne. XKapkeipayb emmey 8"
Oenrinen anblHFaH aneprypa OoibiHImIa opeiHAananpl. 2017 >xpurman Oacranm B xone V  ¢ubTpiiepinze
aMIIMTYJaHbIH TepOertici oprama aeHreiinen ~0™.7 mamameH esrepeni. NGC 4151 kontunyym nenreiii A=5100A
TOJKBIH Y3bIHABIFbIHAA ~ (1.5-8.3)x10 *spr/cm’cex A ke3elicOKTHI aybITKyIapFa YIIbIPaiiIb.

Tyiiin ce3mep: Celidepr ramamaapsl, (GoTOMETpIiK alHBIMAIBUIBIK, CIIEKTPIIK alHBIMANIBUIBIK, >KapKbIpay
KHCBIFbl. AMIUTUTY 1an1ap.
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OOTOMETPUYECKHUE U CIHHEKTPAJIBHBIE HCCJIEJOBAHUA
CEM®EPTOBCKHUX F'AJTAKTHK NGC 4151 U NGC 7469

Annotanusi. [anaktuku ¢ akTuBHbBIMU sapamu (ASI) SBISIOTCS MCTOYHMKAMH MOIIHOTO H3JIY4eHHsS B
IIMPOKOM AxanazoHe AuuH BoiaH. CepdepToBckue ralakTHKY B CBOE BpeMsi ObIIIM BBIJEIICHBI B OTJEIBHBIA KIAcC 110
CJIEAYIONINM KPUTEPUAM: BBICOKASI CBETUMOCTb Spa, TEPEMEHHOCTh M3IY4YEHHS W IIMPOKHE 3MUCCHOHHBIC JIMHUH B
CHEKTpax 00BEKTOB. [lepeMeHHOCTh OyiecKa MPOSBIISETCS B Pa3HbIX BPEMEHHBIX HHTEPBATAX: OT HECKOJIBKUX MHHYT
(B pEHTT€HOBCKOM JUaNa30He) 10 HECKOJIBKHUX JIET.

CnekrpanbHble M pOTOMETpHUIECKHE HAOIIOAEHHS 0 CHX IIOP OCTAlOTCS OCHOBHBIMH METOJAMHU MCCIIEIOBaHUS
AJIT. TlocnemHee BpeMsi MHOTO BHUMAHUS YAESETCS PeHTIeHOBCKUM HabmroneHusM ASL. Bmecrte ¢ TeMm, qaHHBIE,
MOJIyYeHHbIE B ONTHUYECKOM [HAala30HE. He TepSIOT CBOCH aKkTyalbHOCTH. VIMEHHO COMNOCTaBJICHHE PE3yJIbTATOB
UCCJICJOBAaHUH, TIOJIy4YEHHBIX B pa3HBIX O0O0JACTSX CIEKTpa, JaeT Haubojee IMOJHYH KapTHHY IPOIECCOB.
MPOMUCXOSIIUX B rajlaKTHKaX.

B Actpodusnueckom Mucturyre num. ®@ecenkoBa (ADPUD) criextpansabie Habmoaenust ASD nmpoBoasrcst Ha
NPOTSHKEHHH HECKOJBbKHX JIECATKOB JieT. [IpuMepHO Jecarh JeT TOMy Has3aJ HadaJuCh pEryJisipHbIe
(horoMeTprueckre HaOIIOICHNS AKTUBHBIX TAIAKTHK.

B nmanHO# cTaThe MPUBOISATCA Pe3yIbTATHI UCCIEAOBAaHUS NBYX ceideproBckux ramaktuk NGC 7469 u NGC
4151, mpoBeneHHbIX B AcTpodusudeckom UHCcTHTYTE.

doTomeTprUecKie HAGITIOIEHHS BHIOTHAIOTCS Ha 1-MeTpoBoM Teneckone Kapn Leiice Mena. pacronoxenHOM
Ha Tsap-llanckoit obcepBaropuu (TIIAO) AOUD. ITpuemankom mznydernus ciayxut [13C xamepa Apogee Alta
Company U9000D9, ucnons3ytorcss BVR Astrodon ¢unbtpsl. s 00paboTku M300pakeHHH HCIOIb3YeTCs
CTaHAapTHBIN nakeT nporpaMm Maxim DI 6. B kxauecTBe craniapToB BEIOHMpaIUCH 3BE3/Ibl C U3BECTHBIMU OLIEHKAMU
Oyiecka B HEIOCPEJICTBEHHOW OJM30CTH OT HCCISAYeMOro oObhekTa. TWIUUYHBIC ONMIMOKHM M3MEpeHHU OJiecka He
npesbimaioT +0.701.

CriektpanbHble HaOMOJeHus npoBomsaTcs Ha Tteneckone A3T-8 um 1-metpoBom Tenmeckore Tsap-lLllanckon
obcepBaropun. Cnexrporpadsr obopynosansl [13C xamepamu SBIG STT-3200 (2184x1472. 6.8u). B mpouecce
HaOJIOJICHUH. TIOJIyYaroTCsl CHEKTPhI UCCIEIYEMbIX TaJlaKTHK M CHEKTPHI 3BE3Jl C M3BECTHBIMU paclpeaeIeHUsIMA
sHeprud. [locaenHne NCob3yroTCs Ui aOCOIOTHOM KalnnOpPOBKU CIIEKTPOB TAIAKTHK.

NGC 7469 - cnpaibHas ralakTika ¢ koopauHartamu o(2000)=23"00"44%, §(2000)=+8°36'16". pacnonoxeHHas
Ha paccrosHE 68 Mmc. KpacHoe cmemernne z=0.0166, macca nerrpansHoro tena (LIT) cocraBnsger mpuMepHO
(1-6)x10’"Me . Ha yrmoeoM paccrosiauu 80" OT TalakTUKK PACTIONOKEH ¢ HU3MIECKAUN KOMIIAHLEOH — HEPETYJISPHAS
rajgakruka IC 5283. Ha kpuBoii Giecka NGC 7469 3a 1999 — 2014rr. nocTpoeHHOH YTOJIIBKOBOI U JIp. yAaIOCh
BBIJICIIUTH JIBE COCTABJISIONINE: MEJUICHHYIO C IEPUOAOM B HECKOJIBKO JIET U OBICTPYIO C EPUOJOM HECKOJIBKO JTHEH.
MeuieHHasi KOMIIOHEHTa HAXOJUTCS B COOTBETCTBUU C akTHBHOCThIO LIT, a ObICTpas KOMIIOHEHTa 3aBHCUT OT
CKOPOCTHU aKKpELUHU B OKOJIOSIEPHOM 30HE.

®otomerpuueckue Habmonenus NGC 7469 nposoustcs B AOUD, naumnas ¢ 2013r. M3mepenus Onecka
BBITIOJIHAIOTCS ¢ (PMKCUPOBAaHHOM arepTypoii 6". Kpusble Oecka 00bekTa yKa3bIBalOT Ha ITOCTEIIEHHOE TIOBBIICHHE
ypoBHs Onecka. B ciektpe NGC 7469 nabmonarorcs smuccuonnsie simaun HI, [OIII], [NII] u [SII]. [IpoBeneHHBIC
HaMH HMCCIIEIOBAHUS IMMOKA3ald, YTO B T€UEHHE ABYX IOCICIHHX JIET YPOBEHb HEMpephIBHOTO crekrpa (A=6300A)
3HAYUTEIBHO BBIPOC B COOTBETCTBHH C KpHBOW Onecka oObekrTa. [logoOHBIE BBHICOKHE 3HAUYEHHWS MHTCHCHBHOCTH
KOHTHHYYMa ~ (2-2.5)x10 *spr/cm’*cex A) nabmomamucs B criektpe NGC 7469 B 1997 — 1998rr.

Tanaktuka NGC 4151 ¢ xoopaunartamu a(2000)= 12" 10™ 325, §(2000)= +39° 24' 24", NpUHAMIEKUT K THILY
Ceiiepr 1.5. Kpacnoe cmemenue z = 0.00332, paccrosuue D = 19 Mpc, macca LT 4.57x10’Mp. D10 oxHa u3
CaMBbIX SIPKUX CeH(epPTOBCKHUX I'aJJaKTUK B PEHTTCHOBCKOM. Y® U ONTHYECKOM AHania30Hax.

B AOUD® doromerpuyeckue Habmogenus NGC 4151 nposousitcs. HaumHas ¢ 2013r. M3mepenus Onecka
BBITIOJIHAIOTCSI ¢ pUKcUpoBaHHOH aneprypoid 8". IIpencraBieHHble (OTOMETPUYECKUE JaHHBIE CBUAETEILCTBYIOT O
TOM, 4ro, HaumHasi ¢ 2017r. OGmeck oObeKTa Ha CpelHEM ypOBHE C aMIUIUTynoW KoseOanuid B ¢umibTpax B
n V ~0™7. YpoBenb kontuHyymMa NGC 4151 na mnune BonHbel A=5100A ucnbIThIBaeT (QUIyKTyalluu B JWara3oHe
~ (1.5-8.3)x10*spr/cm’cex A.

KioueBble ciaoBa: CeiideproBckne ramakTukd, (OTOMETpHYECKAs IE€PEMEHHOCTb, CIEKTpajbHas
MIEpPEeMEHHOCTh, KPUBBIE OJIECKA, AMIUTUTY JIBI.
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THE MODELING OF A FLOW IN FLAT AND RADIAL
CONTACT UNITS WITH A STILL GRANULAR LAYER.
THE SOLVING OF THE PROBLEM IN II DOMAIN
(THE COLLECTING MANIFOLD). (PART- 2)

Abstract. Heterogeneous catalytic processes conducted in axial or radial type reactors with a still catalytic layer
are some of the most important elements of the chemical technology. The attention of scientists and manufacturers to
the investigation and application of these contact units deals with the following advantages: a highly developed
surface of a phase separation, a possibility to provide a high flow velocity and hence to decrease sizes and a material
consumption, a construction simplicity and a reliability of an exploit. Improving an operation of contact units may be
achieved by refining present technologies, catalysts, disperse system structures and by creating new ones.
Nevertheless, in some cases large scale hydrodynamic heterogeneities in a working zone of the unit cancel out efforts
to increase an efficiency of chemical, heat/mass transfer and other processes. The exploration of reasons of the
hydrodynamic heterogeneities formation requires an investigation of liquid and gas motion physics features in
granular layers. A practice of a chemical reactors exploitation reveals that technical and economical indicators of an
industrial process are as a rule lower than the calculated ones, derived on a stage of the process design. Now it can be
considered proven that one of the reasons affecting the reactor output is the heterogeneity of a reagents flow in a
granular catalyst layer. The article deals with a mathematical modeling of an incompressible liquid flow in flat and
radial contact units with the still granular layer and a creation of numerical realization methods for the model

We propose a cycle of articles dealt with a model of a real reactor that consists of three parts: a distributing
manifold, a collecting manifold and a working zone, where the still layer of a granular catalyst is loaded. An input
and an output are made with a Z-shaped scheme. We consider processes and their equations in each reactor zone in
detail.

Keywords: chemical reactor, still granular layer, catalyst, Ergun law, stream function, granular layer resistance
factor, Green's function, pressure field, velocity field, layer resistance.

The vast amounts of works are dealt with revealing the equations of an incompressible liquid motion
in the still granular layer. These equations are constructed by phenomenological and statistical methods
[1-4]. In the first case equations are written down phenomenologically and an interpretation of some parts
is conducted using the averaging of a microscopic model [1,2]. The statistical method is based on time,
ensemble and space ways of averaging correspondent micro-equations, that describe a continuous one-
phase medium motion and the motion of several one-phase media with account for boundary conditions
on inter-phase surfaces [3,4]. For deriving the averaging equations the kinetic theory of a disperse media
and Vokker-Planck differential equation were applied. As a result of these approaches there were obtained
either different modifications of Darcy and Ergun equations or, as in a turbulence theory, non-closed
systems of equations that may be closed with account for a structure and physical properties of phases in
the mixture [5-7]. This is the main problem in modeling heterogeneous media.
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Contact units of a radial type with the still granular material are widely used in technological
processes of different industries. A chemical reactor with the still layer of a tableted catalyst that is used in
a large-capacity petrochemical industry can be mentioned as an example. One of the reasons that
decreases the efficiency of such units is a heterogeneity of a reagents flow in a reactor working zone. It is
known that the appearance of heterogeneities in a steam and raw mixture flow is caused by two factors.
The first factor is the heterogeneity of the catalyst layer structure, for example, its porosity (or density)
that appears during the process of a layer making (in filling the unit) [8-10] and during the further
operation as a result of packing by gravity, vibration, breaking catalyst granules and so on. The second one
is a bad choice of a ratio between geometrical and hydraulic parameters of a unit during its design.

It is considered that the heterogeneity of the reagents flow in the reactor working zone sufficiently
influences process indicators only if a chemical reaction takes place either near the catalyst surface or on
it. Indeed, at these conditions the velocity of reacting products directly defines the time of a contact with
the catalyst. Main characteristic parameters of the reaction depend on this time. If the reaction takes place
inside a porous space of catalyst granules then the contact time is defined by a diffusive reagents velocity
and does not depend on a flow velocity near the granule. In the case it is assumed that the flow
heterogeneity does not influence the chemical reaction kinetics.

Indeed that is not so. The majority of practically using reactions are accompanied by heat
consumption or emission, so they are endothermic or exothermic. Hence if the reaction takes place in an
interdiffusive area then some heat should be brought in or out, because the efficiency of the reaction often
depends upon a temperature. To hold the specified temperature regime of the catalyst layer a neutral heat
carrier, for example an overheated steam, is added to source reactants. It is well known that the flow
heterogeneity of such steam-raw mixture causes an inhomogeneous temperature field and therefore leads
to an appearance of overcooled or overheated parts in the catalyst layer. In addition to decreasing the
output of a target product that results in sintering the catalyst or losing its catalytic properties.

Heterogeneities in the catalyst layer structure may be removed by using special ways of loading [11-
16] or by an application a modular catalyst, where it is possible. By now these ways of loading and the
technology of the catalyst module production have been already invented and continue to be developed.
The flow nonuniformity that is caused by the reactor construction may be investigated and removed on the
base of hydroaerodynamic calculations which allow to define the velocity and pressure fields in the unit in
dependence on its geometrical and hydraulic parameters.

Let us consider the calculating of flow parameters in the collecting manifold on a boundary between
Il and 11 domains. Let the outside collector consists of two sub-domains 4 and B (fig. 1). The B domain is
a semi-restricted pipe of R, radius. The 4 domain is a semi-restricted coaxial domain with an outer radius
Ran and the inner radius R,. A boundary between a working zone and the outer collector is denoted as I
and the boundary between 4 and B is denoted as [';. Deviations of a real geometry from the selected
scheme cannot lead to a significant change of the velocity flow near the I'> boundary at distances much
more than the collector width Ra, — Ro.

The problem of finding the flow in the collecting manifold can be divided into three parts:

1) the finding of the flow in the 4 domain upon the velocity normal component specified at ', and
I'; boundaries;

2) the finding of the flow in the B domain upon the velocity normal component specified at '3
boundary;

3) the finding of the velocity normal component at I'3 upon a condition of the velocity tangential
component continuity at the boundary.

The solution of the problem 2 is accomplished like the solution of the problem for the distribution
manifold since the B domain is the semi-restricted pipe, too. To solve the problem 3 it is necessary to
parameterize the velocity normal component v, with N parameters Cy:

vr(Z)ng, = Eg=1 Caon(2), (1)
where ¢n(z) are some specified functions. The solutions of 1 and 2 problems allow find the velocity
tangential components UEAB ) in 4 and B domains that will be linear functions of C,due to a linearity of the
task:

o1, = 0" (@) + Z-1 CaprV (),
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v P, = IV P (). )

A free term (péA) is related to a flow that enters in the 4 domain through I'; boundary. Equating the

tangential components UEA) and UiB ) at some N points of I'; boundary, we obtain the system of linear

equations for the determination of the velocity normal component parameters. A numerical solution of a
linear equation system is a well-known task and is conducted via standard computer programs that do not
need many computing time. The most consuming part of solving the problem of finding the flow in the
outer collector is the problem 1, i.e. the determination of the flow in the 4 domain.

Green’s function of a coaxial pipe

To solve the problem of finding the flow of the incompressible liquid in a semi-restricted coaxial
domain with a porous inner boundary Green’s functions were used [17]. Using modified Green’s and
Hankel’s functions [18-21] and expressing the solution as a Fourier integral we have obtained:

v(r,z) = [ (vl(R) (r, Z)CDER)UZ(R) (r, Z)CDER)) dk 3)
O and ® " coefficients are defined from the conditions that the normal component of the velocity

equals to zero on the outer boundary at r = Ra, and or (R2, z) equals to the specified vn(z) function on the
inner boundary.
After transformations the desired expression for the velocity looks like:

v(r,z) = [ . G(r,z — 2) - v, (2)dz, 4)

where G(r, z) = {G(r, z), GAr, z)} is Green’s function of an unbounded coaxial domain.

Since Green’s function must be real a real part of the integrand in the formula for G: is an even
function of £, and an imaginary one is odd while in the formula for G, this is backwards: the real part is
odd and the imaginary part is even. At this reason we rewrite expressions for Green’s function without
imaginary values:

_l 0 ]1(kRan)Kl(kr)_jl(kr)Kl(kRan) .
Gr(T',Z) B Pfo J1(kRan)Ko(kR2)—Jo(kR2)K1 (kRay) coskzdk,

_ 1 oo Ji(kRan)Ko(kT)—Jo(kT)K1(KRan) . .
Gz(r2) = pfO J1(KRan)K1(KR2)—J1 (kR2)K1 (KRan) sinkzdk. )

To find the flow in the semi-restricted domain let us extend it to the unbounded one by a reflection
relative to a z = 0 plane.

In this unbounded domain the solution is defined by (4), where VU, (Z) is a symmetrical function of z.
Hence,

v(r,2) = [ G(r,z— Dv(Ddz + [ G(r,z — Dvy(2)dz,
Replacing Z by —Z we obtain that in the Z < 0 domain the solution looks like
v(r,2) = [ _{G(r,z — 2) + G(r,z — 2)} - v, (2 d% (6)

Equations (5) and (6) are the solutions of the problem of finding the flow in a semi-restricted coaxial
pipe.

The analytic expression (5) for Green’s function is valid in any coaxial domain. But a procedure of
the numerical calculating of integrals (5) for a narrow coaxial domain has some features. They deal with
the fact that the geometry of a narrow domain is characterized by two sharply different sizes: R, radius and
a width A = R,—R» and A << R,. To calculate integrals (5) with a proper accuracy we should choose the

upper limit of the integration k>>1/A (for example, k=10/A ).
The integration step Ak should be so tiny that Ak << 1/R, (for example, Ak = 1/10R,). Then a net will

consists of N = Aik = 1OZR2 points and N = 10? at % =10. Since the integral should be calculated at
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different » and z, in each net point the special functions must be calculated and the time for finding
Green’s functions becomes extremely large. Moreover an argument value of special functions kR,

reaches 10R»/A = 100, and as special functions grow exponentially their values exceed maximum allowed
ones and integrals (5) cannot be calculated at all.
To avoid these difficulties the integration domain [0; +oo] should be divided into three parts: from

zero to l?l, from 1;1 to l:z and from l:z to the infinity. The full integral will be a sum of integrals over

these domains
G=6W+6? +6® @)

The k, value is chosen so that k, >> R;' (but k, may be less then A™). For calculating G we will
use the following:

(1) — Rl ]1(kRan)K1(kr) Il(kr)Kl(kRan) .
G (rz) = pfo T2 (KRon) Ko (KR)—Jo (kRp) Ky (kRyr)  COSKZAK (®)

¢Y) _ 1 o Ji(KRap)Ko(kr)—Jo(KD)K1(KRan) .
G (1 2) = 0o T GeRomica (Rp)—hs (R (kR ~ STk

At k — 0 terms under integrals contain an indeterminate form 0/0 that should be evaluated
analytically. Since

3 0,Ky(3) > In3, K (3) > 3_1,;'0(3) -1,,j;3) ==

then at k = 0 the term under the integral for Gil) equals to:

Gr('l) . R an - TZ)[ T(R T )]]_1,

and for G'" equals to:

6" = (—2zR,)(R%, — R3)™L.

At k> l;l Bessel functions are much more than 1 and asymptotic expansions are valid [19]:

1 :
Jo(@lsm = ez (14 257 ),
1 B
J1(®lsno0 = = €(1 =537 + ), ©)
B oagy Roca o
Ko@)y > [B-e2(1 =357 4,
. 3 .-
K (3)ss00 = J;-e (1 +33 Ly, (10)
Correspondingly the expression for G will be
@ _2 Ll iR . 2t 2 — e~ *k(Ru~7) . L -
6 [B e 1 3 ] e 14 3
—E]}D'l - cos kzdk
r (11)
(2) — _l & Ez k(Ran E _k(Ran_r) . i i
Gz pN T J}fl {e 8k - r)] RIS [1 +8k (Rm =
+1]}D‘1 - sin kzdk
= (12)
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where

D = okRuRy). [1 a % (é . Riz)] _ o—k(Ru*Ry) . [1 + 3_3;{(% _ Riz)]

Taking into account two terms of asymptotic expansions is necessary so that even at 77 = IFIR1 ~10

the accuracy was about (lz' 1R 2)_2 ~ 1%.
Green’s function is a flow that forms in the infinite coaxial domain at vn(z) equaled to &(z) — the
Dirac delta function, that is if the finite liquid flow equaled to 2nR; enters the domain through an infinitely

narrow ring slot set at z = 0. It is obvious that at moving away from the slot the flow should level off and r

component of the velocity must turn into zero and z component tends to a constant. It is explicitly from the
physics and numerical calculations confirm that this aligning should occur at distances comparable with
the width of the domain, i.e. at |z| ~ A. Therefore the only characteristic size — A — enters the integral
(12) and in its calculating the net should be chosen so that Ak << A (but Ak may be more than 1/R>).

The necessity of the third integration domain from R,, to o« deals with the fact that at r — R, the
terms under integral approach zero very slowly and at r = R, they don’t reach zero at all and become
oscillating. Thus a numerical determination of these integrals is not possible and it is necessary to make an

analytic evaluation. This is not difficult if 1;2 >>1/A. Then the number of terms with ™ is much less

then the number of terms with e ** and may be neglected. After that the analytic integration is made by
standard techniques. We have:

c® 1) Ry & -r, (" —Ry)coskyz —zsink,z TR,
T p T (T — R)Z + 22 Razn

R, — r)cosl?zz — zsinl}zz
(2Ran — Ry —71)?

—ky (2R —R,~-1) | (2Ran —

e

(13)

Ry KRy . (r — Ry)sink,z + zcosk,z N TR,

20 .
r (r —R)?+ 22 RZ,

(2R, — R, — 1)sink,z + zcosk,z
(2Ran =R, - r)2

-k,(2R,;—R,-7) .

‘e

Note that G contains all singularities that appear in the flow at r — Ryand z — 0. Denoting r — Ry =
£>0 we have thatatz — 0, £ — 0:

1
G' r — Ty & —
Y (T Z) “ p o2 4 72 |e | ,E[(Z) (14)

z 1

1
G (71,2) > —————|esp =
r( ) p e2+22|e 0 pz

The numerical finding of Green’s function was carried out for the outer manifold of Nizhnekamsk
reactor for the styrene production. Results are presented in the fig. 2. One of the qualitative conclusions is
that at z = Ran — R2 = 4 the flow may be considered as homogeneous with 10% accuracy that is the
influence of a disturbance on the manifold boundary spreads out the distance about 4.
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Let us analyze the spreading of the flow leaving the collecting manifold. Consider that the normal
component of the velocity has rectangular profile at the boundary between the working zone and the outer
manifold (I", boundary, fig. 1).

A parameterization of the normal component of the velocity on the boundary I'; is carried out under
the following reasons:

v (Dlr, = e (ag + a1z + ayz® + - )+
+e_z/13(b0+blz+b222 —}—), (15)

where I3 is the boundary between 4 and B domains; /; and /, are the characteristic sizes of the task (/,
< b), z € (0; w). Parameters ao, ai, ... bo, b1... are defined under the condition of the continuity of the
tangential component on the boundary I'; and the conservation of the full flow. The last condition is the
following:

Jp, vrdz = —RRy7 (16)

h

. . . —z/ . ..
or taking into account that integrals from e ~ " - z" are taken in explicit form

1,69 — 11126, + 2! 3a, — 3!ifas + - +
+l,by — 1! 13by + 2!13b, — -+ = —R,R32. (17)

The eq. (15) provides the continuity of the tangential component at x — oo.

At numerical finding parameters of normal component of the velocity on the boundary we used
requirements of the continuity of the normal component at z = 0 and z = 4/2 in addition to eq. (15). Under
these three conditions parameters ao, a1 and by were obtained by solving the system of linear equations.

Figure 1 - The outer manifold
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Figure 2 - The universal Green’s function for various R values

0,2 0,4 0,6 0,8 2

-1,0

Figure 3 - The profile of the normal component of the relative velocity
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ll IZ

Dimensionless coefficients c, = A and ¢, =— were determined under the condition that the
2
parameterization provides the continuity of the tangential component of the velocity in average on the
boundary the best way. We made a functional equaled to the average square of a jump of the tangential
component of the velocity on the boundary

— A By 2
F(cy,65) = fl_3 (vi - vE)%dz (18)
and parameters ¢; and ¢; were defined under the condition of the F functional minimum. It results in
€1 =0,69 and ¢ =0,31 (19)

Parameters ao, a; and by were
ag=—0,70,a; = —2,79 and by = —0,53 20)

(a normalization of these coefficients is determined by an amplitude of the normal component of the
velocity on the boundary I'; and may be considered arbitrary). At these parameter values the calculation
error of the tangential component was about 5%. A profile of the normal component of the velocity is
shown in the fig. 3. The fig. 3 shows that the profile of the normal component of the velocity on the
boundary I'; (i.e. in the output hole of the outer manifold) is mainly determined by the characterized size 4
and therefore the disturbance related to a sudden widening has the size of the same order. The part of the
profile that has the characterized size R, has an amplitude less or about 5%, if exists at all.

B.H. Koaeckun!, A.A. IOnycos?, A.A. IOnycosa?, ILT. IllTepn’,
A.B. JlykbsanoBa'!, M.A. Amanabikos?, K. Kymagymiaes 3

'OBIOY «Peceif YKBIM K. JI. Y IIHHCKHI aTBIHIAFb] SIpocnasib
MEMJICKETTIK [eIarOTUKAIIBIK YHUBEPCUTETI», SIpocnasisk, Peceit;
2 KaszakcTaH MHKEHEPTi-TIeIarOTUKAIBIK, XadbIKTap TOCTHIFE yHHBepCHTETI, IbMKkenT, Kazakcran;
3M.Oyes30B atbmgarsl OHTYCTiK KazakcTan MemnekeTTik yausepcuTeTi, IlsvkenT, Kazakcran

AFBIHJIBI KO3FAJIMANTBIH TYHIPIIIKTI KABATBI BAP 'KA3BIK
"KOHE PAJJUAJIJIbI BAMJIAHBIC ATIITAPATTAPJA MO/JIEJILJIEY.
11 CATAJAFBI ECENTEP/I IHEINY GKUHAYIIBI KOJUIEKTOP). (2 Goutim)

AHHOTauMsl. XUMUAIBIK TEXHOJIOTHSHBIH MaHBI3IBI JJEMEHTTEPiHIH Oipi KaTamu3aTOPIOBIH KO3FaIMAWTHIH
KabaTel Oap akcHambAi HEMece paguaifbl TYpAeTi peakTopiiapla icKe achIPBUIATBIH T€TePOTeH/II KaTaTUTHKAIBIK
mporectep Oonbim TaOBUIamel. FampiMmap MeH eHIIpYIIUIEpAiH Ha3apblHAa OCHIHAAN OaimaHBIC KYpBUIFBLIAPHIH
3epTTey MeH KoJjlaHyFa OipkaTap apThIKUIBLIbIKTap cebern OosraH: (asanap OeniMiHIH JKOFapbl aMblFaH OeTi,
aFbIHJAPIBIH JKOFAphl IKbULIAMIBIKTAPbIH KaMTaMachl3 €Ty MYMKIHIIT, JAeMeK, rabapurrep MEH Marepual
CBIMBIMIIBUIBIFBIH  a3alTy, KOHCTPYKIMSHBIH KapanaibIMIbUIBIFBl MeNaiajgaHyaarsl CceHimuinik. baiigansic
amnmapaTTapblHbIH ~ JKYMBICBIH — KaKCapTyFa  KOJIJIAHBICTAFbl  TEXHOJOTHSUIAPIBI  JKSTULAIPY  JKOHE  JKaHa
TEXHOJIOTHSUIAP/IbI, KaTalu3aTopiap MEH IUCICPCUSUIBIK JKYHENepiH KYpbUIBIMIAPBIH Kypy eceOiHeH KOJ
KETKI3LTyl MYMKiH. Auaiija, Oipkarap >KkarjailapJa anmaparTbhlH OJKYMbIC aiiMarblHOa ipi  MacmralOThl
TUIPOJMHAMUKAIBIK OIPTEKTI eMECTIKTEpAiH O0Iybl XUMHSIIBIK, JKbLUTy-Macca ajiMacy JKoHe 0acka J1a MpoIecTepIiH
TUIMIUIITIH apTTHIPY OOMBIHINA iC-9PEKETTI KOKKA IIbIFapabl. I HIpoanHaMUKaIBIK O1pTEKTI eMec KYObUIBICTapAbIH
maiina Oomy ceOenTepiH aHBIKTAy TYHIPIIKTI Kabarrapja CYWBIKTBIK II€H Ta3[blH KO3FAIlbIC (DH3UKACHIHBIH
EpEeKIIENIKTEePiH 3ePTTEYAl Tajlam eTei. XUMHUIBIK peakTopIapabl Maiaaaany ToKiprOeci OHepKICINTIK MPOIeCcTiH
TEXHUKAJBIK-OKOHOMHKAJIBIK KOPCETKIIMTepi, OHETTe, OCHI TPOLECTi X00ajmay CcaTHICBIHAA AalbIHFAH ECEMNTIK
MOHJIep/IeH TOMEH eKEH/ITiH KyanaHabIpansl. Kas3ipri yakeiTTa peakTOpIsIH OHIMIUIITIHE ocep €TETiH ceOenTep iy
Oipi TYHIPHIIKTI KaTaJu3aTOPIbIH KaOaThIHIAFbl PEArCHTTEDP aFbIHBIHBIH OIPTEKTI eMeCTLTIri OOJIBIT TaObLIATHIHBI
JIONeNIGHreH ien caHayra Oousiaabl. JKyMbIC KO3FajIMalThIH TYHIpIIIKTI KaOaThl 0ap »a3blK JKOHE pauaijibl
KOHTAKTLII anmaparrapia KbIChUIMAHThIH CYHBIKTHIKTBIH aFbIHBIH MATEMATHKAJIBIK MOJCIICYTe )KOHE OCBI MOJIEIIbII
CaHIBIK ICKE achIpy OJICTEPIH KypyFa apHayiFaH. YII O6NIKTeH TYpPaThlH HAKThl PEAKTOPIBbIH MO OOMBIHIIA
KYMBIC LMKl YCHIHBULABL: TapaTyIlbl KOJUIEKTOP, JXHHANTHIH KOJUIEKTOP J>KOHE TYMIPIIIKTI KaTajlu3aTOpIbIH
KO3FaJIMAMTHIH Ka0aThI )KYKTEIICTIH XKYMBIC aliMarbl. ['a3 aFbIHBIH MOJICIIBI'e SHTI3Y JKOHE IIbIFapy Z - OeiHerni cxema
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OOMBIHIIIA JKY3€re achIpblaambl. PeakTopaslH opOip ailMarblHAarel MPOILECTEP MEH OJapIblii CHIATTANHTHIH
TEHJACYNEp i erKel-Ter kel KapacThIpalbIK.

Tyiiin ce3jep: XUMHSUIBIK pEakTop, KO3FAJIMAaWTBIH TYHIpIIKTI Kabar, Karamusatop, OpraH 3aHbl, TOK
(yHKUMSICBI, TYHIPIIIKTI OpTaHbIH Kenaepri ¢gaktopsl, ['puH (YHKIMACH, KBICBIM Opici, KbUIIAMIBIK epici, Kabar
KeJeprici.

B.H. Konecknn', A.A. IOnycos 2, A.A. IOnycosa?, ILI. Illtepn’,
A.B. Jlykbsanosa!, M.A. Amanabikos?, JI.K. Kymanyanaes

'®BI'OY «SlpociaBckuii rocy1apCTBEHHBIN IIEAArOTHIECKUI YHUBEPCUTET
mM. K. JI.Ymmackoro MunBsimo6pHayku Poccum» Spocnasns, Poccus;
2YVuusepcuret Jpyx6b1 HapomoB uMenn akagemuka A Kyar6exora, [lsmvkent, Kazaxcran;
3I0sH0-KaszaxcTaHckuil rocynapcTBeHHbli yHuBepcuTeT uM.M.Ays308Ba, [llbiMkenT, Kazaxcran

MOJEJIUPOBAHUE TEYEHUSA B IIVIOCKHUX U PAIUAJIBHBIX
KOHTAKTHBIX AIIMAPATAX C HEHOABUKHBIM 3EPHUCTBIM CJIOEM.
PEIHIEHHE 3AJAYH B OBJIACTH 11 (COBUPAIOIINUA KOJIJIEKTOP). (Yacts 2)

AnHoTanusi. OZHUMH W3 B@KHEHIINX 3JIEMEHTOB XUMWYECKOW TEXHOJOTHH SBIISIOTCA TI'eTEPOTCHHBIC
KaTaJIMTUYECKUE IIPOLECCHI, PEaTu3yeMble B PEAKTOPAaX aKCHAJBHOIO WM PaJHaIbHOTO THUIA C HENOJIBHUKHBIM
CIIOEM KaTanu3aTopa. BHHUMaHHMIO Y4EHBIX M IPOU3BOJICTBEHHUKOB K HCCIENOBAHUIO W IPUMEHEHHIO TaKHX
KOHTaKTHBIX YCTPOMCTB OOYCJIOBJIEHO PSZAOM IPEUMYILECTB: BBICOKOPA3BUTOM NOBEPXHOCThIO paznena a3,
BO3MOXXHOCTBIO OO€CreueHHsT BBICOKMX CKOPOCTEH IIOTOKOB M, CJI€[IOBATENIbHO, YMEHBILIEHUS Tab0apuTOB U
MaTePUAIOEMKOCTH, IPOCTOTON KOHCTPYKIIMU M HAAEKHOCTHIO B IKCIUTyaTalMU. YIIydllICHUE PaOOThl KOHTAKTHBIX
anrnapaToB MOXKET OBITh JOCTUTHYTO 3a CYET YCOBEPLICHCTBOBAHUS CYLIECTBYIOIINX U CO3/IaHHSI HOBBIX TEXHOJIOTHH,
KaTaJlM3aToOpOB M CTPYKTYp JHUCHEpCHBIX cucteM. OpHaKo, B psle CIydyaeB HaJMYUe KPYHMHOMACIITaOHBIX
THIPOJMHAMUYECKUX HEOAHOPOJHOCTEH B paboueil 30HE ammapara CBOAWT Ha HET YCHJIMSA IO IIOBBIICHHIO
3Q(PEKTUBHOCTH XMMHUYECKHX, TEIIO-MaCCOOOMEHHBIX M APYTHX MpoleccoB. BhIsICHEHnEe MPUYUH BO3HHUKHOBEHUS
THIPOJMHAMHYECKUX HEOJHOPOIHOCTEH TpeOyeT M3ydeHHs 0COOEHHOCTEH (M3WKM IBIKEHUS >KUAKOCTU W Tasa B
3€pHUCTHIX CJI0AX. OIBIT JKCIUIyaTalMd XHMHUYECKHX PEaKTOPOB CBHICTENBCTBYET O TOM, 4YTO TEXHHUKO-
HSKOHOMHMYECKHUE TIOKA3aTENN ITPOMBIIIIEHHOTO MPOLECCa KaK IMPAaBUIIO HIKE PACYETHBIX 3HAYEHUH, TIONY4YEHHBIX Ha
CTaJuy NMPOEKTUPOBAHM STOrO Ipolecca. B HacTosIIee BpeMsi MOKHO CUUTATh JOKAa3aHHBIM, YTO OJHOW U3 IIPUYHH,
BIMAIOIINX HAa IMPOM3BOJUTEIBHOCTh PEAKTOPA, SBIAETCS HEOJHOPOJHOCTh NMOTOKA PEAreHTOB B CIIOE€ 3E€PHUCTOTO
Katanuzaropa. PaboTa mocBsieHa MaTeMaTHuecKOMY MOJICITUPOBAHHUIO TEUYEHHsT HEC)KHMMAEeMOW JKHJIKOCTH B
IJIOCKUX M paJuajibHBIX KOHTAKTHBLIX ammnaparax € HEIMOJABWKHBIM 3CPHUCTBIM CJIOEM H IMOCTPOCHHUIO METOAOB
YHCJIEHHOH peanu3auuu 3Tod Mojenu. [IpeanoxkeH kI pabOT MO MOJEIH PEabHOTO PEaKTopa, COCTOSIIEro U3
TpeX dYacTei: pa3/alollero KOJJIEKTOpa, COOMPAOLIEro KOJUIEKTOp M paboyel 30HBI B KOTOPYIO 3arpykaercs
HETOJBIDKHBIA CJIOH 3€pHUCTOrO KaTanu3aTopa. BBoa M BBIBOJ ra3oBOro MOTOKAa B MOJENIU OCYLIECTBIEH IO
Z-o06pa3Hoii cxeme. PaccMoTprM 1o1poOHO MpOIecChl U OMUCHIBAEMbIE X YPABHEHHMS B KaXI01 30HE peakTopa.

KiroueBble cj10Ba: XMMHUYCCKHHA PEAKTOp, HETOABIDKHBIN 3EPHUCTHIN CIIOW, KaTaln3aTop, 3aKOH JpraHa,
(yHKIHESA TOKa, (aKTOp COMPOTHBIICHUS 3EpHHUCTOW cpenbl, ¢yHKuus ['puHa, mMoile MaBIEHUH, TONEe CKOPOCTEH,
COIPOTHUBIICHUE CIIOSI.
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YBaxxaemble aBTOpPbI HAYYHbIX KypHaaoB HAH PK!

IIpesummymom HAH PK npussTo pemenue, B LENsIX IMOBBILICHUS
MEXAYHAPOJHOIO0 PEUTHUHIA aKaJeMUYECKUX H3AaHUH, OObEAMHHUTH CIEAYIOIIHNE
3 xypHaina, HaunHas ¢ Ne 5 (ceHTI0pb-0KTs0ph), 2020 T., C BHICOKOPEUTUHT OBBIMH
xypHaiamu HAH PK, Bxogsuiumu B MexayHapoiHbie 6a3bl Scopus, WoS u np.:

1. «M3BecTusi HAH PK. Cepusi OM0/I0rn4ecKux M1 MeIUUUHCKUX HAYK)
00BeauHUTH ¢ )xypHaIoM «Jlokmaast HAH PKy;

2. «"3Bectust HAH PK. Cepus arpapubix Hayk» — «/{oknanst HAH PK»;

3. «A3BecTust HAH PK. Cepusi 0011eCTBEHHBIX 1 TYMAHUTAPHBIX HAYK» —
¢ xypHanom «Bectnuk HAH PK».

Cratbu, KoTOpble myoOsnkoBasinch B xxypHanax «M3sectus HAH PK. Cepus
ounonornyeckux u meauuuHckux Hayk» U «M3ectuss HAH PK. Cepus arpapHbix
HayK», BIpeab 0ynyT nmyonukoBathes B xkypHaie «/dokaaast HAH PK», a cratsy,
nyonukyemble B kypHane «M3Bectus HAH PK. Cepuss oOuiecTBeHHBIX H
I'YMaHUTapHbIX HAYK», — B )KypHaie «Becthuk HAH PK».

[Ipu nogaude crateil MpocUM yKa3blBaTh HAa3BaHUE KypHAJla U OTPACib HAYKH,
COTJIaCHO MPEACTABICHHOTO MEepeyHs (CM. HIKE) B JaHHOM >KypHaJie:

I. Hayunsni xypnan «Bectnuk HAH PK» mnocsiueH uccnenoBaHusiM (QyHIAMEHTAIbHOW HayKH
(rymMaHHMTapHbBIE U €CTECTBEHHBIE):

PC,HaKL[I/IOHHaH KOJUIETHUA IPUHUMACT CTAThU 110 CICAYIOIUM OTPAC/ISIM HAyKH:

1. I'ymanutapHbie (3KOHOMHKA, IOPUCIIPYACHIINS, HCTOPHS U apXEOJIOTHsl, OJUTONOTUSI ¥ COLUOJIOTHUS,
¢bunocodusi, Ghunosorus, neraroruka U NCUXoJI0Tus, JIUTepaTypoBe/IeHHE, NCKYCCTBOBEICHHUE)

2. EcrectBeHHbIe (aCTpOHOMHUS, (HU3UKA, XUMHSI, OHOJIOTHS, reorpadusi ¥ TeXHHIeCKUe HayKu). [Tpumepbl
TEXHHYECKHX HayK: KOCMOHABTHKA, KOpalOJjecTpoeHHe, MAlIMHOCTPOSHHE, CHCTEMOTEXHHKA, JJIEKTPOTEXHHKA,
AIIEKTPOCBS3b, PaOdJICKTPOHHKA, SepHast SJHEPreTHKA U T.JI.

Anpec cainta «BectHuk HAH PK» — http://www.bulletin-science.kz/index.php/en/arhive

II. Hayunwni xypHan «Jdokaagbi HAH PK» mocBsmieH wuccieqoBaHusM B 0O0JACTH  TMONTYYCHHS
HaHOMaTEePHAaJIOB, OMOTEXHOIOTUN H SKOJIOTHH.

Pe,[[aKI_[I/IOHHaH KOJUIETHUS IPUHUMACT CTAThU I10 CICAYIOUIUM OTPAC/IIM HAyKH:

1. [TonyyeHre HAHOMATEPUAIOB B 00JIACTH €CTECTBCHHBIX HAYK, MEIUIIMHBI U CEJIBCKOTO XO035HCTBA.
2. broTexHoNOTHs B 3eMIICICIIHU, PACTCHUEBOJICTBE U 300TCXHHUKE.

3. O6mas Onostorus ¥ OMOTEXHOJIOTUS B MEAULIVHE.

4. DKoaoTHs.

Appec canta «doknagbl HAH PK» — http://reports-science.kz/index.php/en/archive

Kpome Ttoro, B xypHamax «M3ectuss HAH PK. Cepus ¢wusuxo-
maremaruueckas», «M3Bectus HAH PK. Cepusa xumunm U TEXHOJIOTMN» U
«3Bectuss HAH PK. Cepus reosnorun M TEXHUYECKMX HAYK» TaKKE YKa3aHbI
OoTpaciid HayKd, IO KOTOpbIM OyAyT TPUHUMATHCS HAy4YHbIE CTATbU JJIS
AKCHEPTU3bI U JATBHEHIIEr0 OMyOJIMKOBAHUS:

III. Hayunsrit xxypHan «A3Bectusi HAH PK. Cepust puznko-MaTeMaTH4ecKas» IOCBSIIEH UCCICIOBAHUIM
B 00JTaCTH MaTeMaTHUKH, PU3UKH U HHYOPMAITIOHHON TEXHOIOTHH.



Pe,[[aKI_[I/IOHHaH KOJUIETHUS IPUHUMACT CTAThU I10 CIEAYIOIIUM OTPAC/IIM HAyKH:

. Marematuxka.

. Uudopmaruxa.

. aTemiekTyanbHbIi aHAIN3 JaHHBIX M Paclio3HaBaHUE 00pPa3oB.
. MaTteMaTHYeCKoe MOJICTUPOBAHKE COITHAILHBIX K IKOHOMUYECKHUX MPOIECCOB.
. Mexanuka.

. MexaHuKa MalivH ¥ pOOOTOB.

. Teopus ynpaBiieHHsI 1 KOCMAYECKHE UCCIICIOBAHUS.

. ®uzuka.

. SlnepHas pusmka.

10. Teopetnueckas puzmka.

11. ActpoHomusl.

12. Monocdepa.
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Appec canta «UN3BecTna HAH PK. Cepus cpmusamko-maTtemaTnyeckasa» —
http://physics-mathematics.kz/index.php/en/archive

IV. Hayunsiii xxypHan «3Bectusi HAH PK. Cepusi XuMuM ¥ TeXHOJOTMil» MOCBSILIEH UCCIEIOBAHUSAM B
00J1aCcTH XUMHH U TEXHOJIOTHUI HOBBIX MATEPHAIIOB.

PeﬂaKHI/IOHHaﬂ KOJUJICTU IPUHUMACT CTATBbU IO CJICAYIOIINUM OTPACISIM HAyKU:

. Opranmyeckas XUMHS.

. Heopranuueckas xumusi.

. BeicokOMOneKysIpHBIE COEANHEHUSI.

. ®usnueckas XuMus (KaTaau3, JIEKTPOXUMHUS).
. TexHomorus HOBBIX MaTepUAIIOB.

. TexHOIOTr sl OpraHN4YeCKHUX BEIIECTB.

. TexXHOJIOTrusI HEOPTaHMUECKUX BEIIECTB.

. TexHonoruss XMuMHYECKUX YAOOPECHUI.

. TexHONOrMs MOJTUMEPHBIX U CTPOUTENBHBIX MAaTEPUATIOB U CUIIUKATHL.
10. TexHoIOrUs MUIIEBBIX IPOTYKTOB.

11. ®apmaneBTHUECKass XUMUSL.
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Appec caiita «U3Bectus HAH PK. Cepusi xXumuu n TexHonormm» —

http://chemistry-technology.kz/index.php/en/arhiv

V. Hayunsiii xypHan «HW3Bectus HAH PK. Cepus reonorum M TeXHHYECKHX HAYK» TIOCBSIICH
UCCIIEJOBAaHMAM B 00JIACTH T'€OJIOTUH U TEXHMUYECKUX HAyK:

Pe}IaKLII/IOHHaﬂ KOJIJIETUs IMPUHUMACT CTATbH IO CJICAYIOIINUM OTPAC/IsIM HAyKU:

. 'eonorus.

. PernonanbHas reosorus.

. [lerponorus.

. l'eomorus vedtH 1 raza.

. 'eonorus u rese3uc pyaHbIX MECTOPOXKIEHUI.
. 'maporeosnorus.

. T'opHoe neo 1 reoMexaHuKa.

. @yHIaMeHTaIbHBIE TPOOIEMBI 00OTAICHUS MUHEPAIEHOTO CHIPHS.
. mxeHepHast reosiorusi.

10. T'eousuka u cericMoIorHsl.

11. Teorpadust.
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Appec cainta «M3Bectnsa HAH PK. Cepus reonormm n TexHM4eCKMX HayK» —
http://www.geolog-technical.kz/index.php/en/archive



