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BOAHbI B CPEAE BSI3KOCTHOM
KBAPK-TAOOHHOM MAA3Mbl

C MOMeHTa OTKPbITUS KBapK-TAIOOHHOM MAa3Mbl, €e Ha3BaAM HOBbIM COCTOSIHMEM MaTepuu, UTo
NnoGYyAMAO K HAUYaAy MCCAEAOBaHUS KOAAEKTUBHbIX 3hheKToB. [1poAOAXKas 3Ty TEMY, B AQHHOM CTaTbe
UCCAEAOBaHbI KOAeBaTeAbHblE MOAbl BHYTPEHHUX BOAH B KBAapK-TAIOOHHOM nAasme. Cpeaa KBapk-
FAIOOHHOM MA@3Mbl PAaCCMaTPMBAETCS KaK MAEAAbHAs JKUAKOCTb C HEBOABLION BA3KOCTbIO. BsizkoCTb
YUUTBIBAETCS C MOMOLLBIO AMDAEKTPUUECKOM (PYHKLMKM C MapaMeTPOM BSI3KOCTU, KOTOPble CBSI3aHO C
MOKA3aTeAEM BHTPOMUM, U ITOT NAPAMETP MOXKHO BbIOPATb B COOTBETCTBUM C PA3HbIM TEOPETUUECKMM
NMOAXOAAM K OMMCAHUIO KBAPK-TAIOOHHOM MAa3Mbl. 3ajauya pelleHa B AAMHHOBOAHOBOM TMPEAEAE,
HO AQHHOE pelleHMe COOTBETCTBYeT (hM3UUECKOMY CAyYalo, OMMCAHHOMY B CTaTbe. TaKoW MOAXOA
CBOAUT MPOBGAEMY K HEAMHEMHOMY aArebpanMueckomy YpaBHEHMIO, KOTOPOE PeLlaAoCh C MOMOLLbIO
NPOrpaMMHOro 06ecrneyeHusl AAS YMCAEHHbIX PACYEeTOB. AAS HAarASAHOCTU KOAebGaTeAbHblE MOAbI
BSI3KOCTHOM KBapK-TAIOOHHOM MAA3Mbl CPABHUBAIOTCS C KOAEHATEAbHBIMU MOAAMU CTOAKHOBUTEABHOM
KBApPK-TAIOOHHOM TMAa3Mbl — 3TO MOKaXXeT 3(eKkT napaMeTpa AMIAEKTPUUYECcKon (YHKLUMK,
yuUuTbIBalOLLEH TOABKO BSI3KOCTb. PelleHusi npeACTaBAeHbl B BUAE rPacpuMKOB YacTOTbl B 3aBUCUMOCTH
OT BOAHOBOIO YMCAQ, B KOTOPbIX HArASAHO MOXHO YBUAETb KOAEOATEeAbHbIE BOAHbI. Take, Mo 3Tum
KoAeHaATEeAbHbIM MOAAM MOXHO CYAUTb O XapakTepe BOAH.

KAroueBble CAOBa: KBapK-TAIOOHHas MAa3Ma, BOAHbl B CPeAe, AMIAeKTpuueckast (yHKUMs,
AAMHHOBOAHOBOW MPEAEA.
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Al-Farabi Kazakh National University, Almaty, Kazakhstan
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Waves in medium of viscous quark-gluon plasma

Since quark-gluon plasma was discovered, it has been called the new state of matter, prompting the
beginning of the study of collective effects. Continuing this topic, the oscillation modes of internal waves
in a quark-gluon plasma have been investigated. The medium of a quark-gluon plasma is considered
an ideal fluid with a small viscosity. The viscosity is taken into account using a dielectric function with
a viscosity parameter, which is related to the entropy, and this parameter can be chosen in accordance
with different theoretical approaches to describing a quark-gluon plasma. The problem was solved in
the long-wavelength limit, but this solution corresponds to the physical case described in the article.
This approach reduces the problem to non-linear algebraic equations that were solved using software
for numerical calculations. For illustration, the oscillation modes of a viscous quark-gluon plasma are
compared with the oscillation modes of a collisional quark-gluon plasma — this will show the effect of
the parameter of the dielectric function, which takes into account only viscosity. The solutions are pre-
sented in the form of graphs of frequency versus wavenumber, in which you can clearly see the oscilla-
tory waves. Also, these vibrational modes can be used to judge the nature of the waves, and for physical
interpretation.

Key words: quark-gluon plasma, waves in a medium, dielectric function, long-wavelength limit.
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TYTKbIlLITbl KBAPK-TAKOOH NMAAa3MacCbiHbIH, OPTAaCblHAAfbl TOAKbIHAQP

KBapk-rAl0OHAbI NMAa3ma TabbiAFaHHaH 6acTar, OA 3aTTbiH XKaHa Kyii Aern aTaAAbl, 6YA KOAAEKTUBTI
appekTinepai 3epTTeyAiH GacTaaybiHa TYPTKi 60AAbL. OCbl TaKbIPbIMTbI XKAAFACTbIpa OTbIPbIM, GYA
MaKaAaAa KBapK-TAIOOH MAAa3MacbIHAAFbl ilLKi TOAKbIHAAQPAbIH TEPGEAMEAT pexXiMAEepi 3epTTeAreH.
KBapK-rAl0OH NA@3MacblHbIH, 0PTAChI TYTKbIPAbIFbl TOMEH MAEAAADBI CYMbIK ThIK, PETIHAE KapaCTbIPbIAQAbI.

© 2024 Al-Farabi Kazakh National University 3
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Bouasr B cpene BSI3KOCTHOM KBapK-I‘HIOOHHOﬁ I1a3MbI

TYTKbIPABIK, 3HTPOMUSI MHAEKCIMEH 0GalAaHbICKAH TYTKbIPAbIK, MapameTpi 6ap AMIAEKTPUKAABIK,
(PYHKUMSHbI KOAAQHY apKbIAbI €CKEPIAEAT )KoHe OYA NMapameTpAi KBAPK-TAIOOH MAA3MaChlH CUMMATTayFa
apHAAFaH dp TYPAI TEOPUSIAbIK TOCIAAEPre COMKeC TaHAayFa 60AaAbl. MaceAe y3blH TOAKbIHABI LIETiHAE
LeLwiAreHMeH, OYA LeliM MaKaAaaa cunaTTaAFraH (OM3MKaAbIK, KaFAaFa carikec Keaeai. bya Makanasa
KOWMbIAFAH MBCEAE CbI3bIKTbIK, EMEC aArebpanblk, TEHAEYre AeniH KbICKAPTbIAbIM CaHAbIK, ecenTeyAep
6aFAQpPAAMaChl apKbIAbI LeliAreH. ANKbIHABIK, YLWiH TYTKbIPp KBAPK-TAIOOH MAQ3MaCbIHbIH, TepOeAMEAi
PE>XKMMAEPI COKTbIFbICTbIK KBAPK-TAIOOH MAA3MaCbIHbIH TEPOEAY PEXXMMAEPIMEH CAaAbICTbIPbIAABI — BYA
TeK TYTKbIPAbIKTbl FaHA eCKepeTiH AMIAEKTPAIK (pyHKUMS napameTpiHiH acepiH kepceTeai. LLewimaep
TepbeAMEAi TOAKbIHAAPAbI alKbIH KOPYTre 60AATbIH KMIAIKKE XOHE TOAKbIH CaHbIHA KATbICTbI rpacmnKTep
TYpiHA€ ycbiHbiAFaH. CoHAal-aK, GyA TepHeAic pexkMmMiH TOAKbIHAAQPAbIH TabMFaTbiH XKaHe (OU3NKAABIK,

MaFbIHACbIH GaFaAay yuliH nanaasaHyra 6oAaAbl.

TyiiiH ce3aep: KBapK-TAIOOH MAA3Macbl, OPTaAaFbl TOAKbIHAAD, AMIAEKTPAIK (DYHKLMS, Y3bIH

TOAKbIHADBIK, LLIEK.

BBenenue

Teopernueckue pabOTBl MO  JIOKATBHOMY
CKOIICHUIO B3aMMOJICHCTBYIONINX MEXITy Cco00it
KBapKOB U TJIIOOHOB B TEPMAJIHLHOM M XHUMHUYECKOM
paBHOBECUU HayaJluch  yXKe B Hayaie
BOCBMHUJIECATHIX TOJOB Tponmioro Beka [1]. Drto
COCTOSIHME Ha3BalM KBAapK-IVIFOOHHOM IUIa3sMOU B
AHAJIOTUU C BJCKTPOMArHUTHOM MJIa3MOU C OJHUM
HCKIIFOUCHUEM, YTO B JAHHOM CIIy4ae MPUXOIUTHCS
TOBOPUTH O KBAa3MHEUTPAIBHOCTU 1IBETHOT'O 3apsa
B CMJILHOM B3auMozeicTBUM. Toraa ke MmosBUINCh
MIEPBBIC NPEIJIOKECHUS mno MPOBEJICHUIO
SKCIIEPUMEHTOB CO CTOJKHOBEHHUEM  TSDKEJBIX
noHoB B [IEPH u BHJI u cranu yxe npoBoAUTHCS B
nocnenytomue  rofael.  [lepBeIM  3HAYMMBIM
MPOPBIBOM B 00JAcTH CTallo JETEeKTHPOBAHHE
KBapK-TJIIOOHHOM  TuIa3Mbl B JIaDOpaTOPHBIX
yeinoeusix B LIEPH B 2000 romy [2, 3]. B
nabopaTOPHBIX  YCIOBUSX €CTh  BO3MOXKHOCTB
KOHTPOJIMPOBATH napameTpbl arperaTHoro
COCTOSIHMSL, WJIH, IO KpaliHel Mepe, 3apaHee 3aJaTh
Ha YCTaHOBKE U M3MEPSATH M0 X0y HKCIEPUMEHTA.
Taxke, KBapK-IIIOOHHAs IUIa3Ma BCTpEYaeTcs B
npuposiie, B HeApax HEOECHBIX Tel W B paHHEH
Bcenennoil. B npunmnune, 3To u ABISIETCA OAHOU
U3 TJABHBIX NPUYUH B U3YYEHHUU 3TOH TEMBI U IO
3TOM MPUYMHE OHA SIBJISETCS aKTyalbHOU [4].

Tax Kak eCcTh JKCIIEPUMEHTAJIbHOE
MOATBEPKACHUE arperaTHOTO COCTOSIHHSI, KOTOPOE
COCTOUT W3 MHOXXECTBA KBAPKOB U TIJIIOOHOB B
CBOOOJTHOM COCTOSIHUH, XOTENOCh OBbI UCCIIEIOBATH
uX  KoJuleKTuBHBIE 3¢ ¢extsl. OgHuM U3
(yHIAMEHTaNbHBIX BEIWYMH JJIS JTOH Uenu

SABIISIETCSl  NWAJIEKTpUYeckas (YHKIUS  KBapk-
[JIFOOHHOHU IJ1a3MBl, KOTOpast IIOMOTaeT
HCCIEN0BATh paguyc SKpPaHUPOBAHHUS u

MACTIEPCHOHHOE COOTHOIIeHHe. M, KOHEYHO Ke,

OHa sIBJseTcA (PYHKIIUEH OTKIMKA KBapK-TIIFOOHHON
IJ1a3Mbl Ha BHEITHUM TOK IIBETHBIX YaCTHUII.

Hns o030pa MOJKHO MIOCMOTPETH
TUDJIEKTpUYeCKUue (PYHKIWUU IS KBAPK-TITFOOHHOM
IJ1a3MBbl, HAITUCAHHBIE B T€ XK€ T'0J[a, YTO U IEePBbIE
MIpeJUIOKEHNs Ha TPOBEACHUS 3KCIEpUMEHTa U
Kakne B HUX ObulM BBEBOABI [5, 6]. B
BBIIICYTIOMSIHYTBIX JBYX CTaThsX, pacueThl BEJIHCH
B mnpuOmmwkenun HTL (hard thermal loop -
KECTKasi TepMHUUYECKas MeTNs) B paMKax TEIUIOBOU
TEOpUM  MOJSl W KUHETUYECKOH  Teopuu
cooTBeTCTBEeHHO. [lo31Hee OBLIM HAMMCaHBI CTaTHU
C pacueTaMu JURJICKTPUYECKOW (yHKIMM 3a
mpenenaMd  3TOr0  NPHOMIMKEHWs, HO  Hac
WHTEpecyeT JApyroi (akT, TIONYYeHHBIA U3
3KCIIEPUMEHTAIBHBIX U3MEPEHUH.

Ha skcnepumenrax B xomnaiizepe RHIC 6bu10
[TOKa3aHO, YTO TOpsS4Yee arperarHoe COCTOSHHE,
KOTOpOE€ HAa3bIBAETCS KBApPK-TIIOOHHOW ILIA3MOM,
BeZIeT ceOsl Kak ueaabHasl KHUIKOCTh C MaJleHbKUM
3HayeHueM Bskoctu [7, 8, 9, 10]. Kak Tosibko
ObUTH 00HAPYIKEHBI BSI3KOCTHBIE CBOWCTBA TAHHOTO
COCTOSIHMS, BOCIPOU3BEAEHHOTO B CTOJKHOBEHHSIX
TSOKEJIBIX MOHOB C PEJSITUBUCTKUMU CKOPOCTSMHU,
MIPOU3BOAMIIOCH MHOYKECTBO PAacuye€TOB B paMKax
BA3KOCTHOM TUIPOJUHAMUKH, a TaKxKe
KOMIIBIOTEpHBIE cUMyJALMU. OAHAaKoO, XOTENOCh
Obl, B OCOOEHHOCTH, OCTAHOBHTHCS Ha pacyere
IVDJIEKTPAHYECKON (YHKLIUHM, TaK KaK CUMTAETCS,
YTO BS3KOCTh Ha MPSAMYIO BIHAET Ha (YHKLHUIO
oTKIMKa. OJHAKO, aBTOPHI HE 0KA3aJIUCh MEPBHIMU,
KTO pEIMI MCIOJIB30BaTh ATOT (akT (Mayro
BA3KOCTh) [UIS HAaXOXICHHS AMIJIEKTPUUIECKON
(YHKUNH, TOTOMY OHH CYHMTAIOT HEOOXOIUMBIM
yInoMsSHyTh 00 ux crtathe [11], B KOoTOpO# OBLIO
UCCIIEZIOBAHO  BIUSHHE JIMIIb BS3KOCTH  Ha
IMRJIEKTPUYECKYI0 (PYHKIHIO, B TaK Ha3bIBaeMbIX
MSTKUX MOJAX.



K.M. BaiiceutoB

B nanHO# cTaThe XOTENOCH OBI ITOCIETOBATH IO
TOMY JK€ MYTH U TOCMOTPETh, KaK >K€ BIUSET
BA3KOCTh, TOYHEE OTHOIIECHHE BSI3KOCTH Ha
SHTpONMUIO (B  JajdbHEHIIMX  YacTsSX  CTaThbU
HajeeMcs, OyJeT sCHAa NPUYHMHA PACCMOTPCHHS
9TUX JABYX (DM3MYECKUX BEIHYUH B CBS3KE), HA
MPOJONBHYI0 AMAJIEKTpUdecKyto (yHKuio. Jls
BBISIBJICHUS PAa3IUYHBIX CBOICTB 3TOM
JUBIIEKTPHYECKOW (YHKIMH, HEOOXOAUMO HaNTH
3aBHCHMOCTh YacTOTHI KOJeOaHUil OT BOJHOBOTO
BeKTOpa TpH  TNPUPABHUBAHUU  IIPOJOJIHHOM
JIUBIICKTPUYCSCKON (DYHKIIMH HYJIIO, (PU3UYECKH ITO
OyIeT o3Ha4YaTh HaXOXJEHHE KOJeOaTeIbHBIX MO
B CpeJie, ONMKUCHIBAEMbIX JAHHOW TUAJIEKTPUUECKOU
¢yHkuumei. [y HarJsIIHOCTH CBOKMCTB, a TakXke B
LEJSIX CPAaBHUTEILHOTO aHaIN3a, IPUBEACHA TAKKE
W TpOAOJbHAS  OUAJIEKTpUYEcKas  (PYHKIUS
CTOJIKHOBHTENHFHON tura3mbl [12]. Bce pacuers
MPOBEACHBI VIS JBYX IUIJICKTPUYCCKUX (DYHKIIMN
NapaJyIeIbHO W IPUBEACHBI JBAa  KOHEYHBIX
rpaduka, OMNATH-TAKH B LEISIX CPABHUTEIHLHOTO
MPEACTABICHUS] PE3YJbTATOB pacuera, OJIHAKO
yuTaTeNlb JOJDKEH MOMHUTh, 4YTO HW3HAYAJIbHOU
LEIbI0 aBTOPOB SIBJISIETCS HCCIEIOBAaHUS HMMEHHO

BSI3KOCTHOW KBapK-TIIOOHHOHW 1masmel. Ciemyer
no0aBuUTh, YTO AN OOJEr4eHus  pacyeToB
KoneOareapHble  MOABI  OBUIM  BBIYKWCIEHBI B

JJIMHHOBOJIHOBOM IIPE€ACIIC, XOTdA OTO H €CTb

YMEHBIIIEHUE OOIIHOCTH OTBETA, HO 3TOT Ipejiell
TOXKE SABJISIETCA MHTEPECHBIM JJIS U3YUYEHHUsI, HE TO,
YTO OJIHOYACTUYHBIN MpeIe.

JlaHHas craThsi COCTOWT W3 BBEACHUS, Jaajee
CJIeflyeT IJIaBHas 4acTb, Ile OyAyT HMpeacTaBlEeHbI
IBe  JAWDJIEKTpUYeckue  (yHKUHMH,  KOTOpHIE
paccMOTpeHbl B UIMHHOBOJIHOBOM IIpelene, u
MoKa3aHel  Trpaduku  KoneOaTembHBIX  MOJ.
CrnenyromuM HUAET pa3fiell C 3aKIIOYEeHUSIMH O
pe3yibTaTax u 0 paboTe B LEIOM.

JuanexTpuyeckas QpyHKIUSA

B mannOM pasnene OynmeT mpeacTaBieHa 3amada
y’Ke€ B MareMaTH4ecKoM BHZE, H Ha OCHOBE Hee
OyAyT MCKaTbCS OTBETHI HA BOMPOCHI, CIEAYIOIIUE
W3 coiepKaHWs Tpouutoi riasel. s wcciemo-
BaHUs KOJUICKTHBHBIX 3()(}EKTOB, MPOXOJSAIIUX B
cpene, XapakTepu3yeMOH KaK KBapK-TJIIOOHHAs
I1a3Ma, BOCIIONIB3YEMCS TUAJIEKTPUYECKOW (YHK-
nuei. Cnemyst 3a7ade MaHHOW CTATbH, OMMMCAHHOMN
BO BBEJCHHUM, CPaBHHM KOJUICKTHBHBIE 3(QeKTsI,
co3JaBaeMble B BS3KOH M CTOJKHOBUTEIHHOMN
KBapK-TIIFOOHHOH TIa3Me, M COOTBETCTBEHHO, UTO-
OBl pa3nuyarh JBa MOAX0Aa K ONMHCAHHIO IJIa3MBbl,
UCTIONB3YyeM JIBE AudJieKTpuueckue GyHkuuu. Ipo-
JONbHAsT UAJIEKTpUYecKas (QyHKIUS I BA3KOM
IJIa3MBI BRITJISANT cleaytomeM oopazom [11]:

e.(w, k) = 1+ [1——(log‘ |—7r(5)(k2—w2) )]—
12(1)21](,) w+k
B kzpsT {1__1 | |+4k2( | ) (1)
2
I P S N w | | 2_ 2
ek Ok —w?) +1i PRy ——rlog 0k — w*?)

31ech, w, — XapaKTepHas IIa3MeHHas JacToTa,

g — OTHOLICHHUE BA3KOCTU Ha OHTPOIIUIO.

JlanHOE BBIpa)KE€HHE YYHMTHIBA€T TaK Ha3bIBae-
Mble MSTKHE MOJBI, IJI YEro YYUTHIBAETCS Cle-
OyIOUMHd TeMrepaTypHelid npexen: w,k K T. I'me
@ — DTO YacToTa KojiebaHMil, a K — 3TO BOJIHOBOM
BEKTOp, TOYHEE BOJHOBOH BEKTOp HMMEET JMIIb
OIHY KOMIIOHEHTY B HampaBJICHHH pPacHpocTpa-
HEHHUS BOJH, TaK Kak Mbl pPacCcMaTpUBaeM
MIPOAOJIbHBIE KOJIe0aHHA, [TO3TOMY B 3TOHl CTaThe
BOJIHOBOH BEKTOp M €ro MpOAOJbHas KOMIIOHEHTa
NOHATHA B3auMo3aMeHsiemble. CBOHCTBa KBapK-
TJIFOOHHOMW TUTa3MbI C MPUBJICYEHUEM MATKUX BOJH

SIBJISICTCSI HHTEPECHOM TEMOM I COOOIIeCTBa, TakK
YTO JAHHBIM OTPAaHWYCHUEM HE TOTEPSIETCS aK-
TyaJIbHOCTh PacCMaTPUBaEMOil MPOOIEMBbI. DTOT
TEMIIEPaTypHBIA TIpelleN pachojiaraeTcsl Topaslo
BEITIIE TeMIEpaTypsl (pa3oBoro mepexona, MepBOTO
W/WIHM BTOPOTO pPOJA, U3 aJpPOHHOW MaTepuu B
KBapKH W TIIOOHBI B CBOOOJHOM COCTOSHHH
(MMeeTcs BBUAY acHMIITOTHYeCKas cBoboma). Ta-
Kasi KapTHHA SIBISETCA HKCIIEPUMEHTANIBHO BO3-
moxxHo#t B IIEPH u BHJI. B wacTtHOCTH, HaM cTOUT
otMeTuTh, uTo y SPS B [IEPH He XBaTuT 3HEepruu
IUIS peanm3aruu Takux ycnosuit [13] (u oHn 60I1b-
me c(OoKyCHpOBaHBI Ha HCCIIECAOBaHWUU (Ha30BOrO
nepexona [14]), a Bot kommabopanus ALICE kak
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pa3 Taku IUIAHUPYET MPOBEACHHE IKCIIEPUMEHTOB
M0 KBapK-INIIOOHHOW I1a3me Ha bonbmom Anpon-
HoM Kounaiinepe, y KOTOporo sHEpruu ropasio
BBIIIIE TPaHUIBI (ha30BOTO Tepexona. A BOT U3 yKe
MIPOBOJIUMBIX dKcepuMeHToB, ecTh RHIC B BHJI —
YHUKAJIBHBIN KOMIalaep, KOTOPBIA MOXET HUCCIe-
IIOBaTh W TpaHUITy ($a30BOTO IMepexoqa W o0acTu
ropa3fo BbIIIE [0 TeMIepaType OT TpPaHHUIlbI

nepexona. Tak 9To, Jaxe C dTUM OTpaHUICHHEM
OMHCBIBACTCS PE3YIbTATHI AKCIIEPUMEHTA.
[IpononbHas  AWAIEKTpUYECKas byHKIISA
CTOJIKHOBUTEJIBHOM  KBAapK-TJIFOOHHOW  ILJIa3Mbl
ObLTa BBIBEJICHA B cleaytomiel cratee [12]. B aToi
cTaThsl mpuMeHsics uHterpan baTtnarapa-I'pocca-

m3 w+ v
€ (w, k) =1+ D(l—

K2

3necb, mp — SKpaHHpOBaHHas macca, vV —
9acTOTa CTOJIKHOBEHUH.
Tax xKe oOcyxmaercs aKTyaJbHOCTh

MOBEPXHOCTHBIX B030yxkaeHuit (Bomn) anst QGP,
pean30BaHHBIX B SKCIIEPUMEHTAX.

CranmapTHas mpoleaypa HaXOXKISHHs BOJH B
cpelie — 3TO MpHUpPABHUBAHHE IUIIEKTPUUECKON
¢ynkuun Hymo. Kak Mbl BHIUM 3TH (YHKUUH
CIIOKHBI JUIS PEIICHUS] aHATUTHIECKH, XOTS aHaJH-
TUYECKOE peIIeHrEe LEHUTCS HarJIaTHOCThIO. J[is
YIPOLICHUS 3aJau, PACCMOTPUM €€ B JJIMHHOBOJ-
HOBOM mpenene. [lepen »Tum, obe3pa3MepuM BEI-
paxenue (1) Ha XapaKTEpHYIO TUTA3MEHHYIO YacTo-
Ty CHUCTEMBI Wy, & BhIpOKEHUE (2) HA DKPAHUpO-
BaHHYIO Maccy Mp. YUTeM, UYTO B €CTECTBEHHBIX
cUCTEeMax eIWHMIl YacTOTa w, BOJHOBOW BeKTOp k
u temneparypa T WM3MepsIOTCS B OJHHUX U TEX Ke
equanmax. CrnemoBarensHO, 00€3pazMepUBaHUE
st BeIpaxkeHWs (1) BBIVIIAUT — CIEAYIOUINM
obpa3zom:

w k T
wo>—;k->—;T->—, (3)
Wp Wp Wp

a s BeIpakeHus (2) ob6e3pa3MepuM Kak:

w k %
w->— ko>o—;v->— @)
mp mp mp

31ech HaAO YIMOMHUHATH 00 WM3YYCHHH TOJIEKO
MATKMX MOJ, ¥ JUIsI 3TOT0 MBI BBOIUM
KOPGUIIMEHT  MPONOPIHOHAILHOCTA — MEXIY
TeMITepaTypoil M IUTa3MeHHOW JacToTol . YUTOOBI
YCJIOBHSI BBICOKOH TEMIEPATYpbl COXPaHSIOCH,
MPUPOBHsIEM 3TOT K03 PunmenT kak a = 10.

2k na)+iv—k

Kpyka mms ommcanms  cronkHoBeHHE. OHa
BBITJIIUT KaK:
w+iv+k v w+iv+k?
) (1- et vty ®
2k w+iv—k

JIMHHOBOJIHOBOM Mpeae

B OpUBBIYHBIM BapHaHTE THHHOBOJHOBOTO
npe/esna OCTaBISeTCS TIEPBbIN MOPSIOK TOYHOCTHU B
Pa3JI0KEHUN B PSiJl, C LIENBIO YIPOLICHHS PELICHHS,
€CJIM HET CMBICIIA UCKaTh (QU3HKY 3a CICAYOLINMHU
4jIeHaMH psifa. 37ech, HAMO YYUTHIBATh, YTO B
cTeneHHylo (yHKuuio B BbIpaxkenue (1) Bxozmer
KBaJpaT 4aCTOThl W W BOJHOBOTO BeKTOpa k, 4TO
HAKJIa/IbIBAET OIpE/CICHHbIE OTPAHUYCHUS JUIS
BBIOOpA TMOPs/IKA YWICHOB pasnoxeHus B psa. Cre-
nennas Qynkuus O(k? — w?) paBHsAeTcs HyJIIO
IpPH OTPHULIATENFHOM apryMEHTE, 4YTO 3HAYUT MpH
w? > k?, BaXHO YuUMTHIBATH HEPABEHCTBO IIPH
KBaJpaTax 3HAYCHUIA, TAK KaK HEPABEHCTBO MOXKET
MOMEHSITBCS TIPH OTPULIATENIBHBIX 3HAUCHUSIX BENH-
YUH, IPU CPABHEHUH B MIEPBOM cTeneHu (XoTs (u-
3WKa Tpolecca JUKTYeT, 4YTO0 He ObIBaeT
OTPHLATENIBHBIX 3HAYCHUI OSTHX BeNWYHH). Bo
BCSIKOM ClIy4ae MBI pAacCMOTPUM Ppa3loKEHUE

k
BeIpakeHus (1) Mo MaoMy mapameTpy =< 1, gTo

U COOTBETCTBYCT MJIMHHOBOJHOBOMY IIpE€Acity, C

TOYHOCTBIO 10 quBCpTOﬁ CTCIICHU  MaJIoro
4

k
napamMeTpa F.

Eme oaHa Becomas mpu4MHa
paccCMOTpPEHUsT TaKOTO MOPSAKAa TOYHOCTH — 3TO
Halra 3ajada, 4To €eCTh KoyiedaTelbHble MOJIBI
(3aBUCHUMOCTH YacTOTHI KOJIeOaHUS OT BOJHOBOTO
BekTopa). TONBKO TIpU YETBEPTOM MOPSAKE
TOYHOCTH OCTAeTCsl CBSI3b MEXAY YacTOTOU
KojeOaHWUsI W  BOJHOBBIM  BEKTOPOM  JUIA
JUDJICKTPUYECKOW (PYHKIIMH  CTOJKHOBUTEIBHOU
mia3mMel (2), B 4eM YHTATENlb MOXET yOeIUThCS
yXK€ B  HWKCIPHUBEACHHBIX  BBIPAKCHUAX —
Pa3TOXKEHHUSIX AUINEeKTpudeckolt gpynkunu. Tak, c
Y4eTOM  BCEr0  BBIIICYNOMSIHYTOTO  JIIMHHO-
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BOJIHOBOW Tmipenen s Beipaxkenudd (1) u (2),
COOTBETCTBEHHO, BBITJISINT KaK:
1 3k% 417 k?
) =1—-————+-——; (5)
€, k) 2 5w* 3saw?
(wk)=1 !
fLiw ) = 3(w + iv)?
v 1 v? k? (6)
—e——t|—tt s /2
3(w +iv)3 5 3k?2)(w+iv)*

Kak u roBopuiiock panee, Uil HaXOXKICHHS
BO30YKICHUI (BOH) BHYTpH T1a3MBl,
MpupaBHUBaEM BbIpakeHus (5) 1 (6) HyIIHO.

Ha puc. 1 nanHble OTHOIIEHUS BA3KOCTH K JH-
TponuM BeIOpaHBl He ciaydaiiHo. [lepBoe 3HaueHHE
paBHOE HYJIO TPOCTO TIOKa3bIBAaeT Tpaduk st
MOJIETIH HJEANbHON JKHUAKOCTH TPH OTCYTCTBHEM
BA3KOCTH. Bropoe 3Hauenwe 17/s = 1/4m 510
HebOe3b3BecTHBIN Ayanmu3m AdS/CFT [15], Tounee
JTAaHHOE 3HA4YeHHE IapaMeTpa B XOpOIIeH CTeNeHH
UMHUTUpPYET pe3ynbTaThl nyanm3ma. Cremyroniee
3Ha4yeHue oTHomeHue 7)/s pasuoe 0.16, rae pac-
YeThbl BS3KOCTHOW THUIPOJAMHAMUKHU ITOATOHSIOTCS
rpaduKy HHTETPAIBHOTO KOA()(PHUIMEHTA JUTAIITH-
YEeCKOTO MOTOKA V, M3 JKCIEPUMEHTAIBHBIX JlaH-
ueix Ha RHIC [16]. YeTtBepToe 3HaueHUE mapaMeT-
pa n/s paBHoe 5/4m 3TO BepXHWU MpeneN Io-
CJICZIHAX TIOTBITOK BBIBECTH 3TO COOTHOILICHHE W3
CpaBHEHHS pE3yJbTAaTOB BSI3KOCTHOM THIPOJIUHA-

]

/i
o
[="=]

ki,

Pucynoxk 1. JlelicTButensHas 4acTh K0Jae0aTeIbHBIX MO/
BSA3KOCTHOM KBapK-TJIFOOHHOM ILIa3MBl,

C pa3HBIM OTHOILIEHHEM BS3KOCTH K dHTporuu. Ode ocu
MpeICTAaBICHBI B TMHEHHOM MacITade.

MUKH C 3KCHEPUMEHTaJbHBIMU NaHHbIMU U3 RHIC
[17]. 1 nocnemnee 3uHauenue 7/s = 0.48 ObLIO
MOJIyYEHO U3 MEePTYpPOATUBHOIO MOAX0JA K KBapK-
[JIFOOHHOW IJ1a3Me C KOHCTaHTOW cBsi3M o = 0.3
[18]. ToBopst 0 cpaBHEHHE TpapUKOB MPU Pa3HBIX
3HAYEHUSAX OTHOIIEHUS 7)/S, w3 puc. 1 BHUIHO,
rpaguku  Ipyr OT Jpyra He OTJIMYarTCA
MOBEJIEHUEM: B Hadaje eCTb HEKOTOPOe IJIaTo U 10
Mepe YBEIWUYEHHUS BOJHOBOTO BEKTOpa YacToTa
KoJIeOaHHI pacTeT MPaKTUHISCKH PAaBHOMEPHO.
KoneuHno ke, rpaduku JexaT OJUH BBIIIC

Apyroro, BE€Ab YHCICHHBIC 3HAYCHUA BCC-TAKU
pa3an4aroTcs, JJIS 9TOT'0 MbI nu XO0TECINn
pPacCMOTPETL  pa3IMYHBIC 3HAYCHUSA  BA3KOCTHU.

OpHako, HaJI0 MMOMHHTH, YTO 33jada ObLIa perieHa
B JUIMHHOBOJHOBOM TIpejieie, a 3HA4uT Tpaduk
(u3MYeCKH JTOCTOBEPEH JIUIIIb JI0 3HAYCHUS W > K.
Bce ke, Takue 3HaYeHHs BOJHOBOTO BeKTOpa Kk
OBITM HapUCOBAHBI I OOJNBINEH HATJISIIHOCTH
pa3HbIX 3HAYEeHUH BSI3KOCTH. Eile XoTenoch Obl
OTMETHUTh, YTO JAXKE YBEIWYCHHBIH (parMeHT Ha
MIEPBOM PUCYHKE HE MEHSET OOIIer0 COOTHOIICHUS
MeXIy TrpauKamMu, OHH JIeKaT OJIWH CBEPXY
JIPYTOro COTJIACHO JIETEHJE PUCYHKA, TO €cTh OT 0
no 0.48. [lannas 3amaya ObuTa perieHa YiCIeHHO B
cratee [19]. byaer momne3Ha pemmTh €€
AHATUTHYECKUI W CPaBHUTH pe3yibTaThl. bomee
TOTO aHAJIM3 AUAICKTPUUCCKON (PYHKIIUU TPOIeIaH
B cTathe [20], a MOBEPXHOCTHBIC BOJHBI IOKA3aHbI
B cTathe [21].

wlm
=]
T
1
-
o

0.65

08 408

0.60

06 |-
" L . 1 02 L 04

0 1 2 3 4
kia,

Pucynok 2. /lelicTBuTespHas 4acTh KOJIe0aTEIbHBIX MOJT
CTOJIKHOBUTEIBHON KBAPK-TIIFOOHHOM IUIa3MBbl,
C pa3HOHU YacTOTOH CTONKHOBEeHHU. O0e OCH MpeCTaBIEHBI B
JIMHEWHOM MacIirade.
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Ha puc. 2 Opimn BeIOpaHBI BCEro JHINb MATH
3HaYEHUH YacTOTHl CTOJKHOBEHHH ISl COOTBET-
CTBHS TI0 KOJUYECTBY TI'pa(UKOB C TMPEABLAyIIEeM
pucyHkoM. JIudnekrtpuueckas — QyHKOMS IS
CTOJIKHOBHUTEJBHOW IUIa3Mbl ObUTa BBIBEJCHA MJIS
MaJbIX 3HAYEHHWH CTOJKHOBHUTEIHHOW YaCTOTHI, B
JAHHOM CITy4Yae, CTOJIKHOBUTENIbHAS YacToTa IOJ-
*Ha OBITH BCErZla MEHbIIE YaCTOTBHl KOJeOaTeib-
HBIX PEXHUMOB. 31ech, rpaduKu MPAaKTUYECKH HE
OTIIMYAIOTCS HU KaYeCTBEHHO, HH KOJIMYECTBEHHO.
CuibHO BBIAENAIOTCSA TOCIEIHHE JBa 3HAYCHHUS
4acToThl cToinkHOBeHMM paBHele 0.3 u 0.4
(HapucOBaHBI PO30BBIM H 3€JIEHBIM I[BETOM), T/I€ B
Havayie UMeIoTCs 0oJiee pe3Kre TOUKU Tepernoda, u
caMu TpadUKd TEpPeceKaroT OCh OPIUHAT BHIIIE
OCTaJIbHBIX TPA(QUKOB C APYTUMH 3HAYCHUSIMHU Yac-
TOTHI CTOJKHOBEHUN. ABTOpHI HE OepyTCs yTBEPK-
JaTh, 4TO 3TO WHas (u3MKa. DTO MOXKHO OOBsC-
HUTh TEM, 4YTO JaHHOE 3Ha4YeHHE YXKe SBIIeTcA
OMM3KMM K CaMUM KoJIe0aTeIbHBIM YacTOTaM
KBapK-TJIIOOHHOW TUTa3Mbl, ¥ BO3MOXKHO 3TO HE
coBceM (pU3MYECKH JOCTOBEpHOE 3HaueHue. boiee
TOTO, B He (U3MYECKUM XapakTepe JaHHBIX
3HAYCHUN YacCTOTHI CTOJKHOBEHUU HAc yOeKIaroT
pe3yNbTaThl NCCIIEIOBAHNS TOBEPXHOCTHBIX BOJH B
CTOJIKHOBUTEIFHON KBapK-TIIOOHHOW Tiazme. On-
HaKo, TaK)K€ HA/I0 YUYUTHIBATH TOT ()aKT, 4TO HE BCE
3HAYeHHUs] Ha pHC. 2 UMEIOT (PU3MUECKUN CMBICT,
BEJb pPE3yNbTaThl OTPaHUYEHB! JJIMHHOBOIHOBBIM
MIPEIEIIOM, TO €CTh JIOJDKHO OBITh W > K.

3akioueHne
B 3akiaioyeHMH OTMETHM, 4YTO  OBLIO
MOKa3aHo CYIIECTBOBAHHE BHYTPEHHUX

KoJie0aTeNbHBIX PEKHMOB BA3KOCTHOH KBapK-
[TIOOHHOW TMIa3Mbl, M JJg TpuMepa OblIn
pAcCMOTpPEHBI pa3HblE 3HAYEHUs IapaMeTpa

Bs3kocTH. Ha mapy ¢ atum, Obla pemieHa 3TO
)K€ 3a7aya ISl CTOJIKHOBUTEJNBHOM KBapK-
TIIOOHHOW TMJa3Mbl, W 3TOT Trpaduk ObLI
MpEACTAaBICH B  IEIAX CPaBHEGHUS  MOJ
KoJIeOaHUs Uil Pa3HBIX MOJIXOJO0B K OMHUCAHHIO
KBapK-TIIFOOHHOW mmra3mbl. O0e 3amauum ObLIH
pelIeHsl B JIIMHHOBOJHOBOM IIpenenie, HO 3TOT
Mpeaen peanu3yeM Ha OIKCIePUMEHTAIbHBIX
yCTaHOBKaxX (ONMHCAaHHBIX BBINIE), TO3TOMY
3a7aye HE MOTepsiia aKTyalbHOCTH. Takxke, B
CTaThe MOXKHO YBUJETh PACCyXIEHHUS O Mpejene
IS TapaMeTpa dYacTOThl CTOJIKHOBEHUM B
OIMMCAHUU MJIa3Mbl C HHTErPaJIOM CTOJIKHOBEHUI
BI'K.

JanHasg cTaThs SBIAETCA CAMOCTOSTEIbHOMN
B TOM CMBICIIE, UTO MOCTABJICHHAS [eNIb pacyéra
BOJIH B cpeje Oblna mocturayra. M Bce ke, 3TOT
XKe Toaxon OyIeT HCHONb30BaH UISI HaXOX-
JICHUS TIOBEPXHOCTHBIX BOJH B BA3KOCTHOM
KBapK-TIIFOOHHOU TJIa3Me, H B 3TOM CMBICIIE, OHA
OyJeT SBIATHCS BaXHBIM DJJIEMEHTOM IIPH
JalbHeHIIeM U3y4YCHUU KOJUIEKTUBHBIX
3¢ peKkTOB B KBapK-TIOOHHOW TIa3Me.
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EKIDA3AADI XXYMEAEPAETT CYUBIK bOALUEKTEPIHIH,
EKIHLUI TEKTI BYPKIAYIH MOAEABAEY BOUbIHLUA
ECENTEY TOXIPUBEAEPI

Cy/bIK, OTbIHAAPAbIH YKaHYbIH CaHABIK, 3epTTey — XbIAY(PM3UKaHbIH KYPAEAI MBCEAEAepiHiH, Bipi,
OMTKEHI, KYpAEAl ©3apa BaAaHbICKaH MPoLEeCcTep MeH KyObIAbICTapAbIH eAYIp Ken CaHbiH ecKepyAi
TaAan eteai. COHAbIKTaH ecenTeyill Toxipube KaHy NPOLECIH 3epTTey MeH >KaHyFa Heri3AeAeTiH TYPAI
KYPbIAFbIAAPABI XKO6GaAay AbIH aca MaHbI3Abl SAEMEHTIHe aiHaAbIn oTblip. OHbIH peAi 6oAallakTa Aa apTa
TYCEAI A€M HbIK CEeHiMMeH aiTyFa 60Aaabl. COHAbIKTaH XXbIAY(pU3MKACbIHAQ eCENTeYill TMAPOAMHAMMKA
BAICTEpi eTekK >Kalbln OTbIp, eNTKeHi, TaxKipnbeHiH BUPTyaAAbl MPOTOTUMI HETi3iIHAE OHbl XXeTIAAIpY
MYMKIHAIM CO3Ci3 TyaAbl. bepiAreH >KyMblCTa OTbIHHbIH GYPKY >KOHe >KaHy MpoueciHiH, 6GacTankpi
napameTpAaepiHe 0alAaHbICTbl eKiha3aAbl reTEePOreHAl 9CEepPAECETIH KyineAaepai 3epTrey 6GoibiHLIA
ecernTey 3KCMepUMEHTTePi >KYPridiaai. JKyprisiareH ecenTtey 3KCNepuUMEHTTEpPIHIH HaTWXKeCiHAe
TaMLbIAAPAbIH MaKCUMaA >KaHy TemriepaTtypacbiHbiH OYpPKY Maccacbl MeH KbICbIMbIHA TOYEAAIAIri,
COHAQM-aK, >KaHy KamepacblHbIH OUIKTIri GOMbIHLLA CYMbIK OTbIHHbIH €Ki TYPiHiH (OKTaH >KeHe AOAEKaH)
TaMLLbIAAPbIHbIH, AMCMEPCUSICbIHbIH, eKi eAlleMAi rpaduri aAbliHAbI. MHXXeKTop conAocbiHaH 50 cm
KaLbIKTbIKTA YakbIT 6oMbIHWA TaMllbliAapAbiH CayTep opTalla AMaMeTpiHiH TapaAybiHbIH aAblHFaH
CaHAbIK, ecenTeyAepi 3KCNepUMEHTTIK MOAIMETTEPMEH CAAbICTbIPbIAAbBI, HOTUXXECIHAE SKCMIEPUMEHTTIK
MOAIMETTEP AOAEKAH YLLIH CaHABIK, €CENTEYAEPMEH XKaKCbl KEAICIM 6epeTiHAIM aHbIKTaAAbl. EKidhasanbl
OTbIbIH >XYMeAepiH KOHLEHTPaUMSAbIK, >XOHEe TemrepaTypaAblK cuvnaTTamaAapbiH 3epTTey OowblHLLA
>Ky3ere acblpbIAFaH KOMMbIOTEPAIK 3KCMEPUMEHTTEP HBTMXKECIHAE OKTAH MeH AOAEKAHHbIH TUIMAI
>KaHY Pe>XMMIi aHbIKTaAAbI.

Ty¥iiH ce3Aep: OTbIH, TEMMepaTypa, Macca, KbiCbIM, MOAEAbAEY, OYPKY, >KaHy.

S.A. Bolegenova, A.S. Askarova, Sh.S. Ospanova*, A.Z. Nurmukhanova,
N.A. Adilbayev, A.B. Makanova, S.A. Zhumagaliyeva, A. Shalkar

Al-Farabi Kazakh national university, Almaty, Kazakhstan
e-mail: Shynar.Ospanova@kaznu.edu.kz

Computational experiments on simulation
of liquid particles’ secondary atomization in two-phase systems

Understanding the combustion of liquid fuels poses a complex challenge in thermal physics due to
the interconnected nature of the various processes involved. It is becoming increasingly crucial to rely on
computer-based experiments for understanding combustion and creating innovative burning-related de-
vices. It may have increased importance in the role. In thermal physics, there is a growing trend toward
utilizing computer-based techniques to study liquid fuels, offering the potential to enhance experiments
through numerical simulations. This research involved conducting computerized experiments to under-
stand the process of fuel combustion and the transformation into gas, focusing on the initial fragmenta-
tion and combustion stages. As a result of the computational experiments, the correlation between the
temperature change of burning droplets, their size, and injection speed was investigated. Also, visual
representations were created to demonstrate the dispersion of various fuel droplets in a combustion
chamber. The obtained numerical calculations of the droplets’ Sauter mean diameter distributions of 50
cm away from the nozzle of the injector were compared with experimental points, because of which the
test demonstrated the accuracy of the numerical data for dodecane. The optimal combustion mode of
octane and dodecane was established based on computer experiments to study the amount of fuel pres-
ent and its temperature in a two-phase liquid system.

Key words: fuel, temperature, mass, pressure, modeling, spray, combustion.
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BbluncanTeAbHble 3KCINepUMEHTbI M0 MOAEAUPOBAHUIO
BTOPHUYHOro pacrnbiAa XXMAKUX H4aCTULL B ,A,BYXCba3HbIX CUcTemax

YncAaeHHOe UCCAEAOBaHME TOPEHMS SKUAKMX TOMAUB SIBASIETCS CAOXKHOWM 3apavent TenAouU3nKu,
Tak Kak TpebyeT yyeTra GOABLIOrO KOAMYECTBA CAOXKHbIX B3aMMOCBS3aHHbIX MPOLECCOB U SIBAEHUNA.
[103TOMY BbIUMCAMTEABHbIN 3KCMEPUMEHT CTAHOBUTCS BCe HOAEE BaXKHbIM SAEMEHTOM MCCAEAOBAHMUS
NMPOLECCOB FOPEHMS U NMPOEKTUPOBAHUS PA3AMUHbIX YCTPOWCTB, UCMOAb3YIOLMX MPOLLECC FOPEeHMS.
MO>HO C YBEpPEHHOCTbIO FOBOPWUTb, UTO €ro poAb OyAeT Bo3pacTaTb M B AaAbHelilieM. B 3Toi
CBS3M BCe OOAbllee pacrnpocTpaHeHne B TernAoM3MKe MOAYYAlOT METOAbl BbIYMCAMTEAbHOM
rTMAPOAMHAMMKM, KOTAQ MOSIBASIETCS BO3MOXKHOCTb ONMTUMM3MPOBAaTb 3KCMEPUMEHT Ha OCHOBE €ero
BMPTYaAbHOrO NpoToTuna. B aaHHOM paboTe GbiAM MPOBEAEHbI BbIYMCAUTEAbHbIE IKCTIEPUMEHTbI MO
MCCAEAOBaHMIO ABYX(DasHbIX reTEPOreHHbIX pearvpyloliMx CMCTEM B 3aBUCUMOCTM OT HauaAbHbIX
rapameTpoB MpOoLEecca PacnbiAd U CKUraHUs TOMAMB. B pe3yAbTaTe MpoBEAEHHbIX BbIYMCAUTEAbHbIX
3KCMEPUMEHTOB ObIAM MOAYYEHbl 3aBUMCMMOCTM MaKCMMAAbHOM TEMMepaTypbl FOPeHus KareAb
OT MaccChbl M AABAEHWMS BMPbICKOB, a TakXe ABYMepHble rpauku AMCNepcrMu KameAb ABYX BUAOB
KUMAKMX TOMAMB (OKTaH M AOAEKAH) MO BbICOTE Kamepbl cropaHusi. [TOAyuYeHHble YUCAEHHble
pacueTbl pacnpeaeserust CayTepoBCKOro CPEAHEro AMameTpa KarneAb Mo BPeMeHW Npu paccTosHUM
50 CM OT comAa MHXeKTopa OblAM CpaBHEHbl C 3KCMEPUMEHTAAbHbIMW AAHHbIMM, B pe3yAbTaTte
Yero yCTAHOBAEHO, UTO 3KCMepUMEHTaAbHble AAHHbIE AQIOT XOpOLIee COrAacuMe C UYMCAEHHbIMM
pacueTamu AAS AoAeKaHa. Ha ocHoBe NpoBeAEHHbIX KOMMbIOTEPHbIX 3KCMEPUMEHTOB MO U3YyYeHUIO
KOHLLEHTPALMOHHBIX 1 TEMMEPaTyPHbIX XapaKTePUCTUK ABYX(Da3HbIX TOMAMBHbIX CUCTEM YCTAHOBAEH
OMTUMAAbHbIV PEXMM FrOpeHust OKTaHa U AOAEKaHa.

KAtoueBble cAOBa: TOMAMBO, TeMMepaTypa, Macca, AABAEHWE, MOAEAMPOBAHMWE, PACTIbIA, FTOPEHME.

Kipicne 3¢ GEKTUBTINITH JKOFApbUIaTyFa J>KOHE IIbIFaphl-
JaTBIH ~ 3USHOBI  KaJABIKTApAbIH  MeJIIEepiH
Komnbrorepnennipy MEH FBUIBIMHBIH ~ HEFYPJIBIM a3alTyFa Ja epeKile Ha3ap ayAapbuIybl

KapKbIHIBl ©pJiey JeHIeHiHIH KOFapbUIaybl, opi
KOMEKIIT TEXHUKAIBIK KYpaJiapIblH MYMKIiH/IT1HIH
KCHCIOIMEH TEeXHHUKAIBIK (DH3WKA, >KBLTY(PH3UKachl
JKOHE OTBIHAAPJBIH KaHy TCOPHUICHIHAA OTBIH/IBI
YTBIMIBI XKaFy *OHE OHBI CaHAJbl TYPJAC TYTHIHY
MPOIECTEPIHIH ~ DKOJOTHSJIBIK  3aJAJChI3/IbIFBIH
KaMTy caJachlHIa ©3€KTi MoceJenep i ey IiH

03bIK TOXIipuOenepi OWIACTBIPBUILII, OipTanait
TaOBICKA KETY YCTiHJIE.
Byriari xyHi KanmplHAa KENETIH OJHEPrHs

KO3JIepiH Urepy, opi oJap[bl THIMAI TYTHIHYIbI
JKAHNAHABIPYFa KYII CaJbIHBIN JKaTKAHBIMCH,
KOIMIUTIK MeMJIEKETTepie OSHEprusHblH 85%-Fa
JKYBIFBI KE€p KOWHayblHAH Ka3blll aJIbIHATBHIH
KAHFBILI  OTBIH  TypJepiHeH wurepinemi [1].
OHEepreTUKANbBIK TaNIayJapIblH KOPBITHIHIBICHIHA
KyriHcek, 39%  dHeprus  KejJemi  CYHBIK
OTBIHJAPJBIH ajlyaH TYPJIEPiH JKaFyJaH allbIHATHIH
KOpiHeIi, ajl OHBIH INIiHAEC KOJiK TaCchIMAaJIbI
CEeKTOPBIHA JKYMCAJIAThIH DHEPTUS OHMIPICIHIH
ManbBABIK yieci 97% KepCceTKImTi KOpCceTim OThIp
[2-5]. Cy#ibIK OTBIH/IBI OACTBI SHEPTHS KO31 PETIHIC
Ka)KeTKe JKapaTyMeH Kartap, )KyMBIC iCTey IMPUHIIHITI
OJIapJBl KAFyMEH OaiaHBICTHl KYPBUIFBLIAPIBIH

kepek. COHFBI yaKpITTapna OJIeMJIEr1 KOTIUTiK
MeMIIeKeTTepe, OoHbIH imiHae Eypona men Opta
A3 enyepid Koca ecenTereH/ie, OThIH CalachbIHbIH
SKOJIOTHSIIBIK, Kayinci3airine KOMBLIATBEIH
TaJanTapiblH 6Cy JMHAMUKACKI OaiiKaabl.
3UstHIBI Ta3 TOPi3Al KAIIBIKTapIblH OHIIPiCiH
MEUiTiHIIe a3alTyma aca THIMAI, opl KaJIbIK-
TapAbIH TOMEHT1 JIEHTeiHe HeTi3JeNeTiH dHEpTHUs
TYPJACHAIPYIIl  KYPBUIFBUIAPABIH  JKETUIAIPUITeH
XKyHenepiH a3ipiey kel Oactam TypraHbl pac. by
IIBIHIBIFEIHAA  KOMIPKBIIKGUT Ta3bHBH  (CO»)
OeslinyiHe OaliJlaHBICTBI, ©pi OHBIH cangapblHaH
Oomamiakrta ®ye KONIKTepiHiH CcTpaTrocqepaHbiH

030H  Ka0aThIHBIH  KaXeTCi3  HalapjayblHa
OKeIMEHUTIHITIHe Kemimik Oepeni. MyHaiibiH
FalaMJbplK ~ TYTBIHY  KeyieMi  XallbIKapaibIK

JHEepreTrKa areHTTITiHIH TOMIIBUIAYBIHIIA KYH
caHar dJ1i e YIIFasIThiH Oonaabl [6-9].

OTBIHABl MalWJaNaHyIblH THIMIUIT, OJaH
IILIFATBIH KOHJIBIPFBIHBIH OHIMIITITI MeH
OPHBIKTBUIBIFBI OTBIHIBI TAaHBIHIAY, OHBI OCPY JKOHE
YTBIMJIBI KaFy TPOIECTEPiH KAMTHTHIH OTBIH]IBI
JKaFyIblH OHTAWJIbl YHBIMIACTBHIPBUTYBIHA TiKeIen
OaiimanpICTel. OHTAMIBI PEeXUMACTI IMTEH XaHy
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KOBFANTKBIIITAPGIH  KANBINTACTBIPYJaFel  Oapiia
3epTTeysiep KOJIiK KypalJapblHaH aTMmocdepara
IIBIFAPBUIATHIH JIACTAYIIBl 3aTTapIbIH MeJIIepiH
KeMITyre OaFbITTalIFaH.

AnFamkbel caTblia CYHBIK OTBIH  KaliHAy
TeMIepaTypacblHa JeWiH KbI3BIN, ©pi Kapaii
OynmaHyFa Kelllefli, KeJeci caThima JXKaHy IpoIleci
Ky3ere aChIpbUIAJIbL. I-cypette CYMBIK
TaMIIBICBIHBIH ~ JKaHYBl  MPOLECIHIH  ChI30AJBIK
KYPBUIBIMBI ~ KenTipinreHn. CyHbIK KOMIipCyTEKTi

OTHIH TYPJIEPiHIH KaliHay TeMIepaTypachl TYTaHy
HIeTiHEH TOMEH OONaTBIHIABIKTAH >KaHyAaH OypbIH
OyrnaHy mpolieci )Ky3ere achlpbuIabl. OHAIPIIETIH
KaHy eHIMIepiMeH irecim, auddy3UsIaHyIIIb
ayaHbIH YJieci jkaHy allMaFblHa TepeHJIel Tycemi.
XKany aiiMarbIHBIH ayJaHbl TaMIIbUIAPABIH JKaHy
KBUIIAMJIBIFBI  MEH oJlapAbl OYpKYy CHIaThIHA
Tikened Toyenai OONATBHIHBI AaHBIK: OYpPKIUIETiH
TaMIIBUIAPABIH  ©JIIeMiI HEFYpJIBIM Ycak Oolca,
JKaHy TIPOILIECi COFYPJBIM TOJBIKKAHIBI OTETiHi
Genrii.

2-cyperte  cbi30a  TYpiHAE  3BIMBIPAHIBIK
KO3FaNTKBILITAP1a OPBIH AJIATHIH IIAPTTapFa COUKec

JKaFIalIarel cepikTec aya arbIHBIMEH OYpKY Typi
OcitHeneHreH. MyHza CYWBIK OTTETiHIH TOMEHTI
KBUIIaMIBIKTa OYPKLITEH OPTAIIBIK aFbIHIIACKIH Ta3
TOPI3AI CYTETiHIH OFapbhl KBUIIAMIBIKTHI AFBIHBI
03 KO3FaJBICBIMEH Oipre ilecTipim anblnl KeTemi.
Cy¥BIK aFbIHINACH! TONKBIH]IBI CUTIATKA €HIM, CO/IaH
COH KO3FaJBICTAaFhl Ta3[bIH KBUIIAMIBIFBIHBIH
JKOFapbl OOTyBIHBIH ce0e0iHEeH XKIMIenep MeH YCak
TaMIIBUTIAPFa HKIKTEIIII KeTEIi.

WHXeKTOop COIUIOCHIHBIH ~ KipiCiHE  KaKbIH
aynaH/a CYHBIK OTBIHHBIH (hPAarMEHTTEPTe XKIKTEII
YJITEpPMEHNTIH aiiMaFbIH CYWUBIK SIPOCHI JCT aTaibl.
MyHaa cy#dbIK canMarbIHBIH (pakuusacel Oipre
JKaKBIH/IAI, ajl JKaIIbl CYHBIK aFbIHBIHBIH ayJaHbI
MeiiiHme Oy3buTyFa yiblpaid Koimanasr [10-13].
Kenmrinik KyOBIIBICTAap JKOFaphiga aTalfaH CYMbIK
SIPOCBIHBIH ~ Y3UIy — IIeKapachlHAa  JKY3ere
aCBIPBUIATBIHABIKTAH (parMeHTTEp TaIBIKTapFa
JKIKTENIN, KOFaphl  KBUIIAMIBIKTBI  aFbICTHIH
9CepiHeH omap ©3 Ke3eriHjae TaMImblIapra
axpipaiinpl. CYHWBIK OTBHIH MAaCCACHIHBIH MYHIAM
ycak, pparmenTTepre xikTenyi OipiHII TEKTi OYpKy
KYOBUIBICHIMEH CUTIATTAA]IbI.

1-cypet — KeMipcyTeKTi OTBIH TAMIIBICHIHBIH KaHY CaThIIaphl
1 — xamepazarsl ra3 O¢H >kaHy OHIMIEPIHIH Tapaly aiiMarsl,
2 — CYHBIK OTBHIH KeJIeMi, 3 — OTHIH OyBIHBIH IIOFBIPIaHy aiiMarsl, 4 — TaMIIBI

2-cypeT — PeakTHBTI ilITeH jKaHy KO3FAJITKBIIIBIHIAFBI OTBIHABI OYPKYAiH MBICAIIBI
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AKbpIpan IIBIKKaH CYHBIK (parMeHTrepi
e3apa COKTBIFY NPOIECiHIH cajgapblHaH Oipirim,
OipTyTac Macca Kypailgel Hemece OJlaH opi
Kapali ycak TaMIlbUIapFa O KIKTEIINm KeTel.

Aranran KY6LIJ'H>IC JKOrapbl KbUIAaMJBIKTa
Typ@yneHTTi XansH
GH > —.
L0 sl
15H: —

CyALlK AOpoCcE

Bipinwi TeiT Sypiy EkiHwi TexTi Gypry

KO3FalaThlH ra3 aFblHBIHBIH OCEpIHEH IKY3ere
ACBIPBUTAbI.

3-cyperte OipiHII >KOHE EKIHIII TEKTi CYMBIK
arbIHBIHBIH ~ OYPKUTy TIPOLECIHIH TapadybIHBIH
ch30anbIK OeliHeci kenTipinreH [14].

AfEIHHBIH, EHZyanuzauHAckl

3-cypet — Cy#bIK OTBIH aFBIHIIACHIHBIH OYPKY ChI30achl

KospanbliaTtblH aaicTep KoHe HbICAHHBIH
CaHABIK MoaeJi

Mopenbaey ToOXIpHOENEpiH Ky3ere acelpy
MakcaTblH/Ia MOCEJIEHIH MAaTeMAaTUKAJIBIK MOJEN]
TYPFBI3BULIBL: CYHBIK OTHIHHBIH OYpPKY XOHE JKaHy
MIPOLIECTEPIH CUTIATTAWTHIH Y3LTiCCI3MIiK, KO3FAIbIC,
KOMITOHEHT KOHIICHTPAIUSCBIHBIH TEHJEYJepi MEeH
SMIIUPHUKAJIBIK, TYPOYJIEHTTLTIK MO KeNTipiIi.

TaMImbpUIapplH, a3 AaFbIHBIHAA — TapadyblH
CHUTIATTANTBIH Y3UTICCI3MIK TeHIEyl Keleci HycKaaa
kaszpuiagnel [15-17]:

op .. -
L id =S . 1

MYHJIaFbl 24 — CYUBIK OTBIH aFbIHBIHBIH BEKTOPJIBIK
KbULIaMIbIFbL. Exiaszainsl aFbic sxaFnaiibiHga S

mass
arblH K3l TaMIibUIapAblH OyliaHybl Hemece
KOHJICHCAITUSTHBIH CAJIIAPbIHAH T'a3 THIFbI3ABIFbIHBIH
JIOKAJIbJII TPaJMEHTIH CUMATTalThL. bBipdaszaisl
KapamnaiibIM OipTeKTi )KyHenep/ie KOFapblJaFhbl aFbIH
K631 HOJIr'e TeH JIeT KapacThIPbLIAJIbI.

TammbmapaelH —cepikrec Tras
KO3FAIIBICBl ~ UMITYJIBCTIH
cumattananasl [15-17]:

AFbIHBIHJIAFbI
CakTaly  3aHbIMCH

aii

=t p(ii-grad )i = dvE+pg+S. | (@)

0

E=-Pl+7.

(2) TenaeymiH OH XaFbl KbICHIMHBIH P e3repici,

TYTKBIp KepHEy TeH30psl 7 = Aldivii + 2 uD xone
CYHMBIK KOJIEMiHIH CalIMaFbIHBbIH pg €CeOIHEeH Heri3-
Tl aFbIHFa KEJIII KOChLUIATHIH UMITYJILCTIH ©CIMIIICCIH
Do L[ ou o
o2l ox;  ox

oinmipeni.  MyHzarbl

—_
—

KBUIIAMJBIK TEH30pHIHBIH nedopMarmsace, | —
CaHIbIK MaTpuua, A koHe A — JIMHAMHKAIBIK
JKOHE EKIHIII TYTKBIPIBIK Kod)UuIueHTrepi.

Bipdasaist 6iprekti ra3 xkyitenepinae S,

TeH Oomanel; eKiazanbl dcepiecylli arpicTapAa

S

mom AFbIH KO31 TaMIIbUIapAbIH Ia3 arbIHbIHA
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iece  KO3Falnybl HOTIDKECIHAETI UMIYJIbCTiH

JIOKAITBI ©3repic KbULIAMABIFBIH OlITipeti.
JKytieHiH 1mKi 2HEPTUSACH KBUTy aFBIHBI MEH

OHBIH Tapajy KbUIAaM/IbIFbIHA TOYEI I Oonaabl [15-

17]:

%_f: T:D-pdivi—divg+S,,,,» (3

Tengeyneri ¢ @Dypbe ©pHETiHEH aHBIKTaIaThIH

MEHIIIKTI JKbUIy aFbIHBIH CHTATTaimsl, 7 [0

IaMachl TYTKBIp JMCCUIALUSHBIH —CajlapblHaH
TYBIHIAUTBIH  1IIKI  DHEPrHAHBIH  ©3TePiCiHiH
eciMIIeciH oinaipce, S OypKiITeH

energy
TaMIIBUTIAp/IaH TYPAaThIH CYHBIK (a3aHblH imIKi
SHEPTUSHbIH eciMIecine KOCAaTBhIH  YJeCiH
KepceTe/i.

KoHIleHTpaIusHeIH 71 KOMIIOHCHTIHIH CaKTally
TeHJeY1 Kenecinaei conaasl [15-17]:

dpe,)
ot Ox;

1

a(pcmui)_l_ a ,0 D ,acm S

- . b
axi Oy mass

1

4)

Oya »KepJeri O, OTbIH-ayalbl KOCHAHbIH M-Il

KOMITOHEHTIHIH MacCajblK THIFBI3ABIFBIH Oljipce,
0 OKaumbl KOCHAHBIH  TOJIBIK — THIFBI3JBIFBIH
KepceTes.

JKymbicta TypOyneHTTi aFbICTapAbl HHKEHEPITiK
ecenTeyNiepliH aHaFypJbIM YHHUBEpPCAT MOJCIAepi
petinme exi  auddepeHIUANIBIK, — TeHICYIeH
TypaThiH kK —& Mogeni KomgaHeLiAbl MyHa
TypOYJeHTTI aFbIHHBIH KHHETHKAIBIK YHEPTHUSACHI
k xoHe oHBIH uccHNanys Aopexeci £ YIIiH KOC
SMIUPUKAJIBIK, TeHAeY rentineni [18-21].

JKyMbIcTa 1IITEH JaHY KO3FAITKBIIITAPBIHIA
KUl Naii1aaHbUIATBIH OKTAH JKOHE JIOJCKAH CYHBIK
OTBIHAAPBl  KoyJaHbuLbl.  OnapaplH — ayameH
TOTBIFYBIHBIH XUMUSIIBIK ayBICy PEaKIHACHI Kelecl
TYPJE Ka3bUIa bl

2C,H  +250, -»16C0, +18H,0,
2C,H,,+370, —»24C0O, +26H,0.

bapnblk  KeMipcyTeKTi OTBIHOAPABIH JKaHy
PEaKUUsCBIHBIH COHBIHJIA KOMIPTETiHIH KOC TOTBIFBI
MEH BUTFaJT TY31IEIi.
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EcenTeyim Ta:xxipu0e HoTHIKeIEP]

Mopenbey  OOWBIHIIA — SKCHEPUMEHTTEPIl
KYprizy OappiCBIHAa ©p TYpJi IIITEH JKaHy
KO3FAITKBIIITAPBIHAAFEl CYHBIK OTBIHABI OYpPKY

J)KOHE OHBIH JKaHy TIPOIECIHIH  XUMHUSIIBIK
KMHETUKAChIH curarray YIIiH KIVA-II
KOJITaHOAJIBI KOMIIBIOTEPITIK OargapnaMacsl

KOWBUTFAH MIHJETTepre colikec Oewimmenmi [22].
byn Oarmapiama KeIIHIHIH KOMETIMEH >KOFaphl

TypOyJIeHTTi acepiecyi arbIH/Iap/IaFbl
TaMIIBUIAPABIH  TyTaHy, OyJaHy JKoHE J>KaHy
TpoIecTepin MOJCIBIIIK Kamepana

BU3yanu3anusiayra Oonazpl. HoTikecinae xaHy
KaMepachlHbIH ~ OWiKTiri  OOWBIMEH  aFBICTBIH
BU3YaIN3alUACHIH, SFHA OHBIH a’pOJAHMHAMUKAIBIK,
TEMIIEPATypabIK, KOHI[CHTPAIMSLIBIK, JKOHE
TypOyJIEHTTIiK napameTpiepin ecenreyre
MYMKIH/IiK TYBIHIQH/BI.

JKany kamepachIHBIH TE€OMETPUSIIBIK IIIIiHI
muUHIp GopMainel: OUikTiri 15 cM xoHe aAuameTpi
4 cM TeH. MoJienbIiK )xaHy KaMepachIHBIH KeCKiHi 6
cyperre OeliHeneHreH. Mopenbaey OapbICHIHIA
KaMTBUIFAaH TEOMETPISUIBIK ecenTey aimarbl 650
OakpUTaHATBHIH TOpJiapra Kikreninai. CyHbIK OTBIH
TaMIIbUIAPEl  KaMepaHBIH TOMEHTI OeJiriHmeri
WHXEKTOp apKbUIBI Kamepara Oypkireni. Kamy
KaMepachIHbIH KaObipraiapel 353 K-re, an onmars
cepiktec ra3 arbiHbl 900 K-re neifin KbI3QpIpbliIa b,
TamMmbDIapaeiH Kipic eJmemMaepi MOHOIUCIICPCTI
OTBIH KOCTIACHI YIIIiH 25 MKM TEH Jen KaObUIJaH IbI.
WHXEeKTOp COTUTOCHIHBIH OTBIHABI OYpKY OYpHIIIEI
10°%ka Ten Gommel. CyibIK OTBIHABI OYpKY
KBUIIaMIBIFBL 350 M/C Kypa bl

Hﬂmexmop COMA0CH]

4 cypert — ’Kany kamMepachbIHbIH r€OMETPUSCHI
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Bepinren kympIcTa JKaHy KamepachIHIarbl
OKTaH MeH JOACKAaHHBIH OYPKY >KOHE IHCIEepCHs
npouecTepiHe KbICBIM MEeH OYpKY MaccalapbIHBIH
acepi OobIHIIA 3epTTeyiep xKyprizunai. Exi cyibik
OTBIH TYpli — OKTaH JXOHE [OJCKaHHBIH JXaHy
MIPOLIECIHIH Op TYpJIi MapaMeTpiepiHe KbICBIMHBIH
ocepi 3eprreningi. Ecenrey ToxipubeciH Kyprizy
yirin oktan CsHg sxene moaekan CioHye yrnin
KbICBIMHBIH MoHepi 20 Gap-nan 200 Gapra neiiin
20 Oap wWHTepBaIMEH e3repce, al ecemnTeyiepe
OThIH Maccanapbl 4 wr-Han 20 Mr-ra JeHiHri
apaNbIKTa aybICHIT OTHIPABI.

1939 4

1954

1949 #

1044 /

Te. K

y
1934 e
1020 i

1924 .

1919 L

1914 &

5 1939 P

Mozenbik KamMepagarbl MaKCUMall jKaHy TeM-
nepaTypachlHbIH ra3 KbICBIMBIHA TiKeNel Toyenmi
esrepicin 5 cyperteH Oaiikayra Oomamel. Koc
KOMIPCYTEKTI CYWBIK OTHIHHBIH (OKTaH JKOHE
JI0JIeKaH) TeMIepaTypachlHbIH Tapany KUCHIKTapbIH
TalJayAblH HOTIDKECIHIE MbIHAZal TYXKBIPHIM
Kacaybl: OKTaHHBIH JKaHy TEeMIIEPaTypachl KbICHIM
apTKaH callblH MOHOTOHBI ©ceTiH 0oJica, Jo/IeKaH
Temreparypa WbHBHA 80 Oap KbICBIM MOHIHAE
KETell, MYHAArbl €H JKOFapFbl TeMIleparypa
1954,98 K kepcetkimTi Kypaiiabl. OKTaHHBIH MaK-
cumall kaHy Temreparypacel 1948,79 K kamepa-
Jarbl KbIcBIMHBIH, 100 Oap MoHIH/IE OpHAMIB.

20 40 60

""" OOOEKAH

80 100 120 140
P. 6ap

5-cypert — OKTaH MeH J10eKaHHBIH MaKCHMaJl TeMIIepaTypalapbIHbIH
JKaHy KaMepachIHAAFbl KBICBIMFA TOYEIILIIr

TemeHnze 6 xoHe 7 cypeTTep/ie TaMIUbLIAPIbIH
OacTamKbl MEHIITIKTI MaccalapbIHBIH — OJap.IbIH
OYpKy, OynaHy >koHE jKaHy NpOILECTepiHe ocepi
KOMIIBIOTEPIIiK MoaeibaeHreH. Cyperrepae CyHbIK
OTBIHAAPABIH OYPKY MaccalapblHa KAaThICThl OKTaH
MEH J0/IeKaH TaMIIbUIAPBIHBIH TEeMIIEpaTypalapbiH
KaMepa iliHae Tapainybl OciiHeIeHTeH.

364 4
362
560 ! \

peEi 0 \

T.K

556 | 1 \

354 \ -

352

6 cyperreri rpaduKTi Tanmmay KepCeTKEHICH,
OYpPKY MaccachlHBIH apTybl calJapblHaH OKTaHHBIH
TeMIepaTtypachl Ja Koca apThil, 6 Mr Macca
MOHIHJIe TeMIiepaTypaHblH MoHI 562 K Kypaiabl. 7
CYpETTEH KOpiHil TypFaHbIHIal, TOJeKaH YIIiH 644
K Ten Temmeparypa MoHI 7 MI Maccara COUKec
KeJei.

12 14 16 18
1. MT

6-cyper — OKTaH TaMIIbUIAPBIHBIH TEMIIEPATYPAChIHBIH
CYHBIK OTBIH MacCachlHa KaThICThI TAPATYbI
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7-cypet — Tamuibuiap/isiH OYpKy MaccachiHbIH J10/IeKaHHBIH
MEHILIKTI )KaHy TeMIlepaTypachIHa ocepi

CoHBIMEH KaTap )KYMBICTa HHKEKTOPJIaH ajbIC-
TaraH CailblH OKTaH MEH JOJCKaH TaMIIbUIapbIHBIH
CayTepunik oprama auamerpiepinia (SMD) yakpIT-
THIK YJECYiHIH MOJENbB/IK, Opi 3KCIEPUMEHTTIK
ecernrey Toxipuoesnepi yebHbUIFaH. TaMmbuiap sy
CayTepiik opramia auaMeTpi OTBIH-ayaibl eKi-

(hazambl Kocmagarsl OeIeKTepAiH eameMaepi 6o-

HBIHIIA TapaTybIHBIH OCTTIK-KOJIEM/IIK TapaMeTpine

skatanel. JKypri3uireH CaHJIbIK, MOJEIbACY TOXi-

pubenepi Oipkarap aBTOpJNapAbIH eHOEKTepiHEeH

[23] anblHFaH OKCHEPUMEHTTIK  JEpEKTEPMEH
CaNbICTBIPBUIIBI (8 CyperT).

OKCIEPUMEHTTE COMJIO MHXKEKTOPBIHBIH LIBIFbI-
cerHad 10-60 MM apasIFBIHIAFE ©p 10 MM CalibIHFBI

OeJIIeKTepiHiH

KAIlIIKTHIKTaFbI JOJICKaH
enmenren  [23].

TapalyblHBbIH ~ epeKLIeiKTepi
ATanMpIlI KYMBICTA YKCac 3epTTeyJiep COIUIOAaH

50 MM KAaIIBIKTBIKTAa OKTaH MeEH JO0J€KaH
OONIIEeKTEepiHIH  YaKbITTBIK  yJiecyl  CaHJBIK
MOJENbACY IIH KOMETIMEH KY3€re achbIpblIIbI.

8 CypeTTeH KOpiHIll TypraHBIHIAH, HATypPIBIK
JKOHE KOMITBIOTEPJIK —ToXipuOenep IKeTKUTIKTI
JeHrelije JKakchl CoOMKec Keneni. 8 cyperTe
KECKIH/AEITeH KUCBIKTApFa CaJbICTHIPMAaJIbl Tanjay
JKYPri3y apKbUIbl J0/IeKaH OOIIIEKTEPiHIH CaHIbIK
KOHE TOXKIPUOETIK yaKBITTBIK YJIECYJIEPiHiH e3apa
JKaKChl YHJIECIMIIUTIKTE eKEHJITiH aHbIK OalKayra

OoJtaml.

1 t,me L3

----- JI0IeKaH

JI07IeKAaH (3KCIIEPHMEHT)

8-cyper — mxekropaan 50 MM KaIIBIKTBIKTaFbl OKTaH MEH J0/JCKaH TaMIIbLIAPbIHBIH
optama Caytep auamerpiepinia (SMD) yakpIT OOibIHIIIA TapaTybIH
TOXIPHOEMEH CaNBICTHIPY
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Ko *&eTki3ireH caHablK MOJICIIbICY HOTHUKE-
JIepiH Tajjay apKbUIbl OKTAaH YIIiH THIMAI KbICHIM
moHi 100 6ap >xoHe noaekan yurid 80 Oap, an THimMi
Macca MOHI OKTaH YIIIH 6 Mr-Fa, ajl 1oJieKaH YIIiH 7
MT'-Fa T€H JICTCH KOPBITHIH]II )KacayFa 00Jaibl.

1.5 C
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13F
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F &
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ol — 7.3194
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07 — 437297
r — 4.1938
GEFE — 357468
E — 295056
0hE ‘ 232644
= I 1.70232
et 10782
0.3 B,
I I R T N I R R |
0.2 0.4 0B
X.cm

9 CcyperTeH KbICBIM MEH MacCaHbIH THIMJI
MOH/IepiHE COHKec Oenrini yakblT Me3eTTepiHIeri
KaHy KaMepachIHbIH KEHICTITIHAErl OKTaH J>XOHe
JIOJICKaH CYHBIK OOJIEKTEPiHiH pagiychl OOHBIHIIIA
yJiecysepiH Kkepyre 0oabl.

1.5
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a) OKTaH 9) I0ACKaH

9-cypet — t=1,8 MC yaKbIT ME3€TIHJCTi OKTaH KOHE
JIOZICKaH TAMIIBLIAPBIHBIH PaJUYChl OOMBIHIIA UCTICPCHSCHI

Cannplk  ToXipuOeHIH OacTanmkbl —TYCBIHIA
eki(azanmpl KOCa MOHOJUCHEPCTI OOJIFaHABIKTaH
Tamiibuiap  Oipaed  efimeMie — TapalFaHbIMEH
TyTaHy, OyJlaHy »JKOHE JKaHy MpPOIECTePiHIH
OCEpiHIH cangapblHaH ©3apa COKTBIFBICHIN, Opi
AMITYJTbC ~ aJMacybIHBIH  HOTIDKECiHIE  Oipirim
HEMECe YycCaK TaMIIbUIapFa KiKTenyl ceOeOiHeH
OeJmIeKTepliH MEHIIIKTI emmeMaepi (paauychl)
e3repicKe YImbIpait 6acTan b,

OKTaH TaMIIBUIAPBIHBIH €H YJKEH MEHIIIKTI
paauychiHBIH eimeMi 9,8 MHKpoHFa TeH OoJca,
JOJIeKaH TaMINbUIapbl 8,8 MHUKpOHFa JeiiH yiFas
tycemi. JKorapeigarsl 9 cypeTTi opi Kapait Tannay bl
JKAJIFACTBIPA  OTBIPBIN,  OJIIIEMJEPI  YJIKCH
OeJIIIeKTeP IiH THIFBI3/IBIFBIHBIH a3/IbIFBIH  JKOHE
KaMepaHbIH JKaJIbl KCHICTITIHEH 63re KOJIeMiHIeT1
TaMIIBUTAP/BIH OpTallla MacCajlbIK yJeci 2-meH 6
MHUKpOHFa JEHIH CHUpPETUICTIHIIriHE KO3 JXEeTKi3e
amambi3. JloJmekaH TaMIIbLIaphl JKaHy IMPOICCIHIH
OaprIchIHIA KaMmepaHbIH 1,4 cM OWIKTITIHE >KOHE
kongeHer Oarpitra 0,25 cM eHi OOWMBIMEH ajbIC

KAIlILIKTBIKTApFa  Tapajiblll KETETIHMIr aWKbIH
KepiHinm Typ. bByn ke3ekre okraH OeumexTepi
KepiciHIe KBICKA KAIBIKTHIKTa KaMepanbiy 1,1 cm
ouikTiri MmeH 0,2 cM €Hi apbUIBIFBIHJAFbI aliMaKTa
HIorsIpsaHasl (9 cyper).

4 MC yaKbBIT ME3ETiHIETI OKTaH »XOHE TOJCKaH
TaMINBUTIAPBIHBIH, ~ MEHIIIKTI  TeMIlepaTypachiHa
KaTBICTBl THIFBI3NIBIFBIHBIH  yiecyi 10 cyperre
OcliHEeNIeHTeH.

KamepanbsiH ToMeHTi TyChIH/AAa OKTaH OeIIeK-
tepi 348 K, an monexan tamibuiapsl 353 K tem-
nepaTrypaHbl KaMTH OTBIPBHIT, JKaHy aiMarbIHBIH
aynanbiHa Oipre-OipTe Ooitnmait Tyceni. XKany mpo-
LEeCiHIH t=4 MC Me3eTiHJe OKTaH OeJIIEKTePiHiH
MEHIIIKTI TeMIIepaTypachIHbIH €H JKOFapFhl IIama-
cel 554 K-re xerce, OCbl Me3eTTErl J0JeKaH
TaMIIBUIAPBIHBIH TEMIIEPATyPAChIHBIH IIEKTI MOHI
638 K-ui Tenrepesi. Ochl TYKbIPBIMHAH OKTaHMEH
CaJIBICTRIpFaHa TOJACKaH OOJIICKTEPiHIH MEHIIIKTI
TEMIIEPATYPACBIHBIH JTUCICPCHSICH €0YIp JKOFaphbl
00IaTBIHIBIFBIHA KO3 KETKI3EMI3.
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a) OKTaH 9) J0JIeKaH

10-cypeT — t=4 MC yaKbIT ME3€TiHJET1 OKTaH )XK9HE T0JeKaH TaMIIbUIAPBIHBIH
MEHIIIKTI TeMIepaTypackl GOMbIHIIA TUCIEPCHSCHI

KopbIThIHABI

Byn s>kyMmbpicTa UWIMHIPIIK JKaHy Kamepa-
CBIHAAFBl KBICBIM MEH MAacCaHblH ©p Typii
MOHJIEpIHIH €Ki TYpJli CYWBIK OTBIHAApPIBIH (OKTaH
JKOHE JOo/AeKaH) TyTaHy, »aHy JoHe OylaHy
MPOIECTEPiHE BCEPi KOMITBIOTEPIIIK MOCIBACH/I.

JKympicTa )xaHy KaMepacbiHa OYPKLIETiH CYHBIK
OTBIHAAPABIH JKIKTENyi, AHUCHEPCHACHL, OylaHy
JKOHE JKaHy MPOLECTEPiH CHMATTAHTHIH MOCEICHIH
MaTEMaTHKAJIBIK XOHE I'€OMETPHJIBIK MOJENbAepi
TYPFBI3bUIJIBI.

XKyprizinren ecenrtey ToxipuOenepiHiH HOTH-
JKECIHAE TOMEHJETiIeil KOpBITBIHABI JKacayFra
Oomaznpl. JKypri3ireH ecenTey ToXipHOeIepiHiy
HOTIDKEJIEPIiH Taijay apKbUIbl OKTaH YIIH THIMII
KbIcbIM MoH1 100 Oap xoHe moxekaH ymiH 80 Oap,
ajg TUIMAI Macca MOHI OKTaH YIIiH 6 Mr-fa, aji
JOJEKaH YLIIH 7 MI-Fa TE€H JEreH KOPBITHIHbI
JKacayra 0oJiaibl.

BepinreHn KpIChIM MEH Macca MOHJACPIHIC TaM-
IIBUIAP/IBIH, 63 TeMIIepaTypachl MEH JKaHy Kamepa-
CBIHJIAFbI JKaHY TEMIIepaTypachl MaKCUMaJl MOH/IE-
piHe sxereni. KpICBIMHBIH aranraH MOHIEpiHIC
OTHIH TaMIIbUIAPhl KAPKBIHABI Typlae OyiaHa
Oacraiinpl. COHBIMEH KaTap JKaHy KaMepachbIHJaFrbl
KBICHIMHBIH ~CYHBIK OTBIHIAPILI OYpKYy JKOHE
ONapJbIH  JUCIIEPCUSICHl  TPOLIECTEPiHE OCepiH
3epTTey apKBUIBI €Ki OTBHIH TYPi YIIiH KBICBIMHBIH
ecyl  JKOFapbl  TEeMIEpaTypalapiblH  Tapany
OOJIBICBIHBIH ©CYiHE aJIbI KENETIHAIr JTDIIeIESH I].
Bypky MaccachlHBIH THIMII KBICBIM MOHIEpiHE
colikec opi Kapall apTybl OKTaH KOHE J0JCKaH YIIIiH
JKaHy TMPOLECIH HalapiaThil, TEeMIIePaTypaHbIH
KE3eKTi TOMEHCYiHE aJIbIIT KeIeTi.

XKywmeicra xyprizinren 3eprreynep Kaszakcran
PecnyOnukaceHbIH FBUIBIM k0HE KOFapFbl OimiM
MUHHUCTPIITiHIH Kap KbLIai KOJ1aybIMEH
NoAP19679741 xxy3ere achbIpbUIbI.
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Saltanat. Bolegenova@kaznu.edu.kz);
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ON THE POSSIBILITY
OF THE AGROGLYPHS EMERGENCE
UNDER THE INFLUENCE OF COSMIC FACTORS

-y

Based on the study of the phenomenon of wheat stalks regular lodging on a large area (Vozne-
senovsky phenomenon), the possibility of linking this and other similar phenomena (agroglyphs) of natu-
ral origin with the action of cosmic factors is analyzed. The criteria features of the phenomena under con-
sideration and particular structural features of the phenomenon under study are determined. It is shown
that in order to explain the totality of facts, the most promising is to attract the idea of a short—term radia-
tion effect of sufficiently high energy on the entire plant array. This point of view is quite consistent with
the features of the structure and physiology of cereal crops stems. The reason for the wheat stalks lodging
could be the heating of their nodes under the action of a pulse of microwave radiation. The preference
for microwave radiation, but not infrared radiation, is physically justified. The supposed source of the
microwave radiation pulse is the development of a meteor phenomenon generated by the intrusion into
the Earth’s atmosphere of a meteor body containing a significant mass of water ice. The paper shows that
in this case, one can expect the appearance of a pulse of forced (maser—type) radiation at a wavelength
of 1,35 cm. This radiation can reach the Earth’s surface quite freely. Calculations of the energy and mass
of a meteor body, which capable to generat the considered effect, are in good agreement with the data of
meteor astronomy. Orderliness in the lodging of stems is explained from the standpoint of heliotropism
of plant development. The general aspects of the agroglyphs appearance connection with the manifesta-
tions of meteoric activity and the prospects for the development of the study are discussed.

Keywords: meteoroids, meteor phenomena, agroglyphs, instrument complex, analyzed, crop circles.

A.A. ConopoBHuK, .. AeoHTbeB, 5.M. YcenHos* , A.B. AAélunH,
H.IM. CoaoaoBHuk, M.B. LLlorxxaHoBa, I.E. CeitianbekoBa

M.Ko3bibaes atbiHaarbl CoATyCTik KasakcTaH yHuBepcuteTi, MNeTponasa, KasakcraH
* e-mail: buseinov@gmail.com

ArporaucbTepAiH, Fapbill ¢pakTOpAapbIHbIH, dCepiHeH
naiiaa 60Ay MYMKIHAIT TypaAbl

buaait cabakTapblHbiH, YAKEH aymakTa TypakTbl OpHAAAcCy KyYObIAbICHIH 3epTTey HerisiHae
(Bo3HeCeHOBCKMIA KYObIAbICbI) OCbl >koHe 6acka Aa ykcac Taburn KyOblAbICTapAbl (arporamdrep)
Fapbill (PaKTOPAAPbIHbIH 8CepiMeH 6arAaHbICTLIPY MYMKIHAIM TaAAaaHaAbl. KapacTbipbiAbIN OTbIpFaH
KYObIABICTAPABIH, KpUTEPUAAAbI BEATIAEpi KOHEe 3epTTeAeTiH KyObIAbICTbIH HaKTbl KYPbIABIMADIK,
epekileAikTepi  aHbiKTaAAbl. DakTiAep >KMbIHTbIFbIH TYCIHAIPY YlWiH 6yKiA ecimMaik MaccuBiHe
SKETKIAIKTI >KOFapbl 3HEPrusiHbiH KbICKA MEP3iMAI paAMaLMSAbIK, 8Cepi TypaAbl MAESHbI TapTy €H
nepcrnekTuBaAbl GOAbIN TabblraAbl. ByA Ke3kapac ASHAI AAKbIAAAP CabAKTAPbIHbIH, KYPbIAbIMbI MeH
(h13MOAOTUSChIHBIH epeKlLeAikTepiHe carkec Keaeai. buaai cabakTapbiHblH OpHAaAaCybiHbIH cebebi
MMKPOTOAKbIHABI COYAEAEHY UMIMYAbCIHIH 8CepiHEH OAAPAbIH, LWbIHAAPbIH KbI3AbIPDY GOAYbI MYMKIH.
MHMpaKbI3bIA COYAEAEHYAEH TOPI MUKPOTOAKbIHAbI COYAEAEHYre apTbIKLIbIAbIK, 6epy (U3UKaAbIK,
TYPFblAQH Heri3peAreH. MUKPOTOAKbIHAbI COYAEAEHY UMIYAbCIHIH 6GOAXKaMAbI  Ke3i-KypambiHAQ
CYy My3bIHbIH €A8Yyip Maccacbl 6ap METeopAblK AeHeHiH XKep atmocdepacbiHa eHyiHeH TybIHAAFaH
METEOPAbIK, KYObIABICTbIH, Aamybl. JKymbiCTa OYyA KaFAamaAa TOAKbIH Y3blHAbIFbI 1,35 cm 6oAaTbiH
MXOBYPAI COyAEAEHY MMIMYAbCIHIH (Aa3ep TypiHiH) nainaa GOAYbIH KyTyre 60AATbIHAbIFbI KOPCETIAMEH.
KapacTbIpbIAbIN OTbIpFaH 8CepAi TYAbIPYbl MYMKIH METEOPAbIK, A€HEHIH 3Hepruscbl MeH MaccacblH
ecenTey MeTeOPAbIK, aCTPOHOMMS AepekTepiMeH Xakcbl yiaeceai. CabakTapAblH OPHAAACYbIHAAFbI
TOPTIN 6CIMAIKTEPAIH AAMYbIHbIH FEAMOTPOMNM3MI TYPFbICbIHAH TYCIHAIpiAeAi. ArporandTepain nanaa
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On the possibility of the agroglyphs emergence under the influence of cosmic factors

GOAYbIHbIH METEOPAbIK, BEACEHAIAIKTIH KepiHicTepiMeH OGaiAaHbICbIHbIH, >KaAMbl aCrekTiAepi >KoHe
3epTTeyAiH AaMy MepcrnekTMBaAapbl TaAKbIAQHAADI.

TyiiH ce3aep: METEOpPOMATAp, METEOP KYObIAbICTapbl, arporAMdTep, acnantap KeweHi, TarAay,
ericTik weHbepAepi.

A.A. ConopoBHuk, .M. AeoHTbeB, 5.M. YcenHo*, A.B. ArelunH,
H.IM. CoaopoBHUK, M.Bb. LLlorxxanoBa, I.E. CeitabexkoBa

Cesepo-KazaxcraHckuit yHusepcuteT M. M. Kosbibaesa, r. [NeTponaeaosck, KasaxcraH
* e-mail: buseinov@gmail.com

O BO3MOXXHOCTM BO3HMKHOBEHMS arporAmcos
noA BO3AEHCTBUEM KOCMMUYECKMX (paKTOPOB

Ha ocHoBe 13yueHusl (heHOMEHa PETYASIPHOTO MOAEraHms CTe6Aei NieHmLbl Ha GOAbLLION MAOLLAAM
((beHOMeH Bo3HECEHOBCKOro) aHaAM3MPYETCsS BO3MOXKHOCTb CBSI3M 3TOMO M APYTUX MOAOGHbIX IBAEHMI
(arporandoB) ecTecTBEHHOrO MPONCXOXKAEHUS C AENCTBMEM KOCMMUecKnX hakTopoB. OnpeaseAeHbl
KpUTepraAbHble MPU3HAKM PACCMATPMBAEMbIX SBAEHUI U KOHKPETHblE CTPYKTYpHble 0COOEHHOCTU
MCCAEAYEMOTO  siBAEHMs. [lokazaHo, 4YTO AAd OObSICHEHMS COBOKYMHOCTM (pakToB Hambosee
NnepcrekTUBHbIM SIBASIETCS TMPMBAEYEHME MAEU O KPaTKOBPEMEHHOM PaAMALMOHHOM BO3AENCTBUM
AOCTaTOUHO BbICOKOI 3HEPrM1M Ha BECb PACTUTEAbHbIN MACCMB. DTa TOUKA 3PEHUS BIIOAHE COrAacyeTcs
C OCOGEHHOCTSIMM CTPOeHUs U (DU3MOAOTUIM CTEOAEI 3epHOBbLIX KYAbTYp. [puumHOi noaeraHus
cTebAelt MieHnLbl MOXKeT ObiTb HarpeB MX Bepxyllek MoA AEWUCTBMEM MMIMYAbCA MWKPOBOAHOBOMO
n3AydeHunsi. [peanouTeHre MUKPOBOAHOBOIO W3AYYEHWS, a He WHpakpacHoro, Musnyecku
onpaBaaHo. [NpeanoAaraeMbiM MCTOYHUKOM UMIMYAbCa MMKPOBOAHOBOTO M3AYUEHUS IBASIETCS pa3BUTHE
METEOPHOrO SBAEHMS, BbI3BaHHOI O BTOPXKEHVEM B aTMOCepy 3eMAM METEOPHOIO TeAQ, COAEPIKaLLLEero
3HAUMTEABHYIO MAacCy BOASIHOrO AbAa. B paboTe mokasaHo, YTO B 3TOM CAyYae MOXHO OXMAATb
MOSIBAEHUS MMMYAbCa BbIHY>KAEHHOrO M3AyYeHUst (Ma3epHOro Tuma) C AAMHOM BOAHbI 1,35 cm. DTO
M3AYYEHME MOXKET AOCTUraTh MOBEPXHOCTM 3EMAM AOCTAaTOMHO CBOBOAHO. PacueTbl 3Heprm u Maccbi
METEOPHOro TeAa, KOTOpble CoCOOHbI Bbi3BaTb paccMaTpmBaeMblit 3(peKkT, XOpOoLIO COrAacyloTcst C
AQHHbIMW METEOPHON aCTPOHOMMU. YNOPSAOUYEHHOCTb B MOAEraHWu CTebAelt 0ObICHIETCS C TOUKM
3pEHUSI reAMoTponmMaMa pasBmTust pacteHuin. O6cyxaaloTcs oblme acrekTbl CBS3WM MOSIBAEHMS

al’pOFAMCbOB C NPOABAEHNAMN MeTeOpHOlZ AKTMBHOCTU U NepCrneKTUBbl Pa3BUTUA NMCCAEAOBaHNA.
KAtoueBble caroBa: MeTeoponAbl, METEOPHbIE ABAEHWA, anOF/\l/ICbbl, I'lpl/I6OprIl7l KOMIAEKC, aHaAn3,

KPYrv Ha MoAsiX.

Introduction

Agroglyphs are one of the phenomena that attract
general attention, but remain outside the limits of
scientific research due to the lack of reliable data
and clear explanations. Without going into details of
the phenomenon history, many provisions of which
may be in doubt, we note some of its features.

Agroglyphs are understood as structures formed
by fallen stems, which from time to time arise in the
fields of cereal plants. Their common name is “crop
circles”. At the same time, precise geometric shapes
and even more complex drawings arouse reasonable
suspicion of the hoaxers actions. Therefore, the
authors appeal to agroglyphs with a simple structure,
the randomness of which indicates the action of
natural factors.

But, nevertheless, the sudden lodging of cereal
stalks in fairly large areas of fields is not news for
agronomy, but rather a problem from the point of
view of harvesting. Agricultural specialists analyze
its nature from the point of view of plant physiology
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and the effect of the phenomenon on grain yields
[1-3]. Quite clear criteria allow to distinguish them
from what is connected with human activity. A
morphological study of the phenomenon showed
that the stems in natural agroglyphs are flattened and
twisted, but not broken. At the same time, there may
be a clockwise or counterclockwise twist in the same
figure. Sometimes there are layers of stems twisted
in opposite directions. The curvature of the ears at
the joints is characteristic. The deformation begins
about 3-5 centimeters from the ground at the level
of the first knee of the ear. The bending angle at this
level can reach about 90 degrees. The expansion of
the stem node is noticeable (Fig. 1) [4].

The appearance of cavities in the nodes of plant
stems, resembling traces of internal heating, is
clearly detected. The situation is more complicated
with the evidence that observed:

- changes in the structure of DNA;

- increased infrared radiation inside and outside
the figure;

- changing the magnetic field inside the figure;
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- the increase in the radiation background is
about three times compared to the normal back-
ground;

- the occurrence of “crop circles” in the fields
at night, in the morning and just for a few seconds.

Figure 1 — Curved stems of cereals from agroglyphs.

The lying stems have a spiral twist, and each
stem lies neatly next to the other. There may be
intact tufts within the area of lying stems.

On the territory of Northern Kazakhstan, huge
areas are sown with grain crops every year. In this
regard, it seems strange that there are usually no
reports about agroglyphs. But, as it turned out, the
problem lies in the lack of attentive observers. This

is confirmed by the example of an agroglyph that
appeared near the village of Voznesenka at the end
of July 2019. Let’s consider some details of this
phenomenon.

Voznesenovsky phenomenon

We will talk about a structure that arose in a
wheat field near the village of Voznesenka in the
North Kazakhstan region (N 54° 40° 16.464” E 68°
48’ 57.6”), located about 30 km southwest of the
regional center — the city of Petropavlovsk (Fig. 2).

Physics teacher E.A. Lyubenkova drew attention
to the appearance of the phenomenon on the morning
of July 25. And the next day, a group of researchers
from the North Kazakhstan University, which
included the authors of this article, went to the place.
The area of interest to us was not far from the village
on an irrigated section of the field to the left of the
road leading from Petropavlovsk to Voznesenka.
The height of wheat stalks in some places reached
one meter, but on average it was somewhat lower.
The presence of a quadcopter made it possible not
only to take pictures of the general contour of the
field area with the lying stems, but also to make sure
that people, large animals and vehicles did not enter
the study area. Moreover, the lying stems were, as
it were, laid and intertwined. The size of the area
with the lying stems was approximately 100 x 110
meters.
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Figure 2 — Location of Voznesenka village on the map.
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There are three types of sites in this area. Along
with the sites where the wheat was not damaged,
there were sites of wheat laid in spiral waves from
the root (a “chainmail” pattern) and sites with
wheat laid in half the growth of the stem. Attention

is attracted to such a feature as the presence of a
sharp border between sites with laid stems and
completely undisturbed wheat. The width of the
transition zone, if you call it that, does not exceed
1 -2 cm (Fig. 3)

Figure 3 — Some sections of the field with wheat stalks laid.

This circumstance is hardly compatible with
the idea of the participation of air vortices in the
occurrence of the phenomenon. This is even more
strongly contradicted by the presence of narrow
(30 — 40 cm) and long (3 — 5 meters) grooves
with stems laid at the bottom and very sharp

edges. Obviously, the physical factor affecting the
stems had the property of a sharp drop in intensity
towards the geometric edge. Ordinary air vortices
do not have such properties. As for the nature of
stem deformation, it fully corresponds to the above
description (Fig. 4).

Figure 4 — Wheat stalks from the sites with lying stems.

The bend at the basal node is the smallest, it
reaches its maximum value near the second or
third node of the stem. At the same time, even
with a general bend of almost 180 degrees (half
a circle), when laying the plants on the ground,
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the internodes — parts of the wheat stem, remained
straight. Bending when laying the stems occurred
only at their nodes. For a short period of action of a
certain factor, they seemed to become plastic, and
then hardened again.
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The reason for the mass lying of cereal stems

Initially, there are several reliably established
facts. Softening and bending of wheat stalks at their
nodes; orderly position of lying stems; the presence
of sharp boundaries of of an unknown physical
factor action. It is premature to use some exotic
mechanisms to explain them. The plasticity of plant
tissues is fully explained by the heating of the cereal
stem nodes. The experience of a modern physical
laboratory suggests that the fastest and most gentle
volumetric heating of a biomaterial is possible when
itabsorbs radiant energy in the infrared or microwave
range. The problem lies in formulating a hypothesis
about the nature and source of such radiation on the
basis of reasonable physical concepts.

Let’s first consider some features of infrared
radiation. According to available data, liquid water
absorbs infrared radiation extremely strongly
(especially in the near and middle IR — range). In
this case, the total absorption of the radiation flux
occurs on the path of the order of tens of microns
[5 — 9]. This is interesting from the point of view
that a beam pulse of infrared radiation of sufficient
power will not be absorbed in the total volume of
plant biomass, but will generate something similar
to a surface burn. In addition, IR — radiation is
strongly absorbed in the atmosphere. This makes

Ctebenb — CONOMMUH:
nooyepenHoe
pacnonpXxeHue
NACTbe CreGens (conomuHa)

TNucrosan nnactvHa

it doubtful, that flow of IR — radiation can give
rise to the phenomenon under study. At the same
time, microwave radiation is also well absorbed
by liquid water, but the absorption coefficients are
several orders of magnitude lower. That is, the
heating of the cell fluid in plants during microwave
irradiation will cover the entire volume of the plant.
In particular, this is taken into account in the design
of microwave heaters operating at a wavelength of
about 122 mm (the maximum absorption coefficient
of liquid water) [10-11]. So, the assumption about
the occurrence of the phenomenon of agroglyphs
under the action of microwave radiation fluxes looks
physically justified. Before discussing possible
sources of such radiation, it is necessary to estimate
the energy flux densities required for the occurrence
of the phenomenon.

Of course, you should first take into account the
structural features of the cereal plants stems. The wheat
stalk is straight and hollow inside — a straw with inter-
nal partitions. At their locations there are compacted
swellings — nodes (Fig. 5). Thanks to the nodes, the
stem becomes highly resistant to external influences,
in particular, to the wind. Tubular internodes are locat-
ed between the nodes. The growth of the wheat stem
occurs due to the top of the stem and the base of the
internodes. Because of the presence of several growth
zones, the stem elongates very quickly [1 — 3].

MNonocre creGng

Meperopoaka yana

MposoaAwre nyykm

Figure 5 — The structure of the wheat stem.
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The stem is hollow along its entire length and
consists of 5 — 6 internodes. The height varies
from 70 to 150 cm. The internodes have different
thicknesses: upper — 2.5 — 4.0 mm, lower — 3.0
—6.0 mm. The lower internode is the shortest. The
resistance of a plant to lying is determined by the
height of the stem, as well as the length and thickness
of the lower internode.

The development of the plant body depends
on the influence of various meteorological factors,
as well as on the pressure and weight of its own
parts, which constantly change during growth. The
plant is also subjected to dynamic loads, including
impact forces of various durations. Their sources
are winds, rain, hail and others. The above —
ground part of the plant has a large windage and
would easily break if there were no elements of
resistance. The mechanical parameters of the plant
tissue play a major role in the plant strength. Straws
of rye, wheat, barley give arc bends if the ears are
filled with full grain. This is due to the mechanical
rigidity of the internode tubes and the relative
malleability of the nodes. In the nodes of cereal
plants, at a certain stage, there is a rapid process
of cell division — their growth. The nodes contain
much more moisture than the internodes. From the
point of view of bending deformation, nodes can
be considered as hinges.

The increased water content in the nodes should
contribute to the absorption of the microwave
radiation flux. Due to the heating of the nodes, their
tissues can soften, giving the “hinge” the ability to
rotate, which determines the possibility of twisting
and lying of the stems of cereal plants. It should be
noted that the temperature of plant tissues cannot
rise to more than 50 degrees Celsius, because at
higher temperatures plants usually die. The results
of experiments on the effect of microwave radiation
on wheat stalks are presented on the Internet,
and they generally confirm the assumption under
consideration [12].

To calculate the amount of energy absorbed by
a node during heating, we represent it as a cylinder
with a diameter and a height of 5 millimeters.
Its volume will be approximately 107 m®. Let’s
determine the mass of water in the node of the cereal
plant stem. The water content in the wheat stalk
in the initial phase of grain ripening (namely, this
condition is recorded) is on average 50%. In nodes,
this content should be higher. Let’s take it equal to
60%. Then the mass of water in the node (taking
into account 25% of the voids volume) will be about
4.5 %107 kg.

Using the well — known formula
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Q.. =C-m-At,

and, assuming that under the influence of an external

factor, the temperature of the node increased by At =

20°C, it is easy to estimate the energy O . absorbed

by the plant node. It turns out to be equal to 0.38 J.
Based on the obvious ratio

Qnode

w ==t

S

node

where § | is the cross—sectional area of the stem
node, it is possible to calculate w — the radiation
energy flux density per unit cross—sectional area of
the stem node. It will be approximately 1.5x10* J/
m?,

Thenitis possible to calculate the total energy O,
required to create a large agroglyph with a diameter
of 100 meters, comparable to the phenomenon under
consideration:

Q :W'Sagr

tot

This energy will be approximately 1.2x10% J.

However, these integral characteristics do not
fully characterize the process of the phenomenon
formation. It is also necessary to take into account
the power of the radiation flux per unit area, which
depends on the duration of the events development.
Since the formation of the agroglyph takes from
1 to 10 seconds, the value of this quantity should
be expected in the range from tens of thousands
of W/m? to thousands of W/m? And this is very
interesting, because it assumes the presence of a
radiation source much brighter than the Sun. Let’s
consider the supposed nature of such a source and
the mechanism of its emission of a microwave flux.

Meteor phenomena as a possible source of
stimulated emission

Science knows only two natural phenomena
in which the release of energy has a concentrated
character and a value comparable to that required
for the emergence of agroglyphs: these are
lightning (energy 10% — 10" J [13 — 14]) and meteor
phenomena. Lightning can hardly be responsible
for the appearance of agroglyphs, since most of
the discharge energy is spent on creating a shock
wave, air ionization and a light flash. Concentrated
generation of microwaves from lightning has not
been detected. Finally, on the eve of Voznesenovsky
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phenomenon no thunderstorms were observed in the
nearby area. Meteor phenomena are another case.
Let’s call the specific energy of a typical meteoroid
the kinetic energy that a body with a mass of 1 kg
has, flying into the Earth’s atmosphere at a speed
of [1 =4x10*m/s [15 — 17]. It will be 8x10% J. This
value is quite comparable to the energy needed to
create an agroglyph. The question is a mechanism
capable of generating the required density of the
microwave radiation flux. To physically substantiate
its essence, let’s consider some aspects of meteor
phenomena.

As is known, meteors are phenomena in the
upper atmosphere that occur when solid particles
(meteoroids) invade it with cosmic velocities. When
interacting with the atmosphere, meteor bodies
partially or completely lose their initial mass. In
this case, the glow is excited and ionized traces
are formed. Very bright meteors, the brilliance of
which is greater than the brilliance of Venus, are
called fireballs. The remnants of meteor bodies
that generate bright bolides can fall to the surface
of the Earth in the form of meteorites. When the
Earth encounters compact swarms of meteor bodies,
meteor showers are observed, some of which are
active in the summer season [15— 17].

Meteoroids moving around the Sun enter the
Earth’s atmosphere at speeds from 11.3 to 73 km/s.
The magnitude of their kinetic energy is much
greater than the energy required for the complete
evaporation of their substance, and the speeds are
much higher than the thermal speed of air molecules.
The mechanism of interaction of a meteor body
with the atmosphere determines their mass. The air
molecules fully or partially transfer their momentum
and kinetic energy to the meteor body. This leads
to deceleration, heating and spraying of the meteor
body. Meteor bodies with masses from 1072 to 0.10
kg, generating meteors from +20 to —4 of stellar
magnitude, completely lose their initial mass during
deceleration in the atmosphere [15 — 17]. When
moving in the atmosphere of larger bodies, with
which bright fireballs are associated, a shock wave
is formed, leading to a decrease in heat transfer and
the fraction of the initial mass lost before the body
loses cosmic velocity. After the passage of meteors,
an ionized meteor trail with a length from units to
several tens of kilometers remains. The initial radius
of the ionized meteor trail can reach several meters,
and it increases with the increasing of ignition
height, speed and size of the meteor body [16].

The analysis of meteor spectra made it possible
to study the mechanism of their luminosity (the
radiation of a plasma cloud that occurs during

the moving of a meteoroid). In the optical region,
meteor radiation is represented by bright emission
lines of atoms and ions of iron, sodium, magnesium,
calcium, silicon, nitrogen, oxygen and much weaker
molecular bands. There is also a weak continuous
background. The range of heights at which meteor
phenomena develop extends on average from 100
to 40 kilometers. The total amount of meteoric
matter per day is about 60 tons. This substance has
a noticeable effect on the gas, ionic and aerosol
composition of the upper atmosphere, as well as
on some meteorological and geophysical processes
occurring at high altitudes.

Broad prospects for scientific research are
associated with the discovery of the possibility of
generating stimulated emission from the region of
meteor plasma tracks. The physical picture of the
meteor phenomenon development is as follows.
During the penetration of the meteor body into the
denser layers of the atmosphere and the formation
of a shock wave front, the vapors of the meteoric
substance are sharply decelerated. The kinetic
energy of the meteor motion is converted into
thermal energy. The resulting cloud of meteor
plasma is replenished due to the destruction of the
meteor body. In this case, the processes of excitation
of atoms, leading to their ionization, prevail over
recombinations.

Theoretically, it is shown that at meteoroid
speeds of more than 60 km/s, the meteor plasma
moves with it, generating rapid changes in the
radiation intensity. Plasma formed along the path of
a meteor in a continuously thickening atmosphere
is a formation similar in emission nature to a gas —
dynamic laser [18]. Recall that in a gas — dynamic
laser, population inversion is created in a system
of vibrational energy levels of gas molecules by
adiabatic cooling of heated gas masses moving
at supersonic speed. The existence of a «laser»
component in the optical spectrum of meteors was
justified theoretically, calculations showed the
possibility of developing processes similar to the
emission of a gas — dynamic laser at a pressure of 0.1
Pa at a height of about 90 km and a concentration of
atmospheric particles of the order of 10" — 10%* m.
The theoretical conclusions are confirmed by the
results of studying a large number of meteor glow
spectrograms [16].

Summarizing the general ideas about the physics
of meteor phenomena, we can talk about two types
of processes occurring in different time scales:

1. Relatively slow processes of thermal conduc-
tivity, mechanical rotation and destruction of a me-
teoric body;
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2. Significantly faster brightness oscillation of
a radiating meteor plasma bunch (meteor track),
generating a glow similar to the radiation of a gas —
dynamic laser.

In our case, it is more correct to talk about maser
— type radiation. The question of the molecules na-
ture capable of generating microwave radiation and
present in large numbers either in the composition
of meteor bodies or in the Earth’s atmosphere re-
quires a solution. The choice is limited to water va-
por emitting at a wavelength of 1.35 cm (frequency
22.2 GHz) and hydroxide molecules emitting at a
wavelength of 18 cm [19 — 21]. Both types of maser
sources are widely known in modern astrophysics.
Moreover, if masers on the water radical were dis-
covered somewhat earlier, then water masers turned
out to be much more powerful. Maser sources have
been found both in the Galaxy (circumstellar shells)
and in cosmological objects (Megamasers) [22].
The lines of molecular cosmic masers correspond,
in the case of hydroxyl OH, to transitions between
the levels of the A — doublets of the ground and low-
er rotational levels of molecules, and in the case of
H,O molecules, to transitions between the rotational
levels of the ground vibrational state. The hypoth-
esis of a maser mechanism operating on the basis
of water vapor deserves preference. Their content in
the atmosphere is much higher than the content of
hydroxyl. In addition, water is included in the com-
position of meteor bodies, being in them in a bound
state or in the form of an ice phase [23].

Microwave emission from meteor tracks and
the formation of acroglyphs

For the appearance of a focused flow of
microwave radiation, not only the mechanism of
formation of the active medium itself is important,
but also its size and shape. The trajectory of a meteor
in the atmosphere can be taken as a straight line, and
its plasma trail is close to a cylinder with a diameter
D of the order of units of meters and a length L of
about 10 km on average. Taking into account the
finiteness of the meteor body speed (and the non
— instantaneous formation of the active medium),
from the point of view of signal amplification, the
determining role have the quanta, generated in the
initial region of the track (Fig. 6).

From the point of view of the problem under
consideration, quanta that have a direction of
motion far from the axis of the cylinder cause losses
(scattering) of the energy of the active medium. At
the same time, the quanta propagating close to the
axis of the plasma track are capable of generating
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showers of twin quanta of the greatest intensity, that
is, they can generate streams of the most concentrated
radiation. Energy losses due to radiation going off in
lateral directions can be roughly estimated from the
ratio of the corresponding volumes — a narrow cone
with an axis coinciding with the axis of the cylinder
(the area of concentrated radiation is shaded) and
the entire cylinder.

As follows from the diagram (Fig. 6), the ratio
of these volumes, which indicates the efficiency of
the formation of a directed radiation flux from the
region of a cylindrical active medium, is about 30%.
In this case, the sine of the angle ¢ of the cone, de-
termined by the ratio of the diameter D and the track
length L, will be about 5x10*. This value makes it
possible to estimate the diameter of the area “illumi-
nated” by the stimulated radiation flux on the Earth’s
surface at a distance of 100 km, approximately 50
meters. Which is generally consistent with what we
have in the case of the Voznesensky phenomenon.
It should not be expected that this area will have a
round shape. Due to the natural randomness of the
active medium structure (a shock wave in a plasma
cloud) and the distribution of energy in the radiation
flux coming from it will have a random character.

It is known that microwaves propagate relatively
freely in the air at frequencies below 40 GHz.
The high transparency of the atmosphere for this
radiation is illustrated by the fact that ground — based
technical microwave communication channels are
limited in range only by the visual horizon. Due to
this, microwave radiation can be actively absorbed
by living organisms — plants. The features of the
absorption of stimulated coherent radiation fluxes
include the possibility of two — photon absorption.
This only increases the influence of such radiation
fluxes on the physiology of plants.

One of the key points in explaining the
emergence of agroglyphs is, as noted above, the
regular lying of the cereal plants stems. Here, the
manifestation of a completely natural phenomenon
of heliotropism in plants is possible [25]. Its essence
lies either in differences in the growth rate of the
stem and leaves, depending on the direction to the
light source, or in the turn of the plant following
the daily moving of the Sun. Heliotropism, which is
also characteristic of wheat, in both cases will cause
mechanical stresses in the stem of the plant, which
are the same in direction for the entire area of wheat
exposed to microwave radiation. In the case of the
nodes softening under the action of the absorbed
energy of microwave radiation, these stresses
are realized by a completely similar deformation
(bending) of all stems.
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Figure 6 — Evaluation of the efficiency of stimulated radiation flux generation
along the plasma track axis.

Discussion

How does the proposed mechanism agree with
the circumstances of the agroglyphs appearance?
Estimates of the meteor bodies specific energy are
clearly not enough to answer this question. Let’s
look at the problem from another point of view.

Abstracting from the discussion of the water
content in the atmosphere, let us estimate the total
energy of microwave radiation emitted on the axis
of the plasma track of a meteor, initially containing
100 kg of water ice, that is, approximately 3.33x10%
water molecules. Let’s estimate the concentration of
water molecules in the track. Assuming, as above,
the diameter of the plasma track is 1 meter and the
length is 10 kilometers, we determine the average
concentration of water vapor molecules in it. The
concentration will be approximately 10?*m, In this
case, the total number of molecules per unit of track
cross section is about 10®¥m™.

The total energy of all transitions (per square
meter) can be found by multiplying the quantum
energy (1.47x1072J) by the number of molecules

per square meter. Obviously, it will be 1.47x10°J/
m?. This is in good agreement with the estimate of
the energy flux density required for the appearance
of the agroglyph, obtained above, surpassing
it only by an order of magnitude. However, in
reality it is difficult to imagine a mechanism for
generating microwave radiation operating with an
efficiency of 10%. Most likely, much more modest
estimates should be expected. But even with the
microwave radiation generation efficiency of 1%,
a body containing only a few tons of water ice
would be enough to form an agroglyph. The latter
is quite consistent with the assumptions (confirmed
by experimental data) about the fairly frequent
intrusion of mini—comet nuclei into the Earth’s
atmosphere [23].

At the same time, the question arises about the
appearance of bright fireballs in the sky, but they
are just not observed. The answer to this objection
is seen in the fact that meteorites containing water
ice can have a very loose structure and do not create
a noticeable optical effect during the passage of
the atmosphere and destruction. Meteoroids and
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meteorites consisting of ice are not at all uncommon.
In addition to excess energy, they also bring into the
atmosphere the components of the active medium:
water vapor, hydroxyl, carbon dioxide. Note that
in the summer season meteor activity is especially
high — there are streams of Cassiopeids, Perseids
and others. It is at the end of July and the beginning
of August that agroglyphs appear.

Along with the above, there is an assumption
about the connection of agroglyphs with
electromagnetic radiation coming from the bowels
of the earth. Its origin is associated with the
deformation of rocks under the influence of seismic
factors. In this case, we are talking about microwave
radiation, the mechanism of action of which on
the stems of cereals is discussed above [12]. The
problem of such a hypothesis is a sufficiently
strong absorption of microwave radiation during
the passage of the Earth’s layers containing water,
while the water content in the atmosphere (and
the absorption of microwave radiation) is small
compared to the bowels of the Earth.

Conclusion

Thus, it is shown that the origin of acroglyphs can
be associated with the natural process of generation
of impulses of stimulated microwave radiation in
the centimeter range. This radiation comes from the
region of meteor tracks generated by meteor bodies
containing a sufficient amount of water ice. When
the radiation reaches the Earth’s surface, the energy

of the pulses of microwave radiation is absorbed by
the stems of cereal plants. The structure of the stems
and the nature of the anisotropy of their growth
allows us to explain the origin of the spots of ordered
lying of plant stems in acroglyphs.

Naturally, the question arises why agroglyphs ap-
pear rarely, whereas meteor phenomena, including
those involving ice meteoroids, are quite frequent.
Most likely, this is due both to the short duration of
the time coincidence of the atmospheric factors action
and a certain state of crops, and to the geometry of
the microwave radiation beams passage through the
atmosphere. Consideration of the totality of these cir-
cumstances, as well as the possibility of self-focusing
of microwave radiation, is certainly interesting, but
requires a separate detailed study and, therefore, goes
far beyond the scope of this article.

The obtained results allow us to optimistically
consider both the promising possibility of
experimental verification of the effect of microwave
radiation on wheat stalks in a physical laboratory,
and the need to develop original methods for
recording low—temperature meteor phenomena
generated by ice bodies.
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Ob AKTYAABHOCTHU 11 BO3MOXHOCTH IMNMPEAYTIPEXXAEHUS
CEMCMUYECKOM OINACHOCTU HA TAHb-LUAHE

PaccmoTpeHa npobaema akTMBM3aUMM CEMCMMUYECKOro pexkmma TsHb-LLlaHs M BO3MOXHOCTM
BO3HMKHOBEHMWS B OAMMKANMILME HECKOAbKO AET CMAbHbIX 3EMAETPSCEHUIM B €ro KXHbIX U CEeBEepPHbIX
MPeAropbaxX B CBA3U C 3eMAeTpsiceHneM 23 aHBapsa 2024 r., NnpomM3oLleALlero B 0XHbIX NPeAropbsx
LleHTpaabHoro TaHb-LLiaHg B ye3ae Ywm (YkTypnaH) npedektypbl AKcy npoBuHumMn CuHbu3sH KHP
HeAaAeKo OT ropoAa AKCY MPOM3OLIAO 3EMAETPACceHME MarHUTyaom 7.1. [Nponsowealuee YiumHckoe
3emaeTpscerne 23.01.2024 r MoxkeT 03Ha4aTb HAYAAO HOBOM CeMCMMYecKoi akTnBM3aumnu TaHb-LLaHg.
3A€ECh MPEABIAYLLMIA LIMKA U3 BOCbMM CUABHENLLMX 3EMAETPSCEHUI C M =6.9-8.3 B ceBepHbIX U LIECTU
c M =6.8-7.8 B 10>xHbIX Npearopbsix TaHb-LLlaHs, npoaoAkaslumiica 100 AeT, Havaswwmiica B 1885 roay
c beaoBoackoro 3emaetpsicennst (M =6.9 B6An3U . buiukek) u 3akoHumBwmica Kawrapckum (M = 7.0)
B 1985 r. bbino ewe oaHO cuabHOe Cyycamblpckoe 3emAaeTpsiceHe ¢ M = 7.3 B 1992 r B cpeAMHHOM
yactu TaHb-LLIaHg, uyTO 9BASETCS HETUNWYHBIM B 3TOM pervoHe. C 3emaeTpsceHrem YiUM 3aKOHUMACS
NMepuoA 3aTULLIbS AAS 3EMAETPSCEHUIA C MarHnTyAamm 7.0 n 6oaee, AAMBLUMIACS NouTh 40 AeT.

AaH KpaTkuit 0630p COBPEMEHHOIO COCTOSIHMS BOMPOCA MO MPOrHO3Y CUAbHbIX 3EMAETPSICEHUIA.
OTMeueHo, OnpeAeAeHHOe HeCOOTBETCTBUE 6Aa30BbIX NPEACTABAEHUIA CYLLIECTBYIOLLMX MOAEAEN ovara
3EMAETPSICEHUI U UMEIOLLMXCS FrEOMEXAHMYECKMX AQHHBIX O XPYMKOM pa3pyLLEHMN FOPHbIX MOPOA.

[NpeacTaBAeHbl MOCAEAHME AOCTUXKEHUSI TEKTOHOMM3UKM B 0BAACTU M3yUEeHUS] COBPEMEHHOro
Hanpsi>KEHHOrO COCTOSIHMS HEMOCPEeACTBEHHO B MacCMBax FOpPHbIX MopoA. [lokaszaHa BO3MOXHOCTb
Nno pe3yAbTaTaM TEKTOHOMU3NYECKON PEKOHCTPYKLUMW MPUPOAHBIX HamnpsXKeHWA  BbIMOAHUTb
paiOHMpPOBaHME aAKTMBHbIX Pa3AOMOB MO YPOBHIO KYAOHOBbIX Hamps>keHuid, OTBevalowmx 3a
peaAr3aLmio Xpyrnkoro paspylleHns. AaH aHaAu3 pe3yAbTaTOB PAaiOHMPOBAHWMS aKTMBHbBIX Pa3AOMOB,
BbINOAHEHHbINM B 04arax CMAbHOro BeHbuyaHbckoro semaetpsiceHns (M =8.0, 2008 r) n Kapamyumpckoro
3emaeTpsacenns (M=7.8, 2023 r.).

BbINoAHEH aHaAM3 BO3MO>KHOCTEN OCYLLECTBUTb AOATOCPOYHBIM M KPAaTKOCPOYHbIA MPOrHo3a Ha
OCHOBE KOMMAEKCa CEMCMMYECKMX, CEMCMOTEKTOHMYECKNX N FTeOU3NYECKMX METOAOB, OMMPAIOLLMX Ha
pe3yAbTaTbl TEKTOHO(U3NYECKOrO PaiOHMPOBAHMS aKTUBHbBIX PA3AOMOB.

KAloueBble cA0OBa: cericMMyeckast OnMacHOCTb, aKTUBHbIE Pa3AOMbI, OYar 3eMAETPSICEHMSI.

Yu.L. Rebetskii

Institute of Physics of the Earth of the Russian Academy of Sciences, Moscow, Russia
e-mail: reb@ifz.ru

On the relevance and possibility
of preventing seismic hazards in the Tien Shan

The problem of activation of the seismic regime of the Tien Shan and the possibility of strong earth-
quakes in its southern and northern foothills in the next few years in connection with the earthquake
of January 23, 2024, which occurred in the southern foothills of the Central Tien Shan in Ushi County
(Ukturpan) of Aksu Prefecture of Xinjiang Province of the People’s Republic of China, an earthquake of
magnitude 7.1 occurred near the city of Aksu. The Ushinsky earthquake of 23.01.2024 may mean the
beginning of a new seismic activation of the Tien Shan. Here is the previous cycle of eight strongest
earthquakes with M =6.9-8.3 in the northern and six with M=6.8-7.8 in the southern foothills of the Tien
Shan, which lasted 100 years, began in 1885 with the Belovodsky earthquake (M =6.9 near Bishkek) and
ended with the Kashgar earthquake (M = 7.0) in 1985. There was another strong Suusamyr earthquake
with M = 7.3 in 1992 in the middle part of the Tien Shan, which is atypical in this region. With the
earthquake of Usha, the period of calm for earthquakes with magnitudes 7.0 and more, which lasted for
almost 40 years, ended.

A brief overview of the current state of the issue of forecasting strong earthquakes is given. It is noted
that there is a certain discrepancy between the basic concepts of the existing earthquake source models
and the available geomechanical data on the fragile destruction of rocks.
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BBegenne

The latest achievements of tectonophysics in the field of studying the current stress state directly
in rock massifs are presented. It is shown that, based on the results of tectonophysical reconstruction
of natural stresses, it is possible to perform zoning of active faults according to the level of coulomb
stresses responsible for the implementation of brittle fracture. The analysis of the results of active fault
zoning performed in the foci of the strong Wenchuan earthquake (M=8.0, 2008) and the Karamushir
earthquake (M=7.8, 2023) is given.

The analysis of the possibilities for long-term and short-term forecasting based on a complex of seis-
mic, seismotectonic and geophysical methods based on the results of tectonophysical zoning of active
faults is performed.

Key words: seismic hazard, active faults, earthquake source.

1O.A. Pebeuknin

PFA XKep dmsmkacbl MHCTUTYTbI, Mackey k., Pecei
e-mail: reb@ifz.ru

Tanb-LLlaHbA@Fbl CEMCMMKAADIK, KQyiNTiH, ©3€eKTIAiri
MeH aAAbIH aAy MYMKIHATT TypaAbl

Tanb-LLIaHb CEMCMMKAABIK, PEXMMIH >KaHAAHABIPY >KOHE aAAarbl GipHeLle >KbIAAA OHbIH OHTYCTIK
JKOHE COATYCTIK Tay OektepiHae 2024 >biAFbl 23 KaHTapaarbl OpTaablk TsaHb-LLIaHbHBIH OHTYCTIK
GOKTEpPIHAE OPbIH aAFaH XXep CiAKiHICiHe 6aMAaHbBICTbI KATTbl XXep CIAKIHICTEPIHIH TybIHAQY MYMKIHAIT
MaceAeci kKapanabl 7.1. 23.01.2024 . ywuH >Xep CiAKiHici TgHb-LLIaHbHbIH >KaHa CencMMKaAbIK,
GeACEHAIAITIHIH 6acTaAybiH GIAAIPYT MyMKiH. MyHAQ COATYCTIriHAE M =6.9-8.3 aHe TaHb-LLlaHbHbIH
OHTYCTiK 6ekTepiHae aATbl C M=6.8-7.8 6oAaTbiH Ceri3 ipi >kep CIAKIHICIHIH aAAbIHFbI LMKAI 1885
>KbIAbl BeAoBoA kep ciAkiHiciHeH 6acTaaraH 100 >biAFa CO3bIAAbI (M = 6.9 >akbiH) bilikek) xxeHe 1985
>kbIAbl KatrapmeH askraaabl (M = 7.0). 1992 xbiabl TaHb-LLIaHbHbIH opTa 6eAirinae M = 7.3 60oAaTbiH
Tarbl 6ip yAkeH Cyycamblp >kep CiAKiHiCi 6OAAbI, OYA aiiMakTa TUNTIK emec. KyAak, >kep CiAKiHiCiMeH
40 XbIAFa XYbIK, YaKbITKa CO3bIAFaH 7.0 HEMece 0AaH Ad Kerm GAAAABIK >Kep CIAKIHICI YLUIiH ThIHbILITbIK,
Ke3eHi asgKTaAAbl.

YAKEH >Kep CiAKiHicTepiH 60AXay O6OWMbIHILIA MOCEAEHIH Kasipri >karAaiblHa KbiCKALla LLOAY
>KacaAAbl. XKep CIAKIHICI owaFbiHbIH KOAAQHBICTaFbl MOAEAbAEPIHIH >K8He Tay >KbIHbICTAPbIHbIH,
CbIHFbIL BY3bIAYbI TYPaAbl KOAAQ Gap reoMexaHMKaAbIK, AePeKTePAiH 6asabik, KOPiHICTEPiHIH GeATiAi
6ip COMKECCI3AIri aTan eTiAAI.

TekTOHOMM3MKaHbIH KA3ipri WMEeAeHICTi KyWAI Tay >KbIHbICTAPbIHbIH MAaCCMBTEPIHAE 3epTTey
CaAacCblHAQFbl  COHfbl  >KETICTIKTEPi  YCbIHbIAFaH. TabuiM  KepHEyAepAi  TEeKTOHOMM3MKAABIK,
PEKOHCTPYKLUMSIAQY HOTMXKEAePi OOMbIHLIA CbIHFbIL OY3bIAYyAbl >Ky3ere acblpyfa >kayarn OepeTiH
KYAOHABIK, KEpHEYyAep AeHreni 6oiblHILa GeACEHAT akayAapAbl 8y AAHAACTbIPY MYMKIHAITT KOPCETIAreH.
KywTi BeHuyaHb xep ciakiHici (m=8.0, 2008 ) >xeHe Kapamywmp >xep CiAkiHici (M=7.8, 2023 x.)
OLLIAKTapblHAQ OPbIHAAAFAH BEACEHAT akayAapAbl ayAAHAACTbIPY HOTUXKEAEPIHE TaAAQY >KACaAAbI.

beAceHAl akayAapAbl TEKTOHOMU3MKAABIK, Y AQHAACTbIPY HOTMXKEAEPiHE CYMEeHEeTIH CEMCMMKAADBIK,
CEeNCMOTEKTOHMKAABIK, >KoHe reoM3mMKaAbIK, AICTEpP KelleHi Heri3iHAe y3akK, Mep3iMAI XK8He KbICKa
MEP3IMAI BOAYKAMADI XKY3€ere acbipy MyMKIHAIKTEPIHE TaAAQy >KaCaAAbl.

Ty¥in ce3aep: cerncMuKaAbIK, Kayirn, GeACEHAT akayAap, >Xep CiAKIHICIHIH OLLaFbl.

paccrosaun  okojmo 200 kM oOT
YIIUHCKOrO  3eMIIETPSICEHUS,

SMUIIEHTpA
COTPSICAEMOCTh

23 suBaps 2024 r. B 10)KHBIX npearopbsax Llen-
tpansHOTO TstHb-llans B yesge Ymm (YkTypraH)
npedexTypsl Axcy mnpoBuHimH Cunpiasa KHP
HeJalleko  OoT ropojga  AKCy  NPOH3OILIO
3emieTpsiceHue MarHutygod 7.1. O 3Ha4MMBIX
pa3pyLICHUSX U XKEPTBaX B KUTANCKON OTKpBITOU
nevaTd He coo0LIanock. DTO CBSA3HO C TEM, YTO B
paiioHe 3eMJEeTpsICEHUs] CKOJb JIMOO KPYIHBIX
TOPOOB U IIPOMBIIIJICHHBIX 00bEKTOB HE OblI0. B
TO ke BpeMms B Anmare u buiikeke, MMerommx
3/1aHUS] BBICOKOM 3TaXKHOCTH M HaXOJAIIMXCS Ha
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3€MHOM OBEPXHOCTH OIpe/IesieHa B 5-6 6allioB.
IlockonpKky BONM3M 3TUX CTOJNHII JIBYX
rocyJapCTB, 3aHUMAIONMIUX OOJIBIIUE TUIOIIATH
Taub-1laHst, B HEJaBHEM MPOLLIOM, TPOUCXOIUIN
CUJIBHBIC 3EMJICTPSICEHUS, TO 3TO 3EMIICTPSICCHUE
HallOMHWJIO O HEOOXOAMMOCTH pa3paboTKH Mep
OTIEPaTHUBHOIO M HAYYHO OOOCHOBAHHOTO IMPEIYII-
PeXKIEHUS CEMCMUYECKOH OIMacHOCTH. JTa Mpoo-
JieMa B PErMOHE CTajla BHOBb KpallHE aKTyalbHOU.
[Ipouzommeniee VYIIMHCKOE 3eMIIETpsSICEHUE
23.01.2024 r MoXeT O3HayaTh HaA4yajo HOBOH



10.J1. PeGernknii

ceficMuueckor axtuBm3aimu Taub-1llang. 3mech
OpeApI Ay LUKI W3 BOCBMH CHIJIBHEHIINX
3eMieTpsiceHui ¢ M=6.9-8.3 B CeBEpHBIX H IIECTH
¢ M=6.8-7.8 B 1oxHbIX mpearopesax Tsub-lllans,
npogomkasmuiics 100 ner, HagaBmmiics B 1885
rogy ¢ benoBoxnckoro 3emnerpsacenus (M=6.9
BOM3M r. bumikek) u 3akoHuuBIIHiicsa Kamrapckum
(M =7.0) B 1985 r (pucynok 1).

bruto eme onHo cuiabHOE CyycaMBIpCKOE 3€M-
nerpsicerre ¢ M = 7.3 B 1992 r B cpennHHON YacTH
Taup-Ulans, 4ro sBisercs HETUNHYHBIM B STOM

Kazaxcran

peruone. C 3emieTpsiccHHeM YIIH 3aKOHYMICS
MEepuoJ 3aTUIIbs A 3eMIIETPSICEHUH ¢ MarHu-
tynamu 7.0 u 6onee, nnuBmmiics nouytu 40 ser.
Onunentpel ouaros Bepuuuckoro (1887 T,
M=7.3) u BenoBosackoro (1885 r, M=6.9) 3emie-
TpsiceHHH ObUIM Hanbonee OJIU3KO PACHOI0KEHBI K
[IEHTpaM COBPEMEHHBIX CTOJIHII Anmatel "

bumkeka (Ha paccTOSHHUSIX COOTBETCTBEHHO 18 KM
u 54 xkM). MakcumanpHas cOTpsICaeMOCTb MOBEPX-
HOCTH B 3MUIEHTPAJIBHOM 00JacTH COCTaBIIsIIA ISt
aTHX 3emiierpscennid 9-10 6amos.

@1 ‘2 3 x4 @5, ¢

Pucynok 1 — DnuneHTtpsl cuiibHbIX 3emileTpsicenuil Tsanb-1lans, ['uccapo-Anas u Ilamupa 3a nocnenuue 250 ner,
B MKOHKE K CHJIBHBIM 3€MJICTPSCEHUSIM YKa3aH ol ¥ MarHuTyAa coObITUS. | —DIUIEHTPHI CUIIBHBIX 3eMJIETPSICEHUH
¢ M>6.9; 2 — snuueHTpH! 3emiueTpsicenuii ¢ M>5.0; 3 — cTonuIsl rocy1apcTs; 4 — KpyIHbIe ropoaa;

5 —3emerpsicernst Yiuu 23.01.2024; 6 — obnacts ropHoro Tsub-1Iamst

B cemax  bemoBoackoe u  Cykymyk,
PacroI0kKEeHHOM K BOCTOKY Ha paccTOsiHUM 17 KM, B
TO BpeMsl KWIO COOTBETCTBEHHO 742 u 335
yenoBek. B benoBozacke morubio ot oOpymieHus
3nanuil 37 yenosek (0koJo 5% HaceleHus ), paHeHO
—43. Br. Kapa-banta, pacnonoxeHHOM K 3amajy oT
bemosoacka Ha paccrosHuu 23 kM, moruomo 17
yenoBek, paneHo — 20. Jloma mouTH Bce
pa3pyLeHb], B TOM YHCIIE YYMINIIE U YacTh LIEPKBH.

B bumikeke, pacmonoxeHHOM B 54 KM OT cena
BenoBoackoe, morudOmux He ObL10. YHMCIEHHOCTH
HaceneHus: bumkeka (ITmmmexa) B 1880 romy
cocraBisuna 500 uenoBek. B Te roser B r.bamkeke u
r.BepHom nocTpoiiku O HE BBIIIE 2-3X ATaXKeil.
HecMoTpss Ha HH3KYI0 OTaXHOCTP M MAalylo
YUCIIEHHOCTh ~ HACeJeHHWA Tpu  BepHUHCKOM
3emuteTpsiceHrH oru6io 330 yeaoBek 1 ropoa ObLT
MOJTHOCTBIO Pa3pyLIEH.
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OO0 aKTyaJbHOCTH U BO3MOKHOCTH MPEAYIPEKIACHUS ceiicMuieckoil onacHoctu Ha Tsub-111ane

Hcropus
3eMJIETPSICEHU D)

BOIIpoOCa «IIporuos

[Ipobnema mporHo3a MecT CHIBHBIX 3eMIIETPSI-
cenuil B CCCP crana akTyallbHOH NOCIE CEpUU
CUJIbHEUMIIINX 3E€MIIETPACEHUM, MPOU3OIICAIINX B
cepenune mponuioro Beka (Amrxabanckoe 1948 T,
Xantckoe 1949). B 310 BpemMs B pamkax
I'eopmzngeckoro mactuTtyTa AH CCCP (ceromus
N®d3 PAH) Obumm co3manbl  reodusnyeckue
nonurossl B ['apme (200 kM Kk ceBEpO-BOCTOKY OT T.
Hyman6e), Tanrape (20 kM oT AnMatei), COTpYI-
HHUKH KOTODBIX, UAS CBOUM ITyTeM, (PAKTHUECKH C
HyJISl 3aKJIaJbIBAIM OCHOBBI CEMCMOJIOTHYECKUX
HCCIIEIOBaHU I B CCCP. Hauasmnecs
uccleoBaHusl B 3ToH obOsactu Bo3rmaBun [A.
I'amOyprieB, KOTOpBIA B TO BpeMs pa3padaTbIBall
MepBble  CeHCMHMYECKHE  METOABl  H3Y4EHHUs
BHyTpeHHero ctpoeHust kopol [1,2]. Iloatomy
BITOJIHE OOBSICHIMO, YTO JBM)KEHUE B HAIPABICHUN
pellleHuUs TAHHOU BasKHEHIIIeH poOJIeMbl OH B
B M3YUYCHUU CTPOCHHS M (PU3NYIECKOTO COCTOSHUS
30H pa3loMoOB. B 3akiroueHMH Y4YeHOTO coOBeTa
leopuzmueckoro  uncturyra AH ~ CCCP,
npomeanieM B jaekabpe 1951 roma, B pasnerne,
CBSI3aHHOM C M3YY€HHEM YCJIOBUI BO3HHKHOBEHUS
3eMJIETPSCEHN W Ppa3BUTUS METOJOB IIPOTHO3a,
TocJyIe MATH MMyHKTOB OPTaHU3allMOHHOTO XapakTepa
NEPBBIM HAayYHBIM IYHKTOM HCCJIEIOBaHUS OBLIO
«M3y4YeHHE MEXaHHW3Ma TEeKTOHMYECKHX nedop-
MalMi METOJaMH TIIOJIEBBIX TEKTOHO(PH3MUECKUX
HaOMoeHni M 1a00opaToOpHOr0 MOAETHUPOBAHUS.
Ot HCCIIeIOBaHus, o yOexXIeHHI0
I''A. T'amOypreBa, MOKHBI OBUIM TIPOBOIUTHCS
BMECTE€ C H3yYeHHEeM TJIyOMHHOTO CTpPOSHHS |
COCTOSIHUSI Pa3IOMOB re0()U3NYECKUMHU METOIaMHU
(I'C3 u KMU3), ¢ pa3BuTHeM CEHCMOIOTHICCKUX
METOJIOB HM3Yy4EHHUS JWHAMHUYECKHUX IapaMeTpoB
0YaroB, C U3y4eHUEM PETHOHATBHON CEHCMUYHOCTH
MHCTPYMEHTAJIBHBIMH, CEHMCMOTEKTOHUYECKUMH U

TeKToHOGM3MIeckuMu  Mertomamu. Omopy  Ha
METOJIbI TEOTCKTOHUKA W TEO(PU3UKH MOIKHO
CUMTaTh JETEPMUHUPOBAHHBIM  IIOOXOIOM B

IporHo3e 3emiierpsiceHuil. KoneuHoil ero uenbro
OBLTIO HAXOXICHHE MeCTa TOJTOTOBKH OYIyIINX
CUJIBHBIX 3€MJICTPSICCHUM.

BTopeiM  HampaBiIcHHEM HCCICIOBaHUN B
00J1aCTH MPOTHO3a, KOTOPOE OTACTHHBIM ITYHKTOM
BOIINI0O B TIOCTAHOBJCHHE YUYEHOTO COBETa
I'EO®UAH, 6bUI0 «HM3BICKaHWE TPEABECTHHUKOB
3eMIICTPSCEHU». 37eCh OCHOBHBIC HCCIICIOBAHUS
OBLTU CBS3aHBI C BBISIBJICHHEM 3aKOHOMEPHOCTEH
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BapHallMu 3JICKTPUYCCKUX, MarHUTHBIX, jaedop-
MAaIlMOHHBIX (HAKJIOHOMEpHI) M JPYTUX TOJeH Ha
CTaJINU HETOCPEJICTBEHHO TEePe/ 3eMIIETPSCEHUEM.
Cunranoch, 4YTO KOMIUIEKCHOE HCIOJIb30BaHHE
JAHHBIX TEOTEKTOHMKH M TeO(PH3UKU TIO3BOJIUT
yKazaTb MECTO OyIyllero CHJIBHOTO 3eMJle-
TPSICEHNUS, a MPEIBECTHUKHN TO3BOJIAT pa3paboTarh
TEXHOJIOTUIO TIPEIYNPSKICHHS MPUOITMKAIOIICHCS
OMAacHOCTU — MPOTHO3 BPEMEHU 3EMIICTPSICCHUS.
IIpu stom m 3meck I'.A. I'amOyprieB cumraju, 4To
«HEO0XOaUMO  HAXOMUTh Takue (usmdeckue
XapaKTEPUCTUKHU SBJICHUH, KOTOPBIC MOTJIH OBl HAC
n30aBUTH OT HEOOXOIMMOCTH TPUOETaTh K METOY
cratuctukm». K coxaneHuio, Tmocie CcMepTd
I'.A. TamOypueBa nepBoe U TIaBHOE C €ro TOYKH
3peHHUsl HamlpaBlieHWE TIOCTENIEHHO OTOIUIO Ha
BTOpoi TmiaH. JlabopatopHoe MomenMpoBaHNe
XPYIIKOTO Pa3pyIICHHUs CTaJI0 WrpaTh BTOPUUHYIO
poib (000CcHOBaHME 00OOIICHHOM MOICH OYara), a
MOJIEBbIE TEKTOHO(U3NYECKHe HaOMIOAeHNsS Ha-
JIOJITO 3aCTHUIM Ha MOJYYCHHUH JAHHBIX TOJIBKO 00
OpHEHTALlMU OCell TNaBHbIX HanpskeHud. Ceiic-
MOJIOTH W Te€O(U3UKH B OCHOBHOM COCDPEIOTO-
YIIIMCh Ha CTAaTHCTUYECKHX METOJax IPOrHO3a H
METO/Ie TTIOMCKA IIPEIBECTHUKOB.

CymecTBylOT JABa TJHaBHBIX TOAXOAa B
BBISIBJICHHH OTNACHOCTH BO3HHMKHOBEHHS CHIIBHBIX
3€MIIETPSICEHUI:

1. Pa3paboTka kapT 0OLIEr0 CEHCMHYECKOTO
palioHupoBaHus, 0a3UpPYIOMIMXCS Ha  aHaJIHM3e
JAHHBIX O CEUCMOTEKTOHMYECKUX IMPOSIBICHUSIX Ha
MMOBEPXHOCTH B 00JAaCTAX paHee MPOU3OIIESAIINX
CWIBHEHIINX 3EeMJIETPSACEHU pervoHa (maieo,
HCTOPUYECKHE U COBPEMEHHBIE).

3/1ech MEPBUYHBIMH JaHHBIMH JUIS OLICHKH
CEHCMUYECKOTO pHUCKA TEPPUTOPHUM  SBIAIOTCS
JaHHBIC O cHie (PHEPreTHUYECKOM YPOBHE) W O
MIOJIOKEHUN DIUICHTPOB paHee MPOU3OMISIITHX
3eMJICTPSCEHUM, KOTOPBIE MOTYT OBITh IOJIYYEHBI
KaKk WHCTPYMEHTAIBHBIMH CEHCMOJIOTHYECKHUMH
METOJIaMH, TaK W CEHCMOTEKTOHWYECKUMH METO-
JaMU, OMHPAIOIIMMUCA HA TEOJIOTHYECKHUE, HHXKE-
HEPHO-TEOJIOTUYECKHUE, HCTOPUKO-apXEOIOTHYEC-
KHe€, IEHAPOXPOHOJIOTHIECKHE U PATUOYTIIEPOTHBIE
TNPUHIUIBEL  TATUPOBAHHUS  IMMAJIEOCEHCMOTEHHBIX
nedopmanmii. Takue METOABI MPOTHO33a WCIOJNb-
3YIOT TPHUHIUI, AHAJIOTUYHBIN TPUHIUIY aKTya-
JM3Ma, TOJIBKO C I3MEHEHHEM TTOCIIEI0BATEIbHOCTH
BO BpEMEHU (PAKTHUSCKUX JaHHBIX M MPOTHO-
3UPYyEeMOT0 COOBITHA. B03MOXHYI0 MarHUTyIy
OyIymiero CHJIBHOTO 3EeMJIETPSICEHHS y4YacTKa
36MHOM KOpBI ONPEAENSAI0T MArHUTyIOH paHee



TO.J1. PeGeuknit

MPOM3OIIEIIEr0  3/1eCh Hambojee  CHIBHOIO
3eMJIETPSCEHUS.

B pamkax »TOro momxoja CO3MalOTCS KapThI
WHTEHCUBHOCTH COTPSICAEMOCTH 3E€MHOM IMOBepX-
HOocTH B Oamnmax (OXugaeMble YCKOPEHHUs), Ha
OCHOBE KOTOPBIX coriacHo CTPOHUTEIHHBIM HOpMaM
u npaBmwiaMm (CHull) onpenensiroTcst crieruaibHbIe
TpeOoBaHU K pacyery ¥ KO3(DOUIHEHTH yBEIH-
YeHHUs Harpy3oK, HCIOJb3yeMble INpU IPOEKTH-
pOBaHMM  TPOMBIIUIEHHBIX W TPaXIaHCKUX
o0bekToB. [lepromuyueckue MEpPecMOTPBl  TaKHX
KapT (pa3 B 10-30 net) npuBOAAT K MOCTEIIEHHOMY
YBEIIMYCHUIO HAa HHUX IUIOMIATU KPAcHOTO I[BETa,
XapaKTepHU3yIOIIETo HanboJiee OMAacHBIE YYACTKH
TEPPUTOPUIL M CEHUCMOIECHHBIX  Pa3JIOMOB.
CeiicMonorusi B IIYTKYy TOBOPAT, YTO KapThl
KpPacHEIOT 32 CBOMX CO3/aTeNeH.

Ha camom pnene 3TO mpOMCXOIUT 3a CHYET
YBEJIMYEHHUS COBPEMEHHOr0, HHCTPYMEHTAJIHHOIO
reproaa HaONIONEHUs, a TaKKe M3-3a IOSBICHHS
HOBOH WMH(pOpPMALUK O CHIILHBIX MNalle03eMIICTpPS-
CEeHMSIX  JalieKOro  MPOILUIOro,  MOJTy4daeMbIX
CEHCMOTEKTOHWKAMH B TIOJIEBBIX HAOIIONCHUSX.
DT HOBbIE JaHHBIE MTO3BOJIAIOT HE TOJIBKO BBISBHUTD
Hamboyee CHUIIbHBIE 3eMJIETPACEHUS, MPOU3OIIE-
e B HCCIEIyeMOM pEruoHe, HO W YCTaHO-
BHUTH/yTOYHHUTH TEPUOJ TMOBTOPSIEMOCTH CHIBHBIX
3emierpsicenuil. [lpm 3TOM Ha KapTax ceilcMu-
YEeCKOT0 PalOHUPOBAHUS OTCYTCTBYET HHQOP-
MaIusi, MO3BOJISIONIAasl TOHATh, K Kakol »Ioxe,
MOBBIIIEHHOW WJIM TOHM)KEHHOM celcMHuuecKoit
ONACHOCTH OTHOCUTCS CETOAHAIIHUN nepuoa. B To
e BpEMsI HMEIOTCSI CBUJIETEIBCTBA CYIICCTBEHHOM
(haykTyanuu ceiicMUYecKoro IpoIiecca BO BpeMEeH!
[3].

Crnenyet 3aMeTHTb, YTO Ha 3TOM XK€ MPHHIINIIE
akTyanmu3Ma (TpsiMas CBSI3b MEXAY MPOLUIBIM U
OyIyIuM) TIOCTPOCHA M CHCTEMa IPOTHO3a MECT
KaTacTpO(UUECKH CHIIBHBIX 3EMIICTPSICEHUN IS
ceBepHoro ¢uanra TUXOOKeaHCKOH CyOIyKLIHOH-
HOW oOnactm, paspaboranHas akameMukoMm C.A.
OenoroBeiM  [4-7]. B pamkax »Toro moaxojaa
BBICTISIIOTCS.  00NacTH  CEWCMUYECKHX — Operneit
MIEPBOTO POAA, TAE 3eMIIETPSCEHUS C MarHUTYIIOW
boree 7.7 He HabmIOANMCH AMTeNbHOE Bpemsa. C
70-X TomOB MPOILIOTO BeKa JEeHCTBYeT NpPOTHO3
CHUJIBHOTO 3eMJICTpSICEHHsI BOMM3M ABauMHCKON
oyxtel (Kamuarka). 3a a1 Gonee 40 mer mpowu-
30I1JI0 MHOTO 3eMJIETPSCEHUI C COOTBETCTBYIOIIEH
U Jaxe OoJblIed MarHUTyIOW B APYTHX 30HAX
Kypunsckux octpoBos u Anonun (Kynammpckoe B
1994 r, Tokaun-Oku B 2003, CpenHeKypHUIbCKUE B

2007 u 2008 tr, Toxoky B 2011 r), a mporHo3s
ABAUMHCKOTO 3€MJIETPSICEHUS] TaKk W He ObLI
peanu3oBaH.

BaxxHO OTMETHTBH, YTO KapThl COTPSICAEMOCTH
MOBCPXHOCTU I'OBOPAT O BO3BMOKHBIX IMOCJIICACTBUAX
OT 3eMJICTPSICEHUH, 30HBI BO3MOKHOIO MOJIOKCHUS
KOTOPBIX B OOIIIEM TO CUHTAIOTCS OTPE/ICTICHHBIMH.
Ho »toT moaxom He MOXET HaM CKaz3aTh, KOTJa
MIPOM30MIET 3EeMIICTPSICEHUE, HaXKe C TIO3UIUU
CPeIHECPOYHOTO MPOTHO3a

2. IlporHo3 mecra, BpeMEHH H MAarHUTY[IBI
OyJylIiero CHJIBHOTO 3EMJICTPSICEHHS Ha OCHOBE
WHCTPYMCHTAIBHBIX JIAHHBIX O 3eMIETPSICEHUSIX
W/WJH TI0 TAHHBIM Pa3IINYHbIX PEJBECTHUKOB.

CeromHs POTHO3 3eMJICTPSCEHUN Pa3AesaeTCs
Ha TpU THUMOA: JOJITOCPOYHBIM, OMpenesSIoIuit
MECTO W CHIIy 3€MJIETPSICEHHsI; CpEeIHECPOYHBIH,
YTOUHSIOIIMN MECTO W CHIy M ONpPEeAeISIOIIUN
HpI/I6J'II/I3I/ITeJ'H)HOG BpEMs 3EMIICTPACCHUSA,; KpPaTKO-
CPOYHBIH, OMIPEENAIOMUI BpeMsl COOBITHS — Yachl,
JHUA. JIONTOCPOYHBIM MPOTrHO3 3EeMJIETPSICEHMUS,
ONUpAIOLIUIiCs HA CEHCMOJIOTUYECKUE, CEHCMOTEK-
TOHHYECKHUE U FEOJIOTHUECKUE TAaHHBIE, (JaKTUICCKH
HE MOoJpa3yMeBaeT yKa3aHWs TOYHOW JaThl 3€M-
TeTpsiceHust (TOABI — NECATKH JIET A0 3eMJIeTps-
cenus) [7]. CpenHecpouHBI MPOrHO3 AENaeTcs 3a
HECKOJIEKO MECSIeB /0 3eMIIeTpsCeHHs. Takoi
MIPOTHO3 3eMJIETPSICEHHH, KaK MPaBIII0, Oa3upyercs
Ha aHAIN3e CEHCMHUYECKOTO pexmma peruonHa [8].
KpatkocpouHblii mporHo3, KOTOpBIM nemaercs 3a
HEAENH — JTHU 1O 3EMIIETPSCEHHSA, TAKKE€ MOXKET
HCIIONIB30BaTh aHAMN3 ceiicMuyHocTu. Cumrtaercs,
YTO HaWOOJNBIINE YCIEXU B TaKOM MPOTHO3E
3eMIIETPSCEHUI  00eCreunBaOTCd JaHHBIMH O
XapakTepe HM3MEHEHHS BO BPEMEHH Pa3INIHBIX
MIPEABECTHUKOB 3eMJIICTPSICCHHIM [9].

DTOT TONIXOJ HE MOIYYHII IIUPOKOTO BHEJ-
peHMs B IPAaKTHKY TOCYJapCTBEHHOT'O OOeCTIeUeHHS
0e30MacHOCTH KU3HU JIIOACH W COXpaHCHHS
MOPOMBIIIUICHHBIX W TPAXIAHCKUX O6’I)CKTOB B
CEHCMOAKTUBHBIX 30HaX. lIpu 3TOM B OTHENBHBIX
pErHOHax yXe CYIIECTBYeT HalAXXCHHAS CHCTEMa
B3aUMOCBSI3H CEHCMOJIOTUYECKUX TPYII C OpraHa-
MU MECTHOMW BIJIACTH B BHJIE PETYJIAPHO MPEAOCTAB-
JSEMBIX OTYETOB O HaOIr0aeMoi celcMHYecKO
AKTUBHOCTHU W PUCKOB €€ IMOBLINICHUA (KanaTKa,
Baiikan). B WTII3 PAH pa3paboran u yxe
JUITATENbHOE BpeMs (PYHKIIMOHHUPYET alrOPUTM
JIO0AIBHOTO TIPOTHO3a CHIILHBIX 3EMJICTPSICEHHUN C
Maraurtyaamu oonee 7.5 [10-12].

BaxxHO OTMETHTB, YTO KapThl CEHCMHUYECKOTO
pailOHUPOBAHUS [13,14] ONUparoTCs Ha
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CEHCMOTECHHBIE pa3phIBHL, Ha KOTOPBIX
HaOIIOaNnCh CUJIbHEHIINE 3emieTpsiceHusi. B 1o
J)K€ BpeMsl IpU IMPOTHO3€ 3EMIIETPACEHUI B TOM
BHJIE, KAK OH PEAJIM30BaH IMPAKTHYECKH BO BCEX
[IOAXOMAAX, Pa3pbIBbl HE UMEIOT IPUHIUIIHAIBHOTO

3HAYEHUsS, IIOCKOIBKY OCHOBHBIM HMCTOYHMKOM
JAHHBIX SBISIIOTCS  3€MIICTPACEHUS MaJod W
CpelHEH  MHTCHCUBHOCTH,  KOTOpPbIE  MOTYT

MPOUCXOAUTH HA JOCTATOYHO OOJIBIION IUIOMAAN U
HE TpUBA3aHbl K Kakoi-TO OJHOM cHCTeMe
pa3pbiBoB. Takas cuctemMa aHain3a (HaKTUYCCKH
OmpeNesieT, YTO HMMEET MECTO HE TMpeAelibHOe
HamNpsOKEHHOE COCTOSHUE Yy4YacTKa pasiioMa, a
BBEIBIIIIOTCST  OONBIIAE OOBEMBI 3EMHOH KOPBHI,
KOTOpBIC OIpPEACNSAIOTCS KaK MOJMOIICAIINE K
MpeJieNTy SHEPrOHACHIIIeHHN. B pe3ynbprare Takux
MTPOTHO30B WX aBTOPHI HHOT/IA JaKe HE MOTYT TOYHO
CKa3aTh, Ha KaKOM pa3pbIB€ IPOU3OUIET 3EMIIC.
Tpsicenue. [loaToMy Hanuuue gaxke TOITOCPOUHOTO
MIPOTHO3a CHJILHOTO 3EMJICTPSCCHUS HE TO3BOJISET
OIICHUTH  3apaHee  30HBI, KOTOpBIE  OyayT
MOABEPraThCs BBICOKOH WHTCHCHBHOCTH
COTPSICEHHS — BBICOKHM YCKOPEHUSIM.

Ceifuac MOXHO KOHCTaTHpPOBaTh, YTO B POC-
CHUMCKHUX PEruOHANbHBIX CEHCMHUUYECKUX LEHTpax
CYIIECTBYET YCTOWYMBOE MHEHHE O BO3MOXKHOCTHU
CPETHECPOYHOTO MPOTHO3A 10 TAHHBIM PETHOHAIb-
HBIX CETEU CEHCMUYECKUX CTAaHIIMU 11 JOCTAaTOUYHO
PEryJspHO MPOUCXOISAIINX 3EMICTPSCCHUNA MarHu-
TyaHoro auamnaszoHa 4.5-5.5 [15 — 19]. Ilpu atom
9acTO OKAa3bIBACTCSA, YTO PEATLHO IPOU3OIICIIITHE
COOBITHSI HAXOJISATCS Ha KPako MPOTHO3HOM 30HBI WK
JTakKe BBIXOJAT 3a €€ MpeAeibl. TakKe OTMEYaroTCs
(dakThl, Korma HauOoJee CHIBHBIEC 3eMIICTPICCHHS
OKa3bIBAIOTCS HEOXXUJaHHBIMU (Kynrykckoe
3emierpsicenue 2008 r, M = 6.3).

OJHaKO HAKOMUBIIMKCS OMNBIT HEYJAa4HBIX
CPETHECPOUYHBIX TMPOTHO30B CHIIBHBIX PETHOHAIb-
HBIX 3eMJICTPSICCHHM, mpoucxonammux pas B 20-50
net [20-24], moka3bIBaeT, 4TO ATa 3ajiaya Jajieka oT
peuieHusi. B yacTHOCTH, JOJITOBpEMEHHBIA TECT
aigroputma mporsHoza M7.5+, M8.0+, MSc [8,10,
24] nmokaspIBaeT, YTO MPOIYCK €1 COCTaBISET
6onee 50%, a TpeBora cocraBiser 6onee 25% B
mapamMeTpUIECKOM IMPOCTPAHCTBE TUIOIIAIb — BPEMs
[11].

He Bce B mopsake W C JOINTOCPOYHBIM
MIPOTHO30M, XOTS OH BBITJISLAUT 00JIee JOCTHKUMBIM
[6]. Tak, cormacHO aJropuTMy CEHCMHUYECKHX
Opemeii nepBoro pona C.A. @enorosa 10 cUX MOp
HE MPOM3OIILIO0 MPOTHOZUPYEMOE 3eMIIETPICCHHE C
M >7.5 Bomm3u lletponaBnoBcka Ha Kamuarke. U

38

JIEJIO HE B TOM, YTO OHO JIOJITO HE MPOUCXOJMNT, a B
TOM, YTO MBI HE 3HaeM, TOUeMy OHO HE TIPOUCXOIUT,
U Ha Kakod CTaguu MOATOTOBKM oOdYara 3TOTO
3eMJIETPSACEHUS] HaXOIHUTCA MPOIIECC.

Ha moii B3rns, c6ou B NpOTHO3UPOBAHUH CHUITh-
HBIX 3EMJICTPSCEHHH B OONBIION YacTH OIpe-
JIENSAIOTCS TTPOOIEMO B3aMMOCBSI3M MaJlOi 30HEI,
I7Ie 3apOXKAAeTCsl 3EMIIETPSICEHHE, M COCTOSHHS
OCHOBHOW o00jacTH ero ouara, H3 KOTOPOH
BhIZIENsieTca 95% ceiicMuueckoit sHepruu. B aToit
CBSI3M TIPEICTABISETCS IEIeCO00pa3HbIM MPOIOI-
JKUTh Ty JIMHUIO Pa3BUTHUS MPOTHO3a oyara 3emJe-
TpsICeHUs, KoTopas Obuta HameueHa [.A. [am-
OypIIEeBBIM W CBsI3aHA C M3y4YeHHEM nedopMaruii u
HamnpsOKEHW B oOyare TOTOBSILErocs 3eMIeTps-
CEHMsI. DTO MOXET MO3BOJIUTH B KOHEUHOM MTOTE
MOHATh, Ha KakOW CTaAuM pa3BUTHUS oOuara
3eMJIETPSCEHUS] HAaXOAWTCS OTAcHas 30HA 3€MHOM
Kopel. Bwmecre c¢ momyuumBmmMu B paboTax
I'T. Kouapsna u ero xoser [25, 26] HOBbIU
AMITyJIC ~ JTAOOPATOPHBIMH ~ OKCIEPUMEHTaMH
JAaHHBIE O HANPSDKEHUSAX B OUarax 3eMJIETPSCCHHM
MO3BOJIAIT CO3/1aTh TEOPHUIO JETEPMUHHUPOBAHHOIO
MPOTHO3a 3EMJIETPSICCHHUS.

TexToHOPU3MYECKHUIT OAXO0] K POTHO3Y
3eMJleTpsiCeHUit

[Ipemnaraercst 00OCHOBaHHE HEOOXOIMMBIX
(akTOpOB TPOTHO3a CHJIBHBIX 3EMIICTPSCCHHUH B
HCCIIeTyeMOM PETHOHE HavaTh C BBIJEICHUsS cefic-
MOT'CHHOTO Pa3jioMa 3éMHOH KOpPBI COOTBETCTBYIO-
el MpOTsDKEHHOCTH. DTO CBSA3aHO € TeM, YTO, Kak
MoKa3alil TEKTOHO(QU3UUCCKUE HCCICOBAHUS Ha-
MPSYKEHHOTO COCTOSIHUA B CEMCMOAKTUBHBIX paiio-
HaX, ypOBEHb JE€BHATOPHBIX HaNpsHKCHUH (Makcu-
MaJBHBIX KacaTeNbHBIX) 37€Ch JOCTATOYHO HU30K
[27-29] 1 mosTOMY KpymHOMACIITAOHOE XPYIIKOE
paspylieHHe HeNbIX (BHE pa3IoMOB) Y4aCTKOB KOPBI
HEBO3MOXXHO. [yi1 TOro, 4ToOBl OHO MPOHU3OLLIO,
NPUPO/IA JIOJTHE TOJbl U3MEHSIET JTOKANBHYIO CTPYK-
TYpY KOPBI, TIOHMXKAasi €€ MPOYHOCTh. ITO MPOUC-
XOIMT HE TOJNBKO 33 CYET MEXaHMUYECKHX (DaKTOpPOB
— HakoruieHHe Je(heKToB (MHKPO M MakKpoTpe-
[IMHBI), HO W 3a CYET JICHCTBUS TEOJIOTHUECKUX
NPOIIECCOB, MPUBOMSAIINX K HACBHIIICHUIO TpPEIIUH
¢dmrongamu (nerupparanus nopox). T.e. cHadana B
KOpEe BO3HHKACT KPYMHOMACIITAOHBIA  CTPYK-
TYpHBII JOepeKT — pas3lioM, a TOTOM Ha HeM
BO3HHKAET CHIIBHOE 3EMIIETPSICEHHE, @ He HA000pOT.

Jlanee HEOOXOAMMO HAJIW4YHE AKTHBHOTO
CEMCMUYECKOTO PEeXXMMa Ha M3y4aeMOM Pa3lioMe Ha



IO.J1. PeGenknit

HEOTCKTOHMYECKOM  3Tale ¢ KelaTeJbHBIM
MOATBEP)KICHHNEM  BO3HHKHOBEHHUS  CHJIBHBIX
3eMJICTPSACCHUI HAa TOM y4YacTKe pa3jioMa WU B
HENOCPEICTBEHHO Onm3ocTH  (HAa  JAUCTaHIUAX
MacmTaba odvara CHJIBHOTO 3eMIICTPICEHHS). DTO
YCJIOBHE TOBOPHUT O TOM, YTO IS JJAHHOTO y4acTKa
KOPBI BEIICCTBEHHOE COCTOSIHUE opoJ
(BOBMOXHOCTh ~ TIEPUOJUYECKOTO  BBIJCICHUS
(mona 3a cUeT peakIuu AeTHAPATAIIdN TOPOI) U
CTPYKTYPHO-MOP(OJIOTUIECKUC 0COOEHHOCTH
pa3igoMHOI  cuUCTeMbl (YPOBEHb  BOJIHHUCTOCTH
paszioMa MO0 TPOCTUPAHHIO W  TOTPYKEHHUIO,
IepOXOBATOCTbh, ONpeAetomue Cribl TpeHus [30
- 32]) mo3BOJISIOT OCYIIECTBIATH COPOC DHEPTHUU,
HaKOIUIEHHOW B yNpyrux aeopmanusx, 3a cyeT
KpyITHOMAcITaOHOTO XPYIKOTO pa3pyIIeHNS.

TpeboBanrne BO3HUKHOBEHHS B MPOILIOM Ha
HCCIICyEeMOM paslioOMe CHJIBHBIX 3€MJICTPSCCHUM
CBA3aHO C TEM, YTO B TOCIEIHHE HECKOIBKO
necsituiernit [33-35] Opl1a mokazaHa abTepHATHBA
KpyITHOMAcCIITaOHOMY XPYNKOMY pa3pylICHUI0 B
BHJ€ HU3KOYACTOTHBIX, OYE€Hb HH3KOYACTOTHBIX,
TUXHX U JIP. 3eMJICTPSCEHUH, SMTU30/1bI MEICHHOTO
CKOJIbXKCHHMSI, KpHIa, TpemMopa © Jp., HE
BBI3BIBAIOIINX CUIBHON COTPSICAEMOCTH U OOJIBIIUX
YCKOPEHUH JIBUKEHHUS TOBEPXHOCTH.

Takum 00pazom, 00a NepBBIX INIABHBIX (paKTopa
CBsI3aHBI C JIe()eKTOM MPOYHOCTH 3eMHOM Kopbl. C
IpYyroil  CTOPOHBI, $ICHO, YTO BO3MOXHOCTBH
BO3HUKHOBCHHA prnHOMaCHITa6HOFO XpYyHKoro
paspyllieHHs CBsi3aHA TaKKe C JOCTIIKEHUEM
HaNpsOKEHUSMH, JEHCTBYIONIMMH Ha  pas3lioMe,
JIOKAJIbHBIX 3HAYEHUH MPOYHOCTH PasioMa.

I'eomexanuka Xpynkoro paspymenus. B
reomexaHuke [36-38] KpUTHUECKOE COCTOSHUE
XPYIKOTO pPa3pylIEHUs] OMpeAenseTcs] BeTHUYNHOU
KYJIOHOBBIX HampsDKeHHH (Tc), TOA KOTOPBIMHU
[IOHUMAETCsl  pa3HUIA MEXIY KacaTelbHbIMU
HaNpsOKEeHUSIMH (T, ), AEUCTBYIOIIMMHU Ha pa3phIBe,
U HaNpsHKEeHUSAMH CWJI TPEHHS, BBI3BIBAEMBIMU
HOPMAaJIbHBIMH K Pa3pbIBY HampsDKEHUSIMU (Opp, ),
IpU ydyeTe pPasyNpoOuHsIomEeH poiau (HIroHIHOTO

JaBJIEHUS B TPEWIMHAX U nopax (ps;). Poct yposHs
KYJIOHOBBIX HANpPsDKEHWH 1O  TIOJIOKUTENBHBIX

3HAYCHUH XapakTepu3yeT npuOIKeHHe
HalpsDKEHHOTO  COCTOSIHMA K KPUTHYECKOMY,
OIpeISIIAIOIIEMY BO3MOKHOCTB XPYIKOTO

paspylIeH s TIOPOI:
Tc = Tn + KpOopn < Tf, Opp = Opn + 051 < 0.(1)

rne kyf =tgep — KodpOUUMEHT BHYTPEHHETO
TpeHusi (¢ — Yrojd BHYTPEHHETO TPEHHSA), Tp —
MPOYHOCTh BHYTPEHHETO CIEIUICHUS, & Opnp

s¢hekTuBHOE HOpPMaJBHOE CKUMAIOIIEE
HampsDKEHHE,  YMEHBLUICHHOE Ha  BEJIMYUHY
mounnoro  nmaenenus  (pg). PaBenctBo B

BelpakeHMH (1) BBINOJNHAETCS AN TPELIUH
CKaJIbIBAHUS C MaKCHUMAIbHOW NPOYHOCTBIO (Tf —
kfopn). 3nece u nanee MCIONB3yeTCs MNPaBUIIO
3HAKOB, MPUHATOE B MEXaHHUKE CIUIOIIHON CPeJbl —
HanpsDKEHUE PACcTsDKEHHS TOJI0KUTENBHOE.

OKCIepUMeHThl Ha o00pa3lax MOKa3bIBAIOT
3aBHCHMOCTB Ky M T OT HANPSKEHUH (PUCYHOK 2a).
B tekroHodusuke [39] B cBs3m ¢ OombIIMMU
MacmradaMu ~ yCpeIHEHUS  HalpsDKeHUuH U
HEBO3MOKHOCTBIO TIOTY4CHUS PEATbHBIX JaHHBIX O
MPOYHOCTH OONBIINX MAaCCHBOB TPELIMHOBATHIX
MOPOJI 3aBHCHMOCTBIO TTapaMeTPOB MPOYHOCTH OT
HanpsokeHui npeneOperaror, nonaras ky um Tf
MMOCTOSSHHBIMH, ~ CUHTas, 4YTO  KO3(PQPHUIIUEHT
BHYTPEHHEr0 TPEHUS paBeH KOA(PUIHEHTY
CTaTUYECKOTO TPeHUs Ha paspbiBax (ky = k), Kak
3TO UMEET MECTO I yJacTKa BOJHM3M TOYKH A Ha
pUCYHKe 2a.

BaxHO OTMETHTH, YTO MPH OLEHKE KYJIOHOBBIX
HaNpsOKEHUH HEOOXOMUMO YYHTHIBATH Pa3HUILY
MEXJIYy  TOJIOKEHHEM  TPENeNbHBIX  JMHUAN
(mpouHOCTH W TpeHUs) Ha nuarpamme Mopa (puc.
20), m.e. 1o, ut0 kf < k. Dro obecneunBaer
OoublIyIo 3((EKTUBHOCTE XPYIKOTO pa3pyLICHHs
Opd CpelHEeM U JaXe HEBBICOKOM YpPOBHE
HaIpsHKCHHM, OTMEYCHHOM paHee B padote [40].
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1 — mpezxen XpyIKol NPOYHOCTH (KPUBOJIMHEWHAs WK NpsAMas IMHUK) ; 2 — MUHUMaJIBHOE CONPOTHBIICHUE “CyX0ro”
CTaTUYECKOTO TPEHHUS (CTallMOHAPHAS CTaIUs Ha pa3sioMe) ; 3 — KacaTelbHbIe K MPpeeTbHOM orubaromeii;
4 — mpenienbHOE COCTOSTHHE Ha Pa3ioMe, OTBEUAIOIIee MAKCUMAIbHOH MPOYHOCTH; 5 — HANPSKEHHBIE COCTOSHUS
Ha y4JacTKax pa3pblBa MeHbIIHe mpenensHoro (Touka C mist (0)); 6 — HanmpshKeHHOE COCTOSTHHE MUHIMAIIBHOTO COTIPOTHBIICHUS

Xpymkoro paszpymenus (touka K s (6)). T(i: - KYJIOHOBBI HalpsDKEeHUs 111 cocTostHuil A 1 C.
A, B, C — ipezienbHBIE COCTOSIHUS XPYTIKOTO pa3pyuieHus, E — cocTosHme pazaenstomee 001acTh Xpynkoro (ciaeBa)
U TICEBIOIUIACTUYECKOTO (cIpaBa) AeOpMHUPOBaHHS OPOABL. 3BE€3J0UYKH HaJl HOPMaJIbHBIMH HANIPSDKCHUAMH,
0003HavaIoMmue yIeT BIUSHHS (QIIONAA, 37eCh He CTABUIIHCH.

Pucynok 2 — I" paduyeckas cxema npenesbHbIX COCTOSHHUN Ha auarpamMme Mopa it HanpsKEHHBIX COCTOSHHUM,
OoubIme Kpyrd Mopa KOTOPBIX, KacaroTCsl MPEeIbHOM JTMHUH MPOYHOCTH: a) B BHJIC KPUBOJIHMHEIHO OTHOAIOIIEH;
0) yIIpoILIEeHHOE NPEeACTaBICHNUE B BUE MPSAMOIMHEHHO MIpeaeabHON IMHIN, HE TapajuleNbHON IMHUYM MUHHMAIbHOTO
cyxoro Tpenus (tan @y = kg, tan @5 = k), UCMONTB3yeMOe B TEKTOHO(DH3MIECKHX METO/IAX TIPH PEKOHCTPYKIINH HATPSIKEHUH.

PaiioHupoBaHne 1Mo nNpUpalleHUsIM KYJIO-
HOBBIX HampsixkeHuii. [locie pabotsr [41-44] s
BBIABJIEHUS 30H IMOBBIIIEHHOW CEHCMHUYECKOUN
aKTUBHOCTU CTalH TPUMEHATh pPalOHHPOBAHUE
YYaCTKOB PA3JIOMOB II0 MPUPALMICHUSIM KYJIOHOBBIX
HaMpsHKeHUH AT, BOSHUKAIOIINM U3-32 U3MEHEHUS
YPOBHS HANpsDKEHUM B PE3yNbTaTe CHIBHOTO
3eMIIETPSCEHUS, TPOU3OIIEANIET0 B UCCIEIYEMOM
peruone. [logoOHBIE pacdeThl, KaK MPaBUIIO, OIIH-
paiCh Ha YINPYTYIO0 MOJIEIbh TPEIIMHBI CIBUTA, KO-
TOpas OTBeYaJa BO3HUKIIEMY OYary 3emJeTps-
CeHMs, a TPHpAIlEeHUs KyJIOHOBBIX HANpsSKSHUN
PACCUHTHIBAIUCH B OKPECTHOCTH SIUIICHTPA 3€M-
JIETPSICEHHUS ISl TUIOCKOCTEH, MapallieIbHBIX 04ary.
IlepBoHa"anbHO aHAJIUTUYECKHE WM YHUCIICHHBIC
pacyeThl BHIMOIHSUIUCH JJISI TEPPUTOPUIA, TIIE UMEIT
MECTO TE€OJMHAMHUYECKUN PEXUM HAMPSKEHHOTO
COCTOSIHHSI TOPH30HTAIBHOTO CABUTa — paioH
pasmoma Can-Amrnmpeac (CIHIA) [45], mo3mHee
MOAOOHBIA TMOAXOA OBLT pPAacIpOCTpaHEH W Ha
y4acTKH  KOpbl €  JPYTUMH  PEeXUMaMH
(TOopH30HTAIEHOE CIKATHE WITH pacTshkeHwue) [46].

Ate = Aty + kfAopy,

AO';;n = AUnn + Apfl < 0. (2)

3neck Aty u Ady,,, — IpUpaIIeHUS KacaTeITbHBIX
¥ HOPMAJILHBIX HA Pa3phIBE HANPSHKEHUH, a Apg; —
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npupanienue ¢urouaHoro nasieHus. [lomoxurens-
Hoe 3HaueHue AT, ¥ Aps; OmpenesseT yBeauIeHne
YPOBHS KacaTENIbHBIX HANpsKCHUH Ha IJIOCKOCTH
pasnomMa ¥ (GIIOWIHOTO JaBIIEHUS B TPEUIMHHO-
MIOPOBOM MPOCTPAHCTBE IMOPOJ, a OTpUIATEIbHBIC
3HaueHUs! A0, OTBEUYAIOT YBEIWYEHHIO YPOBHS
HaNPSKECHUH CKATHSA, HOPMAJIBHBIX K pPa3iioMy.
OTtmeTnM, YTO B 3ajJadye O TPEIIMHE CABHUTa
(Mex.) cpena mpeacTaBIsieT co00i ynpyroe TBepa0e
Teno (omHOda3zHOE), W TMOITOMY OTCYTCTBYET
BO3MOXXHOCTh pacdeTa H3MEHEHHH (II0HIHOTO
naBieHus. B oToii cBs3M B (pakTHUECKUX pacdeTrax
MIpHUpAIEHUI KYJIOHOBBIX HAINPSDKEHUH CUMTANOCh,
YTO JO H TOCJIE CHIBHOTO 3EMIETPSICCHHS
(dronHOE AaBleHHE B IOPOJAX HE HM3MEHsSeTcs,
Apgp = 0, 4TO SBISIETCS. CHJIBHBIM YNPOIIEHUEM
pEabHOTO MPUPOTHOTO MPOIECCa.
[Ipennoxennsnii B pabore [41] moaxon
NEePBOHAYAJBHO MPHUMEHSUICS 11 O0OOCHOBAaHUS
HPOSIBJICHUS TIOBBILIEHHON IIJIOTHOCTH a()TEPLIOKOB
UMECHHO B Y4YacTKaxX KOpPBI, Ui KOTOPBIX OBLIN
MIOJTyYEeHBI NT0JIOKUTENbHbIE 3HAUEHUS TPUPALLICHUN
KYJIOHOBBIX HampsbkeHUW. B panbHEHIeM 3ToT xe
MOJXOJI CTaJl MCIOJBb30BATHCS U Ui 000CHOBAHUS
MUTpalliM  CWJIBHBIX  3€MJIETPSACEHUH  BIOJb
paznomubix 30H [47]. Ilpu 3TOM 1nsi mporHosa
3HAYEHUW KYJIOHOBBIX HaNpPsDKEHUW Ha pasjioMax
UCTIOJIB3YIOT pe3yNbTaThl YHCIEHHOTO
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F€OMEXaHUYECKOTO0  MOJIEIMPOBAaHUSA, KOTOpBIE
MOJIy4aroT, Co3JaBas MEXaHWYECKYI0 MOJIENb
CBOICTB y4acTKa 3€MHOH KOpPBI U MOJEJb YCIOBHI
Harpy’>keHusl Ha OCHOBe, Hampumep, JaHHbIX GPS-
reoaesuu [47].

Crnenmyer 3aMeTHTh, YTO HWCIOJBb30BaHHE NpPHU
pacdere KyJIOHOBBIX HANpsSHKEHUHA JaHHBIX O
HampsOKEHUsIX, TONy4YaeMbIX W3 YHUCIEHHOIO
MOJICIIMPOBAaHUs, NPU AUPEKTUBHOM  3aJaHHU
YIPYTUX CBOMCTB CpeAbl U MPOYHOCTHBIX CBOMCTB
Ha pa3joMe, KOHEUHO )K€, CHUKAeT IOCTOBEPHOCTh
KOHEYHOro pesynprata. Ho camas riaBHad
po0JieMa TaKoro pacueTa - 3TO TOJTHOE OTCYTCTBHE
JaHHBIX O BeNWYMHAX (IIIOMIHOTO JaBICHUS B
pazmome, kotopoe Ha 70-90% ompenenser ero
MPOYHOCTH [29, 48 -49].

TexToHOpU3HYECKHUE JaHHbIE 0
HANPSIKEHUSAX B NPUPOJHOM  MAacCHBe.
OCO0EHHOCTh TEKTOHO(MM3MYECKOTO TIOAX0/Ia B
H3YUCHUH HAMPSHKCHHOT'O COCTOSHUS 3€MHBIX HENp
COCTOUT B TOM, UYTO JaHHBIE O HAMPSKECHUIX
[OJy4aloT pelIieHHeM OoOpaTHOM 3amaum  Ha
OCHOBAHMM  HHTEPHpPETAlMd  COBOKYITHOCTEH
Pa3phIBHBIX nedopmariuii (TpemurHBI co
CMEIIEHUSIMH). OTH  JaHHBIE TOIY4YarT OT
CEHCMOJIOTOB, HCIIOJIB3Ysl MEXaHHU3Mbl O4YaroB
3eMJIETPSACEHUI (CeiCMOJIOTHYECKHEe HHIWKATOPHI
nedopmarliyii) U U3 COOCTBEHHBIX TIOJEBBIX pa0dOT —
cOOp  3epKalm  CKONBXEHHA  (TEOJOTHYECKHE
UHIUKATOpEl  nedopmanumii). B TekroHOQU3MKE
CO3/IaHbl METOJIbI PEIICHUS OOpaTHOW 3ajauu —
OTBHICKAHMM MapaMeTpoOB TEH30pa HaNpsKEHUH,
OTBEYAIOIIMX 32 AHAIU3UPYEMYI COBOKYIIHOCTh
CEHCMOJIOTMYECKHX WU re0JIOTHYECKHUX
WH/IMKAaTOPOB pa3pbIBHBIX Jedopmanuii [48-50].
IlepBoHavalbHO pE3yJIbTATOM PEIICHUS] Takou
oOpaTHOM 3amaun (MHBEPCHM HANPSHKEHUH U3
Pa3pbiBOB) OBUIN JIAHHBIC TOJBKO OO0 OPHECHTAIUU
ocell raBHBIX HampspkeHud [51- 57], HO mo3gHEee
MTOSIBUIIMCH METO/TBI, TO3BOJISIONINE OLIEHUTH GOpMy
SJUTATICOUA HanpsKeHul [58-62].

Takum 0Opa3oM, U3 MIECTH KOMIIOHEHT TEH30pa
HalpsOKEHUH  ONpEeNesUINCh  4YeThIpe, TpU U3
KOTOPBIX OTBEYAJIH YIJlaM, JAIOMIMM OPHUEHTAILNIO
TpPEX IVIABHBIX OCEH TEH30pa HANPSKECHUN, U eIe
omuH B Buae kodpduumenta Jloge-Hamam wim
Paiitno xapakTepu3oBajl COOTHOLIECHHE IEBUATOP-
HBIX KOMIIOHEHT 3TUX Hamnpsbkenuil. [Ipu aTom nBa
OUYEHb BAXKHBIX MapameTpa TEH30pa HANpsHKECHUN B
BHJE CpEOHEr0  HANpsHKeHHWs  (M30TPOITHOTO
JTABJICHUS) u MaKCHUMaJILHOE KacaTeJIbHOE

HaIlpsOHKEHUE OCTaBaJIChb HCHU3BECTHBLIMU. OTta
npobiiema Oblia peiieHa B padbotax [63, 64] myTem
NPUBJICYCHUS JIOTIOJHUTEIBHOW HH(POPMAIMU U3
pe3yNbTaTOB COTEH OKCIEPUMEHTOB [65-68] mmo
XpYIKOMY  DPaspyLICHUIO  pa3IM4HOIO  THUIIA
00pas3IoB ropHBIX TOPO/I (T1eTbIe 00pa3Ilbl, 00pasIlbl
C mpeapaspylieHHeM, o0pasibl ¢ pa3pe3amu). ITH
9KCIIEPUMEHTHI TIOKA3aJIH, YTO BCE THITHI 0OPas3IoB,
JOBEICHHBIE 0 pa3pyLIeHus, Ha quarpamme Mopa
nomajgaloT B IMOJOCY  (CEKTOp)  XPYIKOTo
TpeuHoo0pa3oBanus (PUCYHOK 2), 3aKIIOYEHHYIO
MCKIOY JIMHUEH MHHHMAaJIbHOTO COIIPOTHUBJICHUA
CYXOro TPEHUsI U OTHOAroNIel JIMHUM MPOYHOCTH.
DTO TO3BOIWIO pa3paboTaTh AITOPUTM OLEHKH
BEJIMYMH H30TPOMHOTO 3(PQPEKTUBHOTO IaBICHUS
(maBneHHWe B TBEPIOM KapKace TIIOpOJ MHUHYC
¢GuonHOe NTaBIeHHWE B TPEIIMHAX W TOpax) |
MAaKCHUMAJIBHOT'O KacaTeJabHOTI'O HaIpsHKCHUA,
HOPMHMPOBAHHBIX HA POYHOCTH CLETUICHUS (T ).

Otmeuy, uro B pabote [70] Takxke ObUT Tmpea-
JIOKEH aJTOPUTM pacyeTa BEIWYHMH HANpsHKCHHH.
OTH WccnenoBaTeNM HE CMOINIM  pa3paboTaTh
QITOPUTM pacdyeTa HOPMHPOBAHHBIX HAIPSHKCHUH,
T.K. UX aJITOPUTM 0a3upOBaJICS HA TE€OJOTHUSCKHX
JaHHBIX O Pa3pbIBaX CO CMEIICHHSMH M TpeOOBal
3HAHUS WX JIOKAJBHOW IMPOYHOCTH U (IIIOMIHOTO
JIABJICHUSI B TIOPOJAX.

TekToHOpU3UIECKOE palioHUpOBaHKE
aKTHUBHBIX pa3joMoB. B pabote [71] nis ceBepHoit
yactu LlentpansHoro TsHb-lllaHs BoepBbie Obuia
MOKa3aHa BO3MOXHOCTb BBIIOJIHATH
palilOHMPOBAaHUE OIACHBIX YYacCTKOB pa3jIOMOB Ha
OCHOBE pe3yIbTaTOB TEKTOHO(U3UIESCKON
PEKOHCTPYKLMM  HANpsDKEHUM B IPUPOAHOM
00bekTe. CamMa pPEKOHCTPYKIIUS BBIMONTHAIACH 10
JlaHHbIM celicMmonornueckoit cetu Kuer Hayunoit
Cranuuu PAH B r. bumkeke. B 3ToM peruosne 3a
nepuo celicMuieckux HaOmroneHuit cetn Kuer He
OBIIO 3eMIICTPSICCHWM ¢ MarHuTyaod Oonee 4.5.
[lnoTHOCTH CceficMUYECKHUX COOBITMH KaTajuiora
MEXaHU3MOB  OYaroB 3EeMJICTPSCEHHMM U  HX
MarHATYIHBIA [TMANa30H OMpEeNeNsIn  MacmTad
ycpennenus HampspkeHuit  10-20 kM. Takum
o0Opa3oM, pallOHMpPOBaHUE PA3JIOMOB IO YPOBHIO
KYJIOHOBBIX HaIIPsDKEHHUM MO3BOJISUIO AAaTh MIPOTHO3
3eMIICTPSICEHUN ¢ MUHUMAJIBHONH MarHuTynoit 6.0-
6.5 mpu JuIMHE omacHoro yvactka paszioma 10-30
KM. BBIJIO yCTaHOBIIEHO, YTO K ONACHBIM y4acTKam
MOJKHO OTHeCTH OK0i0 10% mMeBmuxcs

OTMedy, dYTO HCTOYHHUKOM JaHHBIX JUIS
TEKTOHO(M3HUYECKOW PEKOHCTPYKIIMU HATPSIKEHUH
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MOTYT SIBISTHCA CEHCMOJIOTUYECKHE HIIM I€0JIOTH-
JeCKHe MHANKATOPHI Pa3pbIBHBIX AehopmManmid [49].
OTHU JaHHBIE JOJDKHBI JIOTIONHATHCS MH(QOpMaruei
0 TIOJIOKEHUH ¥ TEOMETPHH Pa3IOMOB, BBIIEISIEMbIX
TEOJIOTHYECKUMH METOAAMHM KaK aKTHUBHBIE Ha
HEOTEKTOHMYECKOM JTane. YKa3aHHas COBOKYII-
HOCTb HCXOJHBIX JAHHBIX II03BOJIIET PACCUUTHIBATh
KYJIOHOBBI HalpsKEHHUA Ha MIOBEPXHOCTH pas3yioma,
10 aOCONIOTHBIM WMJIM OTHOCHTENbHBIM 3HAYEHUSIM
KOTOPBIX MOKHO PallOHUPOBATh YYACTKH Pa3IOMOB
pa3HON CTENIEHU ONAaCHOCTH. DTOT MOAXO[ K OLICHKE
CEHCMHMYECKOTO PHUCKA CIEAYET pacCMaTpUBaTh Kak
JIETEPMUHUCTHUYECKUI, KOTOPBIA II03BOJISIET
BBITMIOJHATh MOHMTOPUHI COCTOSTHHSI aKTHBHBIX
pas’IoMOB, BBIAENAA JUISI pPa3HBIX HMX YYacTKOB
pPa3HBIi  MAarHUTYIHBIA  YPOBEHb  OKHJIAEMBIX
CUJIbHBIX 3€MJIETPSICCHUM.

Pe3yiabTaThl TEKTOHO(PU3HYECKOTO
PaliOHMPOBAHUS AKTUBHBIX Pa3J10MOB B 30HaX
KATACTPOPHUYECKHUX 3eMJICTPSICCHUI
KOHTHHEHTAJIbHBIX OPOI¢HOB

B Hacrosiiee BpeMs HAaKOIUIEH HEKOTOPBIN
OTIBIT HCCIIEOBAaHUN 3aKOHOMEPHOCTH pacIpenese-
HUSl KyJOHOBBIX HANpSHKCHWHA B OdYarax CHIIBHBIX
3eMJIETPSICEHN BHYTPUKOHTHMHEHTAJIBHBIX OpOre-
HOB. B pamkax mnpoexta POOU - 19-55-53025
I'OEH a B 2019-2020 rr BBINONHSUIMCH HCCIIE-
JIOBaHHWSA HANPSHKEHHOTO COCTOSIHMS B KOpe
3anagHoro CeruyaHsi (PUCYHOK 3) MO JaHHBIM
peruoHaiabHbIX ceiicmuueckux cereid KHP.

B 3amauy wuccnenoBaHMM BXOJMJIO TaKKe
TeKTOHO(H3NYECKOe paliOHMPOBAaHHE  OIMACHBIX
YYacTKOB aKTUBHBIX Pa3JIoMOB NpoBHHLMSA FOHHAaHB
n Celuyanb (pucyHOK 4) B TOM 4YHCIie B paiioHE
KatacTpouueckoro BeHpuyaHbCKOTO 3emieTpsce-
Hus 2008 r ¢ M,= 8.0.

Pesynbratel HccnenoBanus KyJIOHOBBIX Halps-
KEHUH B 00JaCTH TOATOTOBKHM BeHBUyaHCKOTO
3emiieTpsceHust [29] mokaszand, YTO €ro odar
pacnonaraics Ha pasziaoMe JIyHMdHbBIOIaHB B
ob0mactu, TAe HapsAy C YydYacTKaMH BBICOKOTO
YPOBHSI HOPMHUPOBAHHBIX KYJIOHOBBIX HalpsHKEHHIM
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(t¢ > 0.87f) UMeNUCh Y4aCTKH CPEIHETO YPOBHS
9THUX HampsHKeHHH ¥ Jaxke HeOospIIHe 1o
NPOTSHKEHHOCTH YYAaCTKH HU3KHX TOJIOKHUTEIBHBIX
3Hayenni (7¢ < 0.37f). Ilpu 5TOM d1MIEeHTp OYara
BenpuyaHbCKOT0 3eMIIETPSACEHNS] HAX0ANJICA BOIM3H
ydyacTKa MPOTSHKEHHOCTHIO 0K0JI0 20 KM, KOTOPOMY
OTBeYaJl KPUTHYECKH BBICOKHH YPOBEHD KYJIOHOBBIX
Hanpsbkenuit (7¢ > 0.67f).

Takoil XapakTep HampsLKEHHOTO COCTOSIHUS Ha
pasioMe COOTBETCTBOBAI OCOOEHHOCTSIM Pa3BUTHS
CEHCMOTIeHHOTO pa3pbiBa — oyara BeHbuyaHBCKOTO
3eMJIETPSICEHHS], TNl CYIIECTBOBAJIM HPOTSKEHHbIE
YYaCTKM OTHOCHTENIFHO MEIJIEHHBIX, HH3KOYacTOT-
HBIX ceficMuYeckux ABwkeHud [71] u yuactku, rie
HaOJIO1aNICh HAMOOJIBILINE Pa3pyIICHNS U BbIACIUB-
Iasicst ceficMudeckasi 3Heprusi Oblla CYIIECTBEHHO
BhIIIIE [72].

Hdpyrue wuccienoBaHus IO  TEKTOHO(DHU3M-
YeCKOMY palOHUPOBAHUIO AaKTHBHBIX Pa3jIoOMOB
OBUIH BBITTOTHEHA [T TpoBUHIMHE Kapamanmaparn
(Typuwust), rae TPOU3OLLIN ABa KaTaCTPOPHUECKHX
[Mapammkuackoe (M=7.8) wm DabOHCTaHCKOE
(M=.7.0) zemuerpsicenus 06.02.2023 r [73, 74].
3/1ech TakKe IpelBapUTEIbHO ObljIa BBHIMOJIHEHA
PEKOHCTPYKLHUSI HAMpPsLKEHHOTO COCTOSIHUSI KOPBI
(pucyHOK 5).

g aTOro permoHa pacdeT HaIpsHKEHHOTO
COCTOSIHUSI TIO3BOJIMJI BBISIBUTH MX W3MEHEHHUS Ha
IByX BpeMeHHbIX uHTepBaiax 1990-2010 rr u 2010-
2022 rr. bBUTO yCTaHOBIEHO, 9TO B TIocienaue 10-
15 ner B 1oro-3amnagHom cexkrope Bocrounoro Ana-
TONMHCKON cucTemMbl pasnomoB (BAP) yeemnun-
JIach TUTOIAAHL KOPHI C PEKUMOM TOPHU30HTAIEHOTO
pacTspKkeHusl. OTO TOBOPUT O TOM, YTO B ATOM YacTH
perMoHa yMEHBIIMJICS YPOBEHb CXKAaTHSl Ha pas-
JoMax, YTO COOTBETCTBEHHO YMEHBINAET U HX
pouHOCTH (1).

Brimonnenneie pacyeTsl KYJIOHOBBIX
HaNpsDKEHUH Ha pasjoMax [oKa3ald, 4YTO od4ar
TOTOBALIETOCS 3€MJIETPSICEHUs], TaK XK€ Kak U Ui
BeHbuyaHbCKOTO 3eMIIETPACEHUS, BBITTISAUT OYECHb
HeogHoponHO (pucyHok 6). Ilpu sTom xapakTep
3TOH HEOJHOPOIHOCTH MEHSUICS BO
BpPEMEHHU.
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Pucynok 3 — Pe3ynbTaTsl peKOHCTPYKIMH HANpsDKEHUH 11 Kopbl 3amagHoro CerayaHs 3a Bech nepuoa Janubix 1999-2010 rr:
(a) reoHAMIUYECKHI THIT HAPSDKEHHOTO cocTosHuS; (0) koadduuuent Jlone—Hanaw; (B) HanpspKeHUs HANOOIBIIEr0
¥ (I) HAMMEHBIIETO FTOPU3OHTAIILHOTO CKATHS M MX HOPMUPOBAHHBIE HA IPOYHOCTD CLETUIEHUS Ty 3HAUCHUS
(ToNMHA TUHUHI U OTTEHKH CUHETO M KPacHOTO IIBETA)

43



06 AKTYaJIbHOCTHU U BO3MOKHOCTH IPEAYIPEIKIACHU ceiicmuaeckoit onmacHocTr Ha TsHb-111ane

44

ki ol
002 2ea %
1004 1005
2006 3007

Pucynok 4 — PaiforupoBaHne pa3IoMoB M0 YPOBHIO HOPMHPOBAHHBIX KYJIOHOBBIX HAIIPSHKEHUH
(Te, /T I ). B BepxHeM J1eBOM yIily IOKa3aHa KapTa TOUEeK pacyuera ¢ JaHHBIMHM 110 HHTEpBajaM BPEMEH,

UM COOTBETCTBYIOLINM.

Pucynok 5 — Pe3ynbTaThl peKOHCTPYKIMH HANpsDKEHUH U1 Kopsl Bocrounoit Anaronuu (Typuust) uist nmepBoro
(a) 1990-2010 rr; 6) nocneauero 2010-2022 rr — pacuera 1o mkaine BpemeHu: (I) reogrnHaMIYeCKuii THI HAIPSKEHHOTO
cocTosiHUA. PacmosnoxkeHne B OKTaHTE TIaBHBIX HANpPsHKEHUH ocH Ha 3eHUT ONpe/essieT TUI HAIPSKEHHOTO COCTOSHUS:
1 — rop. pactsokeHue, 2 — rop. pacTsHKEHHE CO CABUTOM WM TPAHCTEHCCHSA, 3 — TOp. CABHT, 4 — Top.
CKaTUe CO CIBUTOM WJIM TPaHCHIpECCus, 5 — rop. cxxarue, 6 — BepTukanbHbIi casur; (11) opuenTtanms oceit
HanOombIIero cxxatus. OCH IOCTPOEHEI B y31I€ pacdeTa (Kpy>KO4eK) B HallPaBJICHUH IIOTPY>KSHUSL.
[Ipu yrie morpyxeHnst MeHee 7.5 TPaaycoB IIMHA OCeH MaKCHMaJIbHAS C KPYXKKOM IIOCPEHHE
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CornmacHO JaHHBIM pPHCYHOK 6  ydYacTKH
JIOCTaTOYHO BBICOKMX 10 YPOBHIO KYJIOHOBBIX
HampsokeHU B Oyaymiem odare B mepuon 1990-
2010 rr 3anuManu OoJbiIKMe miomanu, uem B 2010-
2022 rr. Henocpencreenno nepen [lapanpxuackum
3eMIeTpsiceHueM (PUCYHOK 60), Oomblmas dYacTb
KOTOpOTO pacrojiarajiach Ha TJiaBHOW BeTBU BAP,
IBE obnactu 3KCTpPEMaJIbLHO BBICOKOTO
TIOJIO’KUTENIBHOTO YPOBHS KYJIOHOBBIX HampsKeHUH
Obuln B IOrO-3allagHOM  dYacTsIX  ouara
MPOTSDKEHHOCTRI0  Ookosio  40-60 kM. YyacTku
CPEIHET0 M HM3KOTO YPOBHS IOJIOKUTEIBHBIX
3HAYEHUH KyJIOHOBBIX HAIIPSHKEHUH pacroyarajinch
B CEBEPO-BOCTOYHOM yacTu Oyayliero oyara.

B cpenHeli yactu oyara ypoBEHb KYJIOHOBBIX
HanpsDKEHUH ObLT JIMOO TONOXKUTEIbHBIN, HO HU3-
KU, 1100 BOOOIIEe OTPUIIATENBHBIN (T.€. 37eCh CH-
JBI TPEHHS MPEBHINIAJIN YpPOBEHb KacaTeIbHBIX
HanpspkeHuit). [Ipu atom anunenTp (Havano crapTa)
3eMIIETPACEHMs] pacroyiarajcsi Ha OIEepSoLIeM
pazmome Hapnm mpoTsikeHHOCTBIO OKojio 60 KM,
KOCO TMOoAXoJfIeMy K rinaBHoMy BAP B cpenneit
yactu Oynymiero ovara IlazapIDKHKCKOTO 3emiie-
TpsiceHus1. Bmonp OoNbIION ero yacTu paszinomMa
Hapnu KyJnoHOBBl HampspkeHHsT OBUTH  MTOJIOXKH-
TEJILHBIMH M IOCTATOYHO BEICOKUMH. MBI IIOJIaraem,
YTO CEMCMHUYECKOE [BIDKEHHME, HaudaBIIeecs II0
pasnmomy Hapam u mpopomkasmieecst okoio 15 ce-
KyHJ, TIPUBEJIO K U3MEHEHUIO HAIpPSHKEHHOIO COC-
TOSHUS B cpegHed yacTu ouara llasapmKukckoro
3eMJIETPSICEHUS], CO3/1aB 3/1€Ch MOBBIMIEHHBIN TOJIO-
JKUTENBHBIN YPOBEHb KYJIOHOBBIX HAIIPSIKECHUIA.

OTOT pe3yabTaT NOATBEPHKAAIOT UCCIEIOBAHUSA
I10 TIPOTHO3Y 3€MJIETPSICEHHUS U1 JaHHOTO PErHOHA,
BBITIOJIHEHHEIE B paboTe [75]. Ha ocHoBaHmu anro-
putma RTL [17] Gwuto moka3aHo, uto pa3siom Hap-
JIM SIBJISIJICSI OIIACHBIM B CPEIHECPOYHOM IPOTHO3E
Y MOT HHUITUHPOBATH 3EMJIETPACEHUE C MATHUTY 0N
6.5. OnHako Ha4aBIIMCH Ha paznome Hapmu, celic-
MOTEHHBII OYar NMepecKOYWs Ha OCHOBHYIO BETBb
BAP u co3man 3eMneTpsiceHus ¢ MarHUTy1oi 7.8.

TakuM 00pa3zoM, ecIM paccMaTpUBaTh KaxIIbIl
U3 Tpex CcerMeHroB odvara [lasapmkuKckoro
3eMJIETPACEHHUs] OTAENbHO  (IOro-3amafHbBli U
CeBEpO-BOCTOUHBIA ywyacTkm BAP, a Ttaxke
onepsAIui pa3nom Hapnu), To cormacHO TaHHBIM
0 TIPOTSKEHHOCTH Y4aCTKOB Pa3IOMOB C BBICOKUM
YpPOBHEM  KYJIOHOBBIX  HAalpsDKEHHH  MOTIH
BO3HUKHYTH 3€MJIETPSICEHUSI C MarHUTy 101 6.5-7.0.
Ho mpu stom B pe3ynpTaTe NpOM3OLUIO 3EMIE-
TpsICEHNE C MarHUTYAOH 7.8, KOTOpoe 0OBEIMHHIIO

B ouare 3TH YYacTKH, a TaKKe CYIIECTBOBABIIHE
MEXJly HUMH YYaCTKH OTPHUIATEIbHBIX 3HAYCHUU
KYJIOHOBBIX HAIPSHKECHHIH.

CornacHo HameMmy pacueTy (pUCYHOK 60) mis
oyara DJbOMCTAHCKOTO 3EMIICTPSICCHUS, MPOH30-
meamero yepe3 9 wacos mocie Ilazapmxukckoro
3eMJIETPSICEHNS], YPOBEHD KYJIOHOBBIX HANPSIKEHHUN
Ha pas3joMe ObUT BCIOMY OTpHUIATEIbHEBIN. M3Mene-
HUS HAIPsDKEHHOTO COCTOSTHUS, BOSHHUKIIHE Cpasy
noctie [1a3apKuKCKOTo 3eMIIETPSICEHN S, UMEBIIIETO
JIEBO-CABUTOBBIC CMEIICHUSA, IMPHUBETH K YMEHB-
IICHUIO YPOBHS CXKaTUs Ha pasiome. B pesynbrarte
KYJIOHOBBI HANpsDKCHUS CMEHHJIM 3HaK W CTaJd
MOJIOKUTENIEHBIMA  (KacaTelbHble — HaNpsHKeHUs
MIPEBBICHIIN HATIPSKEHUS CHJI TPEHUSA). 3aIeprKKa 10
BpEMEHH DIHOUCTAHCKOTO 3eMIICTPSCCHHUS, BEPOSIT-
HO, CBsS3aHa C T€M, YTO B OTOT NEPHUOA B 30HE
pasjoMa HaKaIUTUBAIKUCH JOTOJHHUTEIbHBIE YIPY-
rue gedopManuu 3a cyer adTEpPIIOKOB IIEPBOTO
3eMIIETPSCEHUS U MEIJICHHBIX ACEHCMUYECKUX JBH-
KEHHH, KOTOPBIE CIIOCOOCTBOBAIHM POCTY KYJIO-
HOBBIX HAIPSDKEHUH Ha DJILOMCTAHCKOM pa3jioMe.

[NomyueHHbIe pe3yabTaThl UCCIEAOBAHUHN MOKA-
3BIBAIOT, YTO ISl CUCTEM aKTHUBHBIX Pa3liOMOB B
MEPHUO/, KOT/Ia OTAEIHHBIN WX Y4aCTOK CTAHOBHUTCS
CEHCMOTE€HHBIM — TMPOUCXOAUT 3EeMIICTPSICCHUE —
MMEEeT MECTO pe3Kas MepecTpoiKa HaIpsHKEHHOTO
COCTOSIHHSA, CIIOCOOHAas W3MEHUTh BECh XOII
ceificMUYecKoro mpouecca. 9TO UMENIO MECTO Kak
st mepBoro [la3apKUKCKOro 3eMIIETpsICEHUs,
KOTOpOE BMECTO 3eMJIeTpsCEeHUs Ha paznome Hapmm
¢ MarHuTynoil He Oomee 6.5 — 7.0 (mns mepBOTO
CErMEHTa 0yYara), CTajo 3emMieTpsiceHueM 7.8, Tak u
JUIS  BTOPOTO OIBOMCTAHCKOTO 3EeMIIETPSCEHUS,
KOTOpPOE BOOOIIE HE OJDKHO OBLIO TIPOU30HTH.

BrImotHeHHBIE HCCIIEIOBAaHUS TTOKA3BIBAIOT BhI-
COKYIO CTENeHb HEIPEe/ICKa3yeMOCTH BO3HUKHOBE-
HUSI CUJIBHEUIIIHNX 3E€MJICTPSCEHUM, MPOUCXOAIINX
B 30HaX C TycTOW H pa3HOOOPa3HO OPHEHTHPO-
BaHHOM cucTeMoi paznomoB. Korga semuerpsicenue
HAa4YMHAETCS B TaKUX 30HAX, TPYAHO IMpeACKa3aTh,
KaKUM Y9aCTKOM pa3jioMa OHO OTPaHUIUTCS. 37eCh
MOXXHO  yKa3blBaTh 00JacTW, ONACHBIE JUIs
BO3HUKHOBEHHS 3EMJICTPSICEHHI  OMNpEeIIeHHON
MUHUMaJIbHOW MarHutyabl. [lpu sTOoM clemyer
[MOHMMAaTh, 4YTO  B3aUMOJICHCTBHE  aKTHBHBIX
Pa3JIOMOB CIIOCOOHO YBEIUYHUTh 3TY MATHUTY/LY.

[IpuBeneHHBIE 3/1ECH PE3YIBTATH TEKTOHO(DH3H-
YECKOTO PAHOHMPOBAHUS OYArOB IPOU3OIISIIINX
CWIBHBIX 3EMJICTPSICCHUI SIBJIAIOTCS HOBBIMU U
YHHUKAIIbHBIMH.
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PucyHnox 6 — PaiionupoBanue Juist IByX CTaJuil pacuera HalpsHKEHHOTO COCTOSIHUS
a) HavaneHas (1990-2010 rr), 6) koHeuynas (2010-2022 rr)— y4acTKOB aKTHBHBIX Pa3IOMOB

n3 6a3b1 naHHBIX [baumanoB u ap., 2017] mo ypoBHIO KyJIOHOBBIX HanpsbkeHuit: 1) 0.8< % < 1 (TeMHO KpacHBIi);
f

2)0.5< *<o08 (kpacHsrit); 3) 0.2< % < 0.5 (po3oBsrit); 4) -0.2< % < 0.2 (KenTsIit);
f f f

T

T o
5) T—C < —0.2 (3eneHslii); 6) TaHHBIE 0 HANPSDKCHUAX HA Pa3IoMe OTCYTCTBYIOT
f

B 3akiroueHnn oT™Meuy, 4TO B camMoe MocieTHee
BpeMsl TEKTOHO(DU3MUYECKUE METOMbI PEKOHCTPYK-
JR8Z05¢ HaprDKeHI/Ii/‘I IIOIIOJITHUJIINCh BO3MOXKXHOCTBIO
OTpE/CICHHS] TaKUX MNapaMETPOB TEKTOHHMYECKUX
MPOIECCOB, KaK MOIIHOCTh SHTPOIHU ¥ MOIIHOCTh
paccesiHUsS HEPTUHM yHpyrux jaedopmanuii (Mor-
HOCTh juccumanun). B MKA pa3paboransr anro-
PUTMBIL pacdye€Ta 3TUX MapaMeTpOB MPUMEHUTCIIBHO
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K KaXJIOMY aKkTy XpYIKOTO pa3pylieHus (Kak s
CEICMONOTHYECKUX, TaK W JUId TE0JIOTMYECKHX
WHINKATOPOB Pa3phIBHBIX nedopMaliuii), a Takxke K
00beMy reocpeibl, Ul KOTOPO BBINOIHEH pacdeT
rapaMeTpoB HaNpsKEHHOTO COCTOSIHUSI.
[Tonmy4yeHne 3TUX AaHHBIX MOKET OKa3aTbCsl OYCHb
MIEPCTIEKTUBHBIM JUTSI YCTAHOBJICHUS TMPUOIKEHHS
npoiecca 1e(GOpMUPOBAHUS K KPUTHUECKON CTaIUU



TO.J1. PeGeuknit

Obcyxaenue

Pe3ynpraTel TEKTOHO(U3NYIECKUX HCCIEI0BA-
HUH aKTUBHBIX Pa3jOMOB, IPHUBEICHHBIC BHIIIE, C
OITHOW CTOPOHBI, MOJTBEPIWIA BO3MOXXHOCTh HX
pPafOHUPOBAHUS C BBIJIEIIEHNEM OMACHBIX YIaCTKOB.
C npyrou CTOPOHBI, OHH TIOKA3adH, dYTO
pacrpeeneHrue KyJIOHOBBIX HANpPsDKEHUM B odarax
OyIyIINX CHIIBHBIX 3€MIJIETPSCEHHUU JAlleKO OT TeX
MPEICTAaBICHNN, KOTOPBIE  CYIIECTBOBAIHA B
IIPOTHO3HOM CEMCMOJIOTUU.

Tak, Mg Bcex MMEIONIMXCS Ha CETOIHSITHUMA
JIeHb MOJeJIel MOATOTOBKU OYara 3eMIIETPSICEHUI:
JIABUHHO  HEYCTOMYMBOIO  TPEIIMHOOOPa30BaHMUS
(JIHT-mopmens) [76], munarancmoHHO-IH(D(GY3HOHHAS
monens ([1J1-monens) [77], Moaenb HEyCTOWIHUBOTO
cxonbxkenust (stick-slip) [78] u Mozenb KOHCOJH-
mamuu [79] — cuMTaercsa, 4YTO  3EMIICTPSICCHHIO
MIPEIIIECTBYET MOSBICHHE MPETISITCTBUS CMEIICHUIO
BJIIOJIb Pa3jioMa, KOTOPOE OIPEEIICT MOCTEIICHHOE
MOBBIIICHUE JEHCTBYIOMIMX 3/1eCh KacaTeIbHBIX
HanpsDKEHUH 10 TIPeIeNIbHBIX 3HaYeHni. B oOmacTh,
OKpy)Karolei Oymymmii odar, cOpoc BHYTpPEHHEH
MEXaHUIECKON YHEPTHH PE3KO 3aMEIIISIETCS, IPOUC-
XOJIUT HAKOILJICHUE SHEPTHH YIPYTHUX JepopMariuii
[80]. «Hamnbonee BBICOKHE HanpsHKeHUs
KOHIICHTPUPYIOTCS B MECTax IIEPECEUCHUs WU
M3JI0Ma Te0JIOTHUECKHUX Pa3ioMoB. ... CymiecTByer
pPAA  yYacTKOB 3€MHOH KOpBI, HAaXOISIIMXCS B
COCTOSIHMM, OJIM3KOM K TIpefeny IIUTeIbHON
npounoctu» [81]. Ecim mnpouHOCTh cmaiiku —
paszioMa JOCTaTOYHO BBICOKA, TO IOBBILICHHBIN
YPOBEHb KacaTelbHbIX HampsbkeHud [82, 83]
OXBaThIBaeT Bce OOJbIIEE O00JIACTH B €T0
oKpecTHOCTH. [locie MOCTIKEeHUsS HAmpPsHKCHUSIMEU
mpenena MPOYHOCTH TOpHBIX mopox [84] wunm
MPEACTEHOTO 3HAYCHIMSI TDIOTHOCTH MOTCHITMATEHOM
sHepruu [85] 00BeM, HAKOMUBIIUM BBICOKHIA
YpOBEHb YIPYroil »Hepruu (BBHICOKHHA YpPOBCHB
HampspKeHWH), paspymaercss ¢ oOpazoBaHHEM
CIBUTOBOTO pa3pbIBa, MPEACTABIIAIONIETO CO00it
ouar 3emierpsiceHus [86]).

Kak moxazanmm TekTOHO(HU3MYECKHE HCCIeNO-
BaHMsI HAIMPSHKEHHOTO COCTOSHHUS CEHCMOTECHHBIX
pa3IoOMOB, JOCTHKCHUE KPUTUUECKOTO COCTOSHUS
Ha pa3lioMax ONpEeeNsIeTcsl He TONBKO U HE CTOJIBKO
YPOBHEM KacaTeJbHBIX HAIPsDKEHUH, HO TaKkKe UX
B3aMMOOTHOIIICHHEM C YPOBHEM HAIPSHKCHHUM CHIT

TpeHusi, T.6. OT HOPMAIBHBIX K paspbIBY
HanpsokeHU  (pucyHok  2).  OcoOeHHOCTh
MPOYHOCTHBIX ~ XAPaKTEPUCTUK TPH  XPYIKOM

paspymienun (mpeaen IpOYHOCTH U MUHHMAaIbHAS

MPOYHOCTH TPEHUS) MOKA3bIBAIOT, YUTO HANOOJbINIAs
BEJIMYMHA KYJOHOBBIX HAIPSDKEHUN M COOTBET-
CTBEHHO BBIJCISIONIA’ICS TpPHU 3EMIIETPSICEHUH B
ceficMMUYecKMX  BOJHAX  ympyras  3HEprus
JIOCTUTAETCA TpPU CPEJHEM YpPOBHE HaIpPsDKEHUI
(cm. paborty [40]).

bruto  ycraHOBNEHO, UTO  pacmpejiereHHe
HaIllpSDKEHU B CEHCMOIE€HHOM PErHOHE MOXKET
M3MEHATHCS 32 BPEMEHA IEPBBIE JAECATKU JIET, YTO
MPUBOAUT K  WM3MEHEHHIO  paclpeieieHHs
KYJIOHOBBIX HampsDKeHHH Ha pasnomax. Kpowme
TOT0, OKA3aJI0Ch, YTO OOJIBILINE yYacTKU OyIyLIero
odara MOTYT HAXOAWTHCA MJaJeK0 OT IIpenena
XPYIKOW TPOYHOCTH, OIPENEIIEMOTO YpPOBHEM
KYJIOHOBBIX HaNpsKeHUH, HO B XOAE Ppa3BUTHA
3eMJIETPSICEHHS 332 CUET U3MEHEHUS HaIPsHKEHHOTO
COCTOSIHHSI B HUX TaK)K€ MOMET OBITh JOCTHUTHYT
mpeaes MPOYHOCTH. Takum oOpa3oMm, Ha CelcM-
OTEHHBIX Pa3IOMax BO3MOXKHBI, KaK MEHJICHHEIE,
Tak ® OBICTpPBIE M3MEHEHHS pacHpeeseHus
HanpsbkeHuit. [ToaTomy 1uist yuera nepeoro Gaxkropa
(MenneHHbIE HM3MEHEHHs HalpsHKEHUH) Heo0Xo-
IMMO HaJIQJIUTh TEKTOHO(HM3MUECKNH MOHUTOPHHT
HaNpPsHKEHHOTO COCTOSIHHS Ha OCHOBE PETYISPHO
MOTIOJTHAEMBIX ~KaTajJOoroB MEXaHH3MOB 0YaroB
3emuerpsiceHuit. Jlns ydera BToporo Qaxrtopa
(OBICTpBIC W3MEHEHUS HANPSHKEHUH B XOJIE BO3-
HUKHOBEHMSI 3EMIIETPSICEHHSA) NaHHBIX O Harps-
JKEHHOM COCTOSIHUM Ha pPa3jioMax CETrOAHSAIIHETO
IHS IS CTaTUYeCKOW cramuu JaedhOopMUPOBAHUS
HEJOCTaTO4YHO JUIs Mporrosa. HeoOxommm Taxke
TeOMEXaHNYECKUI pacueT BO3MOXHBIX BapHUaHTOB
pa3BUTUSl CEWCMUYECKOro TIpolecca B clydae
pPa3HBIX TOJOKEHWH THIOIEHTpa (CTapTOBOU
TOYKH) 3€MJIETPSICECHHUS.

3agayva NporHo3a CMUIbHBIX 3eMJIeTPSICeHMIT
Taup-Ilans

B CIIA c¢ nayama 80-x roxoB MpOLLIOTO
CTONIETHSI ~ OCYIIECTBILICS  OKCHEPUMEHT  TI0
Pa3BUTUIO METOJOB IPOTHO3a Ha BEJIMKOJIECITHO
OCHAILICHHOM  Pa3IU4HOH  CEeHCMOJIOTMYECKOM,
reo@u3nIecKoil W TeOoMe3MUecKOl ammaparypoi
[TapxpunackoM HOJIUTOHE, TAE C PEryIIPHOCTHIO
20-25 ner TpPOUCXOAMIM 3EMIIETPSCEHUs ¢
MarHutyaamu, Onmm3kumMu Kk M = 6. Takum oOpazom,
3apaHee OBLIO W3BECTHO MeCTO OyayImiero
3eMJIETPSCEHHS, €r0 MAarHUTY/a ¥ IPHOINZUTEIBHO
BpeMs. bbul co3maH MeXIyHapOIHBINA MOJIUTOH, HA
KOTOPOM yYeHble W3 pa3HBIX CTpPaH M3ydalH
Tporiecc MTOATOTOBKH 3eMJIETPSCEHUSI.
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[Ipenmonaranoch, 4TO BBHIMOTHIEMBIC HAOTIOACHUS
MO3BOJIAT BBIABUTH OCOOCHHOCTH JAe(OopMalroH-
HOTO PEeKUMa U COMYTCTBYIOIIUX eMy (hPU3MIECKIX
noje B pasNMuHbIE TMEepHOAbl (QopMUpOBaHUS
04YaroBoi o0JacTy.

[lepBoHavansHO 3emuerpsicenne B Ilapkdumae
oxumamy B 1988+7 (Lindh, Sykes, Bakun, u mp.),
zateMm B 1993-1995+11 (Eflsworth, Ben-Zion).
ITocne 1999 r mpencraBieHue NMporHo3a 1Mo 3ToMy
peTHOHY B HAy4YHOH JIMTEpaType NPaAKTHIECKH
MPEeKPaTWIIOCh. 3eMIIeTPACEHUE MpOoU30LuI0 28
cenTs10ps 2004 T, Korja ero MeHee BCEro OXKUAaIH,
¥ OHO HE COTIPOBOXKIATOCH MTPEIBAPSIFOIIAM KPUTIOM
n ¢opmokamu [88] Tak, Kak 3TO OBUIO TIPH
MPEIBIIYIIUX 3EMJIETPACEHUSIX B O3TOM paiioHe.
[IpenBapuTtenbHBII aHAIN3 TaHHBIX T€O(QU3NIECKIX
MoJieH, MOydYeHHBIX Iepell er0 BOZHHKHOBEHHUEM,
TaKkke HE TO3BOJWJI  BBISIBUTH  KaKUX-THOO
3HAYMMBIX aHOMAJIHMH, KOTOPbIE MOXKHO OBLIO OBl
TPaKTOBAaTh KaK MPEIBECTHUK 3emieTpsiceHus [89].
B 10 Xxe BpeMs 3a mepHoOJ OXHAAHUSA ITOTO
3emnerpsicenns B KanmnpopHun mpousonuia cepust
CWIBHBIX  3EMIIETPSICEHWH ¢  MarHUTyAaMu
OompmmMu, YeM 3emiieTpsiceHrne B Ilapkdwunme:
Jloma Ilpmera 18.10.1989 (M = 6.9), Kame
Mennocuno 24.04.1992 (M = 7.2), Jlannepc
(M = 7.1) 28.06.1992, Hopmpumx 17.01.1994
(M =6.7), l'exktop Maitu 16.10.1999 (M =7.1), Can
Cumeon 22.12.2003 (M = 6.5). 3emnerpsceHus
ObUIM HEOXKUJAHHBIMU, OHU HAHECIH HE TOJIBKO
Cepbe3HbIN MaTepHaIbHBIN YpoH 3koHOMHEKe CIIIA,
HO U TIOKa3ajlu, 4YTO B HCCIENOBAaHUAX IIO
MPEenyNpEeKISHUI0 CEHCMUYECKOH OMAaCHOCTH HET
3HaYMMOTO TIPOABIKEHUSI.

B nacrosmee Bpemsi Tanb-lllanbp npemocras-
JIeT YHUKAIbHYI0 BO3MOYKHOCTH Ha HOBOM 3Tare
HayYHBIX 3HAHUH O TMpobOieMe 3eMIICTPSACEHUI
€03/1aTh KOMITJIEKCHYIO CHCTEMY IIPOTHO3a CHIIBHBIX
3eMyIeTpsiceHU. JlJisi 3TOro €cTb BCE OCHOBAHMS.
OT0 paiioH, T€ MOCTOSIHHO NMPOUCXOAST 3€MIIETPSI-
CeHUs ¢ MarHutyaamu 1o 5.5. Tak Ha amMaTUHCKOM
ceficMuyeckoM monurone ¢ 1969 roma mpousonuio
6osiee 10 000 coObITHE C SHEPTETUUECKUM KJIACCOM
6oxee 7 (MarHuTy1a OKOJO 2.5).

C apyroii CTOPOHBI, Kak OBLIO MMPEACTABICHO BO
BBEJCHUM, YIIMHCKOE 3emierpsaceHue M=7.1,
npousomenmee 23 sHBapa 2024r B IOXKHBIX
npearopbsx — kuraiickoro Tsup-llaHsa, Moxer
03Ha4aTh HAyalo CEPHUH CUIIBHBIX CEHCMMYECKHX
COOBITHH, KOTOPBIE UMEIH MECTO B 3TOM PETHOHE C
1885 mo 1985 rr B Buae 15 3emnerpsicennit ¢ M>=
6.9. B cpemHeM MOBTOPSIEMOCTh 3E€MIICTPSICCHII
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TaKOM CHJIBI 32 STOT CTOJIETHUH MEPHO COCTaBUIa
okou1o 7 neT. Ho B pealIbHOCTH MUHUMAJIbHOE BPEMSI
MEXIy JBYMsS CHJIBHBIMH  3E€MJIETPSICEHUAMHU
moxommio Ao 2-x jer (bomoomckoe 1885 1.,
Bepuaunckoe 1887 r., Uenukckoe 1889 r.) m Obun
ClIy4ail JBYX CHJIBHBIX 3E€MJIETPSCEHHM B OJHOM
1911 rony (Kemmuckoe m Capesckoe). B pabote
[89] ormeuaeTcs, uro ¢ 1885 mo 1911 rr mpou3omnmio
8 CHJIBHBIX 3€MIIETPACEHUH, YeThIpe M3 KOTOPBIX
OBUIM B CEBEPHBIX M €Ie YEThIpe B HOXKHBIX
npearopbsx TsHb-Ilans. ABTOpBI paccMaTpUBaIOT
3TOT HepuoJI B 26 JIeT KaK B3PHIBHYIO aKTHBU3ALINIO
CUJIbHBIX 3emMiieTpsiceHuil Ha Tsup-Lllane, ormeuas
B3aMMOCBSI3b 3eMJIETPSCEHUH F0)KHOTO M CEBEPHOTO
npearopuid. Ilockonbky mocneHsst aKTHBHU3ALUA

CHJIBHBIX 3eMJICTPSACCHUIA Havanach c
Bemosoackoro (1885 r1.) ¢ M=6.9, Omu3koil K
YumHckoMy 3eMIICTPSICEHHIO, MOKHO

MPENOJIOKUTH, YTO Y HAC €CTh MUHUMYM 1-2 rozna
IO  CIEAYIOIIEro  CHJIBHOTO  3€MIIETPACEHHMS,
anajornaaoro Bepauackomy (1887 r.) ¢ M=7.3.

T.e. B 3TOM peruoHe ¢  aKTUBHBIM
CEIICMUUYECKUM  PEXHUMOM ecTb BBICOKas
BEPOSITHOCTh BO3HUKHOBEHHS CHJIBHBIX

3eMIIeTpsiCeHUH ¢ MarHuTygamu Oomnee 7.0. B
ctpaHax CHI', pacnojoXXeHHBIX Ha TEPPUTOPUHU
Tsaup-1llanda 3a nocnegnue 30-35 ner yBenuuuiach
YUCJIEHHOCTh HACENEHMSI M, YTO CaMO€ Ba)HOE,
pPE3KO BO3POCIM TEMIIBI CTPOUTENIECTBA JIOMOB
BBICOKOH 3TaXXHOCTU. TakuM oOpazom, xapakTep
TPKIAHCKOH W TTPOMBINIICHHOW HHAPACTPYKTYPHI
HE COITOCTaBHM C TOM, UTO OBIIa 371eCh B KOHIlE 19 1
Hayane 20 BEKOB, KOT/Aa NMPOUCXOAWIU CHJIBHBIE
3emuerpsicenus ¢ M > 7.0. Beraer Bompoc, ects u
BO3MOJKHOCTb, HAy4YHBIH Oa3Wc IS CO3TaHUA
CHCTEMY MIPERYTIPEKACHUS ceilicMuYecKou
OMacHOCTH B  pEeXUMax  JOJTOCPOYHOIO U
CpPEIHECPOYHOI0 IPOrHO3a.

Ha 3T0oT BOompoc MOKHO JaTh YTBEPANUTEIbHBIN
otBeT. B Y30ekucrane, Kazaxcrane, Keipreizcrane
y’K€ JaBHO pa3BepHYTHI U XOPOIIO paboOTaroT
pervoHajbHble  celicMuueckue cetu. Mmerorcs
CWIbHbIE  HAay4Hble TpYINIBl IO  IPOTHO3Y
3eMJIETPSCEHHM, Oa3UPYIOIINECcs Ha CEHCMUYECKUX
JTAHHBIX W Ha JaHHBIX Te0(H3UYECKUX TTOJUTOHOB.
Tax, B Y30ekncrane umeeTcs pernoHajbHas CETh U3
opsIKa 50 COBPEMEHHBIX IUQPOBBIX
ceficMuueckux crannui (pucyHok 7). C xonma 70-x
TOJIOB  TPOLUIOTO BeKa IS  TEPPUTOPHH
Y36ekucrana Ha perynspHoi OCHOBE
ONPENEIAIOTCS MEXaHU3MbI OUaroB 3eMIIETPSICEHUS
¢ Maraurymor ©Oomee 3.0 B Hacturyte
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ceficmostornn uM. I'.A. MaBisHOBa IJI0JOTBOPHO
pabortaer  ceiicmonormueckas — rpymma 1.V,
Aptuxosa (P.C. UGparumos, T.JI. NO6parumoBa u

Ip.), KOTopasi PeryjsipHO JaeT OLEHKY — MpPOTHO3
CeMCMUYECKOW OMacCHOCTH B JOJTOCPOYHOM U
CPEHECPOYHOM PEKHUMAX.

\ i =
YCAOBHBE OBOITHAMENWA

MACHITAE 1 : 3 500 000

Pucynok 7 — PacrionoskeHue ceTi ceiCMUUECKHX CTaHIMK B Y30ekckoi PecryOnmke
(xapra npenocrasieHa Moparumossm P.C — MaCcTHTYT celicmonoruy, r. Tamkent, YP).

B Kazaxcrane cymecTByeT pernoHajabHas CeTh
ceficmmdeckux crauuiit COM3 MOH PK (pucyHok
8) B mpemenax amMaTHHCKOTO CEHCMHYECKOTO
nonuroHa (cesepHele npenropbs Tanp-llans). C
KoHIIa 60-X TroJ0B NPOILIJIOro BeKa g HEro
OTIPE/IETISIFOTCS] MEXaHU3MBI 04aroB 3eMJIETPSICeHUN
JHEpPreTHYeCKUM KilaccoM 7 um Oonee (M>2.4). B
HHctuTyTe ceificMOnorun HMMEroTCs J1abopaTopun
KomriekcHOTO TIpoTHO3a 3eMileTpsiceHuH  (pyK.
A.B.Bumsies, r1HC  O.M.Benocmoanes, THC
A.I'.®pemn) u PernoHanbHOM CEHCMUYHOCTH (PYK.
A.T.JlanabaeBa, THC ['.5l. XauuksH 1 ap.), KOTOpHIS
3aHMMAIOTCS  WCCIIEZIOBAHMEM  CEMCMHUYECKOIro
pexxuma juisa Tepputopun Kasaxcrana u mporaozom
3eMIIETPSICEHUH.

B  KbIpreisctane uMmeeTcss  pernoHalbHAsI
ceficmudeckas cetb (OMCD) u JOKanmpHAas CETh
Kuer Hayunoit crannuu PAH. B HWuactutyre

ceticmonormn  HAH KP mmrensHBle TOIBI
dbopmupyeTcss  Karajor MEXaHW3MOB  OYaroB
3eMIIETPSICEHUH, KOTOPBIN HaYWHAETCs C

Uatkansckoro 3emierpscenus 1946 roma. Ero
cozmaBasm T.A.Jlomarmna, H.X.barmanoBa, 3.A.
KamemetsBa, A.M. Mypanues. C 1960 romga katamor
MpeJIcTaBUTENeH 1o 3emierpsiceHusMm ¢ K=11, a ¢
1973 —c K=10, ¢ 1980 c K=9. B nacrosuiee Bpemst
sTMH pabotamu pykooami A.M. Mypanues. Ha
HayyHoW crtaHiun PAH c¢ 1994 roma na 0Oaze
ceficmuueckoil cerm KHer coszman  karanor
MEXaHH3MOB 04aroB 3eMJICTPSICEHUH,
HacuuThiBaromui 6ome 1600 cobpITHil B Tnana3oHe
3HepreTH4YecKoro kjaacca ot 6 mo 13.7.

C npyroit croponsl, B Ud3 PAH (Poccus, T.
MockBa) HaKoIUIeH OOJIBIION OMBIT yAAYHOTO HU
HEYJJaYHOTO MPOTHO3a 3eMJIETPSICEHUI Ha OCHOBE
OJTHUX CEHCMUYECKUX JaHHBIX WU JaHHBIX Pa3HOTO
THUIIA IPEIBECTHUKOB. DTO MMO3BOJISET O0see TPE3BO
MOHMMAaTh €ro OTPaHMYEHHOCTb, a  TaKXKe
HEOOXOIUMOCTh KOMIUIEKCHOTO PELICHUS 3TOH
npobOiemsl. Kak Beime yxe ropopuioch B D3
PAH B maGopaTtopun TeKTOHO(GU3NKH pa3pabOTaHbI
METOJIbl OIpENEIeHNs] KOPOBBIX HANpPSKEHUH U3
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CEeCMOJIOTHYECKUX U T€0IOTUUECKUX HHIUKATOPOB
paspeiBHBIX gedopmanuii. Co3gaHbl anrOPUTMBI
pacyeTra KpUTHUYECKHX (KYJIOHOBBIX) HalpsDKCHUN

50" ss° 60° 65

Ha pasjioMax, 4TO IHO3BOJIACT BBIACIIATHL OIIACHBIC
Y4aCTKu pPAa3jioOMOB Kad€CTB€ BO3MOXHBIX 30H
TE€HEpaluu CUJIbHBIX SCMHCTpHCCHHﬁ.

70° 75 80° 85

PucyHnok 8 — PacriosnioxxeHue cetr ceificMuueckux craniuii Pecy6mmkax Kasaxcran u Keipreizcran
(xapTa npenocrasineHa BunsessiM A.B. — MHCTHTYT celicMonoruw, r. Anmarta, Pecrry6nnka Kazaxcran);
1 — ceficMu4ecKkue TPyIIBL; 2 — TPEXKOMITOHEHTHBIE ceficmuieckue ctaniuu UI'H;

3- cericmuueckue cranimn COMD MOH PK; 4 — ceficmuueckue craniuu Knet
(HC PAH B r. Bumkeke) 1 OMCD Pecry6nuku Keipreizcran

Co MHOTMMH TpymmamMH CelcMOJIOoroB Y30e-
kuctana, Kazaxcrana u Keipreizcrana naboparopust
tekroHo(puzukun D3 PAH (Poccust) Bemer cos-
MECTHBIE UCCIICOBAHUS 110 U3YUEHUIO IPUPOTHOTO
HaNpsDKEHHOTO COCTOSIHUSL TI0 CEHCMOJIOTHYECKUM
WHAWKATOpaM pa3pbIBHBIX nedopmarmii. Taxoke
Hama jaboparopust yxke Oomee 15 mer corpyn-
Huuaetr ¢ KirodeBoit nmaGoparopuedt AJIMUHUCT-
paunu 1o 3emierpsceHusiM  ['eosoruueckoro
nactutyra B T. llekmne Kwuraiickoit Hapomnoit
PecnyOnuku. Bee 3T0 MOXKeT paccMaTpUBAaThCS Kak
XOpomui 0a3uc Ui NPOBEIACHUS COBMECTHBIX
paldoT IO M3YUYCHUIO ONACHBIX yYaCTKOB Pa3jIoOMOB
Jutst Tepputopuu Beero Tsub-1ans.

B pamkax pemieHus Takoil 3amadd 0000mIIIM
CeTOJHSIIHEE  COCTOSIHME TEKTOHO(PH3MUECKHX
HCCIIEI0BAaHUN CEHCMUYECKUX ONTAaCHOCTEM:

1. Pa3paboTaHbl aJIrOpUTMBI pacuera He
TOJIBKO OPHEHTALMH TIJIaBHBIX ocel U (opMbl
JUIUIICOUIA HAIIPSKEHUI, HO ¥ HOPMHPOBAHHbBIX Ha
NPOYHOCTh CHEIUICHUS BEIUYMH IIAapoBOH U
JIEBUATOPHON KOMIIOHEHT TEH30pa HaNpsKEHUIN IS
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TEOJIOTMYECKUX U CEHCMOJIOTHYECKUX HHIUKATOPOB
pa3pbiBHBIX Aedopmanuii [48-50].

2. Coszmanb MIPOTPaMMBI
ABTOMATU3UPOBAHHOTO pacyeTa HAMPSKCHUN I10
JAHHBIM  KarajoroB  MEXaHW3MOB  OYaroB
3emnetpsicenuit (STRESSsesim) u mo maHHBIM 0
3epkanax ckonbxeHus (STRESSgeol).

3. DBBINOJIHEHB  pPErHOHANBHBIE  PEKOHCT-
PYKIIMH COBPEMEHHOTO HAIPSDKEHHOTO COCTOSHHS
JUis OOJIBIIICH YacTH CEeHCMOOMIACHBIX PErHMOHOB
Mupa [48] u ocymiecTBICHA PEKOHCTPYKIIUS
rio6anpHOTO ToJist HanpsykeHui [90].

4. Pa3paboTaHbl aNrOpuTMbl U HPOTrPAMMBI
TEKTOHO(M3UYECKOTO pPAalOHHPOBAHUS OIMACHBIX

y4acTKOB aKTHBHBIX pa3joMOB 10 YPOBHIO
KYJIOHOBBIX HaIpSDKEHUH.
5. Coszmanpl  TepBBIE, TpeABApUTENbHBIE,

KapThl OMACHBIX YYacTKOB Pa3lOMOB IO JaHHBIM O
BEIMYMHAX KYJOHOBBIX HANpsHKEHUN Ui ceBepa
Hentpansaoro Tsup-llans [91], Anras, baiikana
[92], Boctouno-Anaromuu [74], 3amagHOrO
Coruyans (Kuraif) [29]
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6. PazpaboTansl alrOpuTMBI pacueTa MOII-
HOCTH JUCCHUIAMKM  MEXaHWYECKOH  SHepruu
yOpyrux aedopManuii ¥ SHTPONUU W3 NAHHBIX O
HaIpPsDKEHASX u MEXaHHU3MOB 0YaroB
3EMJIETPSICEHUM.

7. Ha cepepe U®3 PAH co3gan uHTepHET-
pecypc «TekToHMUeckue HampsikeHus EBpazumn»,
MO3BOJIAIONINI MPOBOAUTH aHANIM3 JaHHBIX O
HaNpsDKEHUSIX M OMAaCHBIX pa3ioMax.

[IpenmaraeTcss COBMECTHBIA IUIaH paboOT TI0
CO3/IaHUIO CHCTEMBI JOJTOCPOYHOTO IMPOTrHO3a
3eMJIETPACEHHIA, B KOTOPOM SIIPOM OyIyT SBISTHCS
TEKTOHO(U3NYECKNEe METONbl pacuera paspabo-
tanHble B UD3 PAH u HakoruieHHBIE 32 Oosiee dyem
3a 50 jer karaloru 3eMIETPSACEHUH M KaTaloru
MEXaHH3MOB OYaroB 3eMIICTPSICEHHH, a TaKxKe
KOMIUIEKC TeOJIOTHYECKUX, CEHCMOJOTHYECKUX H
reo()M3UYeCKuX METO/OB HCCIIEJOBAHUS CEHCMHU-
YECKHUX OMAacHOCTEH. DTOT IUIaH MpelycMaTpUBaeT
clenyoomme padoThl B HYacTH JIOJTOCPOYHOTO
MIPOTHO3a 3€MJIETPSICEHUI:

1. Axtyamuzanus €IUHOT0 KaTajora
3eMIIETPSCEHUI W Karajora MeXaHW3MOB O4YaroB
3emieTrpsicennit Tsaup-1ans.

2. TexToHOU3NIECKAST PEKOHCTPYKIIUS
BEPXHEKOPOBBIX HampspkeHud (rryouHbl 0-15 k)
115t Beewt Tepputopuu Tsaub-11lans.

3. TexToHOdHU3MIECKOE paiioHupoBaHue
OMACHBIX  YYacTKOB  pasjOMOB IO  YPOBHIO
KYJIOHOBBIX HANpsSKEHUH HAa OCHOBE MJAaHHBIX C
caifta «AxtuBHBIe paznombl CeBepHoit EBpazum»
(CH PAH).

4. IlpoBenenwe crieUaNIbHBIX Fe0()U3MUECKUX
H TEKTOHOOM3WYECKHX TOJEBBIX padoT s
BBIJIETICHHBIX OMACHBIX YYaCTKOB Pa3JIOMOB C IIEJBI0
YTOYHEHHS UX TTOJIOKEHHS, TeOMOP(OIOTHIECKUX U
reOMEXaHNYECKHIX JTaHHBIX.

5. TlpoBenenue CEHCMOTEKTOHUYECKUX
WCCIIENOBAHUM B OJMKHEN 30HE BBIAEIEHHBIX
OTIACHBIX YYaCTKOB Pa3IOMOB C LENbIO BBISBICHUS
rajgeo u HUCTOPUYECKUX  3eMIIETPSCEHUH.
YcTaHoBieHue MTOBTOPSIEMOCTH CHJTBHBIX
3eMJIETPACEHHI ATUX YYaCTKOB M BOJU3U HHUX.

6. Co3maHne TEXHOJIOTMH MOHHTOPHWHTA Hall-
PSOKEHHOTO COCTOSHHSI ¥ ONACHBIX yYacTKOB
pa3igoMOB,  BBIIEISIEMBIX IO  pe3yibTaTam
PETYJSIpHO  TOBTOPSEMBIX B  aBTOMAaTHYECKOM
peXnMe peKOHCTPYKIIMH HAPSKEHHOTO COCTOSHIIS
(1-2 paza B ron).

7. T'eomexaHWueckne pacueTsl M3MEHEHUS
HaNpsOKEHUH Ha OMACHBIX YYacTKaX pazlIOMOB U UX

MPOJODKEHUSX B CiIydae pealu3alud CencMo-
TEHHOT'O Pa3pbiBa B 30HaX ¢ HAMOOJIBLINM YPOBHEM
KYJIOHOBBIX HaNPsOKEHUH,

8. Pa3MemieHne Bcex IONyYaeMBIX pe3yIlb-
TaTOB Ha MHTEpHeT-pecypce «TekToHHUYecKue
HanpspkeHust EBpasum» u ap. MHTEpHET-pecypcax
Nd3 PAH.

Pesynmbrarel  wWcciiemoBaHMd B paMKax
JIOJTOCPOYHOTO MPOTHO3a CHIIBHBIX 3eMJIETPSCEHHH
Tsaup-1llana, TMMO3BONAT HE TONBKO BBIIBHUTH
Hamboyiee OMAacHbIE YYAaCTKH paszjiOMOB, HO H
OLICHUTh MAaTHUTYAHBIH YpPOBEHb  OKUAAEMOTO
CEHCMUYECKOTO COOBITHS.

B pamkax cpeqHecpodHOTo MPOTrHO3a CHIIBHBIX
3eMIICTPSACEHHUI  TPEIIOoNaraeTcsi  BBIOJIHHTH
CIeayIoINe UCCIEA0BaHUS:

1. TIporros Mecta ¥ CHIIBI 3eMIIETPSCEHUS Ha
ocHoBe cericMonoruaeckux meroaos: RTL [17, 93],
ceficMuueckux mryMmoB [94], M7.5 u MSc [10] u ap.

2. PerynspHplii  MOHUTOPUHT  COCTOSIHHS
OTMACHBIX YYacTKOB pa3jioMOB [0 JaHHBIM
cnytHukoBoil InSAR mHTEpdepomerpun (o mepe
MOSIBJICHUS] HOBBIX CHUMKOB OIACHBIX pailOHOB).

3. OOcnemoBaHUE OMACHBIX YYAaCTKOB pPasiio-
MOB  METOJAaMH CIyTHHKOBOH  Teofe3un ¢
pasMmenieHHeM  BpeMeHHBIX myHKToB [HCC
HaAOJIFOICHUN

4. Tllepmommueckme (1-2 paza B
oOcieoBaHUS ~ OMAacHBIX  YYacTKOB  Pa3OMOB
METOAaMH  CEHCMOTEKTOHHKH C  BBIABICHHEM
CJIEJIOB aKTHBH3AINY ABIKEHUH Ha pas3iioMe.

5. Pa3paboTka METOJIUKH OIECHKH OJM30CTH
COCTOSIHUS KOPBI ¥ OTIACHBIX YYaCTKOB Pa3OMOB K
MpeJIeIbHOMY 110 JaHHBIM aHaiu3a Mopdororuu
(ha30BOTO MIPOCTPAHCTBA, [TOyIaEMOTO U3 JaHHBIX
0 MOIIHOCTH JYCCUTIAIIMU MEXaHWYEeCKOW YHEPTUU
" MOIIHOCTH SHTPOIIHH. Bremonnenne
palilOHUPOBAHUS KOPBI.

6. HccrnenoBaHne OMAcHBIX YYacTKOB pas-
JIOMOB Tre0()U3NYECKUMH MeToJaMu (dJIEKTpoMar-
HUTHBIE METO/IbI, METOJIbI aHAJIN3a MUKPOCEHCM).

7. T'eomexaHWyecKkHe pacyeTbl HW3MEHEHHUS
HaNpsDKEHHOTO COCTOSIHHMSL M KYJIOHOBBIX —Hall-
PSOKEHHH Ha pa3jiioMax MpH Pa3InYHBIX BapHaHTax
aKTUBU3ALMK PA3NAYHBIX YYacTKOB pa3jOMOB B
30HE, BBIJICJICHHON B KA4€CTBE OIMACHOM.

[IpencraBnenHsle  34ech  MYyHKTH  IUIaHa
HCCIeNoBaHuN 00cyxkmanuchk Ha YdueHoM CoBete
N®3 PAH (28.02.2024) m Obutn mopanep:KaHbI
yiieHaMu coBeTa. [lo Mepe pa3BuTHs pabOT 1O
JIOJITOCPOYHOMY W CPEIHECPOYHOMY MPOTHO3Y

roxm)
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MOXXHO OynmeT mepedtm K 0OCYXICHHUIO METOI0B
KpaTKOCPOYHOT'0 MPOTHO3A.

B HacTosimiee Bpems PEACTABICHHBIE B CTAThE
MIPEITIOKECHUS )K€ HAUMHAIOT BBITIOTHITHCS 3 CUET
WHUIMATUBHEIX (0e3 crmenuansHOro (pUHAHCH-
pOBaHHs) COBMECTHBIX HCCICIOBAHHA MEXKIy
corpynaukamMu  MM®3 PAH w corpymHHKamMu
CEHCMOJIOTHUECKUX WHCTUTYTOB Y30eKucTaHa u
Kazaxcrana. OO6cyxnaeTcs BO3MOXHOCTb
oObenMHEHUST 3TUX paboT ¢ HCCIeNOBaHUSIMH
Wucturyra ceiicmonoruu  Keipreiscrana. OdeHb
BaKHBIM JIJIS YCHEIIHOTO Pa3BUTHS paboT OymayT
pe3yibTaThl BBINOJHEHUS MEPBBIX TPEX IYHKTOB
MIPEACTABICHHOIO BBIIIE IUIAHA HCCIEAOBAHUNA I10
JIOJITOCPOYHOMY MPOTHO3Y, KOTOPKIC JIOJIKHBI OBITh
MPOTECTUPOBAHBI  TOJICBBIMH  TEKTOHO(U3HYEC-
KHMH, CEICMOTEKTOHUYECKUMHU U Te0(PU3NISCKUMU
paboramu (4 ¥ 5 MyHKTEHI).

BriBoabI

Paccmotpena npobnema AKTUBHU3AIIAN
CEHCMUYECKOTO pexuma Tsaub-1Tans U
BO3MOXXHOCTH BO3HUKHOBEHHMS B Orpkaiimime

HECKOJIBKO JIET CHJIBHBIX 3€MIICTPSICEHUH B €ro
F0’KHBIX M CEBEPHBIX MPEATOPhSIX.

Jan kpatkuii 0030p COBPEMEHHOI'O COCTOSHHS
BOIPOCA IO MPOTHO3Y CHJIBHBIX 3EMIIETPSCEHHIA.
OTtmeueHo, OTIpeIeTICHHOE HECOOTBETCTBHE
0a30BBIX MPEICTABICHUN CYHIECTBYIOMINX MOJEIEH
odara 3eMIIETPSACEHUN u HUMEIOIINXCS
TreOMEXaHNYECKHX JTAHHBIX O XPYTKOM pa3pyLIeHUN
TOPHBIX MTOPOI.

IIpencraBneHsl nocnenHUE JOCTUKEHUS TEKTO-
HOQU3WKH B OO0NACTH W3yYCHHUS COBPEMEHHOTO
HaIpsHKEHHOTO COCTOSIHUSL HETOCPEACTBEHHO B
MaccHuBax TopHbIX nmopon. Iloka3aHa BO3MOKHOCTB
[0 pe3yibTaTaM TEKTOHO(MU3NYECKOW PEKOHCT-
PYKIMHM TPUPOJHBIX HANPSHKEHUH BBIOIHUTH
palloHupoBaHHE AKTUBHBIX Pa3lIoOMOB IO YPOBHIO
KyJIOHOBBIX  HANpsDKEHUH,  OTBEYAIOIIMX 32
peanmn3anuio Xpynkoro paspymeHus. Jlan aHamms
pe3yIbTaTOB pallOHMPOBAHUS AKTUBHBIX Pa3JIOMOB,

BBITIOJTHEHHBIHN B 04arax CUJIbHOro BeHb4yaHbCKOIro
semierpsacenus (M=8.0, 2008 r) u Kapamy-
mupckoro 3emiuerpsicenus (M=7.8, 2023 r.).

BeinmonHeH  aHanmM3 ~ BO3MOXHOCTEH — OCy-
LIECTBUTh  JIOJATOCPOYHBIA M KPaATKOCPOYHBIN
MPOTHO3a HAa OCHOBE KOMIUIEKCAa CEMCMHUYECKUX,
CEHCMOTEKTOHNYECKUX U Te0(U3NIECKIX METO/IOB,
OTNHMPAIOIINX HA PE3YJIbTAaThl TEKTOHOPUINIECKOTO
pailOHMPOBAHUS AKTUBHBIX Pa3JIOMOB.

Co3aH CHCTEMHBIM IJIaH [JOJITOCPOYHOIO H
CPEHECPOUYHOr0 TIPOTHO3a CHIIBHBIX 3€MJIETpS-
cennil Tsup-11laHs Ha OCHOBE KOMILIEKCAa METOAOB:
TEKTOHO(M3UYECKUI  METOJ]  PaliOHHUPOBAHHS
ONAacHBIX Y4YacTKOB pa3jIOMOB IO JAHHBIM O
KYJIOHOBBIX HANpsHKEHUH; CEUCMUYECKUE METO]IbI
CTaTUCTHUYECKOIO MPOrHO3a 3EMJICTPSACEHUM IS
YYacCTKOB pa3jOMOB, BBIJICICHHBIX B KauyecTBE
ONACHBIX; CEHCMOTEKTOHUYECKHE METOJbl U
METOABl  CIIyTHUKOBOW  Teoje3uud  (BKIIOYAst
pamapHyto  UHTEpHEpPOMETPUI0 Ha  OOJBIIHX
BpEMEHHBIX  HWHTEpBAJIaX) [0  OOHAPYKCHUIO
MPU3HAKOB MOBEPXHOCTHBIX IPOSIBIEHUNA CTaAUU
MOATOTOBKHU 3E€MJICTPSICEHUSI B OMACHBIX Y4YacCTKax
pa3ioMoB; reou3MUEecKre METOIbl HaXOXKICHHS
MIPEJIBECTHUKOBBIX MIPU3HAKOB MMOATOTOBKHU
3eMIICTPSICEHUS] 1O JaHHBIM D3JIEKTPOMArHUTHBIX
AHOMAaJIUH, aHOMAJIMH 1aBJICHUS BOAbI B CKBAKUHAX
U U3MEHEHHH XHMHYECKOTO0 COCTaBa BOJBI;
F€OMEXaHUYECKHE METOJAbl pacyeTa HanpsKeHU
JUTSt pazIuYHON MOCJIEA0BATEIBHOCTH
celicMMYecKOM  aKTHUBM3allUM  Ha  ydacTKax
pa3IoOMOB, BBIJIEJIEHHBIX KaK OMacHBIE.

Ilpennaraerca Bech peruoH  Tsanb-1llans
paccMaTpuBaTh KaK MIOJINTOH oTpaboTKH
TEXHOJIOTHUH JIOJTOCPOYHOIO0 U CPEAHECPOYHOIO
nporHo3a. MMesd B BuAy HpeablAyIIUd 3Tan
aKTHBHU3aLUU CUJIBHBIX 3eMIIETPSICEHUI
JUTUTENILHOCTBIO okosio 100 mer, mpeasiaraeMblie
paboThI IO IPOTHO3Y OMACHBIX YYACTKOB PAa3IOMOB
JTOJKHBI BBITIOJTHATHCS B IOJATOBPEMEHHOM PEKUME,
(dakTudecku OCYILECTBIISIS MOHHUTOPHUHTA
COCTOSIHUS KOPBI M aKTHBHBIX Pa3IOMOB TSHB-
[Tans.
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AATOPUTM U TIPOTPAMMA KOPPEKTMPOBKH
BEKTOPHbIX MATHUTHbIX U3MEPEHUU
B 3AAAYE MATHUTHOTO INMO3NUHNOHNPOBAHUSA

Cratbsi nocesiLeHa pas3paboTke aAropuTMa KOPPEKTUPOBKM BEKTOPHbIX MArHWUTHbIX U3MEPEHWH,
NMPOBEAEHHbIX MAarHUTOMETPOM BPYUYHYIO MAM C MOMOLLbIO GECTIMAOTHBIX AETATEAbHbIX annapaTos. ITOT
AATOPUTM 1 ero NporpammHasi peaamsaums HeEO6X0AMMA B 33Aa4€e HaBUraLmu No MarHUTHbIM AQHHbIM.
MAEs MarHMTHOrO NMO3MLMOHMPOBAHUS COCTOUT B NMOCTPOEHWUM KapTbl MAarHUTHOIO MOASI B BbIGPAHHOM
pernoHe no AaHHbIM M3MEPEHMIA, A AASl 3TOFO BCE M3MEPEHMUSI AOAXHbI ObiTh CKOPPEKTUPOBaHbI C
YUETOM MOAEAbHbIX AaHHbIX. OWMOKM M3MEPEHMIA BO3HMKAIOT M3-3a PA3HOIO POAQ NMOMEX, CBSI3aHHbIX C
HenpaBMAbHOI OPUEHTALMEN OCel MarHUTOMeTpa. B kauecTse aTaroHa 6epeTcss MOAEAbHOE MarHUTHOE
noAe 3eMAM, paccumMTaHHOE Mo M3BEeCTHbIM MoaeAdM IGRF nan WMM. AAropmMtM oCHoBaH Ha rnowvcke
YIFAOB OpMEHTALMW B MATpuLE repexoAa, 06ecneumBaioen MUHUMM3AUMIO PACXOXKAEHUIA MEXAY
M3MEPEHHBIMM U MOAEABHBIMU MOAIMU. AAS MUHMMM3aUMKM (DYHKLMOHAAQ B MPOrpaMme MCMOAb30BaH
MeToA, KoHdMrypauui. Nporpamma no3BOASET HaTU YrAbl OpPUEHTaLMK (KPEeH, TaHrax, pbiCKaHue),
obecrneurBaioliMe MUHUMYM (PyHKUMOHAAQ. [1pyn 3TOM 3aA0>KeHa BO3MOXKHOCTb BbiGOpa BapuaHTOB
NepeMHOXKEeHNS MaTpuL, MOCKOAbKY WX MPOU3BEAEHME He SBASETCS KOMMYTATMBHbIM. AAFOPUTM U
nporpamma OyAyT MOAE3Hbl UCCAEAOBATEASIM, CBSI3aHHBIM C MArHUTHbIMU MOAEBbIMU M3MEPEHMSIMMU
M UX NPAKTUYECKOMY MCMOAb30BaHMIO. Tak)Ke 3TU MHCTPYMEHTbI SIBASIIOTCS 06513aTEAbHbIMU B 3aaa4e
MarHMTHOro MO3ULMOHMPOBaHMS.

KAloueBble cAOBa: OpyeHTaumsl M HaBuraums AeTaTeAbHbIX annapaToB, MarHUTHOE MoAe 3eMAM,
MarHMTHOE NO3ULMOHMPOBaHKE, NpeobpasoBaHue CUCTEM KOOPAMHAT, MPorpamma.

A.S. Inchin® , Yu.R. Shpadi'?, A.Yu. Lozbin', B.K. Alieva
M.Yu. Shpadi', G.M. Ayazbayev', R.Zh. Bykaev', G.Yu. Uschipovskaya'
'Institute of Space Techniques and Technologies, Almaty, Kazakhstan

2Institute of mathematics and mathematical simulation, Almaty, Kazakhstan
*e-mail: inchinas@mail.ru

Algorithm and software for vector magnetic measurements correcting
in magnetic positioning problem

The article is devoted to the development of an algorithm for correcting of vector magnetic data
measured by a magnetometer manually or using unmanned aerial vehicles. This algorithm and its soft-
ware realization is necessary in the problem of navigating by magnetic data. The idea of magnetic posi-
tioning is to create a map of the magnetic field in the selected region from the measurement data, and
for this all measurements must be corrected taking into account the model data. Measurement errors
occur due to various kinds of interference associated with the incorrect orientation of the magnetometer
axes. The model magnetic field of the Earth, calculated from known models IGRF or WMM, is taken
as a reference. The algorithm is based on the search for orientation angles in the transfer matrix, which
ensures minimization of difference between measured and model fields. To minimize functionality, the
Software uses the configuration method. The software can find orientation angles (roll, pitch, yaw) that
provide a minimum of functionality. At the same time, the possibility of choosing options for multiplying
matrices is inherent, since their product is not commutative. The algorithm and software will be useful
to researchers related to magnetic field measurements and their practical using. Also, these tools are
mandatory in the magnetic positioning task.

Key words: orientation and navigation of aircraft, Earth magnetic field, magnetic positioning, trans-
formation of coordinate systems, program.
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MarHMTTIK NO3MLUSIAAHABIPY eCefiHAE BEKTOPAbBIK,
MarHUTTIK BALLEYAEPAI TY3eTy aATOPUTMi MeH 6aFAapAamachl

Makara KOAMeH aTKapblAaTblH Hemece VLIKbIWCbI3 YUy —annapatTapbiHblH — KeMeriMeH
MarHMTOMETPMEH >KYPri3iAreH BEKTOPAbIK, MarHUTTIK OALIEeMAEPAI TY3eTy aArOpuMTMIH o3ipAeyre
apHaAFaH. ByA aAropuTM eHe OHbIH 6aFAapAaMaAblk, >KacakTamachl MarHUTTIK AepekTep GoMblHLLA
HaBurauums ecentepiHAe KaXkeT. MarHuUTTiK MO3MUMIAQHABIPY (OPHbIH aHbIKTAy) MAESCHl OALLEM
AepekTepi 60MbIHLLIA TAHAAAFaH aliMaKTa MarHUTTIK ©PiC KapTachiH KYPYAaH TYPaAbl, aA OA YiLiH GapAbIK,
OALLEMAED MOAEABAIK AEPEKTEPAI ecernke aAyMeH TY3eTiAyi Tuic. ©Alley KaTeAepi MarHUTOMETp
OCbTepiHiH AYpPbIC GaFbITTaAMayblHa 6aNAAHbICTbI BPTYPAI KEAEPTIAEPAEH TybIHAAMADBI. DTAAOH PeTiHAE
IGRF Hemece WMM 6eariai yariaepi 6orbiHLIa ecenTeAreH )KepAiH MOABAbAIK MarHUTTIK ©PicCi aAbIHAAbI.
AATOPUTM OALLEHTEH XXOHEe MOAEAbAIK epicTep apacblHAAFbl AALLAKTbIKTApAbl GapblHLIA a3alTyAbl
KamTamachbI3 eTeTiH 6Ty MaTpuuacbiHaa 6aFaapaay OypblliTapbiH i3aeyre HerisaeAreH. baraapaamasa
(PYHKLMOHAAABI a3ailTy YLiH KOH(pUIrypaums sAiCi narnaasaHbiAAbL. baraapaamMa pyHKLIMOHAAADBIH eH,
TOMEHT| MOALLEPIH (MUHMMYMbIH) KaMTaMachi3 eTeTiH 6araapAay OypbIlUTAPbIH (KMCAlO, TaHrax, >KOPTY)
Tabyra MyYMKIHAIK 6epeai. ByA xxaraaiiaa MaTpuuasapAbl KOOEMTYAIH HYCKAAapbIH TaHAQY MYMKIHAIT
6ap, 6NTKEHI OAAPAbIH, KOOEMTIHAICI KOMMYTATUBTI GOAbIN TabblIAMaMAbl. AATOPUTM MeH GaFaapAama
MarHuTTIK epiCcTi eAlleyre >koHe OAapAbl MPAKTUKAAbIK, KOAAAHyFa OalAaHbICTbl 3epTTeyllirepre
nanaanbl 6oaasbl. CoHbIMeH Kartap, OYA KypaAAap MarHMTTIK MO3UUMsSIAQY MBCEAECIHAE MIHAETTI
6GOAbIN TabbIAAADI.

Tyiin ce3aep: ywy annapaTtapbiH OarAapAay >KeHe HaBuraumsiaay, KepAiH MarHUTTIK epici,

MarHUTTIK MO3MLMSAAHABIPY, KOOPAMHATTAP XKYMeCiH e3repTy, 6araapAama.

BBeaenune

B orcyrcTBHE HaBHTAIlMOHHBIX TPUEMHUKOB
[IOOANBHBIX ~ HABUTAIMOHHBIX  CITyTHHKOBBIX
cucreM ('HCC) (GPS/TJIOHACC w np.) wim npu
c60sX B paboTe TakoTro 000pyAOBaHUS HEOOXOTUMO
OTPE/ICTUTh MECTOIIOJIOKEHHUE O0BEKTa ajabTepHa-
TUBHBIMH CIIOCOOaMHu. 3ajada albTEPHATUBHOTO
[O3ULIMOHUPOBAHUS CTalla aKTyaJlbHOM B CBSI3H C
Pa3BUTHEM CPEICTB PaTUOICKTPOHHOW OOpPHOBI
(POB), Korma 3MeKTPOHHBIME CIIOCO0AMHU BHOCSTCS
nomexu B curHanbl [HCC. OgauM u3 croco6oB
ATHTEPHATHBHOTO MO3UIIMOHUPOBAHIS MOXKET CTaTh
MO3UIIMOHUPOBAHUE MO JIAHHBIM  U3MEpPEHUi
MarautHoro mons 3emim  (MII3). Usmepenwme
MapaMeTpoB MarHUTHOTO OISt 3eMITH B BEIOpaHHOM
perHOHE  OCYIIECTBISICTCS. ~ THUIOBEIMH WA
CICLUANTU3UPOBAHHBIMU  MarHutomeTpamu. Ilpu
9TOM U3MepsieTCs MONIHbIN BekTop MII3 — 3HaueHus
ero kommoHeHT By, By, Bz ero monmymnb mod B.
[IpoBenennsie uccnenoBanus [1-7] mokaszanu, 4To
MarHMTHOE TO3WIIMOHUPOBAHHUE TO3BOJSIET OOecC-
[I€YUTh TOYHOCTH ONPEAETICHUSI MECTOIOIOKEHUS C
TOYHOCTHIO 110 10 M, YTO COM3MEPUMO C TOYHOCTHIO
no3zuuronuposanus ¢ nomoupso 'HCC. [lns toro,
9TOOBl HadaTh pPabOTaTh C TaKOW TEXHOJIOTHEH,
HE00X0AMMO cHaJaJa MTOCTPOUTH KapTy
MAarHUTHOTO MOJISl PETHOHA 110 JaHHBIM U3MEPEHUH.
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3areM, TpoBeAs H3MEpPEHHs II0JiI B TOYKE B
npefenax BBIOPAHHOTO PETHOHA, OCYILIECTBUTh
MOWCK Ha KapTe TOYKW, Hambosee ONM3KON TO
3HAYEHUSIM II0JIS K U3MEpeHHOU. Ee koopauHatTel u
OyAyT UCKOMO TOYKOH MECTOMOI0KEHHUS.

OmgHako B 9OTOM 3agadye €CTh TOHKOCTH,
CBsI3aHHBIE ¢ TexHoyorued usmepenus MII3. Ilpu
BEKTOPHBIX nu3Meperusx MII3 Heobxoaumo cTporo
coOr0aTh OPHUEHTAMI0O MarHuToMerpa. JTo
HECJOXKHO CHeNlaTh TpPHU TINATEIBHBIX PYYHBIX
n3MepeHusax noyd. Ho pyunsle nu3amepenus Becbma
TPYIOEMKH U JUIMTENbHBL. [lo3TOMy B peanbHBIX
3amayax Ha OOJBIMIMX IUIOMIAASX HCIOJB3YIOT
aBTOMaTU3MpOBAaHHBIE CpEACTBA H3MEpPEHUui ¢
MOMOIIIBIO OECITUIIOTHBIX JIETATEJBHBIX allapaToB
(BIJIA). Ho mpum TakuxX aBTOMAaTH3HPOBAHHBIX
n3Mmepenusax Ha Oopty BIIJIA ObiBaeT cioxHO
COXPaHHUTh HYXHYIO OpUEHTAalHI0 OOPTOBOTO
MarHuToMeTpa B CHIYy HaJIH4YUSA Pa3IUYHBIX
BHEIIHUX (PAKTOpPOB, TaKMX KakK HaIpaBICHHE U
cuia BETpa, KOTOpbIe BIIUSIOT Ha
3aIJIAaHUPOBAHHBIN MapupyT MIPOBEECHUS
MarHuTHOH CBHEMKH, Ha OpPHUEHTALIHIO
MarHuTOMe€Tpa M  COOTBETCTBEHHO  BHOCHAT
MOTPEIIHOCTH B MPOBOJUMBIE H3MEpPEHUA. OTO
TpeOyer KOPPEKTUPOBKH MIPOBEICHHBIX
BEKTOPHBIX M3MEPEHHMI M BHECEHHE ITOMPaBOK Ha
OpHEHTAaLHNIO 1aTGOPMBI MarHUTOMETPA.



A.C. lnuuH u 1p.

MeToabI HCCIeA0BAHUSA

[lpy w3MepeHUM MarHUTHOTO TIOJIA 3eMIIH
0OBIYHO HWCHOJB3YIOTCS 2 CHUCTEMBI KOOPAWHAT —
MojenbHas (ISl CIYTHUKOB €€  HAa3bIBAIOT
OpOUTaNBHON) M CBsI3aHHAsl CHCTEMa KOOPIWHAT,
MpuBsi3aHHAasE K KOHKPETHOMY OOOpYIOBaHHIO —
miatdopme, Ha KOTOPOW YCTaHOBJIEHBI
M3MEpHUTEIbHbIE TpuOOpsl (B  HAIEM Ciydae
MarHuTOMET)).

B  MozenpHOM  mpAMOYroJIbHOM — cuUCTEMeE
KOOpPJIHUHAT MOAPa3yMEBAIOTCS UJCabHBIC
W3MEPCHHUS KOMIIOHCHT MArHMTHOTO TOJs, a
WMEHHO — Och X HampaBlieHa Ha CEBEpHBIN
reorpaduyeckuii momoc (He MarHUTHBIN), OCh Z —
HarpaBjeHa B 3€HUT OT IIEHTpa 3eMiu., a oCh Y
JIOTIONIHSAET cuUcTeMy A0 mnpaBod. B cBs3anHOU
CHCTEME KOOPIUHAT KaK MPABIIIO OCh X HalpaBJIeHa
o XOJny JBWXKEeHHS IatrGopmel, och Z —
HamnpaBJieHa BBEPX IO HANPAaBJICHHUIO OT 3eMiH (0T
ee IeHTpa), OCh Y JOMOJHIECT CUCTEMY IO TPABOM.
B upeansHOM ciiyyae U3MEpPEHUN 3TH IBE CUCTEMEBI
coBmnagaioT. Ho B peasibHBIX yCIOBUSAX 3T CUCTEMBI
KOOPJIMHAT MOTYT CYIIECTBEHHO OTJINYATHCS B CHITY
pa3IMYHBIX YCJIOBWH, HallpUMep, HaIlpaBlIeHUE
BETpa, KOHCTPYKIIMOHHBIC WU3ICPKKU — HETOYHAS
YCTaHOBKa  MarHMuTOMeTpa Ha  IuaTdopme,
KoJeOaHmsl JBIDKyIIEHcS IIaTOpMBI 32  CUET
DJIEKTPOJBUTATENICH U TIp. DTH MPUYUHEI, KOHEYHO,

BIMSIOT Ha BEKTOPHBIE M3MEPEHUS — OHH
OKAa3bIBAIOTCS HCKa)KEHHBIMH. Bosznukaer
HEOOXOAUMOCTh  KOPPEKTHPOBKH  BEKTOPHBIX

MarHuTHeIXx wu3MepeHuit. [lpu 3TOM 3TanoHOM
CIY)KUT MOJICTbHOE MAarHUTHOE TMoNie  3eMIIH,
paccunTanHoe, Hanpumep, o moxenu IGRF [§].

Pe3yabTaTthl u 00cy:K1eHUE

OrieHKa OpUEHTAIUN 00BEKTOB 110 MATHUTHOMY
MOJIF0 OCHOBAaHA HA aHAIM3€ PACXOXKICHHMA
MOJICNTBHBIX Bjios 1 U3MEPEHHBIX Bysy KOMIIOHEHT
MII3 [9]. OpueHTammst 0O0BEKTa OIMpPEHCTSETCS
TpeMsl YIiilaMH, KOTOPbIE Ha3bIBAOT KOPaOeIbHBIMU

cosycos ¢
cos ¢ sinf siny + cos 0 cos ¢
sin@ sin¢ — cos ¢ cos 0 siny

A, ¢) =

3aMCTI/IM, 49TO 3aJada HMMECT HCOAHO3HAYHOC
peaieHnue B CUJIYy HE KOMMYTAaTHBHOCTU MATpPHL,

— KPEHOM 0, TAHTAXKEM I/ U PhICKAaHHEM ¢, KOTOPbIS
CBSI3aHBI C KO3 PHUIIMEHTAMHU MaTPUIIBI TEPEX0/Ia OT
M3MEPEHHBIX 3HAUCHUS MOJISI K MOJIepHBIM [ 10].

Bmod = A" Byaw; (1)
rae:
A — wmaTpuma mepexoja OT HM3MEPEHHBIX
KOMIIOHCHT IIO0JI1 K MOACJIbHBIM.
Ilpy  >TOM  HWCHOJB3YIOTCS  CIIECIYIOUTHE
OmpeJieNieHHsT yIJIOB OpHUEHTAallMd — KpeH —
BpaliCcHUC OTHOCUTCIIBHO OCH AXV, TaHrax -—

BpallleHue OTHOCUTEIBHO OCH
BpallleHHE OTHOCUTENIBHO OCH Z.

Jlis  BOCCTaHOBJICHHS HWCTHHHBIX 3HAYCHHM
KOMIIOHEHT BEKTOpa MarHUTHOTO H 3JIEKTPUIECKOTO
MoJisi HEOOXOMWMO HAWTH MAaTpHUIly IOBOPOTOB
A(0,y,p), obecrieynBamIIyl0 MpeoOpa3oBaHUEC
CHUCTEM KOOpIHUHAT.

IToBOpOT OHOM KECTKOM CHCTEMBI KOOPAUHAT
OTHOCUTEIBHO  JPYroil  MpPENCTaBISETCS  Kak
MOCJICIOBATEILHOCT, TPEX IOBOPOTOB OTHOCHU-
TenbHO oceil cucteMbl A(0,y,0)=A1(0)A2(y)A3(p).
[Tpu aToM maTpuma Al (2):

Y, peickanue —

1 0 0
A1(@)=(0 cosH —sind (2)
0 sinf cos@

3aJ]aeT MOBOPOT CUCTEMbI OTHOCUTENHHO ocu OX.
Martpuna A2 (3):

cosy 0 siny
A2(Y) = 0 1 0 3)
—siny 0 cosy

MOBOPAYMBaET CHCTEMY OTHOcuTenbHO ocu OY, u
Matpura A3 (4):

cos¢p —sing 0
A3(¢p) =|sing cos¢p 0 4)
0 0 1

[IOBOPAYMBAET CUCTEMY OTHOCUTEIBHO ocu OZ.
Torpa, urorosas Matpuiia npumer Buf (5):

—cosypsing siny
cos OB cosp —sinfsinysing —sinfcosyp ®)]
sinfcos¢ +singcosBsiny cosOcosy
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MMOCKOJIBKY MATPHUIy IMEpPeXoJa MOXHO IOIYIUTh
pa3MYHBIMU 6-10 KOMOMHAIIUSAMU TIEPEMHOKCHHS
Matpul Al, A2, A3. A uMeHHO:

AT*A2*A3, A1*A3*A2, A3*A1*A2,

A3*A2*A1, A2*A1*A3, (6)
B nporpamme, peanusyromeil — anropurwm,
3aJ0)KeHa BO3MOXKHOCTH BBIOOpa JIOOOH M3

IPEACTaBIECHHBIX KOMOMHALIUI.

st Toro, 4TOOBI HAWTH KOMIIOHEHTHI BEKTOpa B
opOUTANBFHON CcHUCTEME KOOpAMHAT, HEOO0XOIUMO
MaTpuUIly MOBOPOTa YMHOXHUTb Ha KOMIIOHEHTHI
BEKTOpa B CITyTHUKOBOM crucTeMe KoopauHat (7):

Xo Xs
Yo | =A0,¢¥,¢p)| Ys @)
Zo Zs

Takum o00pazom, 4UYTOOBI CKOPPEKTUPOBATH
BEKTOP M3MEPEHHBIX 3HAueHWH, HEoOX0JUMO
YMHOXHTh Ha HETO MaTpHUIly nepexona A, KoTopas
3aBHCHUT B CBOKO OUYEPEb OT YIJIOB OPUEHTALUH.

g onpeneneHys yrioB OpUEHTAMH MO0 JBYM
BEKTOpaM — MOJEIBHOMY M  H3MEPEHHOMY
HCIOJIB3YETCS CIETYIOIINN allTOPUTM.

MuHUMU3UpYeETCS PYHKIUOHAT, 3aBUCALIHNA OT
TpeX MepEeMEHHBIX (2 IMEHHO YIJIOB OPHEHTALIUH).

(Bmoa — A * Bygy) = min(6,v, ¢);

Jus  momcka MUHUMYMa 3TOW  (yHKIHH
HCIONb3YyeTCA alrOpUTM MHUHUMH3anuu (GyHKOMN
MHOTHX MEPEMEHHBIX METOJOM MPSIMOTO IOUCKA —
anroput™m AreeBa Ne 1780 [11]. s peanuzanuu
IIPEJIOKCHHOTO IropuT™Ma paspaboTana
nporpamMma, BXOJHBbIE J@HHBIE M PE3eJIbTaThl
paboThl KOTOPOI IPUBEACHBI HIKE.

Tadmauma 1 — Bxoxuble naHHbIe K IporpaMme Gopmupyrorcs B Buae ¢aiina (Ilpumep daiina)

BpeMsi goar | mup | Beic | BizmX | BizmY | BizmZ BmodX BmodY BmodZ
01012023000000000 | 75 43 800 | 23771.9 | 2084.4 | 50434.7 | 30839.65669 | 4145379115 | 46312.39925
01012023000000001 | 75.1 | 43.1 | 800 | 23776.2 | 2075.3 50450 | 30848.72336 | 4136.516607 | 46325.61445
01012023000000002 | 75.2 | 43.2 | 800 | 23780.6 | 2066.1 | 50465.2 | 30857.89328 | 4127.594094 | 46338.70419
01012023000000003 | 75.3 | 43.3 | 800 | 23784.9 | 2056.8 | 50480.4 | 30866.99356 | 4118.548502 | 46351.79549
01012023000000004 | 75.4 | 43.4 | 800 | 23789.2 | 2047.5 | 50495.6 | 30876.09384 | 4109.502911 | 46364.88679

3necy nara/Bpems 3amaercs B (hopMaTte JEHb,
Mecsl, TOJ, dYac, MHH, CeK, MCeK —
JUIMMITTTYYMMCCMMM,

Honr (monrora), mmp (IIMpoOTa) 3aMAIOTCS B
rpagycax W JONIIX Tpagyca, BBIC (BBICOTa HaA
YPOBHEM MODSI) B METpax.

Untepdeiic  mporpaMMbl M BBIXOAHBIC
pe3ynbTaThl BBIJAIOTCS B BHUJAE, MOKAa3aHHOM Ha
pucynkax 1 u 2.
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31ech KpOME BXOHBIX JJAHHBIX BBIAAIOTCS |Bizm|,
|Bmod| MOIyTTH (IUTHHBI) U3MEPEHHBIX M MOACITHHBIX
BEKTOPOB, HX pPa3sHOCTU |Bizm| — |Bmod|, YTIBI
OpPHCHTAIIMM — KPEH, TaHTaxX, pbICKAHUE, Yroi
MEXy U3MEPEHHBIMU 1 MOJICITbHBIME BEKTOPaMH B
rpajycax u JOJSIX TPamycoB, a TAKKe KOJIMYECTBO
[1aroB MPOBEJEHHOTO TIOUCKA U UTOTOBOE 3HAUCHHE
MUHUMU3UPYEMOH (HYHKIIUH.
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Pacyet yrnoe opuel Ma

Qaiin  Tpadwk  Pasgenutens O nporpamme
H Bpemn Honrota UmpoTta Bricota Bizm BizmY BizmZ Bizm BrmodX BmodY BmodZ Bmod
2|1,01202E+15 75,1 431 800 | 237762 20753 50450 | 55 810, 546105 | 30848,7233 55 810,546107
3|1.01202E+15 752 432 80D | 237806 2066,1| 504652 | b5 825819444 5b §25,819445
4|1,01202E+15 7.3 433 800 | 237849 20568 | 504804 55841048328 55 B41,048328
5|1.01202E+15 754 434 80D | 237892 20475 | 504956 | b5 856 279076 55 856,273074
6| 1.01202E+15 755 435 800 237936 20382 | 505107 |55 871463867 55 871463864
711.01202E+15 7.6 435 800 | 237979 2028.8| 505258 | b5 886604294 55 886.604234
8| 1.01202E+15 H7 437 800 238022 20154 | 505408 55901656199 55 501.626197
911.01202E+15 7.8 433 800 | 238066 2009.9 | 505559 |52 916,839381 | 30912,70035 | 4073024618 |45416,68097 |55 916,839380
10| 1,01202E+15 759 439 800 | 238109 20004 | 50570.8 | 55931,801076 | 30921,79952 | 4063 823109 | 4642945216 | Kb 931,801077
Pucynoxk 1 — UHTepdeiic mporpaMMbl U IPEMEP PE3yILTaTOB PACYETOB
BoorX, BeorY BeorZ Bmod | - | Bizm Kpex TaHrax PrickaHue Yron Bmod/Bizm eval spsi
30848.723427 | 4136515871 | 46325614463 0.000002 | 6514610 | 10.588461 18.116811 8675658 229 0.000739
30857,853429 | 4127,594753 | 46338, 704025 0,000007 | 6514857 | 10587876 18117315 8.678564 209 0000658
30866,99573 |4118,549567 | 46351,793351 -0,000007 | 6515155 | 10,587309 18117934 8681454 246 0,002363
30876.093377 | 4109.502118 | 46364 887171 -0.000002 | 6515441 10.586720 18.118524 8.684343 284 0.000954
30885,27048 |4100.491674 | 46377,866557 -0,000004 | 6515751 | 10,586163 181197143 8687234 29 0,002256
30894,380158 | 4091,361198 | 46350,845813 0,000000 | 6513688 | 10584605 18114857 8,650150 258 0,000896
30903.471363 | 4082235372 | 46403.72806 -0.000003 | 6513980 | 10.584026 18.115442 8693065 297 0.000678
30912701112 | 4073,034967 | 46416,680435 0,000002 | 6514272 | 10,583441 18,116020 8,696011 246 0000952
30921,797808 | 4063.822248 | 46429453374 0,000007 | 6,514616| 10582874 18.116702 8658952 728 0,002268
J0896.470724 | 4162115886 | 46226 64664 0.000003 | 6518988 | 10.589607 18.109832 8.678339 262 0.001473

Pucynok 2 — [Ipumep pe3yapTaToB pacueToB (IIPOLODKEHHE)

Taxke Bo BKiagke «['padux» 3amoxeHa BO3-
MO>KHOCTH BBIAa4YM TpahvKOB yIiIOB OPHEHTANU U
3HAYCHUH MAarHUTHOTO TONS (MOJENBHBIX W H3-
MEPEHHBIX ) C BO3MOXHOCTh UX COXpaHEeHHS B Oydep
oOMeHa.

3akjoueHne

Lenbto nccnenoBanys JaHHOM CTAThs SABISIIOCH
ONMCaHue pPa3paboTaHHOTO aIrOpUTMa KOPPEKTHU-
POBKH BEKTOPHBIX MAarHuTHBIX I/I3MepeHI/II\/’I,
OCHOBaHHOH Ha MHHHMH3AIMK (QYHKIUOHAIA,
CBA3BIBAIOIIETO MaTPUIIEH Mepexo1a U3MEPEHHBIE U
MOZICJIBHBIC 3HA4YCHUA IMapaMETpPpOB MArHuTHOI'O
nonst 3emnu. [yisi MUHMMU3auMu (YHKIUOHANIA B
nporpaMMe HCIOJIb30BaH METOJl KOH(UTYpaLHid.
[IporpamMmMa mo3BOJISICT HAMTW YIJIBI OpPHUEHTALUU
(kpeH, TaHTaX, pBICKaHHWE), OO0eCIeYNBaIOIINe

MUHHMYM QyHKIHOHanma. Ilpu 3ToM 3ajoxkeHa
BO3MOXHOCTh BBIOOpa BapHaHTOB INEPEMHOXCHUS
MAaTpHull, IIOCKOJIbKY UX IPOU3BEJEHUE HE SABISCTCS
KOMMYTAaTUBHBIM. AJITOPUTM M IporpamMma OyayT

[OJIE3HBl  MCCIEHOBATENsIM,  CBS3aHHBIM  C
MAarHUTHBIMH IIOJIEBBIMH H3MEPEHHUAMU M HX
[IPaKTUYECKOMY  HCIIOJIb30BaHUIO. Taxkke ATH

HWHCTPYMCHTBI SABJISAIOTCSA 00s13aTENBHBIMU B 3aJa4ec
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TPAHCIMOPTHbIE PELLIEHUSl YPABHEHMIM MAKCBEAAA
B BUKBATEPHMOHHOM INPEACTABAEHUUA
MNP AOCBETOBbIX CKOPOCTAX

Nl

Cpean  AENCTBYIOWIMX  MCTOYHMKOB  M3AYYEHMS  DAEKTPOMArHMTHbIX  BOAH  HamboAee
pacrnpocTpaHeHHbIMW  9BASIOTCS  MOABVXKHbIE,  PACMOAOXEHHblE Ha NAaTopMax  PasAMUHbIX
TpaHCMOpPTHbIX CcpeACTB. OUEBMAHO, UYTO CKOPOCTb ABMXKEHWSI CYLLECTBEHHO BAMSIET Ha MPOLLECChl
pacrnpocTpaHeHMs BOAH B cCpeAax C Pa3AMUYHOM 3AEKTPUYECKOM MPOBOAMMOCTbIO M MArHUTHOM
NPOHULLAEMOCTbIO, Kak M hopma CaMoro MCTOUYHMKA M XapakTep ero paboTbl.

3A€Cb CTPOATCS UM UCCAEAYIOTCS TPAHCMOPTHblE pelleHMs OMKBAaTEPHUMOHHOrO BOAHOBOIO
YPaBHEHUS, KOTOPOE SBASETCHS OGMKBATEPHMOHHLIM 0600LEHNEeM ypaBHeHU MakcBeAara. AaHHble
YPaBHEHMS OMUCHIBAIOT IAEKTPOMArHUTHbIE MOAS M3AyYaTEAel SAEKTPOMArHMUTHbIX (OM) BOAH U
DAEKTPO-TPAaBUMArHUTHbIX BOAH (3TM), ABMXKYLLMXCA B (DMKCMPOBAHHOM HarpaBAEHMM C MOCTOSIHHOM
CKOPOCTbIO, KOTOPast MeHbLLIE CKOPOCTM PacnpOCTPaHEHMS BOAH B SAEKTPOMArHMTHOM Cpeae (CBETOBOM
ckopocTtH). [locTpoeHbl yHAaMeHTaAbHble M 0600LWEHHbIE TPAHCMOPTHbIE PELLEHUS, KOTOpble
OMMCLIBAIOT DM MOAS ABUXKYLUMXCS 0ObEKTOB BO BCEM AMana3oHe CKOPOCTEN, OT AOCBETOBbIX, AO
cBepxcBeToBbix. C MCnoAb3oBaHMem npeobpasoBaHmns Dypbe 0606LWEHHbIX YHKUMIA, MOCTPOEeHa
6VKBaTepHUOHHAs yHKUMS (BUYHKUMS) [prHa B MOABMMKHOM CUCTEME KOOPAMHAT, KOTOpas
onucbiBaeT DM roAe, NOpo>KAaeMoe MOABMXKHBIM TOUYEYHbIM M3AyyaTeAeM Ha ocu Z. OnpepeAeHbl
NMAOTHOCTb 3Heprum n BekTop MNoMHTUHra 3TOro noAg. MlccaeA0OBaHO BAMSIHME CKOPOCTU ABMXKEHMS Ha
NMOAEBble XapaKTEPUCTUKU.

KaloueBble cAoBa: B1KBaTepHUOH, OUrpaAMEHT, YpaBHEHNS MaKCBeAAa.

L.A. Alexeyeva, G.N. Aziz"

Institute of Mathematics and mathematical modelling , Almaty, Kazakhstan
*e-mail: azizgulfariza@gmail.com

Transport solutions o Maxwell equations
at sub-light speeds in biquaternion representation

The most common movable radiation sources of electromagnetic waves among the operating ones
located on the platforms of various vehicles. It is obvious that the speed of movement affects the pro-
cesses of wave propagation in an environment with such electrical conductivity and magnetic perme-
ability, as does the shape of the source itself and the nature of its operation.

In this work are constructed and studied transport solutions of the biquaternion wave equation,
which is a biquaternion generalization of Maxwell’s equations. These equations describe the electro-
magnetic fields of emitters of electromagnetic (EM) waves and electro-gravimagnetic waves (EGM),
moving in a fixed direction with a constant speed, which is less than the speed of propagation of waves
in an electromagnetic medium (the speed of light). Fundamental and generalized transport solutions
have constructed that describe the EM fields of moving objects in the entire range of speeds, from light
to superluminal.The electromagnetic field generated by a moving point emitter on the Z-axis described
by the biquaternion Green’s function (bifunction) in a moving coordinate system constructed using the
Fourier transform of generalized functions. The energy density and Poynting vector of this field were
determined. Influence of movement speed researched on field characteristics.

Keywords: Biquaternion, bigradient, Maxwell’s equations.
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bukBaTepHUOHABIK, KOPiHICi APKbIAbI )XapbIKAAAbI XXbIAAAMADBIKTA YKacaAFaH
MakcBeAA TeHAeyAepiHiH TacbiIMaAAay LIeLiMAepi

OPTYPAI  KOAIKTEPAIH, MNAaToOpmMarapblHAQ OPHAAACKaH  >KbIAXKbIMAAbl  AEKTPOMArHUTTIK
TOAKbIHABIK, COYAEAEHY KO3AEPi KOAAAHBICTaFbl SAEKTPOMArHUTTIK TOAKbIHABIK, COYAEAEHY KO3AEePiHiH
ilWiHAe eH ken TapaAaAbl. Aepekke3AiH 63iHAIK hopMacbl MEH OHbIH >KYMbICbIHbIH, CMMaTbl, COHAAN-
aK, KO3FaAbIC >KbIAAAMABIFbI SPTYPAI DAEKTP OTKI3rilTiri MeH MarHuTTiK eTKi3riwTiri 6ap opraaa
TOAKbIHHbIH, TapaAy MPOLIeCTePiHE aiTapAbIKTal acep eTeTiHi aHbIK.

MyHaa MakcBeaAa  TeHAEyAepiHiH — OMKBATEPHUMOHABIK,  >KAAMbiAaybl  GOAbIN  TaObIAQATHIH
GVKBATEPHUOHABIK, TOAKbIH TEHAEYIHIH TaCbIMaAAQY LIELWIMAEPI KYPaCTbIPbIAFAH >KaHe 3epTTeAreH. bya
TEHAEYAEp SAEKTPOMArHUTTIK (M) opTasarbl TOAKbIHAAPAbIH, TapaAy >KbIAAAMAbIFbIHAH a3 6oAaTbIH
TYPAKTbl >KbIAAAMABIKMEH (3KapbIK, XbIAAAMABIFbI) GeKiTiAreH GarbiTTa KO3FaAaTbiH IM TOAKbIHAQD
JKOHE IAEKTPO-TPaBMMArHUTTIK TOAKbIHAAP (DTM) DM epicTtepae TapaAyblH cunatTanabl. XKapbikTaH
>KOFapblAaH 6acTarn, kapblkKa AeriHr GapAbIK XKbIAAAMABIK, AMANA30HbIHAQ KO3FaAATbIH 06bEKTIAEPAIH
DM epicTepiH cMNaTTalTbIH HETi3ri >XOHe >KaAMblAaMa TacbiMaAAay LiewiMAepi »acaaabl. Dypbe
>KaAMbIAaHFaH (DYHKUMSAAAPbIHBIH TYPAEHAIPYiH NMariaasaHa oTbipbin, DM epiciH cMnaTtTanTbiH Z ociHAE
KO3FaAaTbIH HYKTEAIK COYAEAEHYI apKblAbl XacaAaTbiH GukBaTepHUoH [puH dyHKUmsCh (BUbyHKLMS)
KO3FaAaTblH KOOPAMHATTAp >KYyMeCiHAe TYPFbI3blAAbI. ©OPICTiH 3HEPrns ThIFbI3AbIFbI >KoHe [TOMHTUHT

BEKTOPbI aHbIKTaAFaH. KO3FaAbIC >KbIAAAMADBIFbI ©PIC CMMAaTTaMaAapblHa 8Cepi 3epTTEAAI.
Ty#in ce3aep: brkBatepHMoH, GUrpaameHT, MakCBeAA TEHAEYAEPI.

BBeaenune

VYpaBHeHus MakcBesnia SABISIOTCS OCHOBOIIO-
JIararolIMMU B COBPEMEHHOW 3JICKTPOJUHAMUKE U

SIBIITIOTCS.  ONPEACNSAIONIMMHA TP U3yYEHUH
AJICKTPOMArHUTHBIX TIOJICH, TTOPOKTACMBIX
pa3HoOOpa3HBIMU  W3ydaTessiMd  OM  BOJH.

[locTpoeHneM M ucCleAOBaHUEM pEIIEHUN 3TUX
YpaBHEHHH W KpaeBBIX 3aflad JUId HUX B 00JacTAX
pa3HOI TeoOMeTpHH 3aHUMAIOTCSI MHOTHE YYeHBIE,
HayuHas Cco BTopoW mnosnoBuHbl XIX Beka.
bubnuorpaduss B 3TOM HampaBlIeHHM BecbMa
oOmmpHasi, HauWHAs C MHOTOOOPa3HOW y4eOHOU
JIUTEPATYPHI IO dIEKTpoMarueTusmy [1-5] u ap.

Oco0eHHOCTH CHCTEMBI YpaBHeHHI MakcBeua,
cocrosmeit u3 AByX AudhepeHITHATBHBIX BEKTOP-
HBIX YPaBHEHHH JJIsI HAPSHKCHHOCTH DJIEKTpHYeC-
KOTO TOJII M JBYX CKaJSIPHBIX YpaBHEHHH ISt
3JIEKTPUYECKOT0 W MAarHUTHOrO 3apsinoB (Bcero 8
ypaBHEHHUI) MO3BOJISIIOT €€ KOMILICKCH(DUITUPOBATH
U 3amucarb B BUAE OJHOTO BEKTOPHOTO YpaBHEHUS
IUIsl HampspbkeHHocTe OM mojs ¥ OJHOTO CKa-
JIIPHOTO ypaBHEHMsI I 3apsaoB (Bcero 4 ypas-
HeHus). Takas ¢opma Obla mpesuiokeHa erme ['a-
MHJIBTOHOM, HO UM He omybiukoBaHa. Ee ¢yHna-
MEHTaJIbHBIC U 000O0ICHHBIC peIeHUsT OBUIA TOCT-
poeHbl B [6]. A 0cOOGHHOCTH STOH (QOPMBI JArOT
3alucaTh 3T YpPAaBHEHUS B BUAE OJJHOTO YPaBHEHUS
B nuddepeHnnambHON anredpe KBaTepHUOHOB, YTO
OTMEUCHO PSIOM aBTOpOB [7-14].

B paborax [15,16] moctpoeHs! QyHIaMEeHTaTb-
HbIe ¥ O00OOIIEHHBIE pellieHus OWKBAaTEPHHOHHOTO
BOJIHOBOTO  YpaBHEHHS, KOTOpO€  SIBISETCA
OWKBAaTEpHUOHHBIM  000OIIEHHEM  ypaBHEHUH
MakcBenna. JlaHbl perynsipHble WHTETpalIbHBIC
MPEJCTABICHUS] AJIEKTPUUYECKOW M  MarHUTHOM
HanpspDKEHHOCTH DM Mosl MpH HeCTallHOHAPHBIX
TOKax W 3apsiiaX U CTAllMOHAPHBIX MEPUOTUIECKIX
10 BPEMEHH.

Cpenyu NefCTBYIONMMX UCTOYHHKOB HM3ITyUCHHS
OM  BomH  Haumbonee  pacnpoOCTpaHEHHBIMH
SIBIIIIOTCS.  TOJBYDKHBIC,  PACIIONIOKEHHBIE  Ha
iatGopMax pa3NAYHBIX TPAHCHOPTHBIX CPEICTB.
OueBuIHO, YTO CKOPOCTh JBMKEHHS CYIIECTBEHHO
BJIMSET Ha NPOLECCH pacnpocTpaHenuss OM BoJH B
cpenax c pazIMYHON 3JIEKTPUUYECKOU
MPOBOJMMOCTHI0O M MAarHUTHOW MPOHUIAEMOCTHIO,
Kak U (QopMa caMoro UCTOYHUKA M XapaKTep €ro
pabotsl. MccnemoBanus B 3TOM HamNpaBICHHH He
CTOJIb MHOTOYHCIICHHBI U CBSI3aHBI C OTIPE/ICTICHHBIM
BHUJIOM UCTOYHMKA H3ydeHus [15-21].

B nro0oit cpene BONHBI pPaclpoOCTPaHSIOTCS C
OIpeIeICHHON CKOPOCThIO. B MexaHUKe CILIONIHBIX
CpeJl UX Ha3bIBAIOT 3BYKOBBIMH, KOTOPOE MPHIILIIO
W3 aKyCTUKU. B CIIOIHBIX cpefax CKOPOCTh pac-
MPOCTpaHEeH!s BOJH 3aBHCUT OT THIIA JeOpMaIuu
CpeJbl, KOTOPYIO OHH pacipocTpassioT. [loaTtomy B
CIUTOIITHOM Cpesie MOKET OBITh HECKOJIBKO 3BYKOBBIX
CKOpOCTE. A B aHM3OTPONHBIX Cpeldax OHHU elle
3aBHCAT OT HampaBieHus. OTHOIIEHHE CKOPOCTH
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TpaHCHOpTHbIe peuIeHus ypaBHCHI/Iﬁ MakcBeiia B 6I/IKBaT6pHI/IOHHOM MpeaACTaBICHUHN IPU JOCBETOBBIX CKOPOCTIAX

JIBUKEHHUS WCTOYHHMKA BO3MYIIEHHUS B Cpelie V K
CKOpPOCTM 3ByKa HasbIBaeTcss 4uciIoM Maxa
(v/c=M). [lpu M<1 nBmxeHHEe NO3BYKOBOE, NpHU
M>1 CBEpPX3ByKOBOE.  XOpOLIO  H3BECTHBI
0COOEHHOCTH aKyCTHUECKHX BOJH MpPU ABHKCHUU
CaMOJIETOB MpPH JO3BYKOBBIX M CBEPX3BYKOBBIX
ckopocTsx. Ilpu MmaremaTnieckoM MOAENINPOBAaHUN
TaKMX TPAHCIOPTHBIX 3amad THI JudQepeH-
LIUAIBHBIX YpPaBHEHUN MEHSAETCS: 3JUIMITHYECKUN
IIpU JI03BYKE U TUIEPOOJINYECKUl IPU CBEPX3BYKE.
Uro cuiapHO BIMSET Ha peIIeHHe 33Jadd |
KapAMHAIbHO MEHSAET KapTHUHY BOJHOBOTO IOJS B
cpeze.

B U30TpONHBIX 3JIEKTPOMAarHUTHBIX CpEax,
KOTOpBIE OMNHUCHIBAIOTCA ypaBHEHUSIMH MakcBesia
(YM), ckopocTb pactipocTpanenus M BOJIH ozHa,
U ee IPUHATO Ha3bBaTh CKOPOCThIO cBera. OHa
SBIISETCS. KPUTHUYECKOH, TOYHO TaK e, KakK
SIBJIIETCS] KPUTHUECKOIM CKOPOCTH 3BYKa B BO3JyXe.
[TosToMy MOXHO paccMaTpuBaTh JOCBETOBOM
PEXUM JIBUIKEHHUS, CBETOBOM U CBEPXCBETOBOM. B
3TOM CTaTb€ MBI PACCMaTPUBAEM JOCBETOBOM
JMana3oH ABWKEHUS HCTOYHHUKA U3Ty4YCHHUS.

31ech CTPOSTCS U UCCIIEAYIOTCS TPAHCIIOPTHBIE
pemieHuss  OMKBAaTEpPHUOHHOTO  TPEACTABICHHS
ypaBHeHUH MakcBemia, KOTOpbIE OIMCBHIBAIOT
3JIEKTPOMAarHuWTHbBIE TOJs W3iny4areiaed DM BoJH,
JIBUKYIIMXCS B OIPENEICHHOM HAIIPaBICHUU C
MOCTOSIHHOHM cKopocThio V. [TocTpoensl GpyHnamen-
TaJIbHBIE ¥ 0000IIEHHbIE TPAHCIIOPTHBIE PEIICHHS,
KOTOpBIE OMUCHIBAIOT OM TMONs  JBHXKYIIUXCS
00BEKTOB MPH CKOPOCTAX ABMKEHHS MEHBLIE, YeM
CKOpOCTb pacmpocTpaHeHus OM B cpene. 3aech
PaccMOTpPEHBI JOCBETOBbIE TPAHCIIOPTHBIE PEILICHUS
npu M <1 u uccnenoBaHbl HX OCOOEHHOCTH.

MeTtoanl

1. Anredpa OuxkBaTepHHOHOB. [10CKOIBKY
anreOpa OMKBaTEpPHUOHOB HE OUYEHb U3BECTHA,
JlaJJMM BHaYajIe HECKOJIBbKO OTPEeTICHHUH.

IIpoctpancTBo OMKBaTCPHUOHOB
B={F=f+F} — 5T0 IPOCTPAaHCTBO T'HIEPKOM-
TUICKCHBIX YHUCEIN, Iie f — KOMIUIEKCHOE YHCIO, F —
TPEXMEPHBI BEKTOP C KOMIUIEKCHBIMH KOMIIO-
Henramu: F = Fle + F,e, + Fie;, e,,e,,e; — opThl

Ny 3
IeKapTOBOI CHCTeMBI KoopauHaT B R, e, =1. 310

JIMHEHHOE TPOCTPAHCTBO CO CIOXKEHUEM (+): s
Va,b - koMIIeKCHBIX uKcen
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aF+bG =a(f+F)+b(g+G)=
=(af +bg)+(aF +bG),

M C HW3BECTHOH omepanuell KBaTEPHUOHHOTO
yMHOXeHH (©):

FoG=(f+F)s(g+G)=

- (fg-(F.G)+(fG +gF +[F,G]) "

3
3nece u nanee (F,G)= z F jG j - CKalApHOe
J=1
3
npoussenenne F u G, [F,G|= Zé‘jleijel -
J=1
MX BEKTOPHOE MPOHM3BENICHHE, & ji - TICEBIIOTEH30D

Jlesn-Yupura, &, — cumson Kponekepa. Anrepa

6I/IKBaT€pHI/IOHOB HCKOMMYTaTHBHA, ITIOCKOJIbKY
FoG-GoF =2[G,F] ),
HO acColMaTUBHA:

FoGoH=(FoG)cH=Fo(GoH) (3)

B [1] mompobHO paccMOTpeHBI CBOMCTBa
OMKBATEPHHOHOB W JIAHBI PSI  OMPEICIICHHIA.
[Tepeynciaum HEKOTOPHIE U3 HUX.

BHKBaTepHUOHBI KOMMYTHPYIOT, T.C.
FoG =GoF, tonbko eciu ux BEKTOpHbIE 4acTH
napamwtensel: G || F', — 1160 x0Ts ObI 0JJHA U3 HUX

paBHa HYIO (OJIMH U3 HUX —CKaJsp).

Onpeoenenue 1. Cranapuvim npousgedeHuem
ouxBareprnonos Fp,F> HazoBem Omnmneiinyro
OTIEPAIHIO:

(Fl.Fy) = fifs +(FL.F).

Onpeodenenue 2. Hopmou 6uksatepuuona F
HA30BEM CKAIISIPHYIO BETHYUHY

£l = J(F.F) = 77 +(£.F) = I+
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Onpeodenenue 3. Ilcesdonopmoti OHWKBaATEp-
nuona F HazoBeM BenmmuuHy

(F)=\1-7=(EF) =/ -IFF @

2. burpaaneHTsl M OMBOJHOBbIE YPABHEHMA.
Beenem (byHKIMOHAIEHOE MIPOCTPAHCTBO
OMKBaTEpHHUOHOB

B(M)={F(r,x)= f(r,x)+ F(r,x)}, rne f —
KOMIUICKCHO3HAYHbIC (DYHKIMA HAa MPOCTPAHCTBE
Musnkosckoro M = {(7 =ct,x),7 € R' xe R3} ,a
F — tpexmepHasi BeKTOP-(OYHKIHsS C KOMILUIEKCHBIMU
komnonentamu (F' = F| +iF,), fu F u3 xiacca
000011IeHHBIX QYHKIMH MeJIeHHOro pocTa [16].

Onpeodenenue 3. Bzaummuvie OucpadueHmvr —
3TO g hepeHInaIbHbIC OMKBAaTEpHUOHHBIC

V™ =0,-iV,
rne V =grad =(0,,0,,03). Hx neiictBue Ha

oneparopsl Buga: V' =0, +iV,

B(M) onpeneneno cornacHo npaBuiy yMHOKEHHS
B ayire0pe KBaTEePHUOHOB:

VF =(0, 2iV)o(f +F)=
(0, fFi(V,F)+iVf+0 F +i[V,F].

(V,F)=divF, [V,F]=rotF
(Be3ze B IBOMHBIX 3HAKAX ITO/IPA3yMEBAIOTCS 3HAKU
BEpXHHE JINOO HIKHUE).

Hx cynepmosunus obiagaeT 3amedaTelbHBIM
CBOICTBOM, KOTOPOE JIETKO JI0Ka3aTh.

31ecn

Jlemma 1.

V' (V'F)=V*(V'F)=(V oV')F =oF,

20e O - gonnosol onepamop (nanambepTHan):

82
O= F -A, A — onepamop Jlaniaca
T
(marmacuan).
Hcnonb3ys ee JIETKO pemarh
muddepeHnaabHbIe ypaBHEHUS BUAA:
V* A =0(r,x) 5

KOTOpbIEC Ha3bIBaeM Ougonosvimu. Ero pemenus n
CBOMCTBaA WHBAPHUAHTHOCTHU OTHOCHUTECIIBHO
npeoOpazoBanuii JlopeHa TOAPOOHO PacCMOTPEHBI
B [17].

B paborax [12, 15] mokazaHo, dYTO 3TO
ypaBHEHHE SBIETCS OWMKBATCPHHOHHBIM 0000-
LIeHHeM ypaBHEeHUI MakcBeia, eciu

A=a+x/EE+i\/;H,®(r,x)=

E (6)
=—|t=ti—=

J J
NEARN P

— BCKTOpa SHCKTpI/I‘lCCKOP'I n

3necs E,H

- E H
MarHuUTHOMW HamnpspkeHHocTH OM mous, j©,j -

IIJIOTHOCTH DJJICKTPUYCCKUX MW MArHuTHBIX TOKOB,
&, /I —DJIEKTpUYIECCKAad MPOBOAUMOCTS U MarHUTHAasA

MPOHUIAEMOCTh cpelbl, € =1/+/EU — ckopocTh

ceera B cpege. Ilpu a =0, j =0 ypasuenne (6)
SKBHUBAJICHTHO CUCTEME YpaBHeHU MakcBeiia.

3/1echr pacCMOTPUM TPAHCIOPTHBIE PEIICHUS
OMBOJTHOBOTO ypaBHEHH (6) O€3 HaJOKCHUS ITHUX
OrpaHUYCHUH.

3. TpancnopTHoe OUBOJIHOBOE YypPaABHEHHE
Makcge/uia B ero oduee pemenue. Paccmorpum
cilydaif, Koria rmpasast 4acTb (5) uMeeT BUA:

O(r,x)=F(x,,x,,2), z=x,—-Mzr (7)

3necs  GuxBarepunon  F(X,Zz) onmceiBaer

JIBKEHME W3Jydaresis B HAIPaBIEHHU OCH X3 CO
ckopocThio  v=Mc. Bo03MOXHBI TpH chydas:
00c6emosoli M<lelV<e, c68emosoti
M =1V =c, ceepxceemosoii M >1<V >c

>1, KOTOpbIE MEHSIOT THII ypaBHeHus (6) 1 BUA €ro
pereHus.

BBeZ[eM IMMOABWXHYIO CHUCTEMY KOOpAWHAT

(x,,x,,z) u pemenune (5) Oynem CTpouTh B aHa-
nornuom Buxe A =B(x,z), x=(x,,x,), Torma

0, =-Vvo_,

T z

nuddepeHnraaTbLHbIC
V=(0,,0,,0,)u B

KOOpIWHAT ypaBHeHHE (5) mpeoOpa3yercs K BUIY:

OrepaTopbl

MOJBYKHOMN cucTEME
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M B=F(x,z),M:=-M3,+i(,,0,,0.) - (8)

bynem HaspBath 3TO ypaBHEHHE /Mpauc-
nopmuwim ypasuenuem Maxceenna (TYM).
IIpocTbIM BEIYMCIIEHHEM AOKA3bIBACTCS

Jemma 2. Komnosuyus  mpamcnopmHulx
onepamopog Maxceenna KOMMymamuena u pagra

MIMF =—{a,+(1-M2)a,},

20e A, = 612 + 8% - 06YMepHbLLL TaNIACUaH.

Teopema 1. Obwee pewenue mpancnopmuo2o
ypasHenuss Makceenia MOJCHO npedcmasums 6
sude

B=B"-M7o(Fxy), 9)

20e B’ (x, z) pewenue oonopoonozo ypasnenus (8)

(mpu F=0)  w(x,2)-

peuteHue mpaHcnopmHnozco 60JIHO8020 YPABHEHUSL.:

@ynoamenmanvroe

Ay + 10y +6(2)5(x) =0, (10)

30ect 1 z(l—Mz).

Joxa3arTenbcTBO. IToncraBum ero B
ypaBHeHHue (8) W, HCIONB3Yys YCIOBHS TEOPEMEI,
JIEMMY 2, CBOMCTBO acCOLMAaTUBHOCTHU
KBaTEPHUOHHOTO YMHOKEHUS ¥ CBOMCTBA CBEPTKH C
JIeNbTa-QYHKIUEH, TOIyYuM TpeOyeMoe:

M o{B" =M} o(Fxy)|=
:MjBO—]W;LoM;_r o(F*lr//):
={A,+470_ |y +F =5(2)5(x)*F =F

OcTanoch BEIYUCIUTH CKaJZ}Zprlﬁ nomeHyuan

w(x,z). Bug ero 3aucnt or 3Haka y° =1—v?:

ooceemosoti M<1 :>y2>0, ceemoegoii  M=1

= ,uz =0, ceepxceemosoit M>1=> /12 <0
U3 (10) crenyert, uro npeoOpazoBanue Dypne

p(s,¢)  dymcmmn  y(x,2)

YAOBJIETBOPSIET yPAaBHEHHIO:

0 BPEMEHHU
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& 1 (an

6 + e

Jlanee TOCTpOMM peIlIeHHe TPAHCIOPTHOTO
ypaBHeHuss ~ MakcBelia  IpU  JOCBETOBBIX
CKOPOCTSIX.

4. JlocBeTOBBIC TPAHCHOPTHBIC PpeLICHH
ypaBHeHuss MakcBesuia. B 1ocBeToBOM ciydae
JUIs ~ TIOCTPOEHHWs]  OpUTHMHAjda  HCIOIb3yeM
(yHIaMeHTanbpHOE pelleHre ypaBHeHus Jlamaca:

AU+5(J’):0, y:(ylayby}) (12)

KOTOpPO€, ¢ TOYHOCTHIO JI0 PEIIECHHUS OAHOPOIHOIO
ypaBHEHUS, MOKHO TPEACTaBUTH B BUje [16]:

U(y)=—t

(13)
47r||y

O603HaunM Z' =z / i1 . TlockombKy

Oy + 05w + 1%y +5(x,z) =
=0= 0ty +O5p + 02y +
+17'0(x)5(z") =0,

orcrona u u3 (13) cnemyer

ey p—
, 47r\/z2 +(,ur)2

Teopema 2. Obwee pewieHue mpaHcnopmHozo
ypaeuenus Maxceeina (8) npu Ooceemoswvix
CKOPOCMAX OBUNCEHUSI MOMCHO HNpPeoCmasums 8
sude

=

B(x,z)=M; (F *y (X, z))+

: (14)
+M7 (l//o (x,z)*C(x, Z))
2de  CKalApHble NOMEHYUarbl  Onpeoensomcs
CREOVIOUWUMU DOPMYTIAMU:
1
v(x,z)= = (15)
47r\/ 22+ ( ,ur)
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Wo(x, 2) - pewenue 00nopoonozo ypasnenus

Ao + 120w =0, (16)

C(x, z) npouseonvhbiii bukeamepHuon,
oonyckarowuii ceepmiy ¢ W (X,z).

B ¢opmyne (14) mpu auddepeHmpoBaHun
CIIeyeT WCIIOJIb30BaTh CBOWCTBO AH(QepeHIn-
POBaHUSI CBEPTKH, KOTOPOE TO3BOJISIET IEPEHOCUTH

muddepenuupoBanne Ha 6onee y1o0HYIO I 3TOTO
KOMITOHEHTY CBEPTKH C YUETOM

o y=- Z ,
2’ ArN(z* + (,ur)z)3
oyt )
Ary|(2* + (ur)’)

k=1,2.

Ha pucynke 1 npencrasinen rpadhuk H3MEHEHHS
norenuana ¥ (X, Z) BIOJIb OCH Z B 3aBUCUMOCTHU OT
yucen Maxa.

y(x,zn,0.02)

y(x,zn,0.1) 1

zn

Pucynok 1. U3menenue l//(x, z ) BIOJIb ocH Z 1ipu pukcupoBaHHOM x=(1,1)

rnpu pasHbix yuciax Maxa: M=0.02, 0.1, 0.5, 0.9.

0.1 T

0.08f<
yr(rn,1,0.02)

yrrn,1,0.1) 0,06I

yrrn,1,0.5)

0.04"
yr(rn,1,0.9)

0.02\

rn

Pucynox 2. zmenenue l//(x, Z) BJIOJIb 7 TIPH (PUKCHPOBAHHOM 7= 1

Npu pa3HbIx ynciax Maxa: M=0.02, 0.1, 0.5, 0.9.
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N3 (14) cnemyeT, 9TO COOTBETCTBYIOUIUI CKa-
JISIPHBIHA MMOTEHIIMAN yIOBICTBOPSICT YPAaBHEHHUIO:

A2‘/10 + :uzazzl/lo = 0

HerpynHo Buaerb, 4TO 3TO TapMOHMYECKAs

dysxuns o (v) =y (x.2/ 11)
S. bupysxkuus I'puna
ypaBHeHust MakcBesia

TPAHCIIOPTHOTO

Onpeoenenue. budynxuueii I'puna U(x,z)

MIPY JIOCBETOBBIX CKOPOCTSIX JBUXKCHUS HA3BIBACTCS
(dbyHIaMEeHTAIIFHOE pelieHIe YpaBHEHHU (8):

M:U=6(x,2), (18)

yIOBIETBOPSIOIICE
OECKOHEYHOCTH

YCIOBUAM  3aTyXaHUS  Ha

||U(x, z)” —>0 npu ||(x,z)|| —o  (19)

U3 teopemsl 1 cnenyer:

U(x,2) :M;/T' *y(x,z)= (—M@Z Figrad)*y =
(Mzti(u’r, pir,y,2))

4 (22 + ()

budynkuunto I'punHa ya00HO HCIIONB30BaTh MPH
MIOCTPOCHUH PELICHUs ypaBHEHUS (8).

Teopema 3. Obwee pewenue mpaHnopmuozo
busonH06020 ypaswenusi Maxceenia, y0061emeo-
parouee YCro8usaM 3amyXaHusi Ha OeCKOHEUHOCIU:

B(x,z) >0, ||(x,z)|| —> 00 ,npu

CKOPOCHISAX OBUIICEHUSL UMeem BUO:

00C6emoe6bIx

B(x,z)=Ux*F(x,z) (20)

U pewenue cywecmeyem npu noboix F(x,z),

O0ONYCKAOUWUX MaKyro C8epmK).
Jloka3aTenbCTBO.

M;B(x,z)=M; o (U*F(x,z)) =

=(MU)*F(x,z) = 5(x)5(z) *F(x,2) = F(x,2)
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Ecmu F(x,z) — perynspueii GuxpatepHHOH,
To ¢opmyny (20) MOXKHO
CIIEIYIOIEM UHTErPaIbHOM BHUJE!

peaACTaBUTh B

B(x,z)=Ux*F(x,z)=

JdC (UG y.z-0)oF(r. vy,

Eciu F(x,z) — cunrynspusiii GukBaTepHHOH:
F(x,z) =C(x,z)0,(x,z)
MIPOCTOH CIToit Ha MoBepXHOCTH S, TO hopmyy (20)

MOXHO TPEACTaBUTH B BHUAC TOBCPXHOCTHOI'O
HUHTCTrpajia

B(x,z)=Ux*C(x,2)0,(x,z) =
= [U(r=,2-¢)oC(3,£)dS(3,¢)

Ecmu F(x,z) — npocroii cnoit na npoctpanct-
sennoii kpusoii L: F(x,z) =C(x,z2)0, (x,z)

T0 (¢opmyny (20) MOXHO TpPEICTaBUTH B
CIIEYIOIEM HHTETPAIbHOM BUJIE€ BIOJb KpUBO L:

B(x,z)=U*C(x,2)0,(x,z) =
= J'U(x—y,z—g)oC(y,C)dL(y,J)

Ecmu  F(X,z) cymectsenno  cunrysspHsii,

HaIlpuMep MMeeT TOYEUHBI HOCHTENb, TO CBEPTKY
B (20) cnemyeT OpaTh COTJIACHO MpaBHIIaM CBEPTKH
B IIPOCTPaHCTBE 00OOIIEHHBIX QyHKIMA [16].

5. IlinoTHOCTDb 3Hepruu U BekTop IloiiHTHHIa
OM nmnoasi. bBUKBAaTepHHOH 3HEPTrUU-UMITYJIbCA
omnpenensercs GopMynoi

¥(x,2)=0,5B(x,2)oB (x,2)=
=w(x,z)+iP(x,z) =

=0,5{(b(x,2).b (x,2)) +(B(x,2). B(x,2))} +
+o,5{13 (x,2)B(x,2) - b(x,2)B(x,2)-[ B(x,2), B(x, z)]}.

3necy W(X,z), P(X,Zz) - NI0THOCTL SHEPrUH 1

aHanor Bektopa llolHTHHTra, KOTOPBIN OKA3bIBAET
HallpaBJICHHE e¢¢ pacmpocTpaHeHus. Onpemeanm
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OMKBAaTCpPHUOH OJHEPrHHU-UMMyJIbca OM  moms Ucnonp3ys (17) u (21) monyuum niomuocmo
oudynkuuu ['puna: oHepeUuu:
Ux,z)oU (x,2) =
1 oy ’ oy ’ oy ’
oy . oy _ . ~| (M2 ( j _
| M+ o —M XL +1 + + =
( M = _lgradt//] ( M P +lgradl//j, 5 ( ) o o, or,
ow Y @D 20002 4.2
w=0,5(M2(—l/lj +||gradt//||2} _ZM )+
o 327 (22 +(ur)*)’

P =Ma—l//gradt//
Oz

15 T T T T
Wwyl(x,zn,0.08)
Wyl(x,zn,0.1) 10

Wyl(x,zn,0.2)

Wy l(x,zn,0.5) S

0
-04-02 0 02 04

zn

Pucynok 3. [InoTHOCTE 5HEprUM BIOIH OcH Z nipu pukcupoBanHoM x = (1,1)
pu pasHbIX yncinax Maxa: M=0.08, 0.1, 0.2, 0.5.

C pocToM CKOPOCTH [IBIXKEHHUSI IIOTHOCTh Mz ) )
SHEPTHH B Cpelie mamaeT. BuauMm nBa MakcuMmyma P(x,z) = 1672 (22 +( r)2)3 (,u X6 T [ X8, +Zes)’
IJIOTHOCTU 033y U BIEPEAUd ABIKYIIETOCS H
WCTOYHWKA IUIOTHOCTH, BOJIW3M HErOo IO Mepe

yIOaleHUs OT MCTOYHHKA IUIOTHOCTh JHEPIHH 4.2
M |z| i+ u'r

OBICTPO 3aTyXaer. ” P(x, Z)” —
Berauciaum Bekrop IoitHTHHTA: 1677 (2> +(ur)’y

Ny (x,zn,0.08)10["

Ny (x,zn,0.1)

Ny (x,zn,0.2) s

Ny (x,zn,0.5)

0
—-04-02 0 0.2 04

zn

Pucynok 4. Hopma Bextopa IloiiHTHHra TpH pa3HBIX YHUCIaX
Maxa: M=0.08, 0.1, 0.2, 0.5.
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Ero xoopauHaThl yKa3bIBalOT HaIpaBlIeHHE
pacrmpocTpaHeHuss dSHeprud. A ero Hopma
KOPpEIHPYEeT C IUIOTHOCTBIO DHEPrUM HMEET

MO00HOE K€ IIOBEIECHHE.
3akaouenue

OTMeTHM, YTO TIOCTPOCHHAS 371eCh OM(YHKIMS
I'puna HeoOXoauMa Uil PELIeHUs] TPaHCIOPTHBIX
KpaeBbIX 3a7ay 3JEKTPOAMHA-MHUKH B 00IacTsIX,
OTPaHWYEHHBIX IMIMHAPUYECKUMU TOBEPXHOC-
TAMH, IO KOTOPBIM JBMXKYTCS M3My4yaTenu OM BoiH
B HAINpaBJICHUU MX 00pa3yoLIHX.

[Monydenubie pe3yIbTaThl MOJKHO
UCTOJBb30BaTh  JIISL  WCCICNOBAHUS  3JCKTPO-
MarHWTHBIX ~ TIOJIeHl  pa3NUYHBIX  CBETOBBIX
u3jyyaTeiaed W u3dydyarened  paJuMOBOJIH,
PACHOJIOKEHHBIX ~ HAa  TOJBMXKHBIX  OOBEKTax
(moe3nax, MammHax, KOpadJIsix | T.IL.).

duHAHCHPOBaHUE

Pabora  BeImosHeHa ~ Tpu  (HUHAHCOBOM

nopnepxkke Komurera Hayku MuHucrepcrsa
HayKd ¥ BBICIIETO OOpa30BaHUS PeCIyOIUKU
Kazaxcran (rpant AP19674789, 2023-2025 rr.).
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