OObmiag xapaKTepUuCTUKA PadbOThI

AKTyaJIbHOCTH TE€MBbI

uTepec K MCCIEI0BAHUIO BOJIH OOJIBIION AMILIATY/bI, HA3bIBAEMbBIX OOBIYHO
BOJTHBI-YOUMIIBI, TOSBJISIIOIIIXCS Ha, TIOBEPXHOCTH OKeaHa, 13 HHOTKYyHa', 1 Obl-
CTPO MCUE3AIOIINX, BIIOJHE ecTecTBeHeH. OHM MPEICTABIISIIOT YIPO3Y JIJIsi MOPS-
KOB, M3-33 HUX TEPSIOTCs dejIOBeYecKue Ku3Hu u cyjaa. OHu o9eHb KpyThl. B
MOCJIeJIHEH CTa MM WX PAa3BUTHS, KPYTHU3HA CTAHOBUTCS OECKOHEUHOM, 00pa3yst
"creny Bosbt". Kpome Toro, Tunmanasi BosiHa-yOwuitia - oriesbaoe cobbitue [3].
Uzydenre 3Tux BOJH BasKHO Kak JIJisi KOPaOJIECTPOCHUSI, TAK U JIJIsi TPOEKTHU-
poBaHusi HePTIHBIX ¥ MA30BBIX IJIAT(OPM HA MOPCKUX Iejibdax. Tak»Ke BaxK-
HBIM SIBJISIETCSI Pa3pabOTKa METOIOB UX Mporuo3a. HeT HUKaKUX COMHEHUI, ITO
BOJTHBI-YOURIIBI SIBJISIOTCS HEJUHEHHBIMI OO beKTaMU. KcTecTBEHHO CBSI3aTh II0-
SIBJICHHE BOJIH-yOWIAL] ¢ MOLYJISIIUOHHON HEYCTORYIMBOCTBIO BOJIHBI CroKCca. JIn-
HefiHasT TEOpHs ITO HeycToiunBOCTH OblLTa paspaboTana He3aBuCHMO B [19] u
B [5]. B namnoit pabore (B ['maBe 1) uncienno uccaeayercs HeauHeHAS CTA/ AT
9TOU HEYCTONYUBOCTHU.

XOpoIIo U3BECTHO, YTO YPaBHEHWUsI OIMCHIBAIOIIME HJICAJIHHYIO >KUJKOCTH
CO CBOOOHOMN IIOBEPXHOCTBIO B ITOJI€ CHJIbI TsIXKECTH BIIOJIHE HHTEI'PUPYEMBI B
HECKOJIbKHX Ba)KHBIX CiIydasXx. HTerpupyeMocTb UMEeT MECTO JJisl JJIMHHBIX
BouiH Ha Mesikoit Bojie (KAV([24], nust ypasuenus Kajiomuesa-Ilersuaiisuiu [9),
Juisi ipubsimkenusi Byccunecka|6|, jisi ClIEKTPAJIbHO y3KO# BOJIHBI B XKHUJIKO-
CTH TIPOM3BOJILHON TuTyOmmbl (Hesnuueiinoe ypasuenue L pemumrepa [8]). Ciabo
HEJIMHEHHOE JIBUXKEHUE XKUJKOCTH B OTCYTCTBUM ITOJIsT CHJIbI TSIXKECTH TAKXKE WH-
terpupyemo [29]. Ouenb ecrecTBeHHO CHOPMYIMPOBATE TUIIOTESY, YTO U IPOU3-
BOJTLHOE OJTHOMEPHOE JIBVXKEHUE UIeAJTbHON KUIKOCTH B TPABATAIIMOHHOM TI0JIE
uHTErpupyeMo. Bo BTpOit ryiaBe ucciIenyeTcst 9TOT BOMPOC, W XOTSI OTBET, CTPOTO
IOBOPSsI, OTPUIATEJIbHBIN, OJJHOMEPHAS CUTYAIHs SIBJISE€TCS TIOYTH UHTEIPUPYe-
MOWA.

Crenyroimasi BakHasi IIpoOJieMa, 3aTPOHyTasi B JHCCEpPTAIUU - IIPoOJIeMa,
KoJIMOropoOBCKHX CIIEKTPOB - SIBJISETCA KJIFOUEBOI B Teopuu cJjiaboil BOJIHOBOI
TypPOYIIEHTHOCTH. DTHU CHEKTPHI SIBJIAIOTCS TOYHBIMU PEIIEHUSIMEU CTAIMOHAPHO-
IO KUHETUIECKOTO YPABHEHUs JIJisl CPETHEKBAIPATUIHBIX aMILTUTY ] BOJTH [49].
Hecomuenno, uto ciaborypOysieHTHbIe KoJIMOropoBcKue CIIeKTPHI JTOJIXKHbBI Te-
opeTrdecKru OObSICHATH CTEIEHHBIE CIIEKTPAJbHBIE PACIIPEJIEJICHUSI JHEPIUU B
aHCaMOJIsIX CTOXACTUICCKUX HEJTMHEHHO B3aNMMOEHCTBYIOIIUX BOJIH JIFOOO# 1pu-
poabl. CrekTphl TAKOro THIa HabIOmaroTcsa cucreMarndecku. CaMblit spKuii
IIPIMEpP TAKOTO POJA - CHEKTP €, ~ gv/w?, KoTophIit 06LIIHO HabII0faeTCs TP



BO30Y>K/JICHUK BETPOM T'DABUTAIMOHHBIX BOJH B Mope. OJIHAKO, 9Ta TOUKA 3pe-
HUS pazJiesercs He BcemMu. Kpome Toro, camasi IpUMEHUMOCTb KHHETUIECKOTO
yPaBHEHUsI JIUIsi BOJIH K PEaJIbHOH cuUTyalun Takxke juckyrupyercs. (Cm., Ha-
npumep [33].) BbIBoJ KHHETHYECKOTO ypAaBHEHHUST U3 MCXOJHBIX JIMHAMUIECKHUX
yPaBHEHUI MpEJIoaraeT 3aKOHHOCTH IPEIIIONOXKEHUS O XaOTUYHOCTH (Das,
KOTOpasi MOXKeT ObITb HapyineHa (POPMUPOBAHMEM HEKOTOPbIX KOT€PEHTHBIX
CTPYKTYP, TaKUX KaK BOJIHOBBIE KOJLIAICHI, COJUTOHBI Wik BO3e-KOHJIeHCAT.
dakTuuecku, 3Ta KPUTUKA MMeeT Cepbe3Hble OCHOBaHUs. B peasibHbIX CUTY-
AIUsIX KOTE€PEHTHBIE CTPYKTYPbI BCTPEYAIOTCS 9acTO, HO B TO K€ BpPeMsI HET
IPUYWH JUIsT TIOJIHOTO OTKa3a OT Teopuu Cjaboit TypOynentHoctu. JleicTBu-
TEJIbHOCTh MHOTOOOPa3HA, U BO MHOI'MX KOHKPETHBIX CHUTYAIUsIX KOI'€PEHTHBIE
CTPYKTYPbI COCYIIECTBYIOT CO CJa0OTYypPOyJIEHTHO! KOMIIOHEHTOMR, yJ4aCTBYsI B
IIPOIIECCHI IEPEHOCA U JUCCHUIIAIUU SHEPTUU U JIPYTUX UHTErPAJIOB JIBUKEHUS.

CutetoBaTEIHHO, €CTH CHJIbHAST MOTHBAINSI, YTOOBI MTPOIOJIYKUTH MCCJIEI0BA-
HUEe Teopuu cJaboit TypOyJEeHTHOCTH, WCCJeysi TOT CJydail, rje KOrepeTHbIe
CTPYKTYPhI Ba>KHbI, U CJIy4aii, e TaKWe CTPYKTYPhI HEe BarKHbI.

Hayunaga HoBU3HA

OcHOBHBIE PE3yJIHTATHI, BKJIIOYEHHDIE B INCCEPTAINNIO, SIBJISIIOTCST HOBbIMU. Brrep-
BbI€ ITOJIyYEHbI Kybuyuecky HeJuHeiHble, KOH(POPMHbIE yPABHEHUS, OINUCHIBAIO-
Iye JUHAMUKY MOTEHITMAJbHOIO TeUeHUs JIByMEPHOI UIeaJbHON HeCXKUMAeMOit
YKUJKOCTH CO CBODOIHOM TPAHUIEH B TPABATAIIMOHHOM IOJIE€ U C YIETOM KAIHJI-
JISIPHBIX CUJI. [IpoBesieH psiji YUCIEHHBIX SKCIIEPUMEHTOB M0 U3YIEHUI0 00Pas30-
BaHWST BOJIH-YOUII] Ha MOBEPXHOCTU YKWJIKOCTH, W WX OMPOKUIbIBaHus. Jloka-
3aHa HEUHMEZPUPYEMOCMD IBYMEPHON WIeahHOW MMIPOJINHAMUKU CO CBODOJI-
HOU rpanunieil. BriepBbie TpUMEHEHBI KOHPOPMHbIE KAHOHUIECKUE TIePEMEHHbBIE
JUIsi BBIYMCJIEHUN MaTPUUIHBIX DJIEMEHTOB HEJMHEHHOIO0 PE30HAHCHOIO B3aWMO-
JleiicTBUs BOJIH. BriepBble IOKa3aHa, aHAJUTAYECKHA U YUCJIEHHO, BO3MOXKHOCTD
KOJLJIAICa JByMepHOM 00001ennn ypapaenusi benkamuna-Ono. Briepsbie unc-
JIEHHO TTO/ITBEPKIEHA, CIIPABEJTMBOCTH TEOPHUH CJIab0i TypOyJIEHTHOCTH B 00HO0-
MePHOM citydae. JUCIeHHO U aHAJUTUYECKU HMCCJIEOBAHO BJIMSIHUE KOTE€PEHT-
HBIX CTPYKTYP Ha CJaOOTYpOYJEHTHbIE CIEKTPLI. B YHCIEHHOM 3KCIEPUMEHTE
BIIEPBbIE MOJIydeH ciaboTypbysienTHbI KosiMoropoBckuii criekTp Jijist (hJryKTy-
alnii IOBEPXHOCTH >KUJIKOCTH B I'paBUTallnOHHOM moJie. [TocTpoena ducienuast
cxeMa JiUIs pelleHUs] YPaBHEHUN JUHAMUKU ITOBEPXHOCTHBIX BOJIH, COXPaHSIIO-
masi ['aMuIbTOHnAH.



IHesas paboTel

[{esibi0 pabOTHI SIBJISETCA Pa3BUTHE TEOPETUUECKUX U UUCJICHHBIX METOJIOB HC-
cJeJIOBaHMsI HEJIMHEHHBIX sIBJICHUI B I'UJIPOJIMHAMUKE UJ1€AJTbHON KUJKOCTH CO
cBoOoHOM rpanuneit. Ocoboe BHEMaHKE yjensaercs pa3paboTke 3¢pHeKTUBHBIX
YUCJEHHBIX AJIPOPUTMOB, COXPAHSOMMX HUHTEIPAJIbI JBUXKEHMSI.

Tak>ke BarkKHbIM 3J1€Ch SIBJISIJICS [TOMCK MHTEIPUPYEMBbIX IPUOJIMXKEHMIA.

Kpome Toro, mnpoBejieHHOE UCCIEI0BAHUE CJIA0OTYPOYJEHTHBIX PEXKUMOB B
PA3JIMIHBIX MOJIEJISIX UMEJIO CBOEH 1eJIbI0 OOOCHOBATH TPUMEHUMOCTh KHHETHU-
YECKHUX YPaBHEHU, KOTOPhIE MO3BOJISIIOT ¢ ropa3o 0oJibiieit 3pHEeKTUBHOCTHIO
MOJIEJTMPOBATH BOJTHOBYIO TYPOYJIEHTHOCTH, YeM WCXOIHBIE JUHAMWIECKNE YPaB-
HEHUSI.

IIpakTudyeckasg u TeopeTnyeckas I€eHHOCTh PadOThI

[Tosryyernbie KyOu4uecKy HeJIMHERHBIE ypaBHEHUsT OE3BUXPEBOil JBYMEPHON I'i/I-
POJMHAMUKK IIO3BOJIAIOT 3(PPEKTUBHOE UHMCJIEHHOE MOJEINPOBAHUE HEJMHEH-
HBIX IIPOIECCOB Ha IOBEPXHOCTU >KMJIKOCTH, BKJIIOUAsl TaKue KakK OOpyIleHue
BOJIH, KOI'J[a T'PAHKIIA YKUJKOCTH CTAHOBUTCSI HEOJHO3HAYHOIA.

HoBbiit 1m0j1x01 K BBIYMCJIEHUIO MATPUUYHBIX IJIEMEHTOB (C TOMOIIBIO KOH-
(HOPMHBIX KAHOHMYECKUX [TEPEMEHHBIX ) TI03BOJISIET 3D MEKTUBHO BHIYUCIISATE Pe-
30HAHCHBIE B3aNMOJIEHCTBUST BOJIH B JBYMEPHOW MOTEHINAIHLHON THAPOIAHAMI-
Ke.

Teopernyeckoe U YUCAEHHOE MCCJIEIOBAHUE KOJIJIAICA B IMOIPAHUYHOM CJIOE
00'bSACHSIET KIIEPUMEHTHI 10 T'eHePAIUU KOTePEHTHBIX CTPYKTYP B IOIPAHIIHOM
cJIo€.

Haburtoieanre B 9uCIEHHBIX 9KCIIEPUMEHTAX CJIa00TYPOYJIEHTHBIX PEXKUMOB,
¢ KosmoropoBckumu crekTpaMmu (IyKTyaluii, OJU3KUX K SKCIEPUMEHTAIhb-
HBIM, II03BOJISIET IPUMEHATH 0oJiee IPOCThble, KMHETUUECKHNE yPABHEHUs JIJIsi
LIPEeJICKA3aHUsI OKEAHCKOI'O BOJIHEHUSI B METEOPOJIOIMY€CKUX IIPUJIOXKEHUSIX.
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[To Teme nuccepranuu omybsrkoBaHo 20 padoOT, CIIMCOK KOTOPBIX IIPUBEJICH
B KOHIIe aBTopedepara.

O06BbeM u CTPYKTypa JTUCCEPTAITNU

Juccepraliysi COCTOUT U3 BBEJIEHUS, YETHIPEX IVIaB, 3aKJIIOUEHUS, CEMU ITPHUJIO-
KEHUU U CIUCKA JINTEPATYPHI.

Kpatkoe cogepkanne paboThl

BBenenue

Bo BBejieHnn 00Cy K 1a€TCsi NCTOPHST 1 0OOCHOBBIBAETCST AKTYaJbHOCTH PACCMAT-
PUBaEMbIX BOIIPOCOB, MOTHBUPYIOIIHX padoTy. ChopMyIMpOBAHBI €U U [TPU-
BeJIEHbI OCHOBHBIE Pe3yJbTaThl paboThl. KOpoTko omnmcana cTpyKTypa Jauccep-
TaIWH.

I'maBa 1. Kondopmubie npeobpa3oBanusg u 'amMmuiasToHOB hopMan3mM
B ' APOAMHAMUKE HEC2XKMMAEMOI naeaJdbHO >KMJIKOCTHA CO CBODOIHOM
rpaHunen

Bo BBegenun 1.1 uzjiokeH KpaTKuit 0030p U3BECTHBIX PE3YJIBTATOB JJIs YPaB-
HEHW JBYyMEPHOIO T€YCHUS 1J1€ATHHON HECXKUMAEMON KUJIKOCTH CO CBODOTHOI
rpaHureit. 9To, B MEPBYIO OYEPe/ib, OTHOCTUTCS K CTAIMOHAPHBIM, YCTAHOBUB-
IIMMCsl TPABUTAIMOHHBIM BOJTHAM. [Ipumenenue Teopun (DyHKIUNA KOMILJIEKC-
HBIX [IEPEMEHHBIX B 9TON 00JIACTU TTO3BOJIMJIO MOJIYYUTh BasKHbIE PE3YJIHTATHI,
[IEePBLII U3 KOTOPBIX JAaTUPOBAH CEPEAUHON IPOILJIOrO BEKa U HPUHAJICKUT
Crokcy [42]. M 6b1I0 TIOKA3aHO, 9TO € POCTOM AMILIUTY/(bI CTAIMOHAPHBIX
I'PABUTAIIMOHHBIX BOJIH ITPOUCXOJUT 3a0CTpeHue T'pebHeil BOJH u 00pa3yercs
yrou1, pasubiii 120°. B iBajiuarsie rojibl 3TOr0 BEKa B 3TOM HALPABJIEHUU ObLIU



BBIMIOJIHEHB! Kitaccudeckue paborol Hekpacosa [15] u Jleu-Uusura [31], ma-
TEMATHIECKUE ACIEKTHI KOTOPBIX JIAJIM MOIIHBIA UMIIYJIbC PsIJIy HAIIPABJICHUH
TEOPWH WHTETrPAJbHBIX YpaBHEHUN U (DYHKIIMOHAJBHOTO AHAJIN3A.

st mcceoBaHus HECTAIMOHAPHON JUHAMUKY MTOBEPXHOCTHU B IITECTH/IECS-
ThI€ T'OJIbI, ¥ MO3KE, MMOJIYUUJT PA3BUTHUE MOJIXO]], OCHOBAHHBIN Ha JIArPAHKEBOM
onucanuu, npegioxenaom Bupkroddom [20]. Psiy aBropos (cM. 0630p [32] u
CCBUIKKM B HEM) IbITAJICS [IPUMEHUTH METOJ| AHAJUTUIECCKOrO [IPOIOJDKEHHS 110
JIArPaHKeBBIM epeMeHHbIM. OIHAKO, 3TH KOOPJAWHATHI He JIOIMYCKAIT MOJIX0-
JISIITIEero KOHMOPMHOIO Ipeodpas3oBatusi, T.K. UX aHAJUTHIECKOE IIPOIOJIKEHUE
uMeeT OCOOEHHOCTU B OOEUX MOJIYIIOCKOCTSIX KOMILIEKCHOTO IEPEMEHHOIO.

Y100HBIi 110/1X0/1 OIUCAHUS TIOTEHIINAJIBHBIX TEIEHUN KUJIKOCTU CO CBODOJI-
HOU OBEPXHOCTBIO JIJIsl TPOU3BOJILHON PA3MEPHOCTU TPOCTPAHCTBA OCHOBAH HAa
MCIIOJIb30BAHAY KAHOHUIECKOTO (hopmanusma, m3BectHoro ¢ 1968 r. (cm. [4]).
Hutst IByMepHOI reoMeTpur HamboJiee eCTECTBEHHBIM SIBJISETCS MOJIXOJ], COYe-
TAIONUI KaHOHUYECKUil (popMajin3M U KOH(POPMHBIE OTOOPaYKEHUSI.

DTOT TOJX0/1 ONKCcaH B pa3aeie 1.2 s ciiydas BOJbI MPOU3BOJIHLHON TTy-
OWHBI C yIETOM IOJISI TSXKECTU W [MOBEPXHOCTHOT'O HATSXKEHUS. DTOT Pa3jiest
HAYMHAETCH C KJIACCUYECKOU MOCTAHOBKY 33Jia4u O noreHiualie ¢ ckopocru Te-
YeHUS ABYMEPHON MIeaJIbHON HEeCXKUMaEMON KUJIKOCTHU

A = 0. (1)

C I'PaHUYHbIMU YCJIOBUAMU
on n oPon 0P
ot Ox0x Oy
o 100, 1,00,
—+ (=) + S +gn=0, 3
Ha CBOOOJHOM rpaHuie. /lajee, MCIONb3Yysl BapUAIMOHHBIM MPUHIUI U KOH-
dopMHOe peobpazoBaHue 00JACTH 3aAHIMAEMOM KUJIKOCThIO, Ha HUXKHIOI II0-

(2)

)
y=n

JIYTIJIOCKOCTH KOH(OPMHOI TepeMeHHO#, BBIBOJISITCS HOBbIE YPaBHEHUS JIJIST IBYX
AHAJIUTHIECKUX (DYHKIW, KOMIIJIEKCHOTO TIOTEHIINAJIa CKOPOCTH W COOCTBEHHO
koHpopmMHOro mpeodbpasosanusi. [Iog00HbIe ypaBHeHusT ObLIu 101y YeHbl OBCsiH-
HUKOBbIM B [16], HO jipyrum 1y Tém.

B crenyromem pa3aene 1.3 HEKOTOpbIE YaCTHbBIE MPUOIUKEHHBIE PEIIeHUsT
HECTAI[MOHAPHON JUHAMWKK CBOOOJHON IPAHWUILI B OTCYTCTBUU I'DABUTAI[MOH-
HOT'O TOJIST U CHJI TOBEPXHOCTHOTO HATSIXKEHUSI.

1. B mepBoM u BTOpOoM naparpadgax UCCIIeIOBAH CJIydail JUHAMUKEA I'PAHUAIIBI
¢ 6osibiolt KpuBu3HOU. [lokazaHo, 9TO B 9TOM Cilydae ypaBHEHUS] MOIYT
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OBITH YIIPOIIEHDI, U CBEJICHBI K OJIHOMY YPABHEHUIO JJIs1 KOH(MOPMHOTO Ipe-
obpaszoBanusi z(u,t) TOJBKO.

Im(22)) = —\. (4)

D10 ypaBHeHHE U3BECTHO B jiuTeparype ¢ 1945 1. [14]. O6brano ero Ha3bI-
sator Laplacian Growth Equation (LGE) — ypaBaenue JjamiacoBckoro po-
cra. OHO IKUPOKO UCIIOJL3YETCs [IPU ONUCAHUK JIMHAMUKU I'PAHUIBI JIBYX
JKUJKOCTEH C CYLIECTBEHHO PA3JIMYHBIMKM BASKOCTSIMU, JIBUXKEHUS I'DAHU-
bl pazjesa aByX a3 (Hampumep, JbJa W BOJAbI) W POCTa JCHJPHUTOB B
JaCTHOCTH.

Ypasuenue (4) siBjsiercsi uHTErpupyemMbiM [34], u 3s1ech uccieoBan Kiace
€ro pernennii, B KOTOPbIX MoBepxHOCTHh nMmeeT "N-masbiessrit" Bug. OgHO-
naJibIesoe ke perenne 6ou10 Haitneno Caddmanom u Taitiopom [40].

2. B tperbem mnaparpade BbIOJSITCS aBTOMOJIC/IbHBIE YPABHEHUS J[BUXKEHUSI
[IOBEPXHOCTH. Y PABHEHUSI SIBJISTIOTCS HEJIOKAJIbHBIMEU, MMEIOT JIByXIlapa-
MeTpuUIecKoe ceMmeiicTBo pemrenuii. HekoTopble n3 9Tux penreHuii Onuchbi-
BaIOT 00pa3oBaHue OCOOEHHOCTH HA TPAHUIIE 38 KOHEUHOE BpeMsi (0COOeH-
woctu Tuna "yron", uim uzsom). Jpyrue e coOTBETCBYIOT KOJLIAIICY 3a
OEeCKOHEYHOEe BpeMsI.

B pa3znene 1.4 nojiydeHbl TOYHBIE, KYOUUECKU HEAUHEUNbIE YPABHEHUSI,
OIMCHIBAIOIIUE [TOTEHIMAJIHHOE TEYEHUE JBYMEDHOW HECKUMAEMON »KUIKOCTU
B I'PDABUTAIMOHHOM Ti0Jie. [lepeMeHHBbIME, B KOTOPBIX YPaBHEHUsI CTAHOBSTCS
KyOUIeCKUMHU, SIBJIAIOTCA (DYHKIUsI, 00paTHAs IPOU3BOHON KOH(MOPMHOIO IIpe-
obpa3oBaHus 00JIACTA 3aHUMAEMOI »KUJIKOCTBIO, HA HUXKHIOI IIOJIYILIOCKOCTD,
¥ KOMILJIEKCHAST MTOTEHITMAJbHAS CKOPOCTh TEUCHMUSI:

1
R=—, b, = —1Vz,. (5)
Zw
Hutst 9Tux DyHKIME ypaBHEHUS IPUOOPETAIOT BEChMA M3AIHYIO (DOPMY:

R, = i(UR' —U'R),
Vi = i(UV' = RP'(VV)) +g(R—1). (6)
31ech A
U=P(VR+VR).
P - nuneitHblit MHTErPAJIbHBIN OnepaTop, onepaTop npoekTupoBanusi. OHM sIB-

JIAIOTCA YPaABHEHUSIMU I[IE€PEHOCA, HO JEHCTBYIOT B KOMIIJICKCHON IIJIOCKOCTH.
BakHyi0 pOJib B 3THX YPaBHEHUSX UI'PAET KOMILIEKCHas CKOPOCTb IEPEHOCA,
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U. Ona nepenocut nyiu pyukinuu R(w,t), KOTOpbIe SIBJSIFOTCS OCOOBIME TOY-
KaMi KOHGOpMHOTO oTobpaxkenus z(w,t).

B ypaBrenusix (6) Jierko y4ecTb 1 IOBEPXHOCTHOE HATSKEHUE, CIIEJLyeT JIUIIh
3aMEHUTh BTOPOEe yPaBHEHUE Ha

V, — iUV — RP’(VV) +g(R—1)) — QoRP’(Q'Q -Q'Q),

e o - 910 KO3(hDUIMEHT TOBEPXHOCTHOrO Hatskenust, a Q = v/ R.

Paznen 1.5 mocsiiiieH B OCHOBHOM YKCJIEHHOMY MOJIEJIMPOBAHUIO 00pa30-
BaHUsI BOJIH-YOUIMII.

B mepBoMm maparpade oOCyXKIai0TCsI pa3judHble BO3MOXKHBIE MEXaHU3MbI
00pa30BaHMWsT TMTAHTCKAX BOJIH, W B YACTHOCTU HEJUHEHHAsT CTAJNS MOJIYJIs-
IIMOHHO# HeycToiunBocT BoJHBI CTokca. Teopust 9T0#t HeycTOYMBOCTH OBLIA
paspaborana nezapucumo B [19] u B [5]. PazBurue 9100 HEYCTONUMBOCTH IPUBO-
JIAT K ITOSIBJICHWIO BOJIH YPE3BBIYANHO OOJIBIION aMILIMTY/IbI, TAK HA3bIBAEMbIX
freak waves, BoJiH-yOMiiI] NI TUTAHTCKUX BOJIH. DTHU BOJIHBI - XOPOIIO U3BECT-
Hasl OMTACHOCTD JIJIsT MOPSKOB (cM., Hampumep|30]).

DBOJIIOIMST MOLYJTUPOBAHHON HEJIMHERHON BOJIHBI CTOKCA ONMKUCHIBACTCS HEJIU-
neiinbiM ypasuernem lpegunarepa (NLSE), nosydennom B [4]. D10 ypaBHenue
uHTerpupyemo (cMm. [8]), u siBJIsieTCsl NEPBBIM YJIEHOM B MEPAPXUH yDaBHEHWUIl
orubAaloINUX, ONUCHIBAIOIIUNX TAKEThl I'PABUTAIMOHHBIX TOBEPXHOCTHBIX BOJIH.
Bropoit 4en B 910it nepapxuu ObL1 BhraucsieHn Jbicre B[23], CJIeIytomuit ObLI
Hal/IeH HECKOJILKO JIeT Ha3as B[43].

Hauunas ¢ nepsoit paboter [41], MHOTO aBTOPOB MPOOOBaH 0OBICHUTE (HOP-
MupoBaHue BOJH-yOwuiin B pamkax NLSE u ero obobmienuii, kak ypauenne [Ibi-
cre. OOmmpHasi Hay4IHAs JIATEPATypa MOCBsINeHa 3ToMmy mpeamery. Crmcok,
peJICTAaBJIEHHbIN HIKe JTHHeH, HO HemoJion: |18, 21, 35, 36, 37, 38, 43, 44, 45,
46]. O630p PA3IUIHBIX BO3SMOXKHBIX MEXaHU3MOB (POPMUPOBAHUS BOJIH-YOUIAI]
naH B [27, 12].

fABnenne obpa3oBaHUsT BOJHBI-YOUHUIIBI MOYXKHO OBIJIO ObI OOBSICHUTH, €CJIN
OBl perenust I ypaBHEHUsST OTMOAIOIMNX ¢ aMIUIMIYA0H, OOJIbIeil HEKOTOPOit
KPUTUYIECKOMN, ObLIM ObI HEYCTONYMBBHI M KOJLIANICUPOBaJU. B TO BpeMmsi Kak B
paMKax ojHoMepHoro ypapaeHusi NLSE co/MTOHBI yCTOWIHMBBI, yJIydIleHHAs
MOJIEJTh JOJIPKHA UMETh HEKOTOPBIH TOPOT M0 aMIIUTYIE I YCTORIUBOCTH CO-
auToHa. HeycToitunBocTb coiuTOHA OOJIBINON AMIIJTUTYIBI ¥ €ro JaJbHEeHIInit
KOJLJIAIIC MOTJIU Obl OBITH HAJIEXKAIIUM TEOPETUIECKUM 00bsICHEHUEM TTPOUCXO-
JKJIEHUST BOJIH-yOUIAIIL.

DTOT crieHapuil HAOIIOMAICST B UYUCAECHHOM KCIEPUMEHTE B 3BPUCTUIECKOM
onromepHoii Mosiesin Maida-McLaughlin-Tabak (MMT-mogpess) (cm. [33]) must
OJIHOMEPHOIt BOJIHOBOH TypOysienrHocTu [48].
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B HAIINX YHCIEHHBIX 9KCIIEPUMEHTaX HADJIIOIaJICa APYroii crieHapuii. A nMeH-
HO, BOJIHA-yOWiilla MOSBJSETCA B MOAYJIHpoBaHHOM Ityre BosH. OOpasoBanme
BOJIHBI-YOUHIIBI TTOX0XKa Ha PA3BUTHE HEKOTOPOIO JedeKTa Ha IMePUOIANIECKON
CeTKe, SIBJISIIONIeNcsl meproguieckoii Bojnoit Crokca.

Camblii psiMoOit crmocod JOKa3aTh CIIPABEJIMBOCTD BBIMEU3IOKEHHBIX CIIe-
HapueB (POPMUPOBAHUS BOJIHBI-yOUIIIbI - YUCJIEHHOE MOJIEJMPOBAHUE ypPaBHE-
HUsT DilJIepa, OMKUCHIBAIOIIETO MOTEHIMAJbHBIE TEUYCHUsT UICAJbHON XKUJIKOCTH
€O cBOOOJTHOM ITOBEPXHOCTHIO B II0OJIE TATOTEHHUSI.

Bo Bropom mnaparpade, BHaUaJe 00CYKTaeTCsi KOHPETHBII BBHIOOD ypaBHE-
HU#i, KOTOpbIE OyJyT YUCJIEHHO MHTEIPUPOBATHCs, BHIOpaHbl ypasHeHust (6), a
cxema uHTerpupoBanus - Mmetoji Pynre-KyTra 4-ro mopsijka arnmpoKCUMAIIH 110
BPEMEHHU, U CIIEKTPaJbHas 0 TpocTpancTBy [50).

HauajbHble jJJaHHbIE BHIOMPAJKMCH KaK IYT TOYHBIX BOJH CTOKCa B KOTOPOM
ob110 o1 10 710 50 rpebHeil (¢ MepuoJnYecKuMU TaHUIHBIME YCJIOBUSIMU B 00-
gactu 27), u kpytusnoit 4 = 0.1 ~ 0.15. Dror mwyr O6bLI TPOMOILYIUPOBAH
JUITMHHOBOJTHOBBIM BO3MYIEHWEM MaJjioi aMIInTyabl. jist Toro, 9Tobh! 3a1aTh
BosiHy CToKca, HEOOXO0MMO ObLIO PEIINTh CTAIMOHAPHOE YpaBHEHUE

—yy + gyya + gH (y(1 + 7,)) = 0. (7)

Hutst ero perenusi OblT pa3paboTan crenuabHbIi ajaroputM. lajee nmpusese-
Hbl TUIIMYHbIC KapPTHUHDbI HpOCbI/IJIﬂ I'paHMIbl 2KUIKOCTHU O I1OABJICHHA BOJIHBI-
yowuiinpbl, PucyHok 1, ¥ B MOMEHT BpEMEHHU HEIOCPEICTBEHHO MEPe]T €€ OMPOKHU-

0.05

0.04 - B

0.03 - B

0.02 - -

0.01 |-

-0.01 B

-0.02 R

_003 1 1 1 1 1 1

Puc. 1: ®opma nosepxHocTy )ujakoctu npu 1 = 422

JibiBanueMm, PucyHok 2.



AMILTUTYIBI BOJTH, OETyIUX BIIEPEIU BOJIHBI-YOUUIIBI - OTHOCHTEIBHO Ma-
abl (B Tpu pasza Mmenbire). MoxKHO BUJETh TIyOOKYIO BIAMHY [Epe]] BOJHOM-
ybwuiineit. D10 - Tak HasbiBaeMasi "bipa B Boje" i "hole in the water" (mopckoii
bOJIBKIIOD), KOTOPasi IpeJecTByeT BosiHe-youiine. MoXXHO BUETh, 4TO OKOJIO
rpebHsI mepeIHnil PPOHT BOJHBLI OYEHDb KPYT. DTO - JIeACTBUTEILHO "CcTeHa BO-
abt". B Hekoropoii obsiacTu KpyTu3Ha jaxke oTpuiiare/ibHa (/e IIOBEPXHOCTb
Heojro3HauHa). Hadaso onpokupiBanust npejcrasieno Ha Pucynke 3. Becb-
Ma BaKHOW XapaKTEPUCTUKON BOJIHBI SBJISIETCS TaKXKe IJIOTHOCTH WMITYJIbCA.
mMenHo 3Ta BeJTMIMHA MOXKET MPEJCTABIATH OMACHOCTD JJI MOPCKUX CYJIOB U
matdopm. PrucyHok 4 jeMOHCTpUpyeT Kak MPOUCXOIUT KOHIICHTPAIUS TLIOT-
HOCTH TOPU30HTAJBHOI'O UMITYJIHCA, K MOMEHTY ODPa30BaHUs BOJHbBI-YOUKAIIHI.

B pa3aene 1.6 aHau3upyoTcs pe3yJibTaThl YNCJIEHHOIO MOJAETUPOBAHMS, 1
JIeJIAeTCs BBIBOJI O TOM, UTO BOJIHA-yOWIATIa, MOSABJISETCA B PE3yJibTaTe Pa3BUTHS
MOYJIAIIMOHHON HEYCTOUYUBOCTHU (eCJH/I [IOPOT" HEYCTOMYNBOCTHU HE IPEBBIIICH,
HUKAKNE BOJIHBI-yOMIIIbI HE MOSIBJISIFOTCST BOOOIIIE), JIBUXKETCS C I'PYIIIOBO CKO-
pocthio. Kpome TOro, mMeeTcsi HEKOTOPBIH MOPOr JJIst KPYTU3HBI HATAJIHHOTO
YCJIOBUSI, TIPY [IPEBBIINIEHUN KOTOPOI'O BOJIHA OIPOKH/IHIBACTCS.

I'maBa 2. IHTerpupyema Jin TUAPOAMHAMUKA UJAEAJBHON >KUIKOCTHU
cO cBOOOHOI TTOBEPXHOCTBHIO 7

DTa IJ1aBa IOCTPOEHA, CJIEAYIOIIIM 00Pa30oM.
B pazgesie 2.1 nepednciieHbl HEKOTOPbIE YaCTHBIE UHMEZPUPYEMbLE CUCTE-

0.05

0.04

0.03

0.02

0.01

-0.01

-0.02 R

-0.03 | | | | | |
-2

Puc. 2: ®opma nosepxHoctu xkujikoctu 1upu 1’ = 458.56
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0.05 T T T T T T T T

0.045

0.04

0.035

0.025

0.015

0.01

0005 1 1 1 1 1 1 1 1
3 3.02 3.04 3.06 3.08 3.1 3.12 3.14 3.16 3.18

Puc. 3: YBenuuennoe nzobpakenue (opMbl TOBEPXHOCTH YKUJKOCTU BOJIM3U TPeOHS BOJIHBI
npu 1T = 458.842

0.12

0.1 R

0.08 R

0.06 R

0.04

0.02

-0.02 : : ‘

Puc. 4: npocrpancrBenHasi MJIOTHOCTh TOPU30HTAJILHOTO UMILYJIBCA II€PEJ], OITPOKH bl BAHUEM
upu T = 456 (nyHKTUpHAs JIUHUS ), 1 B MOMEHT ONpPOKHAbiBanus npu 1T = 458.5 (cmiommHas
JIVIHUSA )

MBI, [TOJIy9aOIIAeCss U3 TOYHBIX YPaBHEHHUI MOTEHIIMAILHOIO TeYEHUs U 1€AJIh-
HOII HEeCXKUMaeMOi TyIyOOKO# »KUJIKOCTH CO CBOOOJIHOM IpaHUIIEH.

B pazaese 2.2 noayder 3pHeKTUBHBIN 4eThIPEXBOJHOBON ['aMuIbTOHNAH
(MCKJIFOUEHBI HEPEe3OHAHCHbBIE TPEXBOJHOBbIE B3aumojeiicTsus). B naparpade
2.2.1 cinenana napaMeTpusalus pe30HaHCHOIO MHOrooOpasusi Jijisi OJJHOMEPHO-
ro ciaydasi. B maparpade 2.2.2 mokazaHo, 9TO YeTHIPEXBOJHOBOW MATPUIHBII
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3JIEMEHT B3auMOJICCTBUA
T~
TOXKJIECTBEHHO PABEH HYJIIO HA PE3OHAHCHON MOBEPXHOCTH.

B caenyromem naparpade, 2.2.3, nccjaegoBaHbl YeThIPEXBOJHOBBIE MATPHY-
HbIE 3JIEMEHTBI, [EPBbIi, MoJydeHHblli Xaccesbmannom B 1962 1. [25], u BTO-
poit, nostyuennbiii 3axaposbiv B 1968 1. [4]. B 1980 . 8 pabore Crawford,D.E.,
Yuen,H.G. u Saffman P.G.[22] 6bu1 chopmysnupoBan BOIpOC 00 HJEHTHIHO-
CTH Pe3yJIbTAaTOB XacceJbMaHHA U 3aXapoBa, OJHAKO OTBETA Ha HEro He OBLIO.
3/1eCh, »Ke, UCIOJb3YsI Pe3yJIbTAT PEIbLIYINero maparpada, moka3aHo, 9To 0da
MATPUIHBIX JIEMEHTa COBIAIAIOT Ha PE30HaHCHOW moBepxHocTH. U 910 cripa-
BEJIJINBO KaK B OJJHOMEDHOM, TaK ¥ B JIBYMEPHOM CJIydae.

Crenyromuit pa3aese 2.3 SBJsI€TCs OJATOTOBUTEIbLHBIM JJIsI BbIBOJA, O-TH
BOJIHOBOI'O KMHETHYECKOI'O YPaBHEHHUSI.

B naparpade 2.3.1 obcyxkjjaercsi CTpyKTypa KHHETHYECKOIO YPABHEHUS B
OJIHOMEPHOI CUTyallll, U ITOKA3bIBAETCsI, YTO YETHIPEX BOJHOBOE pacCEesHUe He
BMOCUT HHKAKOI'O BKJIaJla B KMHETHUYeCKoe ypaBHeHue. Jlajee HAUMHAETCS BbI-
BOJI 5-TH BOJIHOBOI'O MATPUYIHOTO JIEMEHTA..

B naparpade 2.3.2 BBOISATCH KOHPOPMHBIE KAHOHUYECKUE TIEPEMEHHDIE, 1103~
BOJISIIONME CPABHUTENLHO JIETKO (XOTS M I'POMO3JIKO) MOJYIUTh DA3JIOKEHHe
[amunbToHHAHA O 5-I0 MOPSIAKA BKJIIOUATENLHO. B maparpade 2.3.3, ¢ mo-
MOIIBI0 KOHPOPMHBIX KAHOHHIECKHUX EePEMEHHDIX [MOJIYyYeHbl BCe HEOOXOIUMbIE
MATPUYHbBIE 3JIEMEHTHI JJIsI IIPOIECCOB

V,!Zlkg st 2 < 1
Uk1k2k3 st 3 < 0
Rk1£2k3k4 g 4 < 0
Gk;%zg s 3 < 1
Wik, st 2 & 2
Qut  nna 3 2.

Hajee, B maparpade 2.3.4, BBOIUTCST KAHOHMYECKOE TPpeodpa3oBaHme, KOTO-
poe T03BOJISIET N30aBUTHCST OT HEPE3OHAHCHBIX YJIEHOB B ['aMujibToHnaHe, B IyXe
pabor |7, 10], HO ¢ Tem OTyIMUMEM, YTO TEEPh KAHOHMYECKOE PEOOPA30BAHKE
Jlesiaercsi B KOH(OPMHBIX IiepeMeHHbIX. Kpome Toro B mnaparpade paccmar-
pUBaETCs CAydail IMepPUOJUIeCKUX I'PAHUYHBIX YCJIOBUM, W JJisI HEro IOJydeH
YeThIPEXBOJIHOBOI ['aMuIbTOHNAH B HOpMaJibHOM hopme Bupkrodda

o) 1 ©o° 1 o0
H = > Wn’bn|2+_ ) Tnn1|bn’2|bn1’2+1 ) Tnn|bn’4-
n=—00

n=—00 2 n#£ng
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A 3710 lNaMuIbTOHMAH WHTEIPUPYEMO CHCTEMBL.

B nociennem naparpade pasaesa 2.3 mnpejcraBieHa IpoleLypa BhIYUCIe-
HUAS MaTPUYHOTO 3JIEMEHTa, COOTBETCTBYIOIIETO MPOIECCY 3 < 2 ¢ yIETOM HC-
KJIIOYEHUST HEPE3OHAHCHBIX MPOIECCOB. DTO CAEIAHO C TOMOIIBIO JMarpaMHOi
TeXHUKH. Uucjo guarpaMmm - Besiuko. 60 - CKOHCTPpYHPOBAHHBIX U3 TPEXBOJIHO-

BBIX ITPOIECCOB Vklzlkg u U, iyky, K&K HaIIDUMED, TAKUX

3 1

(w(k2) —w(k2 —p) —w(p)) (W(k3) —w(k3 —q) — w(q))
Kpowme Toro, K HUM HYKHO emé 1006aBuTh 20 nuarpamMm, CKOHCTPYHUPOBAHHBIX
u3 4-X MJ10C 3-X BOJIHOBBIX IIPOIECCOB, KaK HAIlPUMEP TaKOi

2 3 V (kI + k3, k1,k3)W (p,q, k2, k1 + k3)
24 (k1) + w(k3) — w(k1 + £3)

1 makowel, K HUM HY>XHO JI00aBUTH COOCTBEHHO OJIHY D-TU BOJHOBYIO JiMa-
rpaMMy ¢ MaTPUUHBIM 3JIEMEHTOM Qi;ﬁ§k3, Bcero 81 guarpamma. PesonaHcHOe
MHOT0OOpa3ue, Ha KOTOPOM HEOOXOJMMO BBIYUCIUTH BCIO 9Ty CYMMY JIOIyC-
KaeT MOJUHOMUAJIBHYI0 TPEXMapaMeTpUIecKyio MapaMeTpusanuio. Pesyabrar
CyMMUPOBaHUsi ObLIT TOJyYeH ¢ momomnbio mporpammbl "Mathematica"[47], u
HECMOTPsT HA BCIO TPOMO3JIKOCTH JHArPAMM, OH OKa3aJiCs JPE3BBIYAHO MPO-

CTBhIM:

kikokskaks
Wi, W, maz(ky, ko, ks)

wk1wk2w/€3

Thikoks _ 2
kaks 91/27T3/2

ok
Tor dakr, uro T;},>" # 0 Ha pE30HAHCHOM MHOrOOOPa3WM, O3HAYAET, YTO

CUCMeEMa YPaSHEHUT, ONUCHIBANULAA JBYMEPHOE NOMEHUUAALHOE, DECKOHEUHO
2AYyboK0Ee Meuenue HecoHcumaemoti udearsvroti HcUIKOCMU 6 2PaBUMAYUOHHOM
noae ABAACMCA HEUHMEZPUPYEMOT.

B pa3aese 2.4 BBIBOAUTCS H-TH BOJHOBOE KWHETUYECKOE YPaBHEHNE, BKIIIO-
qajoree B cebst popMasIbHO U 4-X BOJIHOBBIE ITPOIECChl. JIjist 0 lHOMEPHBIX I'PaBHU-
TAllMOHHBIX BOJIH 4-X BOJIHOBBIE ITPOIECCHI HE BaXKHbI, 1 B HEM OCTAETCsl TOJIHKO
O-TU BOJIHOBOI CTOJIKHOBUTEJILHBIN UJIeH

O
ot

Kuneruveckoe ypashenue (9) coxpaHsier JiBa WHTErpaJia, JBUXKEHUsI, SHEPIUIO

= st(n,n,n,n). (9)

¥ MMITYJIbC, U OIMCHIBAET MPSIMO M 0OpaTHBI KacKajbl (MMITYJIbCa U SHEPIUHU
COOTBETCTBEHHO). JlJIsi MX TOTOKOB, 3Hasi CTENEHb OJHOPOJHOCTH MATPUIHOIO
9JIEMETa, 3aKOHA JIMCIIEPCUU U YUUThIBAsI OJJHOMEPHOCThH CUCTEMbI, cJiejyst [49]
I10JIy4€Hbl CTE€IICHHbIC CTAallMOHAPHbIC DEIICHMA, KOHMOFOPOBCKI/IG CIIEKTPBhI.
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I'masa 3. BosrHOBag TypOysieHTHOCTDH B HesimHeiiHOM ypaBHeHuu Illpe-
JAUHTEPA

B pazmene 3.1 usyvaercss BAUSHUE KOTEPEHTHLIX CTPYKTYpP Ha caboTypOy-
JIeHTHBIE crieKTphbl B paMkax Mojesnn MMT-monenn (A.Maida, D.McLaughlin u
E.Tabak [33]).

B maparpade 3.1.1 npuBoguTcst mpumep CjaadoTypOyJIeHTHOTO CIEKTPA €,
gv /w*, KOTOPBIit OOBIMHO HABIIONAETCS B CHCTEMAX BO30YKIAEMBIX BETPOM I'Pa-
BUTAIMOHHBIX BOJIH B Mope. C Apyroi CTOPOHBI, BHIBOJ, KHHETUYECKOIO yPaB-
HeHUs (peIeHreM KOTOPOIo SIBJISIOTC CJabOTypOy/IeHTHBIE CIIEKTDbI) U3 HC-
XOIHBIX TUHAMUYECKUX YPABHEHWI TTPEIIOIaraeT 3aKOHHOCTD TTPEITOIOKEH ST
0 XaoTUYHOCTU (a3, KOTOpasi MOXKET ObITh HapyllieHa (POPMUPOBAHUEM HEKO-
TOPBIX KOIE€PEHTHBIX CTPYKTYP, TAKUX KAK BOJHOBBIE KOJIJIAIICHI WJIU COJIUTO-
Hbl. BO MHOIMX KOHKPETHBIX CHUTYAIUsIX KOI'€PEHTHBIE CTPYKTYPbhI COCYIIECTBY-
0T CO CJIaDOTYpOYJIEHTHOI KOMIIOHEHTOMI, Y49aCTBYsI B IIPOIECCHI IIEPEHOCA U
JINCCUIIAIMN SHEPIUUM U JPYIUX HHTErpaJjoB JBrKeHud. B maparpade 3.1.2
HPUBOJIUTCST MOJIEJIb HeJIMHERHON BOJHOBOI cucteMmbl, MMT-Mmomenb, siBisiio-
meica oOoOIeHHNEM HeJuHeiiHoro ypaBHeHust IllpemuHrepa, COXpaHSIIOIIETro
HE TOJHKO SHEPIHsi U UMITYJIbC, HO TAKXKE W BOJHOBOE JeiicTBHE (IMCIIO da-
crun). MMT-mojie/b IeMOHCTPUDYET CJIOKHOE MHOI'O-BAPUAHTHOE IIOBEJIEHUE,
KOTOPOE HeJIb3si PACCMATPUBATH KaK IIPOCTOE MMOTBEPKICHIE CJIabOTYpOyJIeHT-
HOI Teopuu Teopuu. OTCYTCTBHE IIPOCTOTO, SIBHOTO IOITBEPXKIEHUS IIPOUCXO-
JIAT W3-3a HAJUUIUsI KOT€PEHTHBIX CTPYKTYP, KOTOPbIE IIOCTOSIHHO IIPUCY TCTBYOT
BO Bcex Bepcusix MMT-mopenu. B caemyromem maparpade 3.1.3, npuogurcs
[IOCTAHOBKA 33JIa9¥ U PE3yJIbTaTa YHUCIECHHOIO MOJIEJMPOBAHUS MOIH(MDHUIUPO-
BanHo#t MMT-moenu, KoTopasi BKJIOUaeT B cebsi He TOJIbLKO CTaHIapTHBIE IIPO-
reccbl paccesinust 'nBa B gBa', HO U npomecchl pacnaga "ogua B Tpu'", KOTOPHIE
HE COXPAHSIOT BOJHOBOE JEHCTBIE.

oY

(5 ) =

4 )«
K+ a [ (Kl el lalles)) " 7, i, Gty Otk r, dr iy dis +
/2
g [ (1Kl |[Fa [s) " ?x
X(wkl w’@ ka 5k—]€1—k2—]€3 + 3 wkl w;; ¢Z3 5]€—k1+k2+k3)dk1 de dk?)
Oxka3bIBaeTCsI, 9TO TaKas MOJIEb, TIPY HAIJIEXKAIEeM BRIOOpE TapaMeTpoB, BEJIET
cebsi B COOTBETCTBHUU CO CJ1abOTypOyIeHTHOI Teopueil. B wacTHOCTH, OHA JTIEMOH-

crpupyer cyiecrBoBanue crernentoro pemtennsi (KosMoroposckoro criekrpa) B
IMMPOKOM MHEPIMOHHOM MHTepBaJjie (GoJbile JBYX JEKa).
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Hanuuue B Namunbronnane "pacnagnoro”djena obecreduBaeT OTCYTCTBUE
JIOKAJIN30BAHHBIX CTPYKTYP, U CO3AET ycyoBust juid "Habsomenus " ciaboryp-
OyJIEHTHOT'O PEXUMA.

Ha Pucynke 5 u300pak€H TUIIUYHBIN CTAl[MOHAPHBINA, YCPEJHEHHBIH 110 Bpe-
MEHH, CIIeKTp i BapuanTta ¢ ¢ = 0.15. V3 Pucynka 5 xopoio BugHO, 9TO B

0.01
0.001
0.0001
le-05
le-06
le-07
1le-08
le-09

le-10 : :
1 10 100 1000

Puc. 5: |y |?, ycpeanénnniit 1o unrepsany spemenu 100. [IpsiMasi JIMHUSE COOTBETCTBYET CTe-
5
nennomy cnekrpy 0.15]k| 72

unepruonroMm uHTEpBase 30 < k < 300 3TOT CHEKTD AIIIPOKCUMUPYETCS CTE-
neHHbIM KOJIMOrOPOBCKUM CIIEKTPOM C IIOKa3aTe eM A = g Cnenyer OTMETUTb,
YTO IIPEJICTaBJIEHHBIE B 9TOM Maparpade pe3ybTaThl SIBJISIOTCA IePBbIMHE, 10/I-
TBEPXKJIAIOIIMMHU CIIPABEIJIUBOCTh TEOPUU CJIabOi TYypOYJIEeHTHOCTH MMEHHO B
OJITHOMEDHOM CJIydae.

B pazaesie 3.2 paccmarpuBaercss TypOyJIEHTHOCTh B HEJIMHEHHOW BOJTHOBOI
cpejie, COMPOBOBOXKIAIOIIASICST BOSHUKHOBEHUEM JIOKAJIM30BAHHBIX CYIIECTBEH-
HO HEJIMHEHHBIX CTPYKTYpP, COJUTOHOB. Jlaércst 0DOCHOBAHME YTBEDIXKJIEHUS O
[EHTPAJIbHOR POJIK COJUTOHOB B ACHMIITOTUIECKOM COCTOSIHHHU TYPOYJIEHTHO-
CTHU JAHHOI'O THIIA U [OKA3BIBAETCSI, TEM CAMBIM, IYTO COJTUTOHHDINA a3 sIBJISETCS
CBOEOOPA3HBIM CTATUCTUYECKUM ATTPAKTOPOM YMEHBIIAIOMIEHCsT CO BPEMEHEM
Pa3MEPHOCTH B HEMHTEIPUPYEMOIl TaMHUJIBTOHOBCKOR CUCTeMe ¢ OECKOHEUYHBIM
YUCJIOM CTeIeHeil ¢cBOOOIbI.

B naparpade 3.2.1 naercs KauecTBeHHasi KAPTUHA, COJUTOHHON TYpOyJIeHT-
HOCTH B PaMKaX HEMHTErPUPyeMoro HeJjimHeiHoro ypasaenusi Lllpejaunrepa B
YCJIOBUSIX OTCYTCTBUSI BOJIHOBBIX KOJLJIAIICOB. BriepBble COJIMTOHHAs TYpPOYJIeHT-
HOCTh PaCcCMaTPUBAJIACH, TTO-BuuMoMY, B 1973 1. B pabore [28].
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B nmaparpade 3.2.1 npejiaraercs MojieJib BOJHOBOI TypOyJ€eHTHOCTH, MOJIH-
dburuposannoe Hesmueitnoe ypasuenue [[Ipenunrepa (cum., Hanpumep, [13])

i+ AP+ f(|Y)*)Y =0, (10)

Henuneitnocrs f(|1)]?) Boibupanach Takoii, 9To6bI ypaBHeHHE ObLIO HEHHTEIPH-
PYeMBbIM, U UMEJIO PEIeHne B BUJIE YCTONUUBOTO (HEKOJUTAIICHPYIONIErO) COJTH-
ToHAa. B 5TOM ciiyuae TypOyJIeHTHOCTD SABJISIETCSI COJUTOHHON. DyHIaMEHTAIh-
HBII 00IedU3NIecKrii HHTEPEC MPEICTABJISIET BOIPOC O XapaKTepe IBOJIIOIUH
9TO# TypOyaeHTHOCTH. B HEMHTErpHpyeMoM CiIydae KadeCTBEHHOE TePMOINHA-
MUYECKOE PACCMOTPEHHE B3aUMOIEHCTBUSI COJIMTOHOB CO CBOOOIHBIMU BOJTHAMMU
|13] mokasbIBaer, 94TO MOBEJIEHUE CHCTEMBI OMPEIEISeTCS HAKOILJIEHUEM CJIa0bIX
93¢ HeKTOB, KOTOPhIE 00YCJIOBIEHBI HECKOMIIEHCUPOBAHHOCTHIO IIPOIECCOB, IIPO-
TEKAIOIIUX B IPOTUBOIOJIOXKHBIX HAIIPAaBJICHUAX. [I[pu B3auMOIEACTBUN COJIATO-
HOB €O CJIaDOTYPOYJIEHTHBIM CIIEKTPOM TEPMOJUHAMUYECKN BBITOJHBIMU SIBJISI-
IOTCST TIPOIIECCHI, TPUBOISAIINE K YBEJUICHUIO aMILIUTY I COJTUTOHOB TIPU yMEHb-
IIIEHUU WX YUCIa. PaccMOTpEHbI 9IeMEeHTapPHBIE IIPOIECCH B3AMMOJIEHCTBUAS CO-
JINTOHOB JIPYT C JIDYI'OM U CO cJiabOHeIMHeRHbIME CBOOOHBIMEU BoJiHAMU. [Toka-
3aHO,4TO IIPOUCXOIUT IIEePEKAIKa SHEPIUK U3 BOJIHBI B COJIMTOH U IIPOUCXOIUT
TOPMOKEHIE COJIUTOHA M YBEJHYEeHHE BOJHOBOI'O BEKTOpa BOJIHBL. Ilpm B3am-
MOJIECTBHM K€ JBYX COJIMTOHOB IIPOUCXOJUT YCHJIEHKE 00Jiee HHTEHCUBHOTO U
ocyiabjieHre MeHee HHTEHCHBHOI'O COJIMTOHA.

B naparpade 3.2.3 npeacrapieHbl pe3yabTaThl YHCJIEHHOIO MOJAETUPOBAHUSI
OJTHO- U JByMepHO#i TypOysnentHOCcTH juist ypasuenus (10). PesymbraTer pacde-
TOB IIPOJIEMOHCTPUPOBAJIH ITOJIHOE COOTBETCTBUE HAOJIOIAEMOM TPOCTPAHCTBEHHO-
BPEMEHHON JUHAMUKUA CUCTEMbI MPEJICKA3aHHON KaYeCTBEHHON KapTUHE COJIU-
TOHHO#I TypOyJIeHTHOCTH. B3anmomeiicTBre COJIMTOHOB IPYT € APYTOM # CO CBO-
OOHBIMI BOJIHAMU [IPUBOJMT K IIOCTEIIEHHOM IIepeKadKe YMCJIa BOJH U3 COJIATO-
HOB B 00OJiee MHTEHCUBHbBIC, aMILIMTY/Ibl COJUTOHOB PACTYT C YMEHbBIIEHUEM HX
gncia. Ha OoMbIInx BpeMeHax CHCTeMa IPUXOJNT K €IUHCTBEHHOMY COJITO-
Hy MAaJIOTO pa3Mepa ¥ OOJIBbINON aMIIUTYabl. V3MepeHHass CKOPOCTb COJTUTOHA
MHOI'0 MEHbIIE I'PYIIIOBOM CKOPOCTH, UTO BIIOJHE €CTECTBEHHO: HEIOBUXKHBIHA
COJINTOH peaju3yeT MUHUMYM SHEPIHH.

B naparpade 3.2.4 nenaercst BbIBOL O TOM, 9TO B IIPOIECCE IBOJIOMUU JOJI-
IOYKUBYIIEH COJTUTOHHOM TYypOYJIEHTHOCTA HEMHTEIPUPYEMAasi CUCTEMa MTPUOJIN-
YKAETCsl K COCTOSIHWIO COJIMTOHHOI'O I'a3a, YTO I[IO3BOJISIET CYUTATH ITO COCTOSI-
HHE CTATHCTHIECKAM aTTpakKTopoM. B peanbHBIX PU3NIECKUX CHCTEMAX BCEr/a
IMEETCST 3aTyXaHne BOJH C OOJIBIMIUMI BOJTHOBBIMY UHCIAMHE, & TAKXKE PA3JINU-
HbIe HEJIMHEHHbIE MEXaHIU3MbI 3aTyXaHusI. DT 3PHEKTHI IPUBELYT K TOMY, UTO
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COJIUTOHBI JIOCTATOYHO MAaJIOTO pa3Mepa U OOJIBIION MHTEHCUBHOCTH OyIyT ObI-
CTPO JUCCUITMPOBATH. €M caMbIM KOHIIEHTPAIUsI SHEPIUU B COJTMTOHAX MAJIBIX
pPa3MepoB OKA3bIBAETCS CUJIbHO HEJTMHEHHBIM MEXaHU3MOM IOTJIOIIEHUST dHEP-
', KOTOPBIH MOXKHO CPABHUTBH C "KOJIJIAIICHBIM ' MEXaAHU3MOM JIMCCUTIAIE 38,
cUeT KaTacTPO(UIECKOTO PA3BUTHs OCOOEHHOCTEN BOSTHOBOTO 101, MTak, oka-

3pIBaeTCs, 4T0 "cosimronnbiit'n "kosurancuprit"

BapUAHTHI BOJIHOBOM TYpOyJI€HT-
HOCTU KQYE€CTBEHHO OTJIMYAIOTCA JPYI OT JIpyl'da HE CJIUIIKOM CUJIBHO.
B pazaene 3.3 paccmarpuBaeTcs TypOyJI€HTHOCTD B JIBYMEPHOM yPaBHEHUU

[Ipenunrepa ¢ orrankuBanueM (ypasuernune ['pocca-ITuraesckoro [2])

by + Ay — [Py = 0. (11)

B naparpade 3.3.1 0bcy)1ar0Tcss 0COOEHHOCTH HEeJUHEHHO! BOJIHOBOI CHCTE-
MBI C Jie(DOKyCUpYIONIei HeJIMHERHOCTBIO. B cuiibHOM TYpOyJIEHTHOCTU B paMKaXx
ypasaenusi (11) MOTYT OJ[HOBDEMEHHO TPUCY TCTBOBATH U KOHJIEHCAT, U (DOHOHBI,
¥ ylapHbIe BOJIHBI, 1 TEMHBIE COJIMTOHBI U KBAHTOBBIE BUXPH. TaKast CJI0XKHOCTD,
TeM HE MeHee, He TOJPasyMeBaeT HEBO3MOXKHBIM CYIECTBOBAHNE YHUBEPCAJIb-
HOI'O CKIUJIMHIA, JIJIsT KOPPEJISIIUOHHBIX (DYHKIU, 8 JIUIIh 3aTPY/IHAET yCTaHO-
BUTH €r0.

B naparpade 3.3.2 obcyKaat0Tcst pe3yabTaThl YUCIEHHOI'O MOJAETUPOBAHUS
ypasaenusi (11), B Koropoe jobaBiieHbl HaKaYKa U 3aryxaHue Jyist BojH. [Ipu
YMEPEHHBIX HAKA9YKaX TYpPOYJIEHTHOCTH BBIXOJMJIA HA CTAIMOHAPHBIA DPEXKUM,
B KOTOPOM IIPUCYTCTBOBAJIA JIMHEHHO DPACTYIIHMi KOHJEHCAT W aHU30TPOIHbBIE
BHE-KOHJIeHCAaTHbIe (biyKTyarmuu. AHu30Tponus (B OT/IHYKE OT aHU30TPOITHOTO
CIIEKTpa, MPEICKA3bIBAEMOr0 Teopueil cnaboii TypOyJeHTHOCTH) 00yCIOBICHA
HeTMHEHHBIMI b deKkTaMu (TaKUMI KaK 00pa30BaHNe KMHKOB U YIAPHBIX BOJH )
cMm. Pucynok 6.

Jltst XxapaKTEepPUCTUKU BHE-KOHIEHCATHBIX (DIIYKTYAIWH CTPOUIINCH KOPPEJIsi-
IUOHHBIE (DYHKITUH

Si(r) = ([ix +1) — v,
Herpynmo Bugers u3 Pucynka 7 (a), 910 mapras KOppesanuoOHHas QyHKIMS
UMEET JIOTapU(PMUIECKYIO ACUMIITOTHKY Ha OOJIBINMUX MACIITadax, Ha BPEMEHAX,
KOI'JIa, JIOCTUTAETCS CTAIIMOHAPHBINA PEXKUM.

st Toro, 4ToOBI ONPEeUTh HACKOJIHKO BHE-KOHJIEHCATHBIE (DJIYKTYAIUH
OTKJIOHSTIOTCST OT ['ayCccoBO# CTATHCTHUKH, BBIYUC/ISIINCH HOPMHUPOBAHHBIE KOP-
pesstimonnbie bynxiuu 4-ro ("flatness")S,/S5 (jomxkna GbiTh pasHa 2 st
TayccoBoit cratucruku) u 6-ro Sg/S3 (nosxna 6uITh pabHa 8 jisa Tayccooit
craructuku) mopsiiikoB. "Flatness"pacrer 1o Bpemenu ¢ ~ 55 (korjga oTHO-
CUTEJIbHBIN POCT KOHJIEHCaTa Hachimaercs), a 3areM "flatness"ymenbiiaercs.
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"Flatness"mouTn ommHakoBa Ha Bcex MacInTabax IIpH 7 > T, [AE KOPPEJISII-
OHHas JyuHA 1o ~ Ny 1/2 YMEHBIIAETCS CO BPEMEHEM.

B naparpade 3.3.3 jesiaercs 3aKJII0OYEHUE O TOM, 9TO, HAOJIIOIAJIUCH J[BE Ka-
YECTBEHHO Pa3JIMYHbIX KOMIIOHEHTHI B TYpPOYJIEHTHOCTH HepaBHOBeCHOro Boze-
KOHJIEHCATa. Y MepeHHasi HaKadKa ITPUBOIUT

e K cylaboTypOyJIEeHTHOMY PEXUMY B OOJIACTH HAKAYKU, B KOTOPOM TaKiKe
MPUCYTCTBYET U CUIBHOTYPOYICHTHAST KOMIIOHEHTa (KWUHKH, YIapHbIe BOJI-
HbI )

e ODOpaTHBIN KAaCKaJl MPOW3BOJUT JIMHEHHO PACTYIIWH KOHJEHCAT, KOTOPBIHA
CTADMJIM3UPYET BHE-KOHJEHCATHbIE (DJIYKTYAIMK, T.€. CJIyXKHUT CTOKOM B
TypOyJIEHTHOCTH, KOTOPast CTalnoHapHa 1npu Beex k # 0.

B pa3agene 3.4, B pamkax 000DIIEHHOIO JIBYyMEPHOIO ypaBHeHUsT bBewmka-
MuHa-OHO aHAJIMTHIECKH ¥ YUCIEHHO MOKA3aHO, YTO B Ipee/ie MaJoil BI3KO-
CTH HEYCTORYMBOCTD OJHOMEPHBIX JJIMHHOBOJIHOBBIX COJIMNTOHOB B TOIPAHUIHOM
CJI0e IIPUBOJIUT K UX caMO(OKYCUpOBKe 1 Kosutancy. HaiijieHa TouHast BEPXHsist
I'PaHUIA JIJIs [IOJIHOW SHEPIruy BO3MYIIEHMH, KOIJa KOJIJIAIC BCe ele HEBO3MO-
JKEeH U KOIJa Jiloboe BO3MYIIEHNEe aCHMIITOTHIECKH HUCUE3aeT C TeUeHHEM Bpe-
Mmenu. Teoperndyeckue MpeJCKa3aHUsI HAXOJAATCS B KAUECTBEHHOM COIJIACHU C
skcrepumentamu [11].

B naparpadax 3.4.1 u 3.4.2 obCcy»x/1aeTCsi BO3MOXKHBII MEXaHU3M KOJIJIAII-
ca, 1 OTMEJAELTCS Pa3JIndne MeXK/y OJHO- U JByMEPHBIM ciydaeM. OTMedaeTcs
Tak>XKe, 4T0 ypapHeHue benmkaMmuua-OHO 111 GQIYKTyaluii CKOPOCTH B CJBU-
rOBOM TIOTOKe, 0000ITeHHOe Ha [ByMepHbIi cay4ail B [17] (ypasuenue Hlpupsr)

U = %fm — buu, (12)
HE IIPEJIIOJIAraeT MAJOCTH OTHONIEHNS KOMIOHEHT Ky /k,, ITO SIBJISETCS BaK-
HBIM TIPU KOJIJIATICE.

Hasee B maparpade 3.4.3 pacCMaTpUBaIOTCs CBOMCTBA d8YMEPHO20 COAUMO-
Ha, TOJIyIeHHOTO YUCJIeHHO B pabore [1]. BeiBossiTCst MHTErpaibHbIE COOTHOIIIE-
HUA JJIS TaKOT'O COJIMTOHAQ, TMO3BOJIAIOIMINE TTOJIYyYUTh 3aBUCUMOCTD FaMI/IJIbTO—
HUAHA OT MACIITADHOI'O MapaMeTpa COJUTOHA. DTa 3aBUCUMOCTH CYIIECTBEHHO
pasJjindyHa B OJHO- U JBYMEpHO# cutyaluu. B ojnomepuu ['aMmusibToHUAH BCe-
IJIa OTpaHUYEH CHU3Y, U TAKUM 00PA30M, COJIUTOH YCTONYWB, W KOJIJIAIIC HEBO3-
MoxkeH. B sBymepHOM ke citydae, [aMuIbTOHMAH paBeH HYJIO HA COJTMTOHHOM
perreHnn. DTO, B CBOIO OYEPEIh, O3HAYAET, 9TO BO3ZMYIIEHNE COJTUTOHHOTO perire-
HUST MOYKET HAPYIIUTh OajaHC B JIIOOYIO CTOPOHY. A MMEHHO, OJHU BO3MYIIIEHMUsT
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IPUBOJIAT K PACILIBIBAHUIO COJIUTOHA, a APyTrHue, Hao0OpOT, K Kojutamncy. Bompoc
0 KOHKPETHOM BBIOOPE TAKUX BO3MYIIEHHH OCTAETCS OTKPBITHIM.

B cienyrormiem naparpade 3.4.4 mokazaHo, 9TO OJHOMEPHBIA COJTUTOH HEYCTOM-
YUB OTHOCHTEJILHO JIBYMEDHBIX BO3MYIIEHUH (M3rUOHBIX BO3MYIIEHU ero HhpoH-
Ta), HaiijieH ero nHKpeMeHT. B maparpade 3.4.5 obcyxaaercs crienapuii pa3su-
TSl HEYCTOWIMBOCTH OJIHOMEPHOrO cojinToHa. OH pa3buBaercs HA OTJ/EJIbHBIC
KJIACTEPbl, KOXKJIbI U3 KOTOPbIX KOJLJIAIICUPYET, IOCKOJIbKY UCXO/HbII OJJHOMEP-
HBI COJIUTOH MMeeT OoTpunaTeabHblil ['aMmuibTonnan. Takas cucrema JOJIKHA
KOJIJIAIICHPOBATDL. XOTS IMOJYIUTh aHAJOT TEOPEMbl BHPHAJIa, KaK 9TO CIEJIAHO
Jutst HesimHeiinoro ypasuenus Llpemunrepa, He ynanaock. BaxkHyro poJib 3/1€Ch
HOJI2KEH ChII'DaTh YU CJICHHBINA JKCIICPUMEHT.

Opnnako, B naparade 3.4.6 Jl0Ka3aHO JPyroe yTBEPKIAEHUE, O JJOCTATOIHBIX
YCJIOBUSIX OTCYTCTBHUSI KOJIJIAIICA: €CJIH IPOAOJbHBIA UMIIYIbLC HAIaJILHOTO YCJIO-
BuUd MEHBIIIE KPUTHUYIECKOTO,

Px<Px,cr

(KOTOPBIii ONpeJIeJISIeTCs] COJTUTOHHBIM PEIIEHHEM ), TO TAKOE PEIeHNe aCUMITTO-
Tudecku "pacribiBaercs'.

B maparpade 3.4.7 upejcraBiieHbl pe3yJibTaThl YUCJIEHHOTO SKCIIEPUMEHTA.
[taBHAS TPYJIHOCTH 37IECh B TOM, YTO COJIUTOH, W KOJUIAIICUPYIOIIUNA, U yCTOM-
YUBBIIl UMeeT CTeleHHble, MeJJIEHHO CIaJaloIe XBOCThI, IITOMY YHUCJEHHOe
MOJIeJINPOBaHKE TTPOBOJIMJIOCH Ha PA3HOCTHON ceTke 512x512 y3son. Mcciemno-
BaJIMCh J[BA BOITPOCA:

1. IMopor kosw1anca i Ha4aJIbHbBIX YCJIOBUIA, Y KOTOPBIX ['amMuibronuan 6Jiu-
30K K Hymo, H ~ 0. 3xech ObLIO HOIYYEHO, YTO €CAU JJIs HAYAJbHBIX
ycaosuit (Jlopennes npoduis csopoctu) Boinoauneno P, > P, .. u H < 0,
Mbl Habsmoaem kosutarc (eM. Pucynok 8). Ecim xe Py, < Py u H > 0
HaOJIIOJIAETC MEJJICHHOE PACILILIBAHAE HAYAJILHOIO YCJIOBHSI.

2. HeycroitunBocTh OJHOMEPHOrO COJIMTOHA. B KadyecTBe HAYAJIBLHOIO YCJIO-
BHst OPAJIOCh TOYHOE pEIlleHre OJHOMEPIO ypaBHeHusi (12, BO3MyIIeHHOE B
IIOIIEPEYHOM HallpaB/eHnnd. BpeMeHHast 3BOJIIOIUS JTUHUN YPOBHS IIOKa3a-
Ha Ha Pucynke 9.

B maparpade 3.4.8 06Cy1a10TCs SKIMEPUMEHTHI TI0 MeHepaIii KOTePEeHTHBIX
crpykryp [11]. Ormeuaercs conajenue "munos"Ha npoduiie CKOpoCTH B 9KC-
[IepUMeHTe, C KOJUIAICHPYIOMMMHU KJIACTEPpAMK B HAIIEM YHCJIEHHOM SKCIIEePH-
MenTe. Tak »Ke oTMedaeTcss, HaJndne mopora obpasoBanus 'mumnos' B sKcmepu-
MeHTe, U TIOPOra, KOJIJIAICa B TEOPHH.
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Puc. 8: Jluanu yposust u(z,y) npu t = 45 B pexxume Kojutanca. 1306pazkeHbl KOHTYPHI OT
-10,0 mo 0,8. Nurepnaa - 0,9.

I'maBa 4. Cinabasg BosTHOBasi TypOyJI€EHTHOCTHL BOJIH HA TOBEPXHOCTU
KUJIKOCTHU

B paznene 4.1 npuBejieHbl ypaBHEHUsI JUHAMUKU CJIa0OHEJIMHEHHBIX BOJIH Ha,
MOBEPXHOCTH KuakocTh, ciaemayst padboram B.E. Saxaposa n H.H. @umonenko
60-x rogoB. 'aMuabTOHMAH JJjIs1 JAJbHEAIINX LeJieil Hy>KHO yJIep>KUBaTh J10 4-
'O HOPsiJIKA, Y YPABHEHHUsI IIPU 9TOM, KyOMIEeCKM HEJIMHEHHbBIE:

0= ki — (V(Ve)) = knky] + k(nk[nky])+
APk + kiAo - ) (13)
b= oA —gn— 5 |(Ve) = (k)] = [kelkinke] — k] Ay,

3uech 1 = n(x,y;t) — 970 OTKJIOHEHUE TOBEPXHOCTU YKUJKOCTU OT MOJIOKEHUST
paBHoBecusi, ¥ = ¢(x,y;t) — MOTEHIMAT CKOPOCTH HA TOBEPXHOCTH, & § U 0 —
5TO TPABATAIMOHHAA IIOCTOAHHASA ¥ KO3(MD(MUIMEHT HOBEPXHOCTHOIO HATAKCHUSA
COOTBETCTBEHHO.

OpHuM 13 KpaeyroJibHbIX KaMHel B Teopun cjiaboit TypOyJEeHTHOCTH SIBJISI-
eTcst pe30HAHCHOE B3auMoeiicTere BoiH. OHAKO, B YUCJEHHBIX SKCIIEPUMETAX,
YCJIOBUsI PE30OHAHCA, JIJIst BOJIH HA, JIMCKPETHOW CETKE HE MOI'YT ObITh BBIIIOJIHEHbI
1o4HO [26]. TToaTOMY BOLPOC O BJIMSIHUM JIUCKPETHOCTU BOJIHOBbBIX YMCEJI B YUC-
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Puc. 9: Osomonus u(zx,y)

JIEHHOM MOJIeJTUPOBaHUU HECOMHEHHO BaskeH. OH paccMaTpuBaeTcs pa3/iesie
4.2.

B maparpade 4.2.1 paccmarpuBaeTcst pe30HAHCHOE B3aUMOJIEHCTBIE KaTlUJI-
JISIPHBIX BOJIH HA MOBEPXHOCTHU IJIyOOKO# »KUMJIKOCTU. B 9TOM Cityvae 3aKOH Juc-
[epCuu UMeeT BUJ Wy = Vo k3. Tnasubium IIPOIIECCOM 3JIECH SABJISIOTCS TPEXBOJI-
HOBBIE PAcCHajbl U CJUAHUAS BOJH C PE30OHAHCHBIMU yCJIOBUAMHU

El + EQ = Eg, Wk, T W, = Wk (14)

3 .

Jlaxxe B OTCYTCTBUM TOYHBIX PE30HAHCOB HA JUCKPETHON CeTKe, HeJMHEHHbI
C/IBUAT' 9aCTOTBHL IIPUBOJIUT K IIOABJICHUIO Y PE30HAHCHOU KPUBOM KOHEYHOU IIIU-
PUHBI, 9TO U ODECIEYMBACT BOJHOBOE B3aMMOJIECTBUE B UKMCJIEHHOM DKCIIEPU-
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MEeHTe.

BbLIo IpoBeJIeHO YKCJIEHHOE MCCJIeIOBAaHAE PACIafa MOHOXPOMATUYIECKOM
KAIMJLISIDHOW BOJIHBI IIPU Pa3JIMYHBbIX aMILIUTyaax. [IpogemocTpupoBan poct
rapMOHUK, OJIM3KMX K PE30HAHCHOW KpuBOi. V3MepeHHBbIE B YUCIEHHOM 3KC-
[epuMeHTe UHKPEMEHTBI PACIaIHON HEYCTONYMBOCTH COTJIACYIOTCS aHAJUTHAYE-
CKOW MOJIEJII0 B3aUMOJEUCTBUS TPEX BOJIH C YY€TOM PACCTPOUKU PE30HAHCA.
[Tosydyena kapruHa BTOPUUYHBIX PACHALOB, POPpMHUPYOMMX KOJIMOropoBCKmii
KaCKa/I.

B naparpade 4.2.2 paccMOTpeHO PE30HAHCHOE B3aMMOIEHCTBIE IPDaBUTAI-
OHHBIX BOJIH Ha IOBEPXHOCTH IJIyOOKOI >KMJIKOCTH. 3aKOH JUCIIEPCUHU JIJIST Ta-
KUX BOJIH UMeeT BUJ| wy = \/gk. 3/1eCh IJIaBHBIM SIBJISIIOTCs YeThIPEXBOJIHOBLIE
IPOTIECCHI paccesiHust BOH. YpaBHeHus (14) B 9TOM Ciydae HETPUBHAIBHBIX
pereHuit He uMmeroT. JIJisi IPOIeccoB paccesiHus yCJIOBUSI PE30HAHCA, TAKOBBI:

ki + ko = k3 + ks, wp, + wp, = Wiy + wy,. (15)
n n e
Yucaenno ObLIa nccie0BaHa 3a4a49a 0 | pacuaje' rpaBuTanoOHHOR BOJIHBI,KOT/IA
kl = kz n Wwr = Wk,-

PesonancHasi KpuBasi Takoro mpoiecca (Tak HasbiBaeMast BOCbMEpKa Ouiiiui-
ca) TaKXKe He MMEEeT IeJI0YMCIIeHHbIX pereHuit. OJHAKO IpU KOHEYHOM yDPOBHE
aMILInTy bl "'pacragaorieiicst” BOJIHbBI IIMPUHA PE3OHAHCA CTAHOBUTCS ITOPSJIKA,
JIUCKPETHOCTH B IPOCTPAHCTBE BOJIHOBBIX UHCEJ, W Iporecc 'pacmoama''ugér B
COOTBETCTBUU C TECOPUEH.

BaxXHO MOHUMATH, 9TO MPHU CJAUINKOM MAJbIX aMILIUTYIAX BOJH B YHUCJIEH-
HOM 9KCIIEPUMEHTE pPE30HAHCHBbIE B3aMMOIEWCTBUS OTCKTCTBYIOT. A CIIMINIKOM
OosIbIIast AaMILIUTY/A BOJH MOYKET MMPUBECTH K HAPYIIEHWIO YCJIOBUI MPUMEHH-
MOCTH TeOpHUH cJ1aboit TypOyaeHTHOCTH. [losyduenHble pe3yabTaThl MOTYT OBITH
HCIIOJTh30BaHbBI IIPH BLIOOpE TTapaMeTpPOB MOJIEJIEil, HCITOIh3YIONUXCS B 9KCIIEPH-
MEHTaX M0 YUCJIECHHOMY MOJIEIUPOBAHUIO Ty POYJIEHTHOCTH BOJIH Ha, MOBEPXHOCTH
JKUJIKOCTH.

Paznen 4.3 nocBsilén YUCIeHHOMY MOJEITUPOBAHUIO CIabo# TypOyIeHTHO-
CTH TIPABUTAIMOHHBIX BOJIH Ha [MOBEPXHOCTH IIyOOKO# >kujkoctu. OgHuM u3
CaMBbIX YCIEITHbIX 9KCIEPUMEHTOB 110 YUCJIEHHOMY MOJIETMPOBAHUIO CJ1a00M Ty -
OyJIEHTHOCTH BOJIH HA MOBEPXHOCTU TPEXMEPHON KUJIKOCTH CJIeJyeT MPU3HATH
pabory [39], riue mMojenupoBasach TypOyJEHTHOCTh KANUJUISPHbIX BOJH. Jljist
IPaBUTALIMOHHBIX YK€ BOJIH, HECMOTPS Ha 3HAYUTEJbHBIE 3aTPAYEHHBIE YCUJINSA,
MOJIYYUTh CJIabOTYypPOYJIEHTHBIN PEXXUM HE YIaBaJIOCh.

B naparpade 4.3.1 BBOAUTCsI CTATUCTHIECKOE OIMCAHWE BOJTHOBOI'O TIOJIsI HA,
[IOBEPXHOCTH YKUJIKOCTH JIJIsi CJIydasi 'PABUTAIMOHHBIX BOJIH Ha JIyOOKO# BOJIE.
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3/1ech pacCMaTPUBAETCS CIEKTP, OTBEYAIOIIUI [TOTOKY SHEPIUH B MAaJble MaC-
mrabbl (mpsimoit Kosimoroposckuii kackaj). Teopusi ciaboii TypOyJIeHTHOCTH
JlaeT Takoi orBeT Juisd (DIYKTYalldidi MOBEPXHOCTH YKUIKOCTH:

Cpg1/2p1/3

(16)
3ecb P - mOTOK Hepruu B 00JIaCTb MaJiblx MaciTabos, (), - Ge3pasmepHad
KosimMoropoBckasi KOHCTaHTA.

B naparpade 4.3.2 npuBejieHbl pe3yJibTaThl pacieToB. Bbijio poBejieHo Yuc-
JIEHHOEe MoJiennpoBanue ypasHenuit (13) ¢ Hakadkoil u 3aryxanuem. IIpumens-
Jlach YMCJIEHHAs cXeMa, onucanHas B [Ipuioxkenun .6, KoTopasi coxpansier ['a-
MUJIBTOHUAH (€CJaW HET 3aTyXaHWs W HaKadkh). Bce pacdersl MpoOBOIMIINCH B
IEPUOINIECKOH 001acTU 27X 27T, KOJJIMYIECTBO y3JI0B MeHsIoch oT 128x128 1o
256x256.

HocTuraercst cOCTOsSTHME JUHAMUYECKOIO PABHOBECHUsI, B KOTOPOM SHEPIHS
HAKA4YKHU MPsiMbiM KOJIMOTOPOBCKUM KaCKaJIOM [TEPEHOCUTCS B 00JIACTh 3aTyXa-
HEST U TaM MOTJIONIAIaCh. B 9TOM cocTostHIM ObLIa BRIYUCIIEHA, TapHAas KOPPEJIsi-
IMUOHHAsS (PYHKIUsI OTKJIOHEHHsI IOBEPXHOCTH OT COCTOsIHUsI paBHOBecus: IIpum

10* . .

2
<Inyl™>

1 10 100

Puc. 10: [Tapnasi koppesisiiiuonHasi (yHKIMsi OTKJIOHEHUs IOBEPXHOCTHU B JBOMTHOM Jiorapud-
MHYeCKOM Macrirade.

9TOM B 3HAYUTEJIbHON 4aCTH OOJIACTH WHEPIMOHHOI'O MHTEPBaJIa HADJII0AJI0CH
CTENEeHHON CIIeKTD, Tako# Kak IpejickasbiBaer teopust (16). [Ipu yBesudenun
MHEPIMOHHOTO HHTEPBaJa (UTO JIOCTUIAJIOCH YBEJIUICHHEM PA3HOCTHONW CETKH )
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00J1aCTh, B KOTOPOil HabJIo1aeTcst ¢j1aboTypOyIEHTHBIN CIEKTD, TaKXKe yBeJIH-
yuBaJiach. Tak»Ke ObLIa MOKa3aHa HE3aBUCUMOCTD IIOKa3aTeJIsI CTEIIeHHOT'O YObI-

-3
107 512x512 ——— ]

256x256 ---—--
128x128 ---------

2, 712
<In/™>k

10 100

Puc. 11: Ymupenune obsactu "mpaBUILHOTO" CTEIIEHHOTO CIIEKTPa TMPH yBEJIUUYEHUH KOJIHMYe-
CTBa TOYEK Ha ceTKe. [loka3zaH cKOMIEHCUPOBAHHBINH CIIEKTP.

BaHUsI CIIEKTPA OT YPOBHEH HAKAYKHU K 3aTYXaHHUS. DTO [IO3BOJISIET CIAEJIATH Bbi-
BOJI 00 YHUBEPCAJBbHOCTH CJIAOOTYPOYJIEHTHOI'O CIIEKTPa IPABUTAIIMOHHBIX BOJIH.

3akKJIroueHue

B zaksouennn cpopMyIupOBaHbI PE3YJIHTATHI PAOOTHI.

ITpunoxxenns

B mpusioxkeHusi BLIHECEH IMOAPOOHBIN BBIBOJI HEKOTOPBIX (hOPMYJI, TTPUBEJICHHUE
KOTOPBIX B OCHOBHOM TEKCTE MTPEPHIBAJIO ObI CBI3HOCTH UBJIOXKEHUS U3-38 UX U3-
JatHei rpoMoskocT. Kpome Toro, B [Ipujioxkenue .5 BbIHECEHBI IMArPAMMBI,
O-TU BOJIHOBBIX ITPOIECCOB.
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OcHoBHBIE PeE3YJAbTAaTbl

Hcnonb3yss KaHOHMYECKHH (OpMau3M JJIsi OMUCAHUS JUHAMHUKH CBOOOJHOIM
TIOBEPXHOCTH JBYMEPHOW MJI€aJbHOM YKUJTKOCTU TPOU3BOJLHON MTyOUHBI U KOH-
(dopmHOE 0TOOpakeHNe B TOPU3OHTAJIBHYIO MOJIOCY, TOJyUeHa TTPOCTasi CUCTe-
Ma TiceBao-aud depeHnnaIbHbIX YPaBHEHNH Ha (HOPMY MOBEPXHOCTH U THIPO-
JUHAMAYECKUH MOTEHIINA CKOPOCTH. IDTa CUCTEMa MOXKET ObITh 3(PDEKTUBHO
U3ydeHa AHAJUTUIECKU B CJIydae, KOrJa sikoOMaH KOH(POPMHOTO OTOOPAXKEHU ST
IPUHUMAET OOJIbIINE 3HAYEHWSI B OKPECTHOCTH HEKOTOPO#H TOYKHU IOBEPXHO-
ctu. [Ipumensist pazioxkeHue Mo OOPATHBIM CTEIIEHAM sIKOOHMAHA, CHCTEMa, MO-
)KeT ObITh CBeJleHAa K OJIHOMY yPaBHEHHIO, KOTOPOE COBIAJIAeT C XOPOIIO W3-
BECTHBIM yPaBHEHWEM JIATIACOBCKOTO pocTa. B pamkax 9Toit Mojenn HaiijgeH
PSIJT TOYHBIX PEIIeHi, KOTOPhIE OMUCHIBAIOT 00pa30oBaHne KOH(MUTYpAIUil THTTa,
"magpues". [osyuensr TouHble KOHMDOPMHBIE YPaBHEHNUsT, KYOUYIECKN HEJTUHEH-
HbIe, JIJIsi (DOPMbBI MOBEPXHOCTH M T'MIAPOJUHAMUIECKON CKOPOCTH. Y PABHEHUSI
JIOITYCKAIOT (P PeKTuBHOE YUCIeHHOE MOjenpoBanre. OHU ONMUCHIBAIOT IE€pe-
HOC 0CcOOEeHHOCTEelr KOH(OPMHOIO Mpeodpa30BaHus B BEPXHEH IOJIYILJIOCKOCTH.
[IpoBeseHo UncaeHHOE UCCIEeIOBAHIE BOJH-YOUMIT Ha IOBEPXHOCTH >KUJIKOCTH,
WCCJIEIOBAH MEXaHU3M WX O0pa3oBaHWs, MYJSIUOHHAS HEYCTOWYMBOCTH, €€
HeJIMHENHas CTa .

[lokazaHa HEMHTErpUPYEMOCThb JIBYMEpPHO# ujeajbHON ruaposuHaMuku. C
HOMOIIHIO KOH(OPMHBIX KAHOHUYECKUX [T€PEMEHHBIE TOJIy9YEeHbI SIBHBIE BbIpa-
YKEHUST JIJIsI MATPUIHBIX DJIEMEHTOB PE30HAHCHOI'O B3aUMOJIEHCTBUS BOJIH Y€T-
BEPTOro (KOTOPBIN OKa3aJICs PaBHBIM HYJIO jyist!) U msToro mopsigikos. Ilosy-
YeHO KHHETHIECKOe YPaBHEHUE JJIsl BOJIH, YIUTBIBAIOIIEE H5-TH BOJHOBOE PE30-
HaHCHOe B3ammojeiicTue. [losyuennr ero cramuonapubie perrenusi, Kosmoro-
POBCKWE CIIEKTPHI.

[Tpennoxena mopuduimposantas MMT-monens ogHOMEpHOI BOJIHOBO# TYP-
OyJIEHTHOCTH, MO3BOJISIIONAs W30aBUTHCSI OT KOT'€PEHTHBIX CTPYKTYP B CJ1abo-
TypOyIeHTHBIX pexxumax. [[poBeieHo dnciieHHoe MOIeTMPOBAHIE, TPOIEMOCTPH-
POBAHO CYIIECTBOBAHNE CTETIEHHBIX KOJIMOTOPOBCKUX CITEKTPOB.

AHajquTHYeCKN W YUCJEHHO MCCJIE0BAHA, COJUTOHHAS TYPOYJIEHTHOCTH JIJIsT
HenHTerpupyemoro ypapuenus tuna HYII, nokazaHo, 94To cucreMa aCUMIITOTH-
YECKM MPUOJIMIKACTCST K COCTOSIHUIO COJIMTOHHOTO Ta3a. [okazwiBaercsi, aro "co-
autonHbIi"u "KoJTancHeIi " BapraHTBI BOJHOBON TYpOYJIEHTHOCTH Kade€CTBEHHO
OTJIUYAIOTCS JIPYT OT JPYyTra He CJUIIKOM CHJILHO.

Hucsenno uccienoBana TypoOyseaTHocth B Mogesu HYII ¢ orragkuBanm-
eM, TypOyJIeHTHOCTh KOHJeHcaTa. HabJio1a0ch JIBe Ka4eCTBEHHO Pa3IUIHBIX
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KOMIIOHEHTBI B TypOyJIeHTHOCTH HepaBHOBeCHOro bose-KomujieHcaTa: oOpaTHbIi
KACKaJl [IPOU3BOJIUT JIMHEHHO PACTYIUil KOHJEHCAT, KOTOPbIi CTaOMIH3UPyeT
BHE-KOHJIeHCATHBIE QuiyKTyaruu, (BKIOYas KUHKH) T.€. CILy?>KUT CTOKOM B TyD-
Oysientaoctu. [locpoenbl KoppeJisiMoOHHbIe (DYHKIUK BBICIIUX TOPSIKOB, KOTO-
pble OKa3aJuCh OJIU3KU K I'ayCCOBOM CTATHCTHUKE.

YHucjieHHO ¥ aHAJIMTUYECKU MCCJIEJI0BAHA BO3MOXKHOCTH KOJLJIAIICA JIBYMEP-
HOM 00001eHnn ypasuenus: Benjpkamuna-Ono (ypasuenue Hlpupst). Haiijena
TOYHAS BEPXHSAS TPAHUIA JJIS MOJHOW SHEPTUH BO3MYIIEHUU, KOTJIa KOJIJIAIC
BCE eIlle HEBO3MOXKEH, U KOIJIa JII00Oe BOZMYIIEHNE aCUMITOTUIECKH UCIE3AET C
TEUYEHNEM BPEMEHU. TeOpeTuvecKre MpPeJICKA3aHusi HAXO/IATCA B KA4eCTBEHHOM
COIJIACHM C DKCIIEPUMEHTAMHU.

UccnenoBano BiusiHue JUCKPETHOCTH (B UHCICHHBIX 9KCIIEPUMEHTAX) Ha Pe-
30HAHCHOE B3aMMOJIECTBUE BOJIH JIJI KANUJUIPHBIX U TPABUTAIMOHHDBIX BOJIH
Ha TTOBEPXHOCTHU >KUJKOCTU. [lojrydeHbl HEKOTOpPbIe KPUTEPUU Ha TTPABUJIbHBIHI
BBIOOD ITapaMeTpoB MojieupoBanust. PazpaboTana dncjieHHas CXeMa, JIJIsT periie-
HUS JUHAMUYECKUX YPABHEHUN TPEXMEPHON MOTEHIIMAJHLHON TMIPOJUHAMUKHA,
COXpaHSIIOIIasi raMuIbTOHNAaH. [[poBeIeHO YuC/IEHHOE MOJIe/IMPOBAHKE CJIabOi
TypOyJIEHTHOCTH IPABUTAIIMOHHBIX BOJIH. B 3HAaUnTE/IbHON YacTu 06/1aCTH WHED-
ITMOHHOT'O MHTEPBaJIa HaOJIIOJIAJIOCh CTEIIEHHO! CIIEKTP, COBIAIAIONINI C Teope-
TUIECKIM.
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