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Puoixoe 10.T".

MHoOroMepHbiii BAPHMALMOHHBIA MNPUHUUI M Tra3oBas JAUHAMUKA 0e3
JABJICHUSA

[IpensioxkeHo o000OIIEHWE BapUALIMOHHOTO TMPHUHIMIA HA MHOT'OMEpPHBIE
CUCTEMBbl KBA3WJIMHEMHBIX 3aKOHOB COXPAHEHHWs, IOKa3aHa CBS3b C MOHATHEM
000011IeHHOTO permieHus. [ MoJenbHOM MHOTOMEpPHOM CHCTEMbl YpaBHEHUH —
ra3oBas JAUMHaMUKa Oe3 JaBJIeHUs — HaiiJleHa COOTBETCTBYIOIIAs MOAM(UKAIIMS
BApUALIMOHHOTO MPUHIHUIIA, KOTOpPasl Aajee KOHKPETU3UpOBaHa ISl JBYMEPHOIO H
TpexMepHOro ciiydaeB. [lojlydeHHOE TIPEACTABICHHE IIO3BOJIIET OMMUCHIBATH
MEXaHU3Mbl (POPMUPOBAHUSI OCOOCHHOCTEM OOOOIIECHHBIX pEHICHUH CHCTEMBbI
ypaBHEHUH Ta30BOU TUHAMHKHU O€3 JaBJICHHUS.

Knwuesvle cnoea:  MHOTOMEpPHBIE  CHCTEMBI  3aKOHOB  COXpaHEHUS,
BApUAIIMOHHBIN MPUHIINI, Ta30Bas TUHAMUKa 0e3 JaBiieHUs, 000OIIEHHbIC PEIICHMUS,
nenbTa-(QyHKIUS MIIOTHOCTH HA MHOTO00pa3usiX, SBOJIOIUS 0COOCHHOCTEHM

Yuri Germanovich Rykov
Multi-D variational principle and pressureless gas dynamics

The generalization of variational principle to multi-D systems of conservation
laws and its connection with the notion of generalized solution are proposed. For the
model multi-D system of pressureless gas the specific modification of the principle is
found. Such modification is rendered in more details for 2D and 3D cases. Obtained
representation allows describing the singularities formation mechanisms for the
generalized solutions of pressureless gas system.

Key words: multi-D systems of conservation laws, variational principle,
pressureless gas dynamics, generalized solutions, density delta-function on the
manifolds, evolution of singularities
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BBenenune

Hacrosmias mnyOnukamus sBIsSeTCS Hpojo/nkeHuem pabor [1, 2] wu
IPEAIIECTBYIONUX UM padOT aBTopa. A UMEHHO, B MpejjiaraeMoM MpernpuHTe OyaeT
HaMe4yeHO OOO0OIEHHE HJAEH BapUALMOHHOIO IOJIX0Jl1a HA MHOTOMEPHBIE CHCTEMBI
KBa3WJIMHEWHBIX 3aKOHOB coxpaHeHus. Taike OyneT MoKa3aHo, K KaKuM CJIEICTBUSIM
TaKoW MOAXOJ NPUBOJUT B CIy4yae CHUCTEMbl YPAaBHEHHMI Tra30BOM JAMHAMUKH 0e€3
nasnenus (I'J16/1). Cuctema I'JI6]] mmeeT, BooOIIe TOBOPSI, MHOTOMEPHBIN XapakTep,
SABJISICTCS MOJEIBHOW BBIPOXKIAEHHOW CHUCTEMOM YpPaBHEHHMH, CTPYKTypa KOTOpPOU
HamOosee Onm3Kka (cpeau cucteM) K ypaBHeHHto Xorda [3], koTopoe npecTaBisieT
co00i KJIaCCHYECKH ciyyail NCTIOIh30BaHMS BapUAIMOHHOTO TPECTaBICHHUS.

C ToukM 3peHusi aBTOpa, UCIOIb30BAHUE BAPUAIIMOHHOIO MOIX0/1a MOXKET OBIThH
IIOJIE3HBIM 10 IBYM OCHOBHBIM Ipu4MHaM. IlepBas COCTOUT B TOM, YTO MOSBIISETCS
B3IJISi1 Ha OOOOIIEHHBIE pEIIEHUS MHOIOMEPHBIX CHUCTEM  KBa3WJIMHEMHBIX
ypaBHEHUN Kak Ha (YHKIUHU, KOTOPbIE MOXXHO IHOCTPOUTH, UCXOMS U3 pEIICHHUs
Habopa BapUalMOHHBIX 33/Jad. OJTO MO3BOJSET MCIOIb30BaTh OOTaThlil apceHal
METOJIOB BapHAIMOHHOTO HEJIMHEHHOTo aHamu3a, cM., Hampumep, [4]. Bropas
3aKJII0YAETCS B TOM, YTO BO3MOXKHO HUCCIEA0BATh CTPYKTYPY OOOOIIEHHBIX pEIIEHUH.
Tak, B [1] moctpoeno o06oOmeHne koHcTpykiuu Xomda [3] Ha cucTeMsb
OTHOMEPHBIX KBa3WIMHENHBIX ypaBHeHUU. [Ipy 3TOM, Hanmpumep, OKa3bIBAETCS, YTO
JUISL CUCTEMBI OJJHOMEPHBIX KBA3WJIMHEHHBIX TMIEPOOIMYECKUX YPABHEHH MOKHO
MOCTPOUTH CTOJIBKO BAPUALIMOHHBIX IPUHIUIIOB, CKOJIBKO UMEETCS KJIACCUYECKUX (HE
B cwmbicne Jlakca) uHBapuantoB Pumana. To ecTh, Hampumep, s CHCTEMbI
YpaBHEHUH Ta30BOM JMHAMHKU SKCTPEMAJIbHBIMH CBOMCTBaMU OyneT oOjaaarh
TOJIBKO  B3HTpomnusA. TakKe  OKa3blBaeTCsl  BO3MOXHBIM  MHTEPIPETUPOBATH
BO3HUKHOBEHHE M DHBOJIIOLMIO pa3pblBa JaHHOIO CEMEHCTBA KAaK COBIAJACHUE
3HAYEHUM COOTBETCTBYIOLIETO pPacCMaTpUBAa€MOM CHCTEME YpPAaBHEHUH BEKTOD
¢dbyHkuMoHana Ha JByX (WM 0oyiee) TPAGKTOPUAX, KOTOPHIE OKa3bIBAIOTCS
XapaKTEPUCTHKAaMU YKa3aHHOI'O CEMENCTBA, MPUXOIAIIMMU Ha pa3pblB CIIpaBa H
CJIEBA.

I[Ipy nmoMOmM BapHAaMOHHOIO IMOAXOJAa MOXHO TIBITAaTbCS  CTPOUTH
MpUOJIMKEHHbIE O0OOILIEHHBIE pENIeHUs, XOTS JeTalbHas pa3paboTka MOJOOHBIX
ANTOPUTMOB €HIE HE TMPOBEICHA. OJTO MOXKET OKa3aTrbCs IOJIE3HBIM MpH
MHTEPIPETAMM YUCIEHHBIX METOJIOB M, BO3MO>KHO, MOCTPOEHUH HOBBIX, KOTOPBIE
OyayT oOTIMYaTbCs OT TPAJAULUMOHHBIX HMCXOJHOM TOYKOM: HE HHTErpajibHOE
TOXJIECTBO, & K(MUHUMHU3UPYEMBIiD» (QYHKIIMOHAI.

JIsi MHOTOMEPHBIX CHCTEM ONMMCAHHBIN KPYT MPUJIOKEHUH, C OJHOM CTOPOHHI,
paciupsiercs, HO, C IPYroM, U CyLIECTBEHHO yCaoxHAeTcs. [10aToMy Ha HadaabHOM
3Tane MMEET CMBICI M3YYHUTh MPOCTEHIINKA, HA Hall B3I, PUMEP MHOIOMEPHOMU
cuctembl — [JI6JI. B »3Toii cucreme ypaBHEHMI MOCTpOEHUE TJIAIKUX YacTen
pellleHus] He TMPEACTaBIsieT TPYJHOCTEH, a OCHOBHBIE MPOOJIEMBbl BO3HUKAIOT MPH
ONHCaHUU 0COOEHHOCTEH. J[e710 B TOM, YTO OCOOEHHOCTH TaKOI CUCTEMbI ypaBHEHUIN
UMEIOT BUJI JenbTa-QyHKIUI Ha MHOToOOpa3usix pa3HOM pa3sMEpHOCTH, TO €CTh C
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POCTOM pPa3MEpPHOCTH KapTHUHA 3HAYMTENIBHO YCIOXKHSETCA. J[axke B JBYMEpPHOM
cllydae CTpPOroe OIMCAaHUE MpoLEecca 3apOKIACHHS U HBOJIOLUU OCOOEHHOCTEH B
o0lIeM MOJIOKEHUU — 3aTpyIHUTENbHO. C NMPAaKTUYECKOW TOYKHM 3pEHUs] CHCTEMA
I'’JI6/IT MokeT oTpakaTh 3aKOHOMEPHOCTH  OSBOJIOIMH  KPYIMMHOMACIHITAaOHOM
CTPYKTYphI BCeneHHOM, B YaCTHOCTH MakpO CBOMCTBA MOKA TMIIOTETUYECKON TEMHOMN
MaTepuu, KA4E€CTBECHHBIC XapaKTEpUCTUKU IIPOLIECCOB KJIACTEpU3aLNH,
rpaHyJlupOBaHHbIE cpeapl U T.0. [loaToMy o0cCOOBIE HHTEpeC MpeACTaBIAET
TpeXMEpHBIN ciydail. 31ech, Kak OyIeT MOKa3aHO HWKE, BapUALMOHHBIA MOIXOM
IIPENOCTABISET HEKOTOPBIM HHCTPYMEHT, € IIOMOIIBI0 KOTOPOTO MOKHO MCCIIEN0BATh
0000IIIeHHBIE PEIICHUS ¢ 0COOCHHOCTSIMU.

CnoxxHOCTh M3ydeHHsl cucteMbl ypaBHeHud ['JI0/l, ckaxem, B ABYMEpPHOM H
TPEXMEPHOM Cily4yae (HE rOBOps YK O MHOTOMEPHOM) 3aKJIIOYAKOTCA B TOM, YTO
IPOLECC KOHLEHTPALUUU TMPOUCXOAUT TMOCIEI0BAaTEIbHO Ha MHOrooOpasusix Bce
0oJs1ee HU3KOH Pa3MEpPHOCTH, TO €CTh MPOUCXOIUT «CIUSHUE) Pa3HbIX TUIIOB JI€IbTA-
¢yukiuii. Kpome TOro, mo-BuauMoMy, MpOLECC CIAMSHUS HE Bcerjga ObIBaeT
YCTOMYMBBIM, II03TOMY B MHOIOMEPHOM CiIy4yae BO3MOKHO BO3HHUKHOBEHHE CTPYU
pa3peKEHHOT0 BEILECTBA IPU CTOJKHOBEHUM OCOOEHHOCTEW. 3ajaya ONUCaHMS
TAaKOro MHOT000pa3usi BO3MOKHOCTEH SBONIOIUM MPEACTABIAETCA JOCTATOYHO
CJI0KHOM, TO3TOMY HMCIIOJIb30BaHME BAPHUALIMOHHOIO anmapara JOJKHO 3HAYUTEIbHO
0OJIErYuTh 3Ty 3a/1a4y.

Janee u3nokeHwe Benercd cieayromuM oOpazoM. B paspene 1 mpuBoautcs
(bopMyIMpOBKa BapUAILMOHHOIO MPUHIIMIIA B MHOTOMEPHOM CIIy4ae U J0Ka3bIBAETCS
€ro 3KBUBAJIEHTHOCTh OOBIYHOMY MOHSATHIO 0000IIEHHOTO pereHus 1l GyHKUUNA 13
CTPYKTYPHO JOCTAaTOYHO IIPOCTOro Kkjacca. B pasgene 2 Ha ocHOBe o0O1mIei
KOHCTPYKIUHU (hOPMYJUPYETCA BApUALIMOHHBIN MPUHLIMI 111 MHOTOMEPHON CUCTEMBI
ypaBuenuit ['JI6JI. Hakonen, pasmen 3 mocpsiieH Oojiee J€TaJbHOMY aHAIU3Y
BAapUALMOHHOI'O MPUHIINIA B IBYMEPHOM M TPEXMEPHOM CIIyYasiX.

3akaHuMBass ~ BBOAHBIM  pasfes, aBTOp  OPUHOCUT  OJIarOJapHOCTb
A.W. AnrekapeBy 3a MJIOJOTBOPHBIE TUCKYCCUM U CTUMYJIUPOBAHUE TaHHON pabOTHI.

1. OcHOBHas cHUCTEeMAa YPABHEHUI. JBPUCTUYCCKAS

(popMyIMpPOBKA BAPHAITMOHHOI0 MPUHIMIIA
Paccmotpum  mpoctpasctBo (1, X,..., Xm) = (t, X) eR, xR". B srom
MPOCTPAHCTBE  pacCMOTpUM  chenuanbHbiii  kimacc K Bektop  QyHKIui
U (t, X):R+ xR" >R" U :(ul,...,un), takoii, uro U (t, X) SBIISIETCS HEIPEPHIBHO-
mubdepeHnupyemMori  BEKTOp-QyHKIMEH BCIOAY, KpOME€ KOHEYHOTO  YHCIIa
HeMpepbIBHO- AU HEPEHITUPYEMBIX TUTIEPIIOBEPXHOCTEH Q,l1=1..L
Kopa3MmepHOoCcTH 1. B panmpHeiieM HaMm g0CcTaToyHO OyneT paccMaTpHBaTh KaKyro-

00 OAHY MOBEPXHOCTH pa3pbiBa, KOTOPYIO MbI OyaeM 0003HadaTh uyepe3 () 06e3
nHaekca. Ilycte () jokambHO 3amaeTcs MNpU  MNOMOIIM  ITapaMeTPU3aLUU

t=7,Xx=¢(7,5),5=(5,,.-+51), @ =(¢,-.¢,) € COOTBETCTBYIOLICH OpHEHTALMEH,



TaK YTO OIpEJEICHbl MOJOXKUTEIbHAS M OTpPUIIATENIbHAS CTOPOHBI MOBEPXHOCTH.
CootBercTBytoue 3HayeHus: ¢pynkuuu U (r,go(z',s)) C JIByX CTOPOH MOBEPXHOCTHU

OyayT o6o3Hauathes kak U*. B cooTBercTBuM ¢ MeTomonorueit [1, 2] paccMorpum
IIPOCTPAHCTBO Y TECTOBHIX HEMPEPHIBHO AU((EpeHIUPYEMBIX THIIEPIOBEPXHOCTEH
S KkopasMepHOCTH 1, KOTOphle CHabmuM mapamerpmsammeii t=7,Xx=y(7,s),

S= (S S )o 2 = (2o ).
Beenem  o6osnaueHus:  dX=0dx..dX. (oObluHBI 21eMeHT o00bema),
dx=dx A..AdX_  (OpHEHTHPOBAHHBI dIEMEHT 00BeMa), dX j=ax ALl A,

j=1...m (To ecTh OPUCHTHPOBAHHBIA 3JeMEHT (IPOEKIWs) “‘TUIOIAIH’”
THIIEPIIOBEPXHOCTH, B KOTOpOM TpomymieH wieH dx;). Temepp paccMoTpum

¢dyukmmonan J ;X — R", Takoif, 4To

J=[..Judx+ Y (-1)'F; (U)dt adx;, (1)
-1
I'JIc UHTCTPUPOBAHUE MPOUCXOJIUT IO THIIEPIIOBEPXHOCTH S .
[Tycte 1=1,...,n; j=1...,m. PaccMOTpUM  KBa3WJUHCHHYIO CHCTEMY

YpaBHEHUMU
Jus, x)+ii(F. (U(t.x)))=0, )
ot = ox;

rie F, :( flj,..., fnj) — JIOCTaTOYHO Tiangkue (1o KpaWHeH Mepe, HeNpepbIBHO

muddepenurpyembie) (PyHKIIMU TEPEMEHHBIX (ul,...,un). Boobme rosops, mnsa (2)
MBI OyzneM paccMarpuBaTh 3amauy Korrm U(O,X):UO(X). Opnnako 31ech Oyaem

(hOKyCHpOBaThCS HA BOTIPOCE O TOM, KaKOW HOBBIM CMBICI MOXKHO OBLIIO ObI MPUJIATH
VTBEPXKJICHHIO, YTO HEKOTOpas, BOOOIINE TOBOps, pa3pbiBHAsA  (QYHKIHS
U (t,Xx) ymoBuerBopsier cucteme (2).

B nacrosiee BpeMs 0OLIMM MOAXOAO0M K ONMPEICICHUIO MOHITHUSI 0000IIEHHOTO
pemeHus s (2) ABISETCS BBEIACHUE TMOIXOIAIIETO MHTETPATBHOTO TOXKISCTBA H
MPOCTpaHCTBAa MPOOHBIX (yHKIUNA. B 0COOBIX ciydasX BO3HUKHOBEHHS CHJIBHBIX
O0COOEHHOCTEH (Y4TO MOXKET CIYYUThCA M JJIA CTPOTO TUIMEPOOTUYECKUX, CHIHHO
HEJIMHEHHBIX CHUCTEM) MOXXHO ONPENETUTh OOOOIIEHHOE pEeIICHHE Kak TMpesen
PEIICHUI I COOTBETCTBYIOINICH MapabOoIMYecKon perysipusaruu (2).

Opnnako nipu moMoIy (yHKIIMOHANA J MOKHO BBECTH IMOHSATHE 000OIICHHOTO
pEIIeHUsT albTePHATUBHBIM CIOCOOOM. DTO HE 0053aTENbHO JIOJDKHO MPUBECTH K
PACHIMPEHUIO TIOHATHUSI 00OOIIEHHOTO PEIICHUS, XOTS C YBEITUYCHUEM Pa3MEpPHOCTH
BEPOSATHOCTh ITOI'0 PACTET, O UeM OYJeT CKa3aHO Jajiee, HO MO3BOJISIET MMOCMOTPETh
HAa TaKWe PEIICHUS C HETPAJIUIIMOHHOW TOYKH 3peHUs. A HWMEHHO, MECTO
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MHTErpaJbHOTO TOXKJIECTBA 3aiiMeT (PyHKIIMOHAN J , @ MECTO IPOCTPAHCTBA MPOOHBIX
(GyHKIMIA — TPOCTPAaHCTBO TECTOBBIX THIIEPIOBEPXHOCTEH KopazMepHocTH 1 S.
UroO6pl  u30exaThb HAa  JAaHHOM  JTanme  TEXHUYECKUX  CJIOXKHOCTEH
CKOHIIEHTPUPOBATHCSI HA BBEJACHUU HOBBIX MOHSITHM, OyJeM CUUTaTh, YTO QYyHKIUU

U (t, X) npuHanexar kiaccy K. Jlanum crnenyroiee onpeaeicHue.
OIPEAEJIEHME 1. Haszogem ¢hynxyuro U (t, X)e K 0606wennviv peuenuem

cucmemvl ypasuenuil (2), ecau 0as 1000t 00CMAMOYHO 2AAO0KOU 2UNEePNno8epXHOCMU
S xopazmeprnocmu 1 63 =0.

Kak Oynmer mokazano Hmxke, Ompenenenne | mis pyakumit u3 kimacca K
HKBUBAJIIEHTHO OOBIYHOMY TIOHATHIO 0000mmeHHOor0 pemieHus. OpHAKO 3TO
OTIpe/IeNICHUE TPAKTyeT OOOOIIEHHOE pelleHre KaK (YHKIHIO, KOTOpask TOCTABIIAET
0OJIBIIIOE YUCIIO KPUTUYECKUX TOUYEK [ (PyHKIMOHAna J .

TEOPEMA 1. Ilycms U (t,X) e K, mozoa nousamue 0b606wenno2o pewerus 6
00bluHOM cmbice u 8 cmbicie Onpedenenus 1 sK6UBANEHMHDL.

JNOKA3ATEJIBCTBO. B yka3aHHBIX YCIOBHSX AOCTAaTOYHO JOKa3aTh, YTO
U (t, X) YIOBJIETBOPSET (2) B KJIACCHMYECKOM CMBICIE B 00JacTIX TIJIAIKOCTU

U(t,X) u coorHomennsM I'lOroHHO B TOYKax paspbiBa. MCrons3yeM yKasaHHYIO

BBILIE TApaMeTPU3aLMI0 IOBEPXHOCTH S U 3amumeM Beipaxkenue (1) B Buje
MHTErpaja MO IapaMeTPUYECKUM IEPEMEHHBIM (r,s)e[O,T]x[O,l]l><...><[0,1]mi1

MOBEPXHOCTH S

m - olt, X,
X (-1 F (U 2L%)
8367 j=1

J=[.[L(VgU)dsdr;L(Vy,U)=L=U-

31€ch 01 Vy TOHMMAETCS COBOKYITHOCTh BEKTOPOB rpamuenta Vy;, j=1..,m, a

olt, X.
oJI ((9—81) noHUMaeTcs SIkobuaH, riae KOOpAHHATa X; OTCYTCTBYeT.
SOT

PaccmoTpum Bapmaiuio 0S MmoBepxXHOCTH S B (opme 5;((1',8) 1 0003HAYNM
Z(z,8)=x(z.8)+ady(r,s), rae a sBIAeTCS JOCTATOYHO MAIBIM IAPAMETPOM.

Ham noHamoOsITCS TakXe COOTHOIICHUSI B3aMMHOTO PACIOJOKEHUS MEXKIY
MOBEPXHOCTIMH S+ adS u (). DTH TUNEPIOBEPXHOCTH B Ciydae OOIIEro
NOJIOXKEHMS IIEPECEKaloTCsl 1Mo MHOoroodOpasuio A, kopasmepHoctu 2. Ilocnennee

MHOTO00pa3re MOXKeT OBITh MapaMeTPU30BaHO CleayronmM obpazom. M3 m
cootnomernnit  z(0,5,(0,0,0))=9(0.5,(0.2,6)), rtae  0=(0...0,,)
ONpeeNsIoTCs GyHKIUN s,(0,a,0),s,(0,a,0), e
2] e[rl(a,a),rz (a,a)} <[0,T], a nanee A, :(0,¢(<9, s, (6’,0{,0‘))). OTMETHM, YTO
33 4acTh MAPAMETPOB UM 3a BCE TIAPAMETPhl & MOTYT OBITH B3AThl YACTh KOMIOHEHT
s, u S,. Mcxoms W3 3TOr0 MOXKHO OmpeeiuTb (QyHKuuoo 7 (S,0,c)



(mompa3zymeBaercs, 4YTO U3 HAOOPOB S W O B3SIThl  B3aMMOJOMNOJHSIONINE
KOMITOHEHTHI), MOTYYaIoUIytocsi U3 00paTHOM (PYHKIIMU K QYHKIMHA S= Sl(r ,a,a) u

HMCIOIMYIO CMBICII BPCMCHHU IICPCCCUCHUA MHOFOO6paSI/IH Aa u HOI[MHOI‘OO6pa?>I/I$I

S +0S, KoTopoe, B CBOIO 04Yepeib, OTPEICAETCS YpaBHECHUSAMHU S = CONSt .
Jlanee s BBIYMCICHUS Bapualuuu OYyJET HCIOJIb30BATHCS — IMOHSATHE

npoussogHoii 1o Tato. O6osmaumm U =U (r,;{(r,s)), U=uU (z',;?(z',s)).

AHaNOTHYHBIHA CMBICT OY/IET UIMETh HUKE B MHTerpanax 3anuch Buaa U wmm U™,
BBenem Takke 0003HaueHus L = L(V 7,U i), L = L(VZ,U i) M BBIYHCITIM

_ _ m olt,

Lazi L= 8,’{ +Z )M UX51+
de|,_, osot = 0S0T @
O - i o(t.z)

U.o— -1)'F.(U)-0——=,
8367+§( ) FV) 0s0t

rae E — eguanyHas marpuna.

Boeruucnum Bapuanuioo 6J , MHTErpupys, rie 3To0 HeOOXOAMMO, MO YacTsAM H
YCIIOBHUBIIKMCH JJIA COKpAIllEHUsl 3amucu o clenyronieM. Eciu moj uHTerpaiom
MPUCYTCTBYIOT BBIPAKEHUS TOJIBKO C MHACKCOM «+» WIH «-», TO HHTETPUPOBAHHE
MPOUCXOJUT TI0 TOW YacCTH THUIEPIOBEPXHOCTH S WM S +0S, KoTOpas JeKHUT
COOTBETCTBEHHO C IMOJIOXKUTEIbHON MJIM OTPULATEIBHONW CTOPOHBI MOBEpXHOCTU Q).
Ecnu nox uHTErpanioM NpuUCyTCTBYIOT BBIPAXKEHUS U C MHAEKCOM «1», U C HHAECKCOM
«-», TO UTHTETPUPOBAHUE TPOUCXOAUT 110 MHOT000pa3uo A,

L [[.[Casde+[..[Casdr]= [ (), -(C-T)

0 =—
de|,_,

dsdz +

a=0

ds+.'..._[ L

a=0

[.[T]  dsdz=[(c) - (u-—u+)n0+Zri“(Fj(u-)—|:j(u+))nj ds

A

a -

5 [f] 20700+ 3R (07(00) s

i1 OX;

rae (no,nl,...,nm) MpEACTABISIET CO00Il BEKTOP HOpMAaJIM K THIEPIOBEPXHOCTH (2 B

npoctpanctBe R, x R™.

OTtcrofga, yduTbhIBash MPOU3BOJIBHOCTh Bapualuud oS, MOIYYUM, UYTO €CIU
0J=0, TO BIOJb THUIEPIOBEPXHOCTH S BBINOIHAIOTCS ypaBHEeHHS (2) B
KJIACCMYECKOM CMBICIIE BHE TOUYEK mepecedeHrs S U (2, a B TOUKaX MX MepeceueHus
BBITIOJHAIOTCA COOTHOIIeHUs1 [roroHno st cucrtemsl (2). D10 3aBepuiaeT
J0KA3aTeJIbCTBO TEOPEMBI.

Teopema 1 mnpenocraBisieT HEKMH OYEHb OOIIMKA WHCTPYMEHT W3yYEHUS
00O0OILIEHHBIX PEIICHUI KBa3WJIMHEHHBIX TUNEepOOIMYecKuX cucteM ypaBHeHui. Ho
ero OOILIHOCTh MOJPa3yMEBAET, 4YTO I MOJYYEHUS KOHKPETHBIX pPE3yJbTaTOB
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HEOOXOJMMO YUYUTHIBATh CHEIU(PUICCKUI BHJl CUCTEMbl YPaBHCHH W CBOWMCTBA €€
CTpYKTYypHL. [lo3TOMY 3/1eCh Ha4HEM HCCIICIOBAaHHE CHCTEM ypaBHEHHWH Tuma (2) ¢
HanboJyiee MPOCTOM, HO TaK)Ke M HE TPHUBHAIBHOHN, CHCTEMBbI ypaBHEHUN Ta30BOM
TMHAMHKH 0€3 TaBJICHHS.

[Ipexxae 4em 3aBepIIUTh AITOT pasfell, MOCTaBUM OJWH BOIPOC, KOTOPHIM
ectecTBeHHO Topoxkaaercs Ompexnenenuem 1. CyiiecTByeT U Tako (pyHKIMOHAI
TMna J, HO MO MHOrooOpasuio S, NPOM3BOJIBHOW KOpasmepHocTd I >1, 4ro
oOparteHue B HyJIb IOHUMAEMOM B HEKOTOPOM CMBICIIC Bapranuu J BIEUYET 3a COOOMH
Tor (hakt, aro U (t,X) ymoBrerBopser Baoab S, cucreMe (2) B KIACCHIECKOM

CMBICIIE B 00JIacTIX I'1aJKOCTHU U(t,X) U COOTHOHmICHUSM ['FOrOHHMO B TOYKax

paspeiBa? To ecTh MOXHO JIM HCHOJB30BaTh B  KAaueCTBE TECTOBBIX
TUIEPIIOBEPXHOCTU C KOPA3MEPHOCTHIO, OOJbIIIEH, ueM 17?

2. BapuauuoHHbI NPUHIUIL IJIsI MHOTOMEPHOI CHCTEMBI

YPaBHEHU ra3oBoil IMHAMUKU 0e3 1aBJIeHU
CucrteMa ypaBHEHHMI JBYMEPHOM ra30BOM JNMHAMUKHU O€3 JaBJICHUS BBITJISIUAT
CEAYIOIIMM 00pa3oMm:

p, +div, (pU)=0,
(pU), +div, (pU ®U) =0,

371€Ch p(t, X) — IJIOTHOCTH cpenbl, U (t, X) — BeKkTop ckopoctd, U ®U oOo3Hauaet

()

TeH30pHOE npousBeaeHue. Cuctema (5), BooOIIe TOBOPSI, TOMOTHACTCS HAYaIbHBIMU
yenosusimu p(0,X) = p,(x), U(0,x)=U,(x).

Amnanornuno [2] cuctema (5) I THaAKUX pENICHWH SKBUBAJICHTHA CHCTEME
YpaBHECHHH, COCTOSIIEH W3 YpaBHECHHUS HEPa3pPhIBHOCTH U MHOTOMEPHOTO YPaBHECHHUS
HeBsi3koro broprepca win ypaBuenus Xormnda. [loatomy 6uxapakTepucTUKA CUCTEMBI
(5) mpencraBiSIOT COOOW TIpsIMBbIC JWHHA B MHOTOMEPHOM ITPOCTPAHCTBE, BIOJIH
KOTOPBIX MTPOUCXOTUT POCT IJIOTHOCTH p . Habop OMxapakTepHCTHK, HCXOISAIINN UX

touek aeR"™, ompenmenser TpaHCHOPMAIMIO OT JIATPAHXKEBBIX & K OSHIECPOBBIM
KoopauHataMm X. Takum e 00pa3oM, Kak U AJi1 pACCMOTPEHHOIO paHee ABYMEPHOIO
ciyyast [2], ¢ynkumonan J MoxeT OBITh CBEJACH K HHTETPAIY 1O HEKOTOPOMY
00bEMY B JIarpaHKEBOM MPOCTPAHCTBE &. A UMEHHO, C YYETOM CHEeU(UKN CUCTEMBI
(5) yskumonan J npuHUMAET CASAYIOUTUNA BU]

J:J(A)Ej...J[UO(a)—XT_a}pO(a)da, ©)

i€ HHTErPUPOBAHUE TPOBOIUTCSA 1O HeKOTOpoii obmacth A€ R™. Takum oOpaszom,

nepeMeHHol B (pyHKIMOHae sBisiercst oomacte B R™, u ycmoBue 6J =0 moimkHO
HaM JaTh (OpMy HEKOTOpOH 001acTH, KOTOpas COOTBETCTBYET 3a(pMKCHUpPOBAHHOM
TOYKE (t, X).
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W3 sToro HaOMIONEHWS MOXKHO CHENaTh JBa MHTEPECHBIX U HETPUBHAIBHBIX
BbIBOJa. [lepBeIii 3akitoyaeTcsl B TOM, YTO HAJIMYHE BapHAIIMOHHOTO MPHHIINIIA
npeanosaraet 3p(EeKT KOHIICHTPAIIMH Macchl. BTOpoil BBIBOJ OCHOBaH Ha TOM, YTO
00jacTh, pdarolias OSKCTpeMalbHOEe 3HaueHue GyHKIHoHany (6), MOXeT ObITh
«MH(PUHUTE3UMAIBHON», TO €CTh OECKOHEUHO MaJIoil. DTO ClIeyeT U3 TOro, YTo Mpu

dukcupoBanHoll Touke (t,X) UL AOCTIKEHMs SKCTpEMyMa BakHa JHIIb (opma
rpanuiibl oonactu. C Bo3pacTaHUEM Pa3MEPHOCTH MPOCTPAHCTBA KOJUYECTBO THUIIOB
BO3MOXKHOH «MHPUHUTE3UMATBHOCTH» pacTeT. Tak, B OJHOMEPHOM CiIydae
BBIpaKEHHUE (6) SIBJISICTCS JIUTTH dbyHKIHIEH TOYKH, MO3TOMY
«MH()UHUTE3UMAITLHOCTE» HE BO3HUKaeT. B JIByMepHOM ciydae 3KCTpeMajbHOU
MOJKET OKa3aThCsl HEKOTOpasi 0ECKOHEYHO Majiasi 00JIaCTh BJIOJIb HEKOTOPOU KPUBOM,
B TPEXMEPHOM K€ Cllydae — KaK BJIOJb HEKOTOPOW KPUBOH, TaK U OKOJIO HEKOTOPOU
MMOBEPXHOCTH U T.]I.

Takum 00pa3oM, OCHOBBIBaSCh HAa CKa3aHHOM BBIIIC, MOXKHO TIPHHTH K

cienymommell mocraHoBke mpoGnemel. PukcupyeMm Touky (t,X) M HEKOTOpYIO
NapaMeTPU3aLMI0 JIATPAHXKEBBIX TEPEMEHHBIX &, TO €CTh ONPENENHM (YHKIIUIO
a=a(r,s), HamomHuM, 4ro S=(S,...,S,,). Hocne sroro (6) mpespamaercs B

(YHKITHIO OT (r, S)

x—a(z,s) oa(z,s)
J=J(z,s EIJ U,(a(z,s))——|p,(al7,s))———=dzds. (7)
(75)= ]| Usfate) -5 o) 5 5
31ech 3aBUCHMOCTB OT (7,S) BBIPAKACTCs B 3aBHCHMOCTH OT 9THX HEPEMEHHBIX KaK
npenenoB uHTerpupoBanus. lloapoOHee 00 »TomM OyaeT Cka3aHO B CICAYIOIIEM
paszesne Mpu W3YYECHUH KOHKPETHO IBYMEPHOTO W TPEXMEPHOTO CIydaeB. Temnephb

paccMoTpum J (tx

) kaK omeparop, NEepPEeBOAIINN MapaMETPU30BAHHbBIC JIATPAHIKEBbI
nepeMeHHble B BeKTOp-GyHKIUO (7), TO €CTh J(t %) :a(r,s)+—>J(r,s). Hwoxnnii

WHJIEKC (t, X) MOTYEPKUBACT TOT (PaKT, YTO pacCCMATPUBAEMBIN OTIEPATOP 3aBHCHUT OT
TOYKH (t, X). B crmemyromem pasmene ata  oOmas mapaaurma  Oyaer

KOHKpPETH3UPOBaHA, KaK YXe YIOMHHAJIOCh, J/JIs JIBYMEpPHOIO M HaumboJjee
MHTEPECHOTO JJIsl TPAKTUKHU TPEXMEPHOIO CIIy4aeB.

3. Konkpernszaumus 1Jjisi ABYMEPHOI0 ¥ TPEXMEPHOIO

cJiy4yaeB
B »tom pazmene mis ymporeHuss 3amucd OyjaeM 0003HadaTh SUIIEPOBBI
KOOPIHMHATHI Kak X =(X,Y,Z), JIarpaHKeBbl KOOpAUHATH — Kak a =(a,b,c) u BexTop
CKOpocTH — Kak U = (u,v, W). Taxoxe 1151 mapamMeTpu3alnm S = (S, p).
Cuauana pacCMOTPUM 0o0JIee MPOCTOM JIBYMEPHBIN CIyYai.

A

Torna BBeJIEHHBIN BHIIIE ONIEPATOP J(t,x) MPUMET CIeayIoryto (popmy
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3= ﬁ[%a—uo(a,b)}po(a,b)(afbs _b.a,)dsdr= Hx (a,b)(ab, —b.a, )dsdr,

7o So %o So

J,= _THS‘[YT_b—vo(a,b)},oo(a,b)(arbs —b,a,)dsdz = ij (a,b)(a,b, —b.a,)dsdz,

o So 7o So
rie moxpasymesaercs, 4to a=a(z,s),b=b(z,s).
[ycts pynxnmm X,Y,a,b yI0BIeTBOPSIOT CIEAYIONIIM OrPaHHYECHUSIM

X (a,b),Y(a,b)|<aa+pb+y,

g Jo(ab)] _ . (8)
ol u(s)e (9 22N <40,

rae a, B,7, 1,V,A SBASIOTCS JIMO0 KOHCTaHTaMHU, TUOO OrpaHUYEHHBIMU (PYHKIHUSIMHU.
Hanee pacemorpum ¢yrkunn @, (7,s),®D,(7,9)

®,(r,5)= [ X (a,b)(ab, ~b,a,)dz,

7o

. 9)
®2(r,s)ij(a,b)(aTbs—b,as)dr,
%o

M COOTBETCTBYIOmIHii omepatop @ . Toraa B COOTBETCTBHM C [2] BOBHHKHOBEHHE
KOHIEHTpAallMd Ha OJHOMEPHOM MHOT0OOpa3suu XapaKTEpU3yeTCsl CleqyOIIMMU
ycnoBusIMU. [[s1 HEKOTOpOro 3Hau€HUsi S CYIIECTBYIOT IO KpaliHell Mmepe [Ba
3Ha4eHus 7,,7,, TAKUE, YTO

oD, (rl,s) _ 0D,
or or
3ameTtuM, uto ycnoBus (10) cOOTBETCTBYIOT YCIOBHSIM BO3HHMKHOBEHHS pa3pbiBa B
OJIHOMEPHOM CJy4yae, TaK KakK TOrJa €CTh JIMIIb OJIHA JarpaHKeBa KOOpJWHAaTa a,
KOTOpass W Wrpaetr pojib 7. YcinoBus (8) Takke SBISIIOTCS aHAJIOTaMu
COOTBETCTBYIOILIUX YCJIOBUH B OJHOMEPHOM CcCilydae, OOECHEUMBAIOIIUX HaJINYNe
riobanpHOro MunuMmyma. [lepsoie aBa ycioBus (10) obecrieunBaroT TOT (PaxT, 4TO B
Touky (t,X,y) NPUXOMST IO KpailHEH Mepe IBE XapaKTEPHCTHYECKHE IIPSIMBIC

(7,,8)=0; D, (7,,5) =D, (7,,5); k=12. (10)

(BeTMYUHBI (X,Y) oOparmiaroTcss B HyJb i1 (PUKCUPOBAHHOTO 3HAYEHUS S W TIPU
T=1,,7=71,). Bropoe ycnoBue (10) obecrieuynBaeT BHINOJHEHNE 3aKOHA COXPAHECHHS

uMmnyinbca u3 [2] mnpu  JABMXKEHWUM OJHOMEPHOTO MHOT000pasusi, HECYIIETOo
COOTBETCTBYIOIIYIO JA€bTa-(PYHKIHIO.
JIns onucaHusi OCOOCHHOCTH B TOYKE, ONSATh K€ B COOTBETCTBHU ¢ [2],

HEOOXOUMO HAWTH TaKyl MapaMeTpu3alyio a= a(r, S) b= b(r, S), 4yTO
CYILLECTBYIOT 10 KpallHE! Mepe 1Ba 3HAYECHUS S, S,, TAKHE YTO
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9y _ 0y _0dy _0dy _9-
o (08) =5 (0s) =2 H(0%,) = H(7.5,) =0; (11)

Je(7,8)=3(z,8,); k=12
TakuM 00pa3oM, JarpamxeBo mpocTpanctso (a@,b) mpuobperaer crpykTypy

MHOrooOpa3usi MW pa3OuMBaeTcs HAa MHOXKECTBO KapT, KOTOpBIE JOJKHBI OBITh
COTJIacOBaHbI MeX 1y co0oit. HaliTu cornacoBaHHOE MHOKECTBO KapT U MPEACTABIIACT
cOoOOlf OCHOBHYIO TpPYIHOCTb Ui JOKa3aTelbCTBA TEOPEMBbI CYIIECTBOBAHUS
0000mIeHHBIX  pemieHuil cuctembl ypaBHeHuit ['JI6J] mnpu ucnonb3oBaHuU
BAPUMALIMOHHOIO MoOAXo0j1a. Bmecte ¢ TeM BapUalMOHHBIM IOXOJ YKa3bIBAET
KOHKPETHYIO CTPaTEeTHIO OUCKA TaKOT0 J0Ka3aTeNlbCTBA, KaKyl0 KaKoH-11bo apyroit
MIO/IXO0/1 IOKA HE MOXKET MPEJOCTaABUTb.

JU1st TpeXMEPHOro cayyasi Oneparop J ) 3aIICBIBACTCA TaK.

] _HH } ,(a) ((abc dpdsdr = jjjx SE Sb )dpdsdr
L[ w @)

(&
7o So Po =
TS P a(
(7.

)
b,c) (7 by (@) 2200)
p)dpdsdr ”!Y o(es )dpdsdr,
0= 1S 22 e = [ 1) 322 s

rJie MOApa3yMeBaeTCs, YTo a = a(z' ) (z',s, p),c—c(z',s, p). s onucanus
npoiiecca dbopMupoBaHUs 0COOCHHOCTEH 0003HaYNM
X,(a)=X(a),X,(a)=Y(a),X;(a)=Z(a) u chopmupyem uepapxuro GyHKIHii
k=123

7o So Po

f d(a,b,c
®k<f,s,p>zka<a>ﬁ |
abx
(z,5,p) ” (0 pidfds, (12)
A d(a,b,c)
r S, p J!J' (v.s p)drdsdp,

rie HoJpa3syMeBaeTcs, uTo a—a(r,s,p),b—b(r,s,p),C:C(r,S,p). Cucrema

COOTHOIIEHHM, KOTOPON HY>KHO yIOBJIETBOPUTH MpPH (HOPMUPOBAHUM OCOOCHHOCTEU
Ha MHOT000pa3usx pa3HoW pa3zMepHOCTH aisi QpyHkuuit (12), Tenepb BBIMISAUT Tak,
k=123:
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od oD
8rk (7.8.p)= 8; (7,,5,p)=0,®,(7,,5,p) =D, (7,5 P);
oY oY oY oY
Z_k (T’Sv p)=8—sk(7,51, p):a—rk(f’sz’ p): 88k (T’SZ’ p) =0,
¥ (7,5,p)=Y(7.5,.p); (13)
i _ 03 _ 03 _ 9 _ 0 _
or (T’S’ pl)_ oS (T’S’ pl)_ 8p (T’S’ pl)_ or (T’S’ pz)_ s (T’S’ p2)_

oJd
a_pk(T*S’ p2)=0,Jk(z',S, p1): ‘]k(T’S’ pz)-

OnsTe e OCHOBHBIM BOMPOCOM OyJeT SBISTHCS COTJACOBAHHUE KapT IS
COOTBETCTBYIOIIUX OnepaTopoB P, ¥,J.
B 3akitoueHne oTMETUM, YTO MOTYyYaroasicsi AMHAMHUKa OYJET OTIUYaThCs OT
TOU, KOTOPYIO HCIIOJB3YIOT aCTPOMHU3UKH B MOJICITU «CIUIIAHUS», CM., Hanpumep, [5].
JUJis MHOTOMEPHOTO cily4asi OTJIMYKe, BOOOIIE TOBOps, OyAE€T OUeHb CYLIECTBEHHBIM
([6]), uTo cBs3aHO C TOYHBIM BBHINOJIHCHHEM WM HEBBITOJHCHUEM 3aKOHA
COXpPaHEHMUS UMITyJbCa. TeM He MEHEE, HEIOCTaTKaMH ONMCAHHOTO BBIIIE MOAXOAA
ABJISIIOTCA €ro OoJbIlas CI0KHOCTh W CYIIECTBEHHO MEHbIIAs MPO3pavyHOCTb
KOHCTPYKIIUH.
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