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AunHOTaUUA

O6cy2kaaeTcsi CBsi3b MeXAy HHBapHaHTaMd POMEHKO JIMYBHJIIEBbIX CJIOEHHE M acHMII-
TOTHYECKHMH pelleHussMH ypaBHeHH#H HaBbe—CToKca, ONHCHIBAIOWIMMH Pa3JiH4YHbIEe CHCTe-
Mbl BUXpel B HECXKMMaeMOH >KMJKOCTH.

Abstract

V. P. Maslov, A. I. Shafarevich, Fomenko invariants in the asymptotic theory of the
Navier-Stokes equations, Fundamentalnaya i prikladnaya matematika, vol. 20 (2015),
no. 3, pp. 191-212.

We discuss connections between Fomenko invariants of Liouville foliations and asymp-
totic solutions of the Navier-Stokes equations that describe vortex structures in an in-
compressible fluid.

K robunero A. T. omenro

1. Beenenue

Cy1iecTByeT HHTepecHasi CB3b MeXKJAy TOINOJOTMYECKOH Teopuell HHTerpupye-
MBIX TaMMJIbTOHOBEIX cHcTeM, paspadoranHo# A. T. PomeHko, ero xosjeramu u
yYeHUKaMH, U aCHMITOTHYECKOH TeopHeH ypaBHeHHH THAPOAMHAMHKH. DTa CBS3b,
o6HapyxeHHas B [8,9,19] u passuras B [12—15], ocHoBaHa Ha MPUMEHEHHH K ypaB-
HennssM HaBbe—CroKkca «MHOrogaszoBoii» cxembl KpbioBa—Dboronto6oBa—Yusema.
HanoMHUM OCHOBHBIE 3Talbl 3TOH CXEMBI.
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rpaMMbl NMOAEPKKH BeAyILIMX HayuHbiX wikoJ (rpant HIII-581.2014.1).
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1.1. YpaBHeHusa Yusema

Cxema Yuzema (sBismwollascs o600lleHHeM Ha CJayyald ypaBHEHHH B UYacCTHBIX
NPOU3BOJAHBIX H3BecTHOro Metona KpeinoBa—Dboroso6oBa u, ¢ APyro#l CTOPOHHI,
HeJIMHeHHBIM aHAJOrOM KOPOTKOBOJIHOBBIX M KBa3MKJACCHUECKHX ACHMIITOTHK) MpPH-
MeHsieTcsl 118 ONUCaHUs aCUMITOTHYECKUX pelleHHH ypaBHeHUH BHJa

ou 0%
E(I‘,U7hax7h axz,7h)—0 (1)

3necb L — cKaJsipHbIH WJM BEKTOPHbIH HeJHWHEHHbIH omnepaTop, AEHUCTBYIOLIMH Ha
¢byHkuuio u(z,h), Tie & — He3aBHCHMBbIe TepeMeHHble, a h — 0 — MaJjblil mapamerp.
®dopmanbHOE aCUMITOTHYECKOE PellleHHe HILETCS B BUAE

uzU(?,x)—i—hUl—i-..., (2)

rie S(x)— ckansipHass WM BeKTopHas (yHKuMs ((pasa acHMITOTHYECKOrO pelie-
Husi). OGosHauuMm uepe3 z «OblCTpble NepeMeHHble» z = S(x)/h; 3aBHCHMOCTb
U(z) omuchBaeTCst «3TaJOHHBIMU» yDABHEHHUSIMH (aHAJOT HEBO3MYILIEHHOH CHCTe-
MBI B KJIACCHYECKOH CXeMe yCpeTHeHHs ), TOJNyJarlUMUCs MOACTaHOBKOU (2) B (1)
W NpHpaBHHBAHHEM K HYJIO Ko3((HULHeHTa NIpHU CTapliell cTeneHu h:

ou 9*U
LO<U782’822,...> 70’ (3)

rie Ly — HeJMHeHHBIH onepatop (cTapiuas yacThb onepatopa £ OTHOCHTEJbHO JaHHOH
acCUMMTOTHYECKOH mpouenypsl). [lonpaBka Uy yaoBAETBOPSiET JUHEHHOMY HEOIHOPOA-
HOMY ypaBHeHHIO (YpaBHEHHIO B BapHallUsiX) BHIA

L[U]U, = F[UJ, (4)

rae Ly [U] — avHeapusoBauHblil Ha U onepatop Lo, npasas yacTe F[U] 3aBHCHT
or U v eé npousBoaHbIX. YpaBHeHus (3) W (4) WrpaioT KJAKOUYEBYH pOJib B OMpe-
IeJIeHHH CTaplIero ujeHa aCUMOTOTHKH U; UMEHHO, CHauaja HaxOIHUTCs CeMeHCTBO
pelleHHH HeJMHEHHOTro ypaBHeHUs (3), a 3aTeM 3aBUCHMOCTb MapaMeTpPOB 3TOTO Ce-
MEHCTBa OT «MeJJIEHHBbIX» MePeMeHHbIX ' ONpeessieTcsi U3 YCJIOBUE paspelinMoCTH
ypaBHeHHH mJs momnpaBkd (4) (3TH yC/OBHS B KJIACCHUECKOH CXeMe TeOpHH BO3-
MYLIeHHH TPUBOOAT K YCPeNHEHHOH cucTeMe). YKa3aHHBIH MeTof HaubGoJsee MOJHO
PasBUT [JISi WMCCJENOBAHUS <«ONHO(A3OBBIX» pelleHHE (T. e. pelleHud co CKaJsip-
HOU (yHKuMeH S(x)) cKanspHbIX ypaBHeHHE; tToraa (3) u (4) mpeactas/siioT coGoH
0ObIKHOBEHHble IH((hepeHLHalbHble YpaBHEHHST W B KadecTBe peliueHHH (3) MOx-
HO BBIOMpATh, HAPUMep, MepuoardecKre TpaekTopuu. I/ MIKPOKOro Kjacca 3agad
HETPYIHO YCTAHOBUTH CYIIECTBOBAHME KOHEUHOMEPHBIX CeMeHCTB TaKMX TPAeKTOpUH
U BBIUHC/IHUTH KOSIIPO (TakKe KOHEYHOMEpPHOE) JIMHeapH3oBaHHOro omepatopa Li;
YCJIOBHSI OPTOTOHAJBHOCTH F 3TOMY KOSApPY MPHUBOASAT K YPaBHEHHSIM, OMpPeAessiio-
UM 3aBUCUMOCTb U oT mnepemeHHbX = (cM., Hampumep, [3, 11]). Otmerum, yto
ceMelfcTBAa 3aMKHYTHIX TPaeKTOPUE ypaBHeHUs (3) OMpemessiioT aCUMOTOTHYECKHE
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pelleH st HCXOOHOTO ypaBHeHust (1), meproaHuUecKU 3aBHCsIINE OT «OBLICTPOE» mepe-
MeHHOH z. JlJisl OMHUCaHHUs JIOKaJTH30BAHHBIX pellleH|# (MK pelieHui THIa «yaapHoH
BOJIHBI») B «OIHO(DA30BOM» CJlyyae BMECTO 3aMKHYTBIX TPaeKTOPUE CjenyeT BbIOH-
paTh ceMeliCcTBa cemapaTpPUC, COENUHSIOIIMX JBa MOJOXKEHUS paBHOBecHs ajs (3).
CoorBercTByiomias cxema passurta B [6], [2] u mpyrux paGoTax, B 4aCTHOCTH, IO-
CTPOEHBI aCUMITOTHYECKHE PELIEHHUS, OMUCBHIBAIOIIME YeAUHEHHBIE U (CTIAXKEHHBIE)
yIapHble BOJIHBI [JI51 LINPOKOTO KJacca UCXOAHBIX ypaBHeHUH (1) (BK/IIOUasi CHCTEMBI
ypaBHEHUH).

3HAUUTEJBHO CJI0XKHEE 0OCTOMT JeJI0 C «MHOrO(pa30BLIMH» ACHMIITOTHKaMH (T. €.
pelleHUsIMH, 3aBUCSIIMME OT HECKOJBKUX «OBICTPBIX» MEPEMEHHBIX z — CJydail Bek-
TOpHO3HAuHBIX QyHKUUE S(x)). JJst moCTpoeH st TaKUX pelieHuH TpebyeTcs H3ydaTh
ypaBHEHHsI B YaCTHBIX MPOU3BOAHBIX (3) u (4), MepBoe W3 KOTOPBIX HEJHHEHHOE.
BenenctBre 3TOro COOTBETCTBYIOLIAs MPOLEIypa pa3BUTAa B OCHOBHOM JIHIIb [Jis
«MHTerpUpyeMbIX» YpaBHeHHUH (T. e. B NPELNOJIOXKEHHH, UTO «3TaJOHHOE» ypaBHe-
Hue (3) — GecKoHeYHOMepHasl BIOJIHE HHTErpUpyeMasi FaMUJIbTOHOBA cUcTeMa). B eé
OCHOBe JIeXKaT KOHEUHOMepHble CeMeliCTBa KOHEYHO30HHBIX HJIH MHOTOCOJHTOHHBIX
pelieHUH ypaBHeHHH (3), mapaMeTpbl KOTOPBIX (CKOPOCTH U (Das3bl COJUTOHOB HJIH
TOYKa MHOrooGpasusi MOAy/ell PUMAaHOBLIX MOBEPXHOCTeH, 3ajamolias KOHEYHO30H-
HOe pelleHHe) 3aBUCAT OT «MeAJIeHHbIX» mepeMeHHbX x (cM. [3,6, 11]). OTmerum,
YTO MMEHHO 3aJlau¥l ONHCAHHS SBOJIOIHH «HCKAXKEHHBIX COJUTOHOB» HJIH KBa3uIle-
PHUOIUYECKHX «BOJHOBBIX IYyTOB» CTHUMYJHPOBaJU OypHOE pa3BHTHE CXeMbl YH3eMa
B MOCJIEIHUE NECSITUJIETHS.

B [4,5] usyuanuch «onHO(hAa30BbIe» MEPHOAUUECKHE MO «OBICTPOH» MepeMeHHOH z
acHMIITOTHYeCKHe pelieHus: ypaBHeHHH HaBbe—Crokca (B 3TOM caydae QyHKUHS u
1 onepatop £ BeKTOpHO3HauHbl). [Ipy 3TOM OBLIO OOHApPYKEHO CJeNylollee BaXKHOe
00CTOATEbCTBO, XapaKTepHOe IJs aCUMITOTHYECKOH TEOPHH ypaBHEHHH THAPOIH-
HAMUKH: «3TaJIOHHOe» ypaBHeHHe (3) (KOTOpoe B «OAHO(A30BOM» CJIyuae OKa3bIBaeT-
Csl MOYTH TPUBUAJBHBIM) 00J1aaeT GeCKOHEUHOMEPHBIM CEMEHCTBOM TOYHBIX pellle-
HUH, U BCJIENCTBHE 3TOrO KosiApo omepatopa L GeckoHeuHOMepHO. B pesysnbrare us
YCJIOBUSI Pa3peliuMOCTH 3aault (4) BO3HHKaeT GeCKOHEeUHOe UUCJIO YPaBHEHHH, HIlH,
YTO TO XK€ CaMoe, YpaBHEHHSs], CollepKalllie «JIHIIHION» He3aBUCHMYIO MepeMeHHY0
(8 curyauuu padort [5], [4] 3Ta mepeMeHHast €CTh MPOCTO €AHHCTBEHHAs «OBICTPasi»
nepemenHasi z = S(x)/h). CooTBeTCTBYyIOIIAsE aCUMIITOTUYECKAsT MIPOLIeAypa pa3BUTa
B yKa3aHHBIX Bbillle paboTax ¥ 0600IIeHa Ha ypaBHEHHS MarHUTHOH TMAPOIUHAMH-
K (cM., Hanpumep, [6]). OTMeTHM, UTO B THAPOAMHAMUUYECKOH 3amadye 0OTeKaHHs
ypaBHEHHUs], BO3HUKAWIIHE W3 YCJOBHU paspeliiMocTH (4), W3BECTHHl AaBHO: 3TO
ypaBHenusi [IpaHAT/Isi TEOPUH TOTPAHHUUYHOTO CJIOST; ypaBHEHHs1 paGoT [4—6] MOXKHO
paccMaTpUBaTh Kak UX (BeCcbMa HeTpPHUBHa/bHOE) 0600LIEHHE.

B [8,9, 19] wusyuanuch MHorodasoBbie peleHusi ypaBHeHud Hasbe—CToKca
(B 4aCTHOCTH, pelleHHs], OMUCHIBAIOLIME BUXPEBble HUTH); MPH 3TOM Oblia 0OHapy-
XeHa CBsI3b TAKHX pelLIeHHH C TONOJOrHYecKHMMH HHBapHaHTaMH Ge3lHBepreHTHBIX
BEKTOPHBIX TOJed W JIMYBUJIEBBIX CJIOEHHH TPEXMEPHBIX MHOro00Opasuil Ha IBY-
MepHbIE TOpPHl. A MMEHHO, TaKHe HHBapHAHTHl €CTECTBEHHBIM 00PA30M BO3HUKAIOT
[IpPU PAaCCMOTPEHHH COOTBETCTBYIOLIMX «JTAJOHHBIX» YPAaBHEHHH, a ypaBHeHHs Ha
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«MeJlJIeHHble MapaMeTpbl» (YCJOBHs paspeliMMocTy 1Jsi (4)) ONMHCBHIBAIOT 3BOJIOLHIO
uHBapuaHToB. CaMH 3TH ypaBHEHHUS] MO OfHOM M3 NepeMeHHBIX OKa3blBaloTCS 3a-
INaHHBIMH Ha TaK HasbiBaeMoM HHBapuaHTe PomeHKo, uaM MoJsekyse [l], —rpade,
OMHKCBIBAIOLIEM I106aJdbHYI0 CTPYKTYPY JIMYBHJ/IeBa CA0€HHS. JTa CBSI3b 3aTeM pas-
BHMBajach B cepud paboT [12—15]; B 4acTHOCTH, ¢ €€ MOMOLLbIO OBbLIH OMHCAHbI
BUXpEeBble CTPYKTYpbl THIA IIJIEHOK M HHTeH, 3aNoJHSOLUX TPEXMEPHBIH O0OBEM.
HuBapuant doMeHKO HrpaeT LEHTPaNbHYI POJb BO BCeX 3THX paboTax; B HEKO-
TOpBIX Go0Jiee MPOCTHIX CHTYalMSX OH BHIPOXKAAeTCs B TaK HasbiBaeMblil rpad Puba
¢byHKuMH Mopca — TonoJIorMueckiii HHBapHaHT raMUJIbTOHOBA MOJS Ha ABYMEpHOH
MI0OBEPXHOCTH.

Huxxe onucanbl acuMITOTHUECKHe pellleHUs1 ypaBHeHUH HaBbe—CToKca, cBsI3aH-
Hble C yeJUHEHHBIMM BUXPSIMHU M TaK Ha3blBA€MBIMU MepPHOANYECKHMH KOTepeHTHBIMH
CTPYKTypaMH; BC€ OHH CTPOSITCS C TOMOILIbI0 YKa3aHHBIX HHBAPHAHTOB.

1.2. AcumnroTuueckue pemenns ypaBHeHnuil HaBbe—CroKkca

[Tosie ckopocteit u(x,t) HecxKMMaeMoH BA3KOH KHUAKOCTH (3aBHCsIlee OT BpeMe-
Hu t BekTOpHOe mose B R3) ynosnersopsier ypaBnenusim HaBoe—Crokca

Ju

N + (u, VYu+ VP =vAu, (V,u)=0. (5)
3neck P(w,t) — naBienue, v — Ko3(hPUIHEHT BSI3KOCTH. BuxpeBasi cTpyKTypa OmH-
CHIBAETCSl ACHMIITOTHUECKHUM pEIleHHeM 3THUX ypPaBHEHHH BUia

u(x,t)=U<S(Z’t),x,t) FhUL + ..., P:H(S(J;L’t),x,o LRI ..., (6)
rne h — 0, h? = v, S(x,t) — onHoMepHasi, AByMepHas WJH TPEXMepHas BeK-

TOP-(PYHKLHS; NIPOCTPAHCTBEHHbIE CBOMCTBA TAKOTO MOJISl ONpPENEeJsoTCs 3aBUCHMO-
ctbio pyHKuuu U(z,x,t) OT BeKTOpa «OLICTPLIX» MepeMeHHbIX z = S/h. Mbl Gynem
CYUTATh, YTO PYyHKUUA S TPEXMepHa U PACCMOTPHUM CJIeLYIOLIHe Be CUTYaLUH.

1. Yenuuéunwiit Buxpb. B 31om cayuyae S € R3 u gpynkuua U 10cTaTtouHo 6bICTPO
y6blBaeT mpu |z| — oo.

2. KorepeHTHasi cTpyKTypa — CTPyKTypa, COCTOSIILAs U3 JOKAJIH30BaHHBIX B OfI-
HOH TOUKe BUXpeH, MepUOAHYeCKH DAacCIIOJOKEHHBIX B MPOCTpaHcTBe. B 3ToM
cayuae S € R? u dpyukuus U(z, z,t) 27-nepuofruHa no «ObICTPbIM» MepeMeH-
HbIM 2 = S/h, T. e. lepeMeHHble 2 MeHS0TCs Ha TpéxmepHoMm Tope T3.

Hike moppobHO 06CyKAAeTCSI KOHCTPYKLMS YeNUHEHHOTO BUXPS; B Cydae KOre-
PEHTHOH CTPYKTYPBI BCE PACCYXKIEHHsI OYEHb MOXO0XKH, I0ITOMY Mbl yKaXKeM TOJIBbKO
Ha BO3HMKAIIHE OTJIUYHS — MOAPOOGHOCTH MOXKHO HalTH B [12].
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2. AcMMNITOTUYECKOE ONMUCaHUe
TOYEUHBIX (yeIWHEHHBIX) BUXpeu

2.1. 3agaya o ABMIKEHUH YEeIUHEHHOTO BUXPS.
YpaBHeHUs HYJEBOro MPUOINIKEHUS
¥ TOMOJIOTMYeCKHe MHBAPUAHTHI JUYBUJIEBbIX CJI0€HUI

JIBHKeHHe yenUHEHHOrO BHXDSl B HMI€aJbHOH JKHUAKOCTH OINHUCBHIBAETCS 3anaveld
Koun past ypaBHenuii HaBbe—Crokca (D) ¢ HayaJbHBIM YCJIOBHEM BUAA

u|t:0 = ‘/E)(x) + Vg <xhy) 5 (V, Vo) = 0, (V,vo) = 0,
rae Vo(x) — rmagkoe orpaHuYeHHOE CO BCeMU IPOU3BOAHBIMU BEKTOPHOE MoJie (BHEIL-
HUH TOTOK), a BEKTOP-PYHKLUsS vg(2) (YeIUHEHHBIH BUXPb) MPUHANIEKHUT NPOCTPAH-
ctBy llIBapna. Mbl GyneM paccMaTpuBaThb HadasbHble BUXPU CIELHAJbHOTO BHIA —
YCJIOBHUSI Ha vp MPUBEJeHbl HHXKe. ACUMITOTHYECKOE pellleHHe TaKoi 3ajauu Oynem
MCKaTh B BHIE

u="V(x,t)+hVi(z,t)+...+v <xw,t> +

h
1 hot (fC_hR(t),x,t,h> ..,

x — R(t) (7
P = P(z,t)+ hPi(z,t) + ...+ 7 (,t) +

h
— R(t
+ hm <xh<)xth>+

rae V(z,t), Vi(z,t), P(x,t), Pi(x,t), v(z,t), mo(z,t) — rmagkHe BEKTOpHbIE MOJS U
(GyHKLIMH, npuYéM v, vl, T, 7] OCTATOUHO GBICTPO CTPEMATCS K HYJIO NPH || — 0.
OTtHocuTeNbHO TPEXMEPHOH BeKTOp-pyHKUNK R(t) Gymem mpeanosaraTb, 4YTO KpUBas
x = R(t) — Heocobasi TpaeKTOpHUsi BeKTOpHOro moJsst V (z,t) (nerko mpoBeputh, UTO
3TO yCJIOBHE HEOOXOAMMO MJIsI CYLIeCTBOBAHUSI aCUMITOTHYECKOTO peIleHHs yKa-
3aHHoro Bupna). [lonctaBum (7) B (5) W paccMOTPUM TMOJyueHHble PaBEHCTBA BHE
HEKOTOpPOH He 3aBucsiiied oT h okpectHoctd Toukd R(t). [lpupaBHuBas K Hy0
BO3HMKaIKMH Koa(puuuent npu h°, monyunum nis nonst V(x,t) ypaBHenus ditsepa

%+(V,VV)+VP=0, (V,V) =0, V=0 = Vo().

Huxe Bcropy npennonaraercsi, uto V(x,t) — raankoe npu ¢ € [0,T] pelueHue atol
3ajaui.

PaccmotpuM Temepb ypaBHeHHs (D) B OKpeCTHOCTH TOYKH R(t). YO6uBasi BO3HH-
KalollHe TpY 3TOM cjaraemble nopsifika h~! u yuuTeiBas, uyto R(t) — Tpaektopus
noast V, nosyuaem mjsi nodist v(z,t) TpEXMepHble CTAllHOHAPHBIE ypaBHeHHs Diiepa

(v,V,)v+V,m =0, (V,,v)=0. (8)
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[Ipy omucaHHWH ACHMITOTHKH LEHTPAJbHYI POJb UTPAIOT TOMOJOTHUECKHE HH-
BapUaHThl 3HJNEPOBBIX MOJEH € TOYHOCTBIO 10 COXPaHSAIUWUX 00bEM Auddeomop-
¢usmoB R3. Huxke npuBomsiTCs apryMeHTBl B MOJIb3y TOrO, YTO 3TH HHBAapHAHTBI
napaMeTpHU3yIOT pellieHust ypaBHeHH# (8). Omnpenesum 3TH WHBapuaHTh. HamoMHuM
(cm. [10]), uro peurenust ypaBHeHHH Diljepa 00/afaOT CJAEAYIONMME CBOACTBAMH.

1. BekropHoe noJie 2 = rot,v KOMMyTHPYeT ¢ v (31eCh rot, — POTOP M0 GHICTPBIM
nepeMeHHbIM 2).

2. BexTopHoe mpousBeneHHe v X ) sBAsieTcs rpagveHToM (GyHKUMH DepHysan
B = (v,v)/2 + 7.

3. Heoco6oe KOMIakTHOE CBSI3HOE MHOXKECTBO YPOBHSI (DYHKIUH B romeoMopdHO
TOpPY; 9TOT TOP UHBAPHAHTEH OTHOCHUTEJNBHO (PAa30BBIX MOTOKOB MoJeH v U ) U
IBIKEeHHe Ha HEM B CUJY J1060r0 U3 ITHUX MOJEH YCIOBHO MEPUOAUYHO.

Takum 06pa3oM, TOMOJIOTHS CTALHOHAPHBIX SH/IEPOBBIX MOJeH aHAJOTHYHA TOIMO-
JIOTHH BIIOJIHE MHTErPUPYEMBIX aMHJBTOHOBBIX CHCTEM C ABYMsl CTeNeHsSMH CB0OGO-
Ibl — TaKoe [oJie OMpefeJisieT CJA0eHHe TPEXMEPHOH 00/1aCTH TeueHHUsi Ha [1BYyMepHbIE
TOPBI, aHAJOTHUHOE JIMYBUJIJIEBY CJIOEHHIO H303HEPTreTHUECKOH TOBEPXHOCTH. DTO 00-
CTOSITEJIbCTBO N03BOJISIET BBECTH MHBAPUAHT TAKHUX I10JI€H, aHAJOTHYHBIH UHBAPUAHTY
domenko (Mosexkyne [1]), BOBHHKAOIEMY B TEOPUH aMHJIBTOHOBBIX cHCcTeM. MMeH-
HO: 0603HaYnM 4epe3 I' MHOXKECTBO KOMMAKTHBIX MOBEPXHOCTEH yPOBHS MHTerpaja
Bepuynnn B n 6ynem paccmatpuBath Takue MoJqs v, Adst Kotopblx I' — rpad, npruém
BCe BHYTPEHHHE TOUKU ero pébep COOTBETCTBYIOT HEOCOOLIM MOBEPXHOCTSIM YPOBHS
(T. . IByMepHBIM TOpam).

3ameuanue 2.1. OTmetuM, 4To HHTerpai bBepHynnu B He MOXeT ObiTb (PYHK-
et Mopca. DTo cieqyeT U3 CAeAyIONIEro MPOCTOro yTBepxKaeHus (cp. ¢ [1]).

YrBepxkaenue 2.1. Jliobass H30/1HPOBAHHAS] KPUTHYECKAsi TOYKA (YHKIHH B sB-
JISIETCS BBIPOXKIEHHOH.

HoxkasareabctBo. [lycth () — u3oiupoBaHHas KpuTudeckas Touka B. Ecau xo-
T Obl OAHO W3 moJied v, {) B TOYKe () OTJIMYHO OT HYJs, TO uepe3 () MPOXOAUT
TpaekTopusi 3toro noJs. Ilockonbky B — nepBelll MHTerpaJs Ajas 000HUX paccMaT-
pUBaeMbIX MoJeH, BO BCeX TOUKax 3TOH TpaekTopuu dB = 0, 4YTO NPOTHBOPEUHUT
M30/IMPOBAHHOCTH KpPHUTHYeCcKoH To4kM (). Takum o6paszom, () obsi3aHa OBITH IO-
JIOXKEHHeM paBHOBeCHsl cpasdy s ABYyX nogedl v, Q. HuddepeHuupys paBeHCTBO
V.B = v x (), nojqyuyaeM Temnepb, UTO MaTPHIlA BTOPBIX MPOU3BONHBIX B B Touke ()
TOXKJeCTBEHHO paBHa HY.JIIO. O

Taxum obpasom, I' He siBsisietcst rpahom Puba. B Teopuu Tomnosornyeckon kJac-
CU(HUKALKU TAMUJBTOHOBBIX CUCTEM C ABYMS CTENEHSMH CBOOOIB pacCMaTpUBAIOTCS
rpadbl, ABJSIOLIMECS MHOXECTBAMH MOBEPXHOCTEH yPOBHSI TaK Ha3blBaeMbIX (DYHK-
nuit Mopca—borra [1]; nis Hamux neneit BaxHo, uto I' — rpad.

fcHo, uto rpag I', mOCTpOeHHBIH MO MOJIO v, HE H3MEHHUTCS, €C/H 3TO IMoJe
npeo6pa3oBaTh MPU NOMOLIM COXpaHslolero o6béM aupdeomopdusma TpEXMEPHOro
npoctpaHcTBa. bosee Toro, Ha 3ToM rpade BO3HHKaeT ecTeCTBeHHas NapaMeTpH3a-
LM, UHBapHaHTHasl OTHOCHUTEJbHO TakuX IudpeomopprsmoB. MMeHHO: mocTaBUM
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B COOTBETCTBHE MPOHU3BOJIBHOM TOUKE MPOU3BOJIBHOrO pebpa rpaga (. e. TOpy, HH-
BapUaHTHOMY OTHOCHTEJIbHO MOTOKOB mosiedl v U §2) uucio I, paBHoe 06BEMY COOT-
BETCTBYIOLIEr0 MONHOTOPHS, MOAeNEHHOMY Ha 472, TeM caMbIM Ompene/éH TOMOJIOTH-
YeCKUH MHBApHaHT IoJisl v — napaMeTpusoBaHHbill rpad I'. Ha aTom rpade umeror-
Csl IOTIONHUTENbHBlE HHBAPHAHTBl — (DYHKIUH 4acTOT mnosst v. FIMeHHO: paccMOTpuM
NpPOM3BOJIbHOE pebpo rpaga; oHOo ompenesseT 006/1aCTb TPEXMEPHOrO MPOCTPAHCTBA,
NJIaIKO PACCJOEHHYI0 Ha JByMepHble TOpbl. 3adUKCUpyeM B 3TOH 06sacTH 6asuc
LMKJIOB Ha MHBapUaHTHBHIX TOpax, IV1aJKO MeHSIOLIMHACH OT Topa K Topy, U 00603Ha-
4uM 4yepes ¢ = {p1, 92}, ¢; € [0,27], yrioBele KOOPAMHATHE Ha TOpaX, OTBeYalollHe
sToMy Oasucy. B koopnunartax I, ¢ (KoTopble B nasibHellleM OyieM Ha3blBaTb Mepe-
MeHHBIMH [€HCTBHE-YroJ MO aHAJOTHH C TEeOpPHEH HWHTErpUpyeMblX TaMHJIbTOHOBBIX
cucreM, cM. [10]) mosie v umeeT BUA

0
v = wl(f)a—@1 + wo(I)

dps’
GyHKUMH w;(]) (4acTOThI) OIpefesieHbl HHBAPMAHTHO OTHOCHTENbHO AH((peoMop-
¢usmoB. TakuM 06pa3oM, Mbl ONpenesuay HaGOp WHBAPUAHTOB MOJS v, COCTOSILUH
W3 napaMeTpU3oBaHHOro rpada I' u mapsl riagkux QyHKUUH wi, wy Ha ero pédpax.
T'unore3a 2.1. CyuiecTByeT Takoe OTKPHITOE (B MOAXOMSIIEM CMBICJE) MOAMHO-
KecTBO B MHOxecTBe Tpoek (I',wr,ws), e I' — mapaMerpusoBanublél rpad, a w; —
riafkue GyHKLHUM Ha ero pédpax, 4To AJisl KaXKIO0H TPOMKH U3 3TOr0 OTKPBITOTO MO[-
MHOXKeCTBa HaHIETCs IIalKoe pellleHHe v, Ty ypaBHeHHU# Dilnepa (8), A/ KOTOPOro
rpa¢ I' — MHOXKeCTBO KOMIIAKTHBIX NOBEPXHOCTEH YypOBHS HHTerpasa Bepuysiu, a
(YHKLUHH wj — 4aCTOTHl MOJIST v HAa COOTBETCTBYIOLIMX TOpax.

OcHoBaHusg JJs THIIOTE3bI
2.1.1. BapnauuMoHHbIN NPUHLMI AJ8 ypaBHeHuit Jitaepa [10]

O603HaunM Yyepe3 K MPOCTPAHCTBO O€3MUBEPTEHTHBIX BEKTOPHBIX TOJIEH v, MOJY-
YyaeMbIX APYT U3 Apyra (WM U3 HEKOTOPOro (PUKCHPOBAHHOIO MOJS vg) MPH MOMOLIH
1 deoMophHU3MOB TPOCTPAHCTBA, COXPAHSIIOUIMNX 00BbEM (I10JIsT MPEATIONArarTCs 10-
CTaTOYHO OLICTPO YOBIBAOLIUMH, a AU(phHeoMopdrU3Mbl — CTAOUIUIUPYIOLIMMHUCS Ha
6ecKOHEUHOCTH). PaccMOTpUM Ha 3TOM MPOCTPAHCTBE MHTErpas SHepruu

R2
Hwmeer MecTo cienyoliee yTeepxkaeHue (cum., Hanpumep, [10]).

YrBepkpaenne 2.2. YpapHeHus: (8) — 3T0 ypaBHeHHS sKCTpeMaJjed (QyHKIIHOHA-
Jla HePruy J Ha MPOCTPAaHCTBe K.

fcHo, uTO MHOXKeCTBO MPOCTPaHCTB R mapaMeTpuayetcs (1o kpadiHell Mepe) yka-
3aHHBIMH BBl MHBapUaHTaMU — rpad)oM U BeKTOPOM yacToT Ha HéM. [ToaTomy Mox-
HO OXHJAaTb, UTO 3THU «I1apaMeTpbl» COXPAHATCS U B pelleHHAX COOTBETCTBYIOLIUX
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BapHaLMOHHBIX 3ajad. pyrumu cjaoBaMM, e€C/AM MHHUMYM (PyHKLHOHAJa J AOCTH-
raeTcsl Ha NMPOCTPAHCTBe K, OTBeyawlleM HEKOTOPOMY 3HaueHUI0 HHBApPHAHTOB, TO
€CTeCTBEHHO OXKHJaTh CYIleCTBOBAaHMS MHHUMyMa M Ha INPOCTPaHCTBaX, 3alaBae-
MBIX OJU3KHMH 3HAUeHHUSMH 3THUX UHBAPUAHTOB.

2.1.2. Teopus marHuTHO# penakcauuu Modgarra [16—18]

B [16—18] pasBura dopmasibHas cxema MOJyYeHHs pelleHHH ypaBHEHHH Diiie-
pa (8) ¢ Hamepén 3amaHHOH TOMOJIOTMEH JUHHH TOKa (T. €. 3HAYEHHUSIMH TOIOJIOTH-
YeCKHX MHBapHaHTOB). JTa cxeMa OCHOBaHA Ha CBOHMCTBAaX ypaBHEHHH MarHUTHO#H
THAPOAUHAMHUKH H€aJbHO NPOBOASAIIEH XKHUAKOCTH, KOTOPble UMEIOT BU,

%1; + (0, V)u + Vap = pA,u— H x rot. H,
OH

i H) =

ot +{u, H} =0,

(VZ,U) = (VZ,H) =0,

rie H(z,t) — marautHoe mnose, u(z,t) — Moje CKOPOCTEH MPOBOASIIEH MKUAKOCTH,
{,} — KOMMyTaTOp BEKTOPHHIX MOJIEH, 1t — KOIPDHULHEHT BI3KOCTH XKUIKOCTU. Hnes
cxeMbl ModdaTTta cocTOUT B cienyouleM. PaccMoTpUM AJIsi HaUCAHHOH CHCTEMBI
ypaBHeHU# 3anauy Kouu

uli=0 =0, Hli=o = Ho(2), (Vz, Ho)=0.

Ec/i BASKOCTb 4 HeHyseBasi (MOXKHO CUMTaTh, UTO OHA JOCTATOYHO BEJIMKA), TO IO
(pHU3HYECKUM COOBpaKEHHUSAM €CTeCTBEHHO MpeANoJaraTb, 4T0 CKOPOCTb XKHIKOCTH
3aTyxaeT co BpemeHeM, T. e. u(z,t) — 0 npu t — oco. Toraa U3 BTOPOro ypaBHeHUS
CHCTEMBl MarHMTHOH TMAPONMHAMMKH CJelyeT, uTo BeKTopHoe moje H (MarHuTHoOe
1oJie) CTPEMHUTCS TPH t — 0O K HEKOTOPOMY mpeaesbHoMmy mnomo H.o(z). C mpy-
roH CTOPOHBI, M3 MEPBOrO ypaBHEHMs MOJyyaeM INpH 3ToM, 4To H., yIOB/JeTBOpseT
YpaBHEHHIO
Hy Xrot,Hy = =V, p,

KOTOpOe MpeicTaBJsieT cOO0H NMPOCTO APYrylo (OpPMY 3aluCH CTALHOHAPHBIX YpaB-
HeHu# Ditepa (8) (uToObl mepelT OT OofHOK (GopMbl K Apyroi, B (8) Hamo cuesath
sameny Ho, = v, —p = v?/2 + 7). Urak, npu 60/blIMX BpeMeHaX MarHUTHOE [10-
Je H, 3BOMIOLMOHKUPYS] B CHUJY YPaBHEHHEH MarHUTHOH TMIPOAMHAMHKH, CTPEMHUTCS
K pellleHHI0 ypaBHeHW# Dinepa. C ApPyro#l CTOPOHBI, BTOpPOE YypaBHEHHE CHCTEMBI
MarHUTHOH THIPOAHHAMMKM O3HAYaeT, YTO BeKTOpHOe mnose H(z,t) moaydaercs w3
BeKTOpHOro noJist Hy(z) mpu nomolur (ha3oBoro noTokKa noss u, T. €. (IOCKOJbKY 3TO
nosie 6e3MUBEPTreHTHO) MpH MoMoIH AHddeomopdusMa, coxpansiouiero o6bém. Ta-
KHUM 00pasoM, onpefie/I€HHbIE BhIIIE TONONOTHYeCKHe UHBAPHAHTHI 0€311BEPreHTHOr0
noJist H He MEHSIIOTCS CO BpeMeHeM, MO3TOMY Y TpefiesibHOro noJst Ho, (KoTopoe yo-
BJIETBOpPSIET ypaBHEHUSM DHJiepa) OHU NOJKHBI ObITh TAKUMH K€, KaK U y HauaJbHO-
ro nosisi Hy (BbiGupaeMoro npousBo/ibHO). OTMETHM, YTO MpUBeIEHHbIE COOOpaXKEHH s
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HOCAAT, KOHEYHO, (popMasibHbIH XapakTep (HYKHbie /151 000CHOBAHHS TEOPEMBI O IO~
BelleHWH pelleHH# ypaBHEHH# MarHUTHON THAPOAHHAMMKH NP GOJIBIIMX BpeMeHax
He JOKa3aHbl).

2.1.3. Ctpykrypa Kospa J1HeapU30BaHHOTO oreparopa

HakoHel, TpeTbUM OCHOBaHMEM [/15 BBICKA3aHHOU THIIOTE3BI IBJSIETCS CTPYKTYpa
KOsipa JIMHeapH30BaHHOTO omneparopa dijepa, Kotopast o6cyxaaeTcs Huxe. B aTom
IPOCTPAHCTBE JIETKO 3aMeTUTb MPOCTPAaHCTBA (DYHKLUHMH, 3afaHHbIX Ha rpade I

2.2. YpaBHeHUS MEPBOTro MPUOIMIKEHHS .
Kosigpo nuHeapu3oBaHHBIX ypaBHEeHU# Jisepa

YHHYTOXKMM Tenepb caaraeMble nopsanka h®, BosHuKaroLue npy noacraHoske (7)

B (5). [Tosyuum
— (U,Vz)vl - (vl,Vz)v —V.m1 = ®(z,1), ©)
(V.,v') =0,

rae
d=—+ v
ot Oz Ox
1 MaTpuua 9OV/0x npousBogHbIX mosst V' Bblukcasercs npu x = R(t). Cucrema (9)
npeacTaBisieT co0Of HEONHOPOIHbIE JIMHeapH30BaHHbIE ypaBHeHHs Jilsepa. Ycio-
BHSl MX Pa3peLiMMOCTH MPHUBOAST K ypaBHEHHSIM Ha rpade, KOTOPbIM LOJKHBI YA0-
BJIETBOPSITb 4acTOThl w;(],t). YKasaHHble YCJIOBUSI CBSI3aHBI CO CTPYKTYpOH KOsiipa
JIMHEeapU30BaHHOTO orepatopa JDijepa, T. €. MHOXKECTBA PelleHHH & ypaBHEHUN

v 8—‘/ + (avz,vz) v — vgALv

ov*
(Ua Vz)f - 6725 = VzXa
(V., &) =0.

3nech £ — TpéXMepHOe BeKTOpPHOE MoJie, Y — CKaJsipHas (PyHKLIUS.

(10)

Teopema 2.1. [Iycts v(z) — rmagkoe pemrerne ypaBHenuii (8). Torma caenyio-
e riajKkHe BEKTOPHBIE MoJist £ yaoBaeTBopsiioT ypaBHeHHsaM (10).

1. Jlwo6oe GesauBepreHTHOe moJe, KOMMyTHpyoulee H ¢ v(z), 1 ¢ (z) = rot,v.
2. JIo60oe MOCTOSTHHOE BEKTOPHOE TOJIE.
3. Jlio6oe BekTopHOE noje & = Qz, rae () € so(3) — KOCOCHMMeTPHYHAST MATPHLA.

3ameuanue 2.2. Be3nuBepreHTHble BEKTOPHbIE MMOJISI MEPBOTO THMNA 06pa3yloT,
O4eBUJIHO, OeCKOHEUHOMEpPHOe JIMHEHHOe MPOCTPAHCTBO. IDTO MPOCTPAHCTBO B KO-
Spe JHMHeapH30BaHHOTO omepatopa Jijepa MOPOXKIAeTCs Bapualueld MPOU3BOJb-
HBIX (QYHKUUH wi, wy W MOXKeT ObITb HHTEPHPETHPOBAHO KaK MPOCTPAHCTBO Map
¢yHkuuil Ha rpade I'. JlelicTBHUTesNbHO, BBeLEM B I[POHU3BOJIBHOM 00/aCTH TPEX-
MEpHOT0 z—TIPOCTPAHCTBA, IJIaLKO PacC/IO8HHOH Ha Topel B = const, onucaHHble



200 B. I1. MacJios, A. U. lladapesuu

BbILIle NlepeMeHHble neficTBUe-yron I, ¢. [loast v u ) B 3THX KOOpAMHATAX HMe-
10T BUI wi(1)0/0¢1 + wa(1)0/0p2 u A1(1)0/0p1 + A2(I1)0/Op2 COOTBETCTBEHHO,
rae w;(l), A;j(I) —uacToThl 3TUX MoJell Ha COOTBETCTBYIOLIEM MapaMeTpy I HWHBa-
puantHoM Tope. C Apyro#l CTOpOHHI, J06oe Ge3nHBepreHTHOe KOMMYTHpYIOLlee C v
u ) nojse £ B Tex ke KoopauHatax uMeeT Bup by (I)0/0p1 + ba(1)0/0ps (bi(I) —
NPOU3BOJIbHBIE TMafikHe (YHKUWM). JpyruMy c/0BaMH, JIMYBHJJIEBbl TOPBI MOJS v
SIBJISIIOTCSI UHBApHAHTHBIMH MHOT0O00pasUsMH M JJISI MOJs1 &, KOTOPOe TeM CaMbIM
OMpefesieTcsl CBOMM BEKTOPOM 4acToT by, by. Takum o6pa3oM, MHOXKeCTBO Oe3nu-
BepreHTHHIX M0Jed, KOMMYTHPYIOLIUX C v U ), HHTepIpeTHpyeTcs KaK MHOXKEeCTBO
nap by, by QyHKUMH onHOM mepemMeHHOH I, KoTopasi MeHsieTcs Ha rpade I'. dto 06-
CTOSITEJIbCTBO SIBJISIETCS] APTYMEHTOM B I0JIb3Y BEICKA3aHHOH B NPEJBIAYIIEM MYHKTe
TUNOTE3bl O MapaMeTPU3alMl MHOXKECTBA pelleHUH ypaBHeHHH JiJepa.

OcrasbHble MOJs, YKa3aHHble B TeopeMe, MOPOXKAAOTCS CHMMETPUSIMU ypaBHe-
HUH Dinepa. Hanuune B Kosiipe TPEXMEpHOTrO MpPOCTPAHCTBA MOCTOSHHBIX MoJeH
CBSI3aHO C MHBApMAHTHOCTBIO 3THX YyPaBHEHUH OTHOCHUTEJ/IbHO INapaljlie/IbHBbIX Mepe-
HOCOB, 2 HaJIMYKe TPEXMEPHOTO MPOCTPAHCTBA, MPEIBIBIEHHOr0 B M. 3 — CJIEICTBHE
MHBapHAHTHOCTH OTHOCHUTEJBHO MOBOPOTOB.

Hoxka3areanscrBo. [lycts £ — nose, koMmmyTupytoiiee ¢ v u 2. Paccmorpum Je-
Byto uactb B ypaBHeHusix (10). 3amenss (v, V)¢ Ha (€, V,)v = (0v/0z)&, nonydaem

ov* dv Ov*
(”,Vz)f—a = (‘Z)f:QX§~

[Ipumenum K 3TOMy mouito omepatop rot,. M3 cranmapTHOH (opMysnbl BEKTOPHOrO
aHa/M3a HaXoiuM

rotz(w,vz)e - 6;25) — (6.9} T QV..) — £(..9) =0,

MOCKOJIbKY Ge3auBepreHTHbIe MoJsi & U ) KOMMYTHPYIOT. [IyHKTE 2 ¥ 3 MpPOBEPAIOT-
Csl HEMOCPEACTBEHHBIM 3JIEMEHTAPHBIM BBIUMC/IEHHEM; (QYHKLHs Y B MEPBOM CJydae
paBHa —(C,v) (C' — noctosiHHOE TPEXMEpHOE MoJie), a BO BTOpoM — (z, Qu). O

OnucaHHas CTPYKTypa KOosiopa JIMHEAPU30BAHHBIX ypaBHEHUH Dijepa MPUBOLUT
K CJEIYIOIIUM YCJIOBUSIM Pa3pelinMocTH cucTeMbl (9).

Teopema 2.2. [Iycrs cyiectByer riagkoe pemenue cucremsl (9). Toraa npasas
yactb ¢ ynoBaeTBOPsieT COOTHOLIEHHSIM

/(Cb,v)dngragg—?:O, /(@,Q)dgpz(). (11)
T T

Eciin npu 3TOM pellleHHe OrpaHHYeHHOe BMeCTe C MPOH3BOAHBIMH, @ MOJe U H ero
npoH3BoAHble YObIBAIOT HpH |2| — oo kak O(|z|737%), § > 0, To BbIMOIHEHb! paBeH-

CTBa
/(I)dzzO7

R3
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a ecan yobisanue nopsaka O(|z|~47%), § > 0, To, kpome Toro,

/ (®,Q2)dz = 0.
pe

3necb T — npou3BOJbHBIE HEOCOOBIH HHBAPHAHTHBIH TOp moJied v, 2, dy = dp1 Adpa,
() — npom3BoJIbHAasE KOCOCHMMETPHYHAs MaTpuua, ag — (PYHKLHS, He 3aBHCALIAS
ot I, 1. e. onuHaKoBasi A1 BCceX HeOCOObIX TOPOB, NPHHAJAJEKalIUX OLHOH o00.Ja-
CTH, B KOTODOH JIMYBHJJIEBO CJIOeHHEe Heoco0o. Takum o00pa3oM, B KaxK10H TaKOH
obJiacTH (PYHKLHS ag 3aBHCHT TOJBKO OT t.

3ameuanue 2.3. BrinmncaHHble yCIOBHS BO3HHKAIOT M3 YCJOBUH OPTOrOHAJBHO-
cTH npaBo# 4acTd B (9) yKasaHHbIM B TeopeMe 2.1 mpocTpaHCTBaM B KOSApe JIH-
HeapH3oBaHHOTO orepartopa Jijepa. Umenno, pasercrsa (11) — 310 ycsoBusi opro-
TOHAJIbHOCTH 0€CKOHEUHOMEPHOMY MPOCTPAHCTBY M3 NMyHKTa 1 3TOH TeopeMbl, 3amu-
CaHHBble B ClellHa/IbHO BbIOpAaHHOM «6asuce OCHAlLleHHs 3TOrO MPOCTPaHCTBa». I'py6o
roBOpsl, OH COCTOHUT M3 J-00pa3HBIX IMOJIeH C HOCHUTEJSIMH Ha MHBAPUAHTHBIX TOpax
noas v. MiMeHHO Takoi BbIGOp «Basuca» MO3BOJISIET CBECTH HAXOXKAEHHE YCJOBHH
OPTOTOHAJIBHOCTH K YCPEIHEHHIO BIOJb TOPOB.

HokaszarennctBo. [lokaxkeM mepBoe paBeHcTBo B (11). s 3TOro yMHOXHM
BeKTOpHOe ypaBHeHHe B (9) ckasspHo Ha v. [loaydnm

(®,v) + (v, (v, V)o! + (v}, V. )v + V.m) = 0.
[Ipeo6pasys mocnenHue TPU cJaraeMblX, MOJYUUM
(®,v) + (v, V) [(v,v') +m] + (v}, V.)B = 0.

[locne vHTEerpupoBaHUs [0 UHBAPHAHTHOMY TOpy 1’ BTOpOe cJjaraemoe IpoNajaer;
KpOoMe TOro, MOCKOJIbKY MHTerpaJs bepHymnau B NOCTOsHEH Ha 3TOM Tope, IocjelHee
cjaraeMoe rnocJjie HHTerpUpoBaHus OyleT UMeTb BHJL

0B
/(Ulavz)Bd@ = W//U} d@?
T T

rne vl = v}d/0I + v}1d/dp1 + v30/Dps. Otcrona Gymer cnenosath paseHctso (11),
€CJIU MIPOBEPHTh, UTO (QYHKLHUS
_ [
ap = /vI dy

T

He 3aBucut oT I. Jlsisi atoro mpouHTterpupyem no topy 1 BTOpoe (CKajsipHOe) pa-
BeHcTBO B (9). B pesysbrare mosyunm

ol s vl B da

= Lot = I \dp = 1, _ Y%

0 /(V,v)dw /<81+§ a@j) =57 | vide =57
T T T

j=1
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4TO [OKa3biBaeT nepsoe paBeHcTBO B (11). [lasi mokasaTesbCTBa BTOPOrO PaBeHCTBA
YMHOXXHUM BekTOpHOe ypaBHeHue (9) ckansipuo Ha 2. [Tosyuum

0=(0,9)+ (Q,V.)m + (2, (v, V)vh) + (9, (v}, V.)v) =
=(9,Q) + (2, V.)m + (v, Vo) (2, v") — (v, (v, V)Q) + (2, (v, V. )v).

YuuTeiBas, 4To Mo v U {2 KOMMYTHPYIOT, U3 MIOCJENHET0 PABEHCTBA NOJydyaeM

0= ((I)v Q) + (Qv vz)ﬂl + (va VZ)(Q’Ul) - (vl’ (Qa V)U) + (Qv (vlv VZ)U) =

=4®W+@Nﬂm+mVMQﬁy(u($_%QW):

= (2,0Q) + (2, V.)m + (v, V) (Q,0") — (v}, 2 x Q) =
= (2,€) + (0, V2)m + (v, V2)(Q, Ul)’

OTKYy[d TMOCJIe HHTErPUPOBAHHUs M0 Topy T HEMeIJIEHHO BHITEKAET BTOPOE PABEHCTBO
B (11). OcrasbHble paBEHCTBA MPOBEPSIOTCS aHAJIOTMYHO. O

3ameuanue 2.4. YcqoBusi paspemriMocTd (11) MOXKHO TpefCTaBHTh B CJEAYIO-
meM Buie. OTOXKIECTBUM BeKTOpHOe Toje ¢ B TpEXMepHOM IPOCTPAHCTBe «OBICT-
pbIX» MepeMeHHBIX z ¢ auddepeHIHaNbHON 1-hOpMOH MpU MOMOIIM CTAHAAPTHOU
€BKJIMIOBOH CTPYKTYPBI U OPAaHUYMM IOJyUeHHYI0 (opMy Ha HHBapUaHTHHIH Top 7.
O6o3nauum uyepe3 ( mocTpoeHHy0 TakuM obpasom 1-dpopmy Ha T'. PaBenctna (11)

HMEIOT BUL

B) + a2 <0, 5() =0,

OTKyJa MOXKHO BHIPasuTh (opmy f:

1

———————(Adps — Aadpq).
w1/\2—w2/\1( 104¥2 2 901)

B
0=ay——0, Toe o=

ol

3nech w;, A\; —4acToThl moJjied v, ) COOTBETCTBEHHO Ha Tope 1.

3ameuanue 2.5. [lo-BuauMoMy, KOHCTaHTa ag, Kak TMpaBWUJIO, obpallaercs
B HyJb. Hanpumep, ecnu rpad I' siBisieTcsi GUHAPHBIM 1epeBoM (B TepMHHOJMOTHE [1]
3TO O3HAYaeT, B YACTHOCTH, YTO BCE ATOMBbI, BXOISIINE B MOJIEKY/Ty, UMEIOT THN A
WK B), TO HETPYIHO MPOBEPUTDb, UTO 3Ta (PYHKLMS NOJXKHA 00pallaThCsl B HYJAb BO
BCEX €ro BepIIMHAX CTeleHH 1, a B BepLIMHAX CTEMeHU 3 yIOBJETBOPSTH YCJIOBUSM
Kupxroda (cm. Huxe). OTciona HeMeneHHO caenyet, uto ag = 0. Y3 nmocaenHero
YCJIOBUSI Pa3pelIMMOCTH B 3TOM cJaydae ciaenyert, 4yto 3 = 0.

2.3. YpaBHeHUd YeAIUHEHHOTO BUXPS

YenoBus (11) npuBOAAT K ypaBHEHHUSIM Ha (YHKIMH YaCTOT wi, we (SBJISIOLIHE-
Cs1 TOTIOJIOTHYECKVMH MHBapHaHTaMHU JIMYBUJIJIEBA CJIOeHHs ). MIMeHHO, crpaBemnBO
crefyiolllee yTBepxKaeHHUe.



MuBapuantsl PoMeHKO B aCUMNTOTHUYECKOH Teopuu ypaBHeHui HaBbe—Crokca 203

Teopema 2.3. Pasercrsa (11) skBHBaJIeHTHBI CJI€AYIONIHM YPABHEHHSIM Ha IBY-
MepHbIi BeKTop w(l,t) = (w1, ws):

2

%:+Qg;j+Rw:V()<DQZI2 +Mg +Zw>+a()%?G. (12)
3nech ckaaspHas QyHkuusa D? u snementsl (2 x 2)-matpuu M, Z BblpakaiTcs de-
pe3 KO3((pHLIHEHTbl €BKJIHAOBOH METPHKH B TPEXMEDHOM MPOCTPAHCTBE «OBICTPBIX»
nepeMeHHBIX z H HX MPOH3BOAHBIE, BbIYHCJAEHHble B To4Kax Topa 1. B wacrtHoCTH,
D? = (det g), rne g — HHAYLMPOBAHHAA PHMAaHOBa MeTpHka Ha T, a yrJI0BbIMH CKOG-
KaMH 0003HaYeHO yCpeIHEeHHe 10 3TOMY Topy. DaeMeHThl (2% 2)-MaTpull (), R umeror
cJaenyIOIHH BUA:

2
)
Qij =Y 4 k<9kj8t>,

k=1
2
) 0z 0%z 22 0z dp
.. = A/Lk —_— -
=20 <(a¢k7 i0e; * o1 3 Z  Dondp; Ot ) >

3necy § — ycpennénnas no topy T metpuka g (1. e. §i; = (gi;), a §") — obpatHas
K §;; marpuua). Bekrop G nosydaercsa n3 1-¢popMel ¢ IpH MOMOIUH METPHKH .

TakuM o6pasom,
2
G' = E §od.
Jj=1

YpaBuenns (12) mo/kHBI GBITH BBEIIIOJHEHB HAa KaxnoM pebpe rpaga I

Sameuanue 2.6. Eciu ag = 0 (cm. 3ameuanue 2.5), TO IOCJEIHEE CJIaraeMoe
B mpaBoi yactH B (12) ucuesaer.

Hoxa3satenbcTtBo. [l npoBepky paBeHCTB (12) Hamo BeruucauTh hopmy (. fc-
HO, UTO OHa uMeeT BHA (1 + Vo2, Tme [3; He 3aBHCAT OT 1. BeuMcauM criep-
Ba 1. nig aToro mepeiiiémM OT KOOPAMHAT z K KOOpAMHATAM <«AEHCTBUE-YTOM» I, ¢
B OKpecTHOCTH Topa 1" (OTMETHM, UTO 3aMeHa KOOpPIHMHAT, BOOOLIE FOBOPSI, 3aBUCHT
OT BpeMeHH t); BEKTOp v MPH 3TOM HMeeT BHI v = wje;, The e; = 0/, (3mech
U Jlajiee 0 TOBTOPSIIOIIMMCS MHJEKCAM INPeANoaraeTcsi CyMMHpoBaHue oT 1 10 2).
Paccmotprm Bektop Ov/0t. DTOT BEKTOP UMEET BHA

@_ 8wi+81 . l%+gaei+%8ei
at ~ \at "at)9 T ar T ar oI ot Opy |

YMHOKasi ero Ha e; ¥ YCPeLHSs IO TOpPY, NOJIydaeM

ov . Ow; oI Ow;
o))" TN\ w) ) ar T

de; 0l Oe;  Oypy Oe;
v (o G 57 o o)) 09




204 B. I1. MacJios, A. U. lladapesuu

JloxaxkeM Temepb TOXKAECTBA

<( Vo (gz vz) )> - <(Q Vo (‘;Z v))> —0. (14)

[Ipeo6pasyem mnepBoe M3 BLIMHCAHHBIX BBIPAXKEHWH, YYUTHIBAs ypaBHEHHs JiJjepa
IJ1s1 v U onpenesneHue uHterpana bepuynnu B. [Moaydum

al 4+ al V — al + 87‘/ V 12 —
Y B oz V7)) T\ e or T V* )2 T
ov ov ov
= ('U, 81‘”) + <8sz’ VZ>B - <8x2, Vz>770 =
oV oV ov
= (v, (v, Vz)axz> + (axz, (v,VZ)v> + <6$CZ’ VZ)B =

ov ov
= (Uv vz)<ax27 U) + (axz, VZ>B

Jl71s1 BTOpOro ckaJ/isipHOro Mpou3BefeHUs T10JyUaeM

ov ov ov ov oV
(Q, %v—i- (8:1:2’ Vz>v> = (Q, agﬁv) + (Q, e (%Z> =
191% ov oV ov  ov* ov
= (o 5) (5o 5) (55 )2 5) -
ov ov ov
= (Q, 3331}) + <(Q, V. )v, axz) — (Q x €, (%z> =

ov ov ov
= (9, Vz)<v, &Ez) - (1}, MQ) + (Q, &yv> =

oV
=(Q, V) (v, (’hz> + (2, rot V x v) =
ov ov
=(Q,V.) (v, (%z) + (rotV, v x Q) = (2, V) (v, (%z) + (rotV, V,)B.

3mech BekTOp rot V' BblUKCAsieTcs B TOuKax KpuBod x = R(t). Ycpenusisi mo topy T,
HaXOAMM M3 MOCJEIHUX (POPMYJ, UTO

<(v, g—‘; + (g‘;z, Vz)v)> = %ﬁ?@]%
(.30 (3 w))) -2

a= a—vz’, b=rotV
Or

W UHIeKC I 03HauaeT COOTBETCTBYIOLIYIO KOMIIOHEHTY BEKTOpa IMPU PasJiokKeHHH MO
6asucy, nopoxaénHomy koopauHatamu I, ¢. Hokaxkem, uto (b;) = 0. IlockosnbKy

3nech
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¢dopma o6béMa B KoopauHatax I, ¢ uMeeT BUA dl A dpi A dps (T. e. sikoOHaH
nepexona ot z K I, ¢ paBeH ezmmdue) nonyqaeM

bI_b Zb{z],zk}

rae UHIEKCH ¢, j, k 00pa3yloT LUKJINYECKYIO MepecTaHOBKY MHIeKcoB 1, 2, 3, a ¢u-
TypHBIMH cKOOKaMu o6o3HaueHa ckoOka Ilyaccona ¢yHKUu# Ha Tope 1 ¢ CHMILIEK-
THUECKOH CTPYKTYPOH dpi A dps. TlockoabKy Ko3(p(ULIUEeHTH b; He 3aBHUCAT OT Zz,
a cpenHee 1o Topy oT cko6ku I[lyaccoHa /06BIX ABYX IMIagKUX (PYHKIUH paBHO HY-
Jiio, oJiyuaeM Tpebyemoe paBeHCTBO. PacecMoTpuM Tenepb KosdduuueHt (ay). [locae
3JIeMEHTapHBIX BBIUHCJIEHHH l'IOJ'Iy‘{I/IM

3
(ar) = Z< )= gv (2321 2m) = 50 2 (e 20,25 1)
rne WHIEKCH %, k, m 06pasy}OT LUKJIMUECKYIO TlepecTaHOBKY HMHAekcos 1, 2, 3. Io-
CKOJIBKY ToJie V' 6e3fuBepreHTHO, NOCJeHee BEIPAaXKeHHe PaBHO HYIIO, UTO JOKA3bl-
Baet (14).

Paccmotpum Teneps opmy . HeTpynHo y6enutbcesi, 4To KoopAHHATE 3TOH Qop-
Mbl JIMHEHHO 3aBUCAT OT w;, Ow; /I, 0%w;/OI?, npuuém Ko3(QPUIMEHTBI BEIPAXKAIOT-
sl uepe3 cpejiHHe M0 TOPY OT JIeMEHTOB €BKJIMJ0BOM MeTPUKH B KOOpAUHaTax I, ¢ U
MX MPOM3BOAHBIX. Beruncaum kospduunentsr npu dw;/OI%. Ilas 3TOro npencTasum
dopmy (2 B BUIE

Bo = pifs, pi= _<gijAj>7
rie A; — ko3 dHULKeHTbl pasJiokeHUs BekTopa rot, {2 = —A_.v mno 6asucy, nopox-
JEHHOMY KOODAMHAaTaMU AeHCTBHe-yroJ:

0 0
rot, Q = A; 8 —|—a381

B pesynbraTe mpsMbiX, HO 'POMO3AKHX BbI‘{I/IC.HeHI/II'/JI NoJIy4aeM [Jisl [4; BBIPaXKeHHd

o o\
p1 = —(det g)—— 31 +pf,  po = (detg)—— 57 + 19,

roe /L? He cozieprKaT IPOU3BOJHBIX OT 4acTOT A; BeKTopa ). 3anHChIBasi BEKTOP rot, v
B KOOpPIHMHATaX NEHCTBUE-yroJ U YYUThIBAsi, YTO STOT BEKTOP MMeeT BUA A\;0/0p;, a
v = w;0/dyp;, noNydaeM Moc/e HECNOXKHBIX BLIYUCAEHHUH, UTO
0 0
AL = Wi\gi2 Ay = Wil\gi1
—sr(@ilg)), Ao = 57 (wilgin)):
[ToncraBnsis 3TH (hOpMYJIEl B BEIpaXKeHUA A yj, NodydaeM, 4to (opma o HMeeT

BHUL
2

0w
/62 = <detg> OI2 dg@l +ﬂ27

rae kKo3(pduurenTsl Gopmbl 39 JHMHERHO BhIpaXkawTcs Yepes w;, Ow;/0I. W3 mo-
caenHero paBeHcTBa U (popmya (13), (14) mocse sneMeHTAapHBIX BBIKJAOK CJELyeT
YTBepXKAEHHUE TEOPEMBI. O
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2.4. YcnoBus Kupxroda ana ypaBHeHUI YeAUHEHHOTO BUXPH
2.4.1. 3-atombI U AOMYCTHUMbIE€ YaCTOThI Ha JINYBUJJIEBBIX TOpax

Kaxpnoe pebpo rpacda I' oTBeuaer o06/acTH TPEXMEPHOrO0 MPOCTPAHCTBA, IVaf-
KO pacc/o8HHOH Ha OBYMepHble TOpbl. PaccMOTpHUM Ternepb MPOU3BOJIbHYIO BEPLIMHY
3TOro rpada; oHa uaobpaxkaer ocoboe MHOXKECTBO YPOBHS MHTerpasa bBeprynnu B.
PaccMoTpuM OKpecTHOCTb 3TOr0 0co60ro MHoXKecTBa. [IpennonoxKuM, 4To OHa ABJs-
eTcsi 3-aToMOM B cMbicie [1], T. e. mpeacTaBisieT cO60H KOMIAKTHOE CBSI3HOE OpHEH-
THpyeMoe MHOroo6pasue ¢ KpaeM, CHaGXEHHOe CTPYKTypod paccioeHusi 3eiliepra,
npuuéM rnocsenHee Jubo TpUBHaMbHO, anb0 uMeeT tun (1,2) [1]. Kpait mHoroo6pa-
34Sl COCTOMT M3 HECKOJbKHX TOPoB. [10CcKO/IbKY BCe OHH pacrofioxkeHbl B R?, poBHO
OJIMH U3 3THX TOPOB SIBJSETCS BHEIIHMUM (T. €. BCce MHOT00Opa3sye 3aKJ/JI0UeHO BHYTPH
Hero), a oCTajibHble — BHYTPEHHUMHU (aTOM JIEXKHUT BHe KaXKJIOTO TAKOTO TOpa).

3ameuanue 2.7. B TonoJsioruueckoil TeOpUM UHTETPUPYEMbIX TaMHUJIBTOHOBBIX CH-
CTeM C JBYMSs CTeleHsIMU cBOGOAB! [1] OKpeCTHOCTH 0COOBIX CJIOEB JIMYBHJLIEBA CJIO-
eHHsl SBJAIOTCS 3-aTomMaMH B cujy ycaoBus Mopca—borra Ha ponosHUTeNbHBIH
uHTerpasl U TpeGOBaHHUS TONOJNOrHUecKod yctoHunBocTH. KoHeuHo, B Halle#l cuTya-
LMY MOXKHO MOAYMHHUTH 3HJIEPOBO I0Jie v aHAJOTHUYHBIM TpeOOBaHHUAM, OAHAKO IS
HalIKX LeJel He CyLeCTBeHHO, KaKHe YCJIOBHUS rapaHTHPYIOT «aTOMHYIO» CTPYKTYpY
0COOBIX MHOXKECTB, TaK 4TO Mbl OyleM CUHTaTb, YTO Takas CTPYKTypa HaM H3BeCTHa
alpHOpH.

PaccmoTpuM Tenepb COOTBETCTBYIOLLYIO BHYTPEHHIO BepUIMHY rpada. DToiH Bep-
LIMHE WHUUAEHTHO HECKOJIbKO pébep, MPHUUEM POBHO OfHO H3 HHUX SIBJSETCS Bbl-
XONSILIMM, a OCTaJbHble — BXOASLIMMH (HAIOMHHM, YTO rpad OpPHEHTHPOBAH B Ha-
NpaBJieHUH Bo3pacTaHus napamerpa I — o6béMa mosHOTOpHUsI). MIMeHHO, BbIXOAsIee
pe6po COOTBETCTBYeT BHEILIHEMY TPaHUYHOMY TOPY aToMa, a BXOJSLIHe — BHYTPEH-
HUM rpaHuuyHbM TopaM. O6Go3HauuM uepe3 7), ¢ AOMYCTHMble Ga3HCHl LUKJIOB Ha
HeocoObIX Topax aroma (cm. [1]); HamomHuMM X ompenenenude. [lepBeiii GasuCHBIH
LOUKJ 7) Ha Tope JIMyBWJIA — 3TO cJOH paccioeHus 3efiepra; NMpu CTpeMJEeHUH
TOpa K KPUTHYECKOH OKPY>KHOCTH 3TOT LMKJ TaKiKe CTPEMHTCS K 3TOH OKDPYXKHO-
CTH, NPOXOAMMOH ONMH MJM 1Ba pas3a B 3aBUCHMOCTH OT TOrO, TPUBHAJbHO HJH
HeT cjoeHne 3efidepra Ha atome. Bropo#l umka ( nonosHsier 1 g0 6asuca; ec-
JU cJoeHHe 3el(epTa TPUBHAJNbHO, TOT LHKJ CTPOUTCS Kak IepecedeHHe Topa
JInyBUIIS ¢ ABYMEpHOH MOBEPXHOCTBIO — II0OaJbHEIM CeUueHHeM cJoeHusT 3ehdep-
ta. Ecan Xe cioeHHe He TPUBMAJbHO, BTOPOH LUK/ ONpefesseTcs Kak lepeceye-
HHe Topa C rJo6ajbHBIM CeueHHeM «TPUBHAJIM30BAHHOTO» CJOeHHs1 3eldepTa; mo-
cJefiHee oJydaeTcsi BolOpacbiBaHHEM M3 aTOMa MaJsblX OKPeCTHOCTEH KPUTHYECKUX
okpyxHocTell. IIpy 3TOM ceueHMe NOJKHO YAOBJIETBOPATH CJ/EAYIOLIEMY YCJOBHUIO:
ero nepeceyenre ¢’ ¢ rpanuiel Tpy6uaTOl OKPECTHOCTH KPUTHUECKOH OKPYKHOCTH
CBSI3aHO CO CJIOEM 7) CJI0eHUs 3eiidepTa ¥ HCUE3AOIHUM LUKJIOM 3¢ COOTHOLLIEHHEM
n=x+ 2.

3ameuanue 2.8. JlonycTUMBIH 6a3UC LUKJOB ONpefe/éH, KOHEUHO, HEOLHO3HAU-
Ho. IMeHHO, K KaxaoMy LUKJAY ( MOXKHO NMPUOABUTh LHUKJ k7), MPUUYEM CyMMa Iie-
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JIBIX yHces k 10 BCeM TPaHWYHBIM TOpaM JAHHOIO aToMa AOJ/RKHA PaBHATHCA HYJIHO
(cm. [1]).

Beibop 6asuca LUKJOB ONpefessieT YacTOTHl MOJisT v HAa HEoCcOoOBIX TOpax Ju-
YBUJIIEBA CJIOEHHUS, BXONSIIMX B HAHHbIH atroM. OG03HauUMM uepe3 wgy YacToTy,
COOTBETCTBYIOLLYIO LHKJY 1) (cJ0t0 cjoeHns 3eddepra), a uepes3 w’ — 4acToTy, COOT-
BETCTBYIOILYIO LHUKAY (. SIcHO, 4TO wy — rankas QyHKUHs Ha aToMe, OCTOsSIHHAS Ha
Kaxaom Tope JIuyBumist (oTMeTHM, uTO (QyHKIMS w' Heragkas — eé aCUMNTOTHKA
[IpY MPOXOXKAEHUH Uepe3 KPUTHUECKYI0 OKPYKHOCTb MpUBefeHa, Hanpumep, B [1]).

2.4.2. Ycnosusa Kupxroga nHa 3-arome

Teopema 2.4. B kaxxnoii BHyTpeHHel BepiiHHe (T. e. BepUIHHe CTeleHH, 6O0Jib-

mreft 1) rpagpa I', cooTBeTcTByfoIeH 3-aToMy, QYHKLUHH
0B 8&)0

D*—, D=

“Fer T ar

VAOBJIETBOPSAIOT ycaoBusiM Kupxroga

Ow Ow 0B 0B
. 2 Ywo _ 2 V%o 2Y= _ 2Y =
flowt = imy <D oI >out <D 81 >in7 <D 61 >0ut (D 81 )in’ (15)

rae HHAeKCOM «out» 0003HayeH npenes COOTBETCTBYyMoUIeH (DYHKLHMH B NaHHOH Bep-
LIHHE 110 BBIXOASAIEMY pebpy, a HHAEKCOM «in» — cyMMa e€ NpeaeJsioB M0 BXOMSIIHM
péopam. 3nece D? = (g'1), rae g'' — snement eskangoBOH MeTprku B R? B Koop-
J[HMHAaTax AeHCTBHe-yroJ, COOTBeTCTBYIOIIHH KoopauHarte 1.

JoxasaTtenbcTBo. PaccMoTpuM rnafkoe (MHUTHOE BEKTOpHOe Moje vy, COBMa-
naouiee ¢ vl B HEKOTOPOH OKPECTHOCTH aToMa (), ¥ TPOMHTErpUpyeM Mo () ero
guseprenuuio. [Tomyuum

/WM@MZ/WWQTﬂW“”
Q At

e
NpUUEM cJiaraeMble B MPaBOH YaCTH PABEHCTBAa — 3TO MOTOKH MOJS vy Yepe3 BHEIl-
a0 (AT) u BayTpennion (A™) rpanuus atoma . C npyroil CTOpoHsl,

/(vo, ds) = Amaout, /(vo, ds) = dma;,
A+ A-

(HanomunM, uT0 0! = v}d/DI+v}, 0/0p14v),0/0ps, npruém a = (v)). TTockombKy
06BbéM aToMa () MOXKeT ObITb CAeJaH CKOJMb YTOJHO MaJblM, U3 NPUBEAEHHBIX (HOPMY.JI
caenyioT paBeHcTBa Kupxroda nias QyHKOMH a. AHaJOrM4YHO BBIBOASITCS PaBEHCTBA
Kupxroa u mis ocranbHbix GyHkumii: Bmecto (V,,v') Hamo unrerpuposats A, B
H AZUJO. [

Caencreue 2.1. Ilyctb Bce BepuiuHbl rpaga I' uszobparkaior 3-atomel. [as
Kaxkgoro pebpa rpaga BblbepeM Ha JIMYBHJJIEBBIX TOPax COOTBETCTBYIOLIeH 006J1a-
CTH TPEXMEpPHOr0 MpPOCTPAHCTBA 0a3HC LHKJIOB H TeM CaMbIM ONpeeJHM HYacTOThI
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w1, we 0o v. Ha nuyBuIeBbIX TOpax KaxJoro atoma BblOepeM NOMyCTHMbIH Oa-
suc nukgaoB 1, ¢ (cm. [13] u npeabiaymmi pasnen). C KaXkI0H BEPUIHHOH CTEIEHH
m+1 rpaga I' cBszxemM Habop LeJIOYHCIEHHbIX ABYMEPHBIX BEKTOPOB Ao, A1, ..., Am,
onpeneséHHBIX CJAeyIWHM 06pa3oM. Paccmorpum j-e pebpo rpaca, HHLUHIEHTHOe
naHHOH BepuinHe (MHAeKC j MeHsieTcs oT 0 g0 m, NMPHYEM HYJIEBOH HOMED HMeeT
BBIXOJsIIIe€e U3 BePIIMHE pebpo). Ha JinyBHIIEBEIX TOPAX, COOTBETCTBYIOILIHX 3TOMY
pebpy, umeeTcs: 6a3UC LIUKJOB 1, Y2, MOPOKAAIOIIHHE YaCTOTH wy, we, H 6a3uc n, (.
Ot 6a3uChl BbipaxkaroTcs Apyr depe3 apyra. Ilyctb v, = A}n + A?( (orMeTHM, 4TO
Te Xe KO3((UILHEHTbl BBIPAXKAIOT YaCTOTY wy Yepe3 4acTOTH wq, wa). Temepp ycJo-
Busg Kupxroga n/s wy B BepmnHax rpaga MOXHO MepenucaTtb B TEPMHHAX 4acTOT
w1, wy; HMEHHO, U3 NPEABIAYILEH TeOpeMbl CIeYIOT (OPMYJIE!
m
(A()vwo) = Z(Ajﬂwj)’

Jj=1

rae w’ — mpenes1 BeKTOpa 4acToT w = {wi,ws} M0 j-My pebpy rpaa B naHHOH
BepLIHHe.

3ameuanue 2.9. B BepmnHax crenenu 1 rpaca I' (oHH cOOTBETCTBYIOT BHIpOXKe-
HHIO TOPa B OKPYKHOCTb, a He TIepeCcTpPolKe TOPOB) (DYHKIHS a 06pamiaeTcs B HYJb.
DTo mpoBepsieTCsl aHAJOTMYHO J0Ka3aTeNbCTBY MPeablIyIlel TeOpeMbl.

3ameuanue 2.10. [Ipeamnosioxum, 4To Bce BepiiuHbl rpada I' cOOTBETCTBYIOT
3-atomaM. EcTecTBeHHO npeamnoJiarath, YTO 9TH aTOMBl yCTOWYMBBI, T. €. HE pPaccChl-
nalTcs MpU MaJjol nedopManuy (IeHCTBUTENBHO, B 3aade 00 yeIHHEHHOM BHXpe
1oJie v 3aBUCHUT OT JOIOJHUTEJbHOrO NapaMeTpa — BpeMeHH ¢, U3MeHeHHe KOTOPOro
JOJKHO, BOOOIILe TOBOPS, NMPHBECTH K pacrajy HeyCTOMYMBBIX aTOMOB). Takue arto-
Mbl ObIBAIOT TPEX THUIOB: A (BBIPOXKAEHHE TOpPa B OKPYXKHOCTb, €My COOTBETCTBYET
BepliKHa creneHd 1 rpada G), B (nmepecTpoiika IByX TOPOB B OIWH, €My COOTBET-
CTBYeT BEepILIMHA CTEIeHU 3, a caM aTOM HMeeT CTPYKTYpPYy TPUBHAJIBHOTO pacc/OoeHus
3eliepra) U A* (mepectpoiika ORZHOTO Topa B OIWH, TAKOMY aTOMYy COOTBETCTBYET
BepIIMHA CTENMeHH 2, a COOTBETCTBYIOLlee paccioeHue 3elipepra HETPUBHUAJBHO).
B atom cayuae ycnoBus Kupxroda Ha atomax B, A* BMecTe ¢ ycjoBueM oOpa-
IleHUs B HyJb B BEpPLIHHAX, COOTBETCTBYIOIIUX aTOMaM A, MOJHOCTBIO ONpenessioT
(YHKLHIO @: OHA MIPOCTO pPaBHA HYJIO.

2.5. O Buxpsax Modg¢arra

B [18] K. ModdaTT NpHBOAUT NpHUMepbl CEMEHCTB CTALlHOHAPHBIX PeLleHHH ypaB-
HeHUH JDiinepa, TPaeKTOPUH KOTOPBIX PACIOJOKEHBl HAa MHBAapHAHTHBIX ABYMEPHBIX
TOpax. JTU NPUMeEPBl CTPOATCH CJaenyloluM obpa3oM. PaccMOTpuUM MOMYNJIOCKOCTb
p, 2z, p >0, z € R, 1 Ha 3TOH NOJYIJIOCKOCTH 3aafiuM IMankyio (QyHKUHIO (PpyHK-
unio Toka) 1(z,p), ynosnerBopsioilyo ypasHenuio ['pana—Illadpanosa

0% 0%

Qpaipg + 922 2pF(¢) — G(¥)G' (),
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rie F(7), G(7) — riagkue QyHKUMH OfHOH mepeMeHHOH. TpéxmepHOe BEKTOPHOE
noJie

oY 0o 1 a 0 0oy o r?

v 828p+2p (w)ago Op 0z’ P=5
VIOBJIETBOPSIET CTALlMOHAPHBIM ypaBHeHUsM OJisepa (3mecb 7, @, 2z — LHUJIUHIPHU-
yeckde KoopauHathl B R?2). TpaekTopuu 3TOro MOJs JieXaT Ha MOBEPXHOCTSX
1 = const. Ecau nuHus ypoBHsi ¥(p,z) = ¢ Ha MOMYMJIOCKOCTH p > (0 3aMKHY-
Ta, TO COOTBETCTBYIOLAs MOBEPXHOCTb romeoMopdHa Topy. Bynmem paccmartpuBathb

(YHKIMHU ¢ Ha TOJYIJIOCKOCTH, YAOBJETBOPSIOLINE CJIEAYIOUIUM YCJIOBHSIIM.

1. Bce ocoGble TOUKH 1) HEBBIPOXKIEHHBI U HET JUHUH YPOBHS, COENUHSIOIIUX ABe
ceJlJIoBble TOUYKH.

2. OyHKUHUS 1) 10CTaTOUHO OBICTPO yObiBaeT mpu p> + 22 — oo u npu p — 0.

3. Tloutn Bce NMUHMH YPOBHS 3TOH (DYHKIHH 3aMKHYTHI.

B 3THX mpeanosozKeHUsIX TPEXMEpPHOE MPOCTPAHCTBO pa3bUBaeTcs Ha JBYMepHbIe
TOpBI BpauleHus ¢ (z,r%/2) = const. ITH TOPbl BHIPOXKAAIOTCS HA OCH 2, @ TAKXKe Ha
OKPYKHOCTAX 2z = z;, ' = 1/2p;, THe zj, pj — KPUTHUECKHE TOUKH DYHKLUHU P(z, D).
WUusapuant Pomenko (pakrop-mpoctpanctso R3 mo topam) coBmagaer B naHHOM
cnyvae ¢ rpajom Puba ¢yHkunu ¢(z,p); napa npouU3BOJbHBIX (QYHKLUHE Ha 3TOM
rpace, napameTpusyollas pelleHHs ypaBHeHHH Dilsepa — 3To napa F (), G(v).

3. AcumMnToTnyeckKoe onmucaHue
KOTepPEeHTHOU CTPYKTYPbI

O6cynuM KpaTKo KOHCTPYKLHIO KOTePeHTHOH CTPYKTYphl. ACHMITOTHUECKOE pe-
IIeHHe HileTcs B Bune (6), rae Bce (GYHKLUUM MEPUOAMYECKH 3aBUCST OT «OBICTPHIX»
NepeMeHHBbIX 2.

3.1. YpaBHeHus Jiinepa

AHaJOrHYHO c/yyar YeIHMHEHHOrO BHUXPs 3aBUCHMOCTb CTapliedl 4acTH acHUMII-
TOTHKH OT OBICTPBIX MEPEeMEHHBIX OMpelessieTcsi CTAlHOHAPHBIMHU ypaBHEHUSIMU Dii-
Jepa. Pa3HHLa COCTOUT B TOM, UTO Telepb 3TH YpaBHeHMs 3aaHbl HAa TPEXMEPHOM
Tope ¢ MocKoi Metpukoil g = (VS;,VS;). Tonosornyeckre WHBapUaHThl iJe-
poBa MOJISI ONpeNessloTCS aHaJOTHUHO (OHW OCHOBaHBI Ha MHBapuaHTax PomMeHKO
JIMYBUJIIEBA CJIOEHUST TPEXMEPHOrO TOpa Ha NByMepHble). [unoTesa o mapamerpusa-
U OPMYyJIHpYyeTCs TakK Ke.

3.2. Kosgpo iuHeapu3oBaHHBIX YpaBHEeHUH Jiljaepa

AHasornuHo ciydaro yeIHHEHHOTO BHUXpPS KOSIPO JIMHEAPH30BAaHHBIX ypPaBHEHHH
Dfinepa GeCKOHEUHOMEPHO, TOJBKO Telepb B HEM HET TPEXMEPHOr0 NPOCTPAHCTBA,
NOpOXKAEHHOTO BpaleHussMd R3.
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3.3. YpaBHeHUs KOrepeHTHOU CTPYKTYypbl U yciaoBusa Kupxrocga

YpaBHeHus (12) 3ameHsI0TCS HA ypaBHEHHUsI HA BEKTOP 4acTOT CJIeAYIOLIero BHaA:

Ow Ow Pw OB  Oa

bt v i =D’ _— 4+a—, —+R=0. 16
T Vo) +Qar tre=DaE tegr ar T (16)
3meck ko3dpduimenter (2 X 2)-marpun (), 7, ckanspHble QyHKund R, D u Bek-
TOpHOE T0JIe W BHIPAXKAITCS Yepes w M KOI(P(MULUHMEHTHl MJI0CKOH MeTpuku Ha T3,
BBIUHCJIEHHBIE B TOUKAX JIMYBUJJIEBA TOPA.

3.4. Hanpsxenus PeiiHoabaca

Crenyoliee yTBepKAeHHe NOKA3bIBAETCsl HHTerpupoBaHHeM ypaBHeHui# (16) mo
TpéxmepHoM Topy T?.

Teopema 3.1. [Iycts ypaBuenus (16) umeror riagkoe pemenne. Torna copasen-
JIHBBI PABEHCTBA

%—Y+(V,VV)+VP+(w,Vw)+w(V,w):0, (V,V)=0. (17)

3nec V. =U, w=U — U, yepra osHavaer ycpenHenue o topy T3.

4. CBs3b ¢ Teopuer pa3BUTON TYpPOYJIE€HTHOCTH

[IpriBenéHHOE BBILLIE aCUMITOTHYECKOE ONHCAHHWE BUXPEBBIX CTPYKTYP HMEET psif
00IINX YepT ¢ Teopuel TypOy/JeHTHOCTH.

4.1. Hanuuue Hanpsixenui PeiiHoabaca

YcpenHEHHOE MOJIe CKOPOCTEH BO BCEX ONHCAHHBIX CJyUasix yLOBJETBOPSET ypaB-
HeHHUsIM, aHaJIOTHUHBIM ypaBHeHUsM PefiHosbaca. Kak u3BecTHO, Hajauuue Hampsixke-
HUH PefiHoJsblica HWrpaeT CYLLECTBEHHYIO POJIb B TEOPUH TYpOYJEHTHOCTH, TaK Kak
MOXKeT MPUBOANUTE K POCTY SHEPTUH CPELHEro TOJs.

4.2. Anajor TypOyJeHTHOU BSA3KOCTH

[TonyyeHHble ypaBHeHHUS ABHMKEHHS BHUXPEBBIX CTPYKTYP COIepxKaT cjaraemble,
OTHUCBHIBAIOIINE BJHSHUE BSI3BKOCTH Ha 3THU CTPYKTYphl. B 3TH cjaraemble BXOIUT KO-
3(PULHeHT, aHaJOTUYHBIH TypOyJeHTHOH BSI3KOCTH, BOOOIIe TrOBOps, HEJUHEHHas
(DYHKLUS OT MOJISI CKOPOCTEH.
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4.3. KoamoropoBckuii macmrtad u 3akoH Koamoroposa

Crapiuasi yacTh ONMUCAHHBIX BbIlle pelleHHE ypaBHeHu# HaBbe—CroKca ynoBie-
TBOpsieT ypaBHeHHUsIM Diljiepa. [103ToMy OHM HeyCTOHYMBBI OTHOCUTENBHO O0Jiee MeJ-
KoMaciitTabHelx Bo3mylleHHH. TouHee, yuHeapudyeM ypaBHeHusi HaBbe—Crokca Ha
pewenud Buga (6) U pacCMOTPUM ACUMITOTHUECKHE pelleHHs JIMHeapU30BaHHBIX
ypaBHeHHUH BHIA

w=e "G/ (n(z xt) +en(z,x,t) +...), &— 0. (18)

OKaSbIBaeTCH, TakKHe peleHusa pacTyT CO BPpEeMEHeM. TO‘-IHGE, HECJIO2KHO [J0Ka3biBa-
€TCA CJAEeAYIoLIee YTBEePXKIACHHUE.

YrBepxaenue 4.1. Ilycts suHeapuzoBaHHble ypaBHeHHs Hasbe—CroKca nomyc-
kaiot perennst Buna (18). Torna ¢yrHkums n(z,x,t) yAOBIeTBOPSIET CHCTEME JIHHEH-
HbIX ypaBHeHHH BHAa

i+ At)n =0,

rae 1) — nNpou3BoAHasi GyHKUHH 1) BAOJIb TpaekTopui noas U(z, x,t), A(t) — marpuy-
Has ¢yHKuHsA. PeleHust 3To¥ cHcTeMbl, BooOlIe roBops, pacTyT npH t — oo; 6oJee
Toro, cyulecTByioT nojs U, ynoBjaeTBopsiioLiHe ypaBHeHHAM DHjepa, A KOTODBHIX
POCT 3KCIOHEHLHAaAbHbIH.

HeycToluMBOCTb MPUBOAUT K POCTY MeJKOMAcCLITaGHBIX BO3MYLLEHHH U TeM ca-
MBIM K M3MEeHEHHIO BUXPeBOH CTPYKTyphl U, MpUUYéM BO3HHMKAIOLLAsi HOBAas MHOroga-
30Basi CTPYKTYpa CHOBA YIOBJETBOPSIET YPaBHEHUAM Jiisiepa, ec/i TOIbKO € > V.
[Ipu 9TOM yCJIOBHH pacTyT elé Gojee MeJKOMAcIITabHble BO3MYILEHHs, TPHUEM 3TOT
POCT CBfi3aH TOJILKO C TeM, Y4TO CTapllasl YacTh KOTePeHTHOH CTPYKTYphl YIOBJe-
TBOpsieT ypaBHeHHsAM OJiiepa. TakuMm 06pa3oM, pocT Npojo/KaeTcs A0 TexX Mop,
NMoKa HOBBIH MacuiTab He cTaHeT paBHbIM hv/h = h3/2) 1. e. v3/* (3akon Kosmoro-
poBa). B 3TOM cayyae cTapiiasi uacThb pelleHMs YIOBJETBOPSeT ypaBHEHHSM THIa
Haebe—CToKca (BKJIIOUAIONIUM BSI3KHe CJIaraemble).
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