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l.Bae~eHHe. TeHaopHo-cKamrpHaJI Teopwr TsrroTemrn Mopi:1aHa-BpaHca-,Il;:0:KKe 

( Teop,rn I:IB,IIJ [1,2] Haa6onee nonyJISipHaJI aa aaBecTHbIX Ha cero):IHSIWHaii ):leHb anb­

TepHaTHBHblX K o6weii Teopaa OTHocaTeJibHOCTll (OTO) rpaBHT~OHHblX Teopaii; B 
TeopHll I:IB,IJ; rpaBllTallllOHHOe none,· noMHMO ):leCSITH KOMni:>HeHT MeTpll'IeCKOro TeH-

3opa, onpegeJISieTCSI TaKlKe ll rpaBHT~OHHblM CKaJISipOM, KOTOpblii 'nopOlK):laeTCJI Be-

111ecTBOM a HerpaBllTaIJ;llOHHblMH noJISIMH. C~BpeMeHHbie GKcnepaMeHTaJibHble ycTaHO­

BKll He MoryT o6ecne'IllTb Heo6XO):IHMYIO ):IJISI o6HapylKeHll.H CKaJISipHoro noJISI TO'IHOCTb 

Ha6n10i:1eH.1Iii, noGTOMY MOlKHO C'IHTaTb BnonHe aKTYaJibHbIMH :0:ccnei:10BaHwr, KOTOpbie 

noaBOJISIIOT o6HapylKHTb paana'IHJI B npe):ICKa:JaH.li.HX OTO H Teopa:0: I:IB,IJ;. C GToii 

TO'IKll 3peHll~ BpeMeHHble :Ja):la'IH :0:, B 'IaCTHOCTll, :rrpo6neM~ rpaBIITaIJ;llOHiioro KOJI­

nanca oco6o llHTepeCHhl, XOTSI 6bl nOTOMY, 'ITO aBTOpbI psri:1a pa6oT npllXO):ISIT K npo­

TllBOpe'IllBbIM 3~KJIIO'IeHllSIM no Bonp.ocy O KOJIJiance B TeOpllH I:IB,I( TaK, B pa6oTe 

[3], B OTllll'Ille OT [4,5], yTBeplK):laeTCSI, 'ITO B TeOpllH I:IB,Il; rpaBH;aIJ;llOHII~ii KOJIJianC 

TO'IHO T3K lKe, KaK H B OTO, npllBO):IHT K q>opMllpOBaHHIO 'IpHbIX ):lhlp. Ta.Koe :JaKJIIO'IeHHe 

ocHoBaHo Ha cnegy10wnx coo6palKeH:0:srx: 

a) peweHne lilBapn;wanb):la ecTb TO'!Hoe peweHae Teop:0::0: I:IB,IJ; c nocTOSIHHbIM CKa­

nsrpHblM IlOJieM, 

6) B npegene ( -> 00 ( ( - 6enpaa~epHaJI KOHCTaHTa CBSI:Jll Teopaa I:IB,Il;) ypaBHeHH.H 

Teopan cBogsrTcsr K ypaBHeHH.HM OTO, 

B) CKaJISipHoe none npa cq,epll'IeCKH·CHMMeTpll'IHOM K0JIJiance HenapsrlKeHHbIX 66'b­

eKTOB CTpeMllTCSI K nOCTOSIHHOMY :JHa'IeHllIO np:0: t --+ 00. 

C i:1pyroii CTOp0HbI, MaTCY):la [6], 0CHOBbIBaJICb Ha penyJibTaTax pa60TbI [7], noKa­

nan, 'ITO peweHae lilBapn;wHJib):la SIBJISieTCSI TO'IHbIM, HO He e):lllHCTBeHHblM peweHHeM 

Teop:0:a I:IB,IJ; B npei:1ene nOCTOSIHH0ro CKa.•rnpHoro non.H H, noGTOMY, cq>epa'IeCKH-cm,i­

MeTpll'IHhlli KOJIJianc B TeHnopHO-CKaJISipHoii Te0pllll T.HroTeHllSI He o6srnaTeJibHO na­

KaH'IllBaeTCSI o6paaoBaHlleM 'lep11oii ):lbipbI, noCKOJlbKY B npei:1ene BHewHee peweHae He 

o6srnaTeJibHO 06pa111aeTCSI B peweHae lilBapn;waJib):la. ,Il;eiicTBllTeJibHO, KaK nOKa38.H0 

B [8], BaKYYMHOe peweHlle cq,epa'IeCKll-CllMMeTpll'IHOli na):la'Ill Teopaa I:IB,Il; B O):IH0p0-

AHbIX KoopgllHaTax llMeeT Bil):\: 

ds2 = e20 c2dt2 - e 211[dp2 + p2dn2
], 

X = xozal\ e2o = z2I~' e2P = (1 + Pol p )2 z2(a+~-l)/~' , (1) 

1 
z = (1 -po/p)/(1 + PolP), Po= riGm/(2c2

) = TJrg/4, TJ2 = (a-1)2 + a- 2ea2
• 

B KOOp):lllHaTax KpllBll:JHhl 



npu'IeM MeTpU'!ecxue KOaq>q>m::;ueHTbI He UMeIOT CUHryrurpHOCTeH npu 0 < z < 1, 'ITO 

cooTBeTCTByeT o6rracnr 0 < R < oo, ecrru,pa::iyMeeTc.H,(a - l)/77 + 1 > 0 (mru 

h =.(1 - a)/(277) > 0,5). Taxoii Tun peweHUJI (cM.[8]) He u6rragaeT ropmlOHTOM co-

6bITUH B OTJIII'IIIe OT peweHUJI IIIBap1:1wIIrrbga B OTO. IIpocTpaHcTBo peweHII.H, (2), 

(3) COBrragaeT c BHeWHIIM WBapl:(WUJibl:(OBCKIIM, HO Ha cq>epe IIIBapl:(WHJibl:(a R = rg He 

IIMeeT oco6eHHocT:ir. ,ll;e:ircTBIITeJibHo, BbillOJIHIIM npegerrbHbIH nepexog a -+ 0, T/ -+ 1, 
Torga grur R m1 (3) IIMeeM 

z = 0 => R = 0; 

z = e => R = 77r9 /(1 - z 2
) 

(4) 

(e-6ecKOHe'IHO MaJiaJI BeJIII'IIIHa). 'fro KaCaeTCJI v(z) II A(z), TO OHU HerrpepbIBHbI. BbI­

WeU::3JIO,KeHHOe ll03BOJI.HeT :JaKJIIO'IUTb, 'ITO B JaBHCHMOCTH OT 3Ha'!eHU.H. napaMeTpa 

h = (1 - a)/277 cylllecTBeHH0 MeH.HeTrn noBegeHue MeTpuKu. AHarru::i cqiepu'Iecxu -

CUMMeTpll'IHOro BaxyyMHoro peweHU.H BbillOJIHeHHbIH B [9] rrpUBOl:(UT x crregyIOllleMy 
::iaxrrro'!eHuro: npu 77 = (1 - a) u B crry'Iae ( = 2/a ' 

e2v = (1 - (1 - a)r
9
/r)1/(l-a), 

e2
A = (1- (1- a)rg/r)-1 

, (5) 

X = Xo(l - (1- a)r9/rt 12(I-a), 

a pa::iyMHbIM 3Ha'!eHUJIM KOH~TaHTbI llHTerpupmiaHirn a (nocTHb.IOTOHOBCKUH rrapa.'l,ieTp 

"f = 1 - a corrracHO l:(aHHbIM Ha6JIIOl:(eHUH 6JIII30K K egUHUI:(e) COOTBeTCTBJeT ITO'ITU 

WBapl:(WIIJibl:(OBCKOe. peweHue c MegrreHHO MeH.HIOll\llMCJI CKaJI.HpOM x( r ), y6bIBaIOlllllM 

IIJIU B03paCTaIOll\UM B :JaBUCUMOCTU OT 3Haxa a. IIpu a 2'. 1 peweHue He UMeeT oco-

6eHHOCTeH BO Been: o6rracTu ll:JMeHeHUJI O < r < oo, a npu a < 1 rrorry'!aeM peweHue c 

oco6eHHOCT.HMU Tuna WBapl:(WUJibl:(OBCKOH u c . y6LIBaJOIUHM x(r ). B crry'Iae 77 < (1-a) 

06JiaCTU 0 < r < 00 npII TJ < 0, a> 0 COOTBeTCTBJeT B03paCTaIOll\alI BeTBb X(r), 'ITO 
B CBOIO O'Iepeµ;b CB.H3aHO C orpaHU'IeHU.HMU Ha KOHCTaHTY CB.H:Jll (. > 2/a. IIpu 3TOM 

peweHue He UMeeT oco6eHHOCTen:.HaxoHel:(, grr.H 77 > (1 - a) B o6rracTII O < r < oo c 

77 > 0, a > · 0, rrorry'!aeTc.H peweHue c Bo::ipacTaIOlllen: BeTBbIO x(r ), He HMeIOlllee oco-

6eHHOCTen: ll COOTBeTCTBJIOlllee ( < 2/a, 'ITO corrracyeTC.H C OIIeHO'IHbIMll 3Ha'!eHU.HMll 
aToro napaMeTpa. 

TaKUM o6pa::ioM, O'IeBUl:(H0, 'ITO pearrbHaJI CllTJaIIU.H np0.HCHUTC.H TOJibK0 rrocrre Toro, 

Ka.K ll3 CWUBKU BHewHero II BHJTpeHHero peweHun: 6ygyT orrpegerreHbI KOHCTaHTbI llH­
TerpupoBaHUJI. 

2. I'paBHTaD;HOHHhlH KOJIJianc c<t>epHqecKH - CHMMeTpHquoii 
KOH<l>Hrypa:a;HH. B HaCTO.HllleH pa6oTe l:(Jl.H BbI.HCHeHU.H Bonpoca O BO:JMO,KHOCTII 

o6pa::ioBaHUJI 'IepHbIX Ahip B pe::iyrrhTaTe rpaBUTaIIU0HHoro Korrrrarrca B Teopuu MB,ll; 
o6paTUMC.H K Ka'IeCTBeHHOMy aHaJIII:Jy npo6rreMbI, nogo6Ho TOMy, KaK 3T0 cgerraHo B [10] 
l:(Jl.H 3HHWTen:HOBCKOH Teopuu. IIpu 3T0M 6ygyT llCllOJib:J0BaHbI pe::iyJihTaTbI 'IllCJieHHb!X 

pac'!eTOB cqiepu'IeCKU - CIIMMeTpll'!HbIX KOHq>urypaIIUH C 01:(H0pogm,IM pacrrpegerreHUeM 
Bell.leCTBa (11]. 

2 

' • 

" 

IIpegCTaBUM peweHue reKMaHa (cM.[11]) B CUMBOJill'IeCKOM BIIl:(e 

ds2 = 900c2dt2 -A(x)dx - B(x)df22 

II BbillOJIHUM npeo6pa::iOBaHUJI 

UJIII 

B pe3JJibTaTe 

cdT = cdt + JJ(A/9oo)dx, 

dR = cdt + J- 1J(A/9oo)dx, 

dx = J(900/A) f(l - J2t1 (dR - cdT), 
cdt = (1 - J2)-1 (cdT - j2dR). , 

ds 2 = ~ (c2dT2 - f 2dR.2) - Bdf22 
• . · 1-!2 

(6) 

(7) 

(8) 

(9) 

BbI6paB npou::iB0libHJIO q>yHxri;IIro f = ±JI - 900 , nepen:geM K cmixpoitimii c:ricTeMe 

oTc'IeTa,B KoTopoii, Ka.K :imBeCTHo, rruHuu BpeMeH~ .HBlllIIOTC.H reogeti:ri.jecx:riwi. ll::i (8) 

IIMeeM \ 

R T j (t=!)f;; -c = 11M {+1 de 

J1 -(m)¼ 
(10) 

1-• 

a napaMeTp reKMaHOBCKoro peweHU.H T = (m)--;,-. B 3HHllITeHHOBCKOM npegerre (a-+ 
0, 77 -+ 1) 

R - cT = 177M(l + e)3f2 , 

R = 11M(e+1), 
(11) 

rge R - WBapIIWUJlbl:(0BCKaJI KObpgRHaTa. 3agaHHbIM 3Ha'IeHUJIM R(e) 0TBe'IaIOT Ka.KB 

ogHoM, Ta.Ku B µ;pyroM crry'IaJIX MIIpOBbie JIIIHIIII R-cT = const (HaKJIOHHbie np.HMhie Ha 

µ;IIarpaMMe R - T).MupOBbie ,Ke JIIIHIIII 'IaCTIIII, noKO.Hll\HXC.H 0THOCIITellbHO CIICTeMhI 

0TC'IeTa,Ha 3TOH µ;IIarpaMMe ll306pa,KaIOTC.H BepTUKaJibHbIMII np.HMhIMII. 3a KOHe'!HbIH 

rrpoMe,KJTOK co6cTBeHHOro BpeMeHII CB060l:(Hbie '!aCTIIIIhI nonaµ;aroT B I:(eHTp nolllI, 

KOTOpb!H II .HBlllieTC.H UCTIIHHOH oco6eHHOCTbIO MeTpIIKII. 

PaccMOTpHM Ta.K)Ke pacnpocTpaHeHIIe cBeT0BbIX cIIrHarroB. YpaBHeHIIe 

ds2lo,\O=const = 0 µ;aeT 

cdT 
dR = f = ±Jl - 900 = ±/1 - r 1/(l'-a). 

B aHHwTeHHOBCKOM crry'!ae 

cdT =±~, 
dR 

3' 

R= rg 
1-T. 

(12) 

(13) 



KaK cnep;yeT ll3 (13), qiopMaJibH0 l!HTepBany -oo < T < 0 COOTBeTCTByeT o6naCTb 

H3M~HeHHll . UIBapr:unIIllb)l;OBCKOH KOOp)l;IIHaTbI 0 < R < T ' a 0 < T < 1 COOTBeT­

CTByeT r9 < R < oo. IIoaToMy B nepBOH o·6nacTII nMeeM fcdT/dRI > 1, a BO BTopoil: 

lcdT / dRI < 1. TaKIIM o6pa3oM, MIIpOBaJI nIIHIDI noKOJ!ll\eHCH 'IaCTII~ BHe o6nacTn 

R = r9 nonap;aeT B cBeToBoH KoHyc, a BHYTPII Hee HeT. IIocKOllbKY npII'IIIHHO CBJ!3aH­

Hbie co6bITll11 He MoryT HaxOp;l!TbCH Ha MllpOBOH lll!HIIII BHe CBeT0BOro KOHyca, TO B 

o6nacTII R < Tg Hl!Ka.Kl!e 'IaCTlIIJ;bl He Mory'!' 6bITb Heil0)l;Bl!,KHbIMII (npII onpep;eneHHOM 

BbI6ope 3HaKa B (12) OHII )l;BII,KYTCH K o;eHTpy). 

KaK ,Ke o6cTOIIT p;eno B TeH3opHo-CKan1!pHoH TeopIIII T11roTeHn11? MMe11 B BIIp;y (12) 
lI ,Bbipa,KeHHe p;n11 urnapo;wnnbp;onop;o6HoH Koopp;HHaTbI R 

R = T/Tg , (14) 
2r½-h(l - r 2h) 

IICrt0llb3yeM proynbTaTbI 'IllClleHHOro pac'!eTa [11]; npep;CTaBlleHHbie B Ta6nIIIJ;ax 1 II 
2. 3Ha'IeHIDI h B Ta6nIIIJ;e nplIBep;eHbI B 3aBIICIIMOCTII OT qc =Pc/Po (Pc- o;eHTpaJibHoe 

)l;aBlleHHe, a Po-·nnoTiiocTb KOHqJHrypaIJ;IIII C O)l;HOpO)J;HbIM pacnpe11eJ1eHHeM · . Bell\eCTiia) · 

II riapaMeTpa TeOpIIII (. . 

Ta6nno;a 1 

3Ha'IeHIDI napaMeTpa h OT o;eHTpaJibHOH nnoTHOCTII qc lI 3Ha'IeHHH napaMeTpa Te-

opIIH ( ( cny'IaH HeCIIHryn11pHbIX Ha'IaJibHbIX ycnoBIIH) · • 

qc\( -1000 -250 -30 -5 0 
0.01 0.50036 0.501438 0.51163 0.55984 0.8482 
0.1 0.50026 0.501473 0.50867 0.56175 0.7439 
0.33 - 0.50015 - 0.50059 0.50479. 0.52433 0.6121 
0.5 0.50010 0.50041 0.50326 0.51610 0.5736 
1 0.50003 0.50013 0.50099 0.50460 0.5191 

Ta6nIIIJ;a 2 

3Ha'IeHIDI napaMeTpa h OT o;eHTpanbHOH nnoTHOCTII qc II 3Ha'IeHIIH napaMeTpa Te­

opIIII ( ( ClIY'IaIX CIIHryrr11pHbIX Ha"!aJibHbIX Y?~OBl!ll) 

qc \( -1000 -250 -30 -5 0 
0.01 -215.04 -11.4242 -2.4617 -1.0433 -0.5166 ' ... 
0.1 1-.273 _ 1.3514 1.9055 10.97 -1.0802 

0.33 0.6077 0.6190 0.6572 0.7475 1.1329 
1 0.5154 0.5170 0.5236 0.5326 0.5371 

4 

-~ 0 

f' 

.HcHo, 'ITO Ilpll 0 < a < 1 u h > ½ Bblpa,KeHlle )l;ll11 pap;llaJibHOll Koop)l;IIHaTbI MO)KHO 
nepenucaTb B Bllp;e 

R = T/Tg Th-½ 

2 1 - r2h, 
(15) 

OTKY):la crrep;yeT, 'ITO BCJ! o6JiaCTb ll3MeHeHlIJ! 0 < R < 00 OT06pa,KaeTGJ! BO< T < 1. 
IIoaToMy, cornacHo (12), fcdT /dRI < 1, a MllpOBaJI JIIIHll11 noKOJ!ll\enc11 'IaCTII~ gll1! 

ncex 3Ha'IeHHH R HrucogIITCJ! BHYTPII cBeToBoro xoHyca. Ecmr ,Ke a > 1, T.e. h < 0,To 

1 
TfTg --1) -

R = 2 r½+lhl (1 - -;:,JiiT 
(16) 

lI 1 < T < 00 COOTBeTCTByeT 0 < R < 00, a CJie)l;OBaTeJibHO, II B 3TOM crry'Iae 

lcdT / dRI < 1, II BHOBb MHpoBaJI JIIIHIIJ! noKOJ!ll\eHc11 ''IacTII~ OKa3bIBaeTc11 BHYTPII 
CBeTOBoro KOHyca. • 

TaKHM. o6pa30M, TaKOe· Ka'IeCTBeHHOe paCCMOTpeH1Ie ell\e ·pa3 CBU;J;eTeITbCTByeT O 

TOM, 'ITO, Bep011THee Bcero, B Teopmr MB,U rpaBIITa~I0HHbIII KOJIJianc _H_e npI!BO;J;IIT K 
o6pa30BaHIIIO 'IepHbIX )J;b!p. 

3. · Pap;HaT.IhHhie nyJihcaqHH c<f>epn"<IecKH - CHMMeTpH"<IHOH KOH­
_<f>nrypaqnn. KoppeKTHOe peweHIIe npo6rreMbI ycTOI!'IIIBOCTII CaMorpaBIITIIpyIOllll!X 

o6'beKTOB B o6llleM crry'Iae npegnorraraeT • Heo·6xop;m,mCTb uccrre;:i;oBamrn -ux OTHocu­

TeJibHO npOII3BOllbHbIX B03MYllleHIIII. B TaKOH noc-raHOBKe • 3aga'Ia · 0Ka3bIBaeTCJ! -

'1pe38bl'-JaiillO CJIOlKHOii, II Il03TOMY B 6pllbWl!HCTBe crry'IaeB npIIXO;J;llTCJ! orpaHII'Ill-

BaTbCJ! paccMciTpeHIIeM B03MYllleHIIH' B Bl!J:le pap;l!a.JibHbIX~y:rbcao;IIH. 

B -HaCTOJ!llleH pa6oTe npOBO)ll!TCJ! aH&1:II3 ap;na6aTn'IeCKIIX pagII&1:bHbIX ny::tbcarunx 

HeBpaI11aIOll\eroc11 caMorpaBIITHpy10'i1~ero o6'beKTa n paMKax Teopm1 MB,U. O6I11ufr Me­

TO)l; peweHIIJ! aHanorn'!Hoi'r 3ap;aqu B OTO 6bIJI cqiopMyrrIIpoBaH 'IaHp;paceKapm,1 [12], 
KOTopbill BnepBbie 06Hapy,K1m penJ!TIIBHCTCKYIO HeycTOll'IlIBOCTb. IIorrHoe peweHne no­

rry'IeHo MerrbTIJ;epoM II TopHoM [13]. • ·PaccM
0

aTpunaeMaJI HlI,Ke· ca~orpaBIITIIPYIOll\aJI 

KOHqJIIrypaIJ;IIJ! npegcTaBJIJ!eT co6oil: cqiepy ll3 IIp;eaJibHOH ,KII)l;KOCTII, nyJibCIIPYIOll\YIO 

pap;IIaJibHO C Manon aMnJIIITygoii:. ,Urr11 aHaJII13a:ycTOii'IIIBOCTll ~eo6xoglIMbI: 

1) peweHIIJ! TO'IHbIX ypaBHeHIIii:; OIIl!Cb!BaIOll\lIX paBHOBecHyr8 KOHqJIIryp~lIIO, OT-

HOCIITeJibHO KOTOpOll paccMaTpHBalOTCll MaJible nyllbCaIJ;l!lI; 

2) Cl!CTeMa KOOIJ)l;IIHaT, OI!l!Cb!BaIOll\l!X KdJie6Jiioll\yIOJ!CJ! ccpepy,s:,,KoTOpall npn Hyrre­

BOH aMnnII;YJ:le nynbcao;IIii: CB0)l;IITCJ! K cTaHp;ap-rHon· cIIcTei::ie Kooi@maT ( o6bI'IHO 

KOOp)l;IIHaT KpIIBII3HbI) )llIJ! paBHOBeCHOll 3Be3)'.lbij 

3) Ha6op MaJiblX 4JYHKIJ;lIII, Oill!CbIBaIOll\lIX nyrrbcao;mr (pap;IIa.1:bHOe CMell1eH11c II CKO­

pocTb, B03Myll\eHI111 gaBJieHIIJ! II IllIOTHOCTII,II3MeHeHI11! ncpnoro nopJigKa Mil.JIO­

CTII B MeTpn'IeCKHX Koacpqino;neHTax), no KOTopi.IM npoIIcxop;ifr mmeap1mao;1111, a 
TaK,Ke 

4) Ha6op ypaBHeHmx, onpep;eJIJ!IOll\lIX 3BOJIIOIJ;IIIO 3TIIX B03Myll\eHlill. 
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.Il:onycTUM, 'ITO paccMaTpUBaeMa.s: ,rnrop;Ha.s: KOHtpUryp~mI nyrrbcupyeT pap;uarrbHO. 

Torp;a ee npocTpaHCTBeHHO - BpeMeHHaJI reoMeTpmI 6YAeT cqiepu"IeCKU - CUMMeTpU"l­

HOll. llaBeCTHO, 'ITO IJ;ll.!I mo6oro /J;UHaMU"leCKoro UlllI CTaTU"leCKoro cqiepu"leCKU - CUM­

MeTpU"IHOro npocTpaHCTBa - BpeMeHU MOlKHO BBeCTU KOOpp;uHaTbl (o6bl"IHO ux Ha­

tib!BaIOT KOOpp;uHaTaMu KpUBU:JHb!) TaK, "IT06bl Bb!palKeHue IJ;lIJI MeTpU"IeCKOH qiopMb! 
UMerro. BUA 

ds2 = e2"dt 2 - e2f1dt 2 - r2(d0 2 + si~2 0drp2
), (17) 

rp;e a= a(t,r), /3 = fJ(t;r). Ilpep;norraraeTCJI, 'ITO nyrrbc~uu UMeIOT MarryIO aMnrru~ 

TYAY, lI noaTOMY MeTpU"leclrne Koaqiqim.1ueHTbl a, /3, TepMOIJ;UHaMU"leCKUe BelIU"llIHbl 

p (p;aBlleHue), c (nrroTHOCTb 3Hepruu) lI n (nrroTHOCTb "llIClla "laCTIII.1), U:JMepeHHble 

ITOKO.!I!lllIMC.!I OTHOCUTellbHO lKUIJ;KOCTU Ha6rrIOp;aTeJieM, Mal!O OTJIU"laIOTC.!I OT CBOUX He­

BO:JMYllleHHblX :JHa'leHuii. TiycTb 

'f(t,r) =fo(r)+5f(t,r). (18) 

(3p;ecb f 060:JHa'!aeT Op;Hy U:3 BeJIU"llIH a' /3' p 'C' n u y-rpaBUTal.lUOHHblll CKall.!Ip Te­

opuu llB,ll, a uHp;eKcoM "O." cHa6lKeHbl paBHOBeCHble :JHa"leHU.!I). KpoMe yKaaaHHblX 5f, 
IJ;lIJI onucaHU.!I nyrrbca1.1uii Heo6xop;UMO TaKlKe BBeCTU pap;UallbHble CMemeHHll lKUIJ;KOCTU 

OT CBOerO paBHOBeCHOro ITOJIOlKeHU.!I e: lKU/J;KUll 3JieMeHT, JIOKalllI:JOBaHHblll Ha KOOpp;1i­

HaTHOM pap;uyce r B HeBO:JMyU.eHHOH KOH<pUrypa1.1uu, CMe!llaeTCJI_ K pap;uycy r + e(r, t) 
:Ja KOOpp;uHaTHOe BpeM.!I t. 

,lln.!I aHarruaa nynbca1.1uii Heo6xop;uMo rruHeapuaoBaTb ypaBHeHU.!I .no BblllleyKa:JaH­

HbIM BO:JMY!lleHUJIM. 8BOlIIOI.\lI.!I 'PYHKI.\Ull BO:JMY!lleHU.!I co BpeMeHeM onpep;err.!IeTC.!I no­

rreBblMU ypaBHeHUJIMU, :JaKOHOM coxpaHeHU.!I T!:;I' = 0 u :JaKOHaMU TepMop;uHaMUKU, 

KOTOpb!e lIUHeapU:JOBaHbl COOTBeTCTBYIO!lllIM o6pa:JOM. 

,llBa U:3 ClICTeMbl noneBblX ypaBHeHUll MOlKHO UCilOJib:JOBaTb IJ;lIJI onpeµ;eneHU.!I BO:3-

MY!lleHUll MeTpUKU 5(3 u 5a. lla.ypaBHeHU.!I ci = TJ /y UMeeM 

--2/3 [ ,Y 13. (2 y') ii' ~ yy' _ (P + c)_ u
1
u0 ] e a-+ -+- --+.,---~---- , 

y r y y y2 y 

rp;e 

G" == G" - Y'.'iJ + (y"y/3 + 5" (Y!:. - f yl'yl') 
{3 {3 y y2 {3 y 2 y2 

nocne rruHeapuaa1.1uu no soaMy!lleHU.!IM crreµ;yeT Bb!palKemre µ;rr.!I 5(3 

5/3==(2 / '){5y'-5y(a~+(y~)-ee2f1°(co+Po)} 
Yo r + Yo Yo 

B (19) ucnollb:JOBaHbI BbipalKeHU.!I )l;lIJI KOMnOHeHT 4-cKopOCTU 

u0 == e-" = e-_00 (1 - 5a), u 1 == ie-00
, 

KOTOpb!e nerKo nony"lUTb U:3 O"leBUIJ;HblX COOTHOllleHUll 

u 1 dr ae . 
u0 = dt == dt = e, 

6 

(19) 

(20) 

(21) 

l 
') 

l 

J 
] 
r 

(uo)2e2" - (u1)2e2/3 = 1. 
.. . ' ~ • : T.' ·, 

JluHeapU:J~UJI ypaBHeHUJI GI = .:.i.. p;aeT 
y 

e-2a05fj-e-2/3o 5y ~+-o-~Y~ +5y'(a~+-+(Yo)+ 
[ (

1 2/3° 2a' ,. '
2
) 2 ' 

. r r 2 Yo r Yo 

5a'(y~ +. 
2
~

0 
)] + 25/J(Po + ~~) = -5P, 

KOTOpoe MOlKHO UCITOllb:JOBaTb IJ;ll.!I onpep;eneHUJI 5a' . 
YpaBHeHue T0;i, = 0 npuBop;uT K 

. 5c = -(Po+ co) { 5/3 + e:• (r2ef1•e)' }- ec'~, .· 

a ua T(v = 0 norry"laeM aHarror _YPaBHeHUJI 8iinepa 

t(co + Po)e2(/3o-ao) == -[5P' + 5a'(Po +co)+ a~(5c + 5P)]. 

(22) 

(23) 

(24) 

.Il:= onpeµ;erreHU.!I 5P BOCnOllb:JyeMCJI :JaKO~?M coxpaHeHU.!I '6apUOHOB' (nul');i, == o, KO-

TOpb!ll nocrre JIUHeapU:Jal.lUU CBO)'.IUTC.!I K BUp;y . 

[ 
-/3o ] 

~n == 5n + en~ = -no 5/3 + e r2 (r2ef3o€)1 ' (25) 

a TaKlKe ycnoBueM ap;ua6aTU"lHOCTU 

MeHTaMU npeHe6pelKUMO Marr) 

(nepeHOC TCllJla MelKp;y cocep;HUMU lKUIJ;KUMU tme-

n· ~p 
p ~n == 'Y, (26) 

rp;e 1 =[(co+ Po)/Po] dPo/dco - IlOKa:JaTenb ap;ua6aTbI, a~( ••• )== 5( .. . ) + e( •. -)~ -

narpaHlKeBo uaMeHeHue cooTBeTcTBYIOllleH BenII"lUHbI (13],uaMepeHHOe Ha6nIOp;aTerreM, 

IJ;BUlKYILIUMCJI BMeCTe c lKU)'.IKOCTbIO. lla (25) u (26) Haxop;UM 5P 

[ 
-/3o ] 

5P = -Po1 5/3 + \
2 

(r2ef1•e)' - eP~. (27) 

3ap;a"Ia :JaMb!KaeTc.!I, ecnu p;OilOJIHUTb CUCTeMy ypaBHeHUeM, onpep;elIJIIOU.UM CKalIJipHb!ll 

noTeHI.\Uall y 
y{:. - T 
y - y(3-2()' 

KoTopoe nocne nuHeapua~uu cnylKuT i:i;= onp~i:1eneHmr 5y 

e:-2"•5y = e-2f1°{6y" + 5y'(a~ - /3~ + ~) + y~(5a' - 5(3')} + . r 
5c - 36P + 26/3 co - 3Po • 

3- 2( 3- 2( 
(28) 
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,Il;am,He:iilllaJI npoo;e,o;ypa onpe,o;eneHWI pa,o;nam.Hbix nyJibcau;nii ,rnenp;hI cocTOllT B cnegy­
IO~eM. Bn,o;omJMeHllM YPRBHeHne 8:iinepa, ,ll;JIJI 'Iero BBep;eM nepeHOpMllpOBaHHJIO q>yH­
KIJ;llIO CMe~eHWI n, a TaKJKe 060:JHa'IeHWI 

n = r2e-a•e, 
e3tio+ao 

W = --2 -(Po +eo), 
r 

<I> = 'Y~o etio+3ao, (29) 
r 
3ao+tio { [ 2 

Q = T P0 -y ( a:~ + ,8~) - ;:-( a~ + ,8~) + 2o:~( o:~ + ,B~h 

K = 

(~ + ,8~ - a~) e2tio,(1:; ;eo) - (e2tio,(1:; ;eo) )2] + (Po,)'(o:~ + ,8~)-
r Yo ;Yo Yo ;Yo 

P.,(2 · a') "(R ) 2P~(Po+ eo)e2tio 
o - + Po - O:o o + eo + , 2 + 

r Yo+ ;Yo 
2 . , 

2 (e
2
P

0

(Po +eo) ) (Po+ Yo)..,.. (Po,e
2
ti

0
(Po +eo) ) } , 

Yb+:Yo r Yb+:Yo 
, I 

tio+2a0 {P. by' - by( o:b + (~)} + tio+2a0 8y' - 8y( o:b + (yb/Yo) 
e o,' , 2 e . , 2 x 

Yo+ ;Yo Yo + ;Yo 

[
(Po+ eo)e2tio 2yo , , ] 

, 2 (Po-r- 2Po - - 2 ) + P 01e0 + o:o(P0 + e0 ) + 
Yo+ ;Yo · r · 

etio+
2
°'

0
(Po+eo){ , , 2 Yb_ (l-e2tlo 2o:b (yb2)} 

, 2 8y(o:o+-+(-)+8y --+----2 · 
Yo + ;Yo r Yo - r 2 r 2 Yo 

B peay'JibTaTe (24) npnHnMaeT an,o; : 

W !1 + ~ e 2 8fi = ( <I>n')' + nQ + K. ( 

2 -ao ) 

Yo+ ;Yo . 
. (30) 

YpaBHeHne (30) npe,o;cTaamreT co6o:ii ,o;nHaMn'Ie~Koe ypaBHeHne, onncbiaa10~ee :JBen,o;­
Hhie nyJibcao;nn. <Pll3ll'IeCKll npHeMJieMbl 'Jilllllb Te pellleHUJI (30), ,ll;JIJI KOTOpbIX CMe­
~eHne BbI3hIBaeT KOHe'!Hbie BOOMy~eHHJI Il.1IOTHOCTll u·~aBJieHirn (8e"It 8P) B o;eHTpe 
Cq>ephI, T.e. e/r KOHe'IHO llJill paBHO HYJIIO_B npep;erre r --+ 0, a TaKJKe OCTaBJIJieT paBHbIM 
HYJIIO ,o;aBJieHne Ha IlOBepxH0CTll 3Be3p;hI R., 'ITO O:JHa'IaeT 

t:,.p '=· -·,y pi eao ( r-2 e ,-aoe )' •~• ·O . 
r 

,Il;onycTnM_, KaK o6bI•uio, 'ITO nepeHOpMllpOBaHHaJI q>yHKD;llJI CMe~eHUJI n nepno,o;n­
'!eCKll :JaBUCllT OT BpeMeHn 

n = no(r)e-iut. 

·s 

B CBJI:Jll C ::ITllM ecTeCTBeHHO C'IIITaTb; .'ITO OCTaJibHbie BO:JMy~eHIIJI llMeIOT TaK,YIO lKe 
BpeMeHHYIO :JaBUCIIM0CTb. Tor,o;a ,o;nHaMil'!eCKOe ypaBHeHne (30) II rpaHit'IHhie YCJIOBWI 
CBO,ll;JITCJI K aa,o;a'Ie Ha co6CTBeHHhie 3Ha'!eHIIJI ,ll;JIJI ·'IaCTOThI. (T II aMilJIIITY,ll;hI no(r) 

( <I>n~)' + Qno + Ko = -<r
2 

no + I 2 8yo , 
( 

r2e- 0
• ) 

· Yo+ ;Yo 
(31) 

B K 0 BXO,ll;JIT TOJibKO aMminTyp;Hbie :JHa'!eHirn 8y = 8yoeiut nee nponaBoµ;Hblx. 

MeTop;bI pemeHnJI ::!Ton aaµ;a'III Ha co6cTBeHHhie :JHa'!eHWI o6cyJKµ;a..'Incb Bapµ;u­
HbIM, TopHOM ll MeJibTo;epoM (14]. Oµ;nH ll3 HUX COCTOUT B Tpe6oBaHllll ::IKCTpeMyMa 

R 
J(<I>nb

2 
- Qn5 - Kono)dr 

2 0 a=~---------, 
f W (n5 + •:+•2.00 

no8Yo) dr o Yo rVO 

(32) 

rµ;e no( r) I!3MeHJieTCJI TaK, 'IT06bl Y,ll;OBJieTBOpI!Tb rpaHI!'IHhIM ycJIOBIIJIM: f!o/r3 JIB.:IJI­
eTCJI_ KOHe'IHOll llJIII paBHOll HY.:IIO npn r ..... 0, ,Poe00 f!~/r2 ..... 0 np1i° r ..... R, (R, -
rpaHno;a KOH<pnrypao;1m). 

A6comoTHbIH MIIHIIMYM BbipalKeHWI (32) ;i;aeT KBaµ;paT '!aCTOTbI ocHOBH01'i Mo;:thI 
nyrrbcao;u:ii. Ecnn OH OTpuo;aTerreH, TO 3Be:Jµ;a HeycTOlI'IllBa. Ecrru OH IlOJIOlKlITeJieH, TO 
3Beaµ;a ycTOll'IllBa OTHOCI!TeJibHO aµ;na6aTll'IeCKllX paµ;narrbHhIX BO:JMy~em1fr. Peayrrb­
TaThI pac'!eToB 6yµ;yT npeµ;cTaBrreHbI B crreµ;yro~e:ii pa6oTe. 

ABTOphI 6rraroµ;apJIT y'IaCTHilKOB ceMimapa Kaq>eµ;pbI TeopeTn'!ecKoii qiuanKu EfY 
aa o6cyJKµ;emrn.Pa6oTa BbIIl0JIHeHa npn '!aCTll'IHOll noµ;µ;epJKKe rpaHTa RY6000 MelK-
AYHapo;umro Hay'!Horo q>oHµ;a (cpoHAa Copoca). 
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