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1 OBI.IJ;ASI XAPAKTEPMCTMKA PABOTbI 

1.1 AKTyaJibHOCTb pa60Tbl 

Conpe~WHIIhlC M0).\C.llll TC0JJCTWieC[(()H <JJH311Kll 0IIl!Ch!Il,U0TCH C.llmKHhlMII CHCTeMaMll 

nemrneitnh!X ypanne1111it Il 'IaCTIIhlX 11p0H3Il0).\llhIX, ).\0IIYCKal()mllMll B PHJ.\C CJJyqaen C0JIIIT0II­

llhJe HJIII COJJHTOHOII0).\06Hh!C perneHHH (JJOKaJIH30BaHHhie B npocTpa11CTBe qaCTIII.l,CllO,!l;D6HhIC 

C0CT0H!IIIH C IWIIC'IHOiI 311epr11eit). Mo,I.1,em1ponamie HBJJCHHH, CBH3all!Ih!X C o6pa.30Ba!ll!CM, 

pac11pocTpaHCHHCM ll ycTofiq11BOCThl() co:mT0H0B, CJJe~eT cq11TaTh 0,Il,II0H 113 6h!CTJJO pa3B11-

BaI0lllHXCH MC)K,J,HCU:HIIJJHHapHhIX o6JJaCTeiI C0BpeMCHII0H BhJql!CJll!TCJlhll0iI q>H3IIKH. cD113l!­

'IPCIGHI IIJJH'll!lla IIHTepeca K TaK0H TCMaTHKC oqeBl!,Il,Ha - C0JIHT0Hhl II COJJIITOHOIIO,Il,06Hhle 

0Gpa:mna1111H HB,1HIOTCH Ba)l(UJ,IMII IIIJHMCpaMH ycTOiI'IIIIlhIX COCTOHIIlliI Il oqenb Illl!JJ0K0M 

K.11acce nemureilnhIX neorpaHl!'ICl!llhlX H 0,Il,II0p0,I.1,llhlX MO.[\CJieiI <pll311qecKIIX Cl!CTeM (cM., 

11u11pHM<'JJ, pa6oTbI ll] - 14]). 
Ha npaKTJIKe, 0).\HaK0, peaJJhHhIC <pll3llqec1me CIICTCMhl orpaH11qe11hI B npocTpaHCTBe II 

M0f,VT IIMCTb DIIYTJJCIIIIHC CTJJYKTYJJIIhll' IIC0,!J,IIOp0,I.1,II0CTII, c11ocoGcTBYIOIIIIIC 11opmK,I.1,CIIIII0 

H0BhIX q:>H311'ICCKIIX 3q:><peKTOB. O6bHCHCHl!e 3TIIX 3<p<peKTOB CB}l3aH0, KaK npan11JJO, C B03-

MO)KII0CTh[0 JI0KaJIH3aIJ,HH C0JIHT0II0ll !Ia IIC0,Il,H0po;.1,H0CTHX n/HJIII C HX B3al!M0/\eHCTBHCM C 

rpam1naM11. Ecm1 Il CIICTeMe 0TCJTCTBJCT BHernmrn II0,I.1,Kaq1m 3Hepr1III II, KJJ0Me Toro, HMeeT­

CH :mTyxa1111c, CHH3a.mroe C /!IICCHITa.1.1,neil 3Hep1·1111, TO np0113H0JlhH0e Ha.'taJlhH0e C0./IIIT0HH0e 

C0CT0HHl!e B M0,Il,CJJII, B KoneqHQM cqeTe, 11epeX0,!J,IIT B neK0T0poe pa.BH0BCCH0e (cTaT1IqecKoe) 

pemem!P., Hl!Of/la. Ha.3bJBaeMoe [4] CTaTWJP,CKIIM aTTpaKT0p0M. III11pOKl!iI KJiacc aBT0M0/ICJlh­

HhlX pemeHIIH IICJil!lleiI11hlX ypan11e111Il!, HanplIMep pe1IIe11m1 TIIIla 6eryll\lIX BOJJJI. B 110,Il,BII)K­

HOiI CIICTeMe K00p,I.1,lI!laT, CBH3aHH0H C B0JJII0H, TaK)Ke q)O!)MaJ!hl!O M0)l{HQ pacC~1aTJJIIBaTb 

KaK "cTan1qecK11e". Ilo,I.1, paBH0BCCIIhlMII perneHHHMII B 06ll\CM CJJY"Iae II0!IIIMa!OTCH, Kp0Me 

CTaTl!'IeCKIIX, peIIIeHHH, !Iepll0,Il,ll'IeCKl!e 110 npeMCHII, II KBa31111ep110,I.1,l!qec1Gie pell!CHIIH. 

3Ha'IIITCJlhHhie TJJY,Il,H0CTll 11pll l!CCJIC).\0BaHll!I ycTofiq11nocn1 pannoneCHh!X pell!CHIIH 0T­

H0CIITC,1hll0 MaJJbIX 11p0CTpaHCTBCHH0-BpeMeHHbIX B03MYII\CHlliI onpe,I.1,eJ!Hl()TCH HaJIII'IIICM 

B M0,Il,C.IIHX 3a,I.1,aIIHhIX IIJJH IICll3BCCTHbIX reoMeTp11qeCKl!X ll q>ll3HqecKHX napaMeTp0B -

pa3MCJ)hl Cl!CTCMbl II HCO,Il,HOpO,I.1,HOCTeiI, CTPYKTypa HC0,Il,H0pO,I.1,H0CTefi, 11apaMeTphl, onpe,I.1,e­

m11011111e 11one.n,enne 110Jiel! Ha rpan11nax, BH,Il, 11 neJJH'IIIHY nemrnefinoro B3al!MO)lefic-rnna 

3JICMCHT0B CIICTCMhl ll T.,!J,. 

Bo MII0fllX KJJacc11qecKIIX M0,Il,CJIHX q:>113l!qcc1mx CIICTCM II0CTCIICIIIIOC ll3MCIICIIl!C IICK0-

T0poro K0IIKpCTH0ro 11apaMCTpa C00TBCTCTByeT e,n;1111CTBCHH0MY II tte11peph1BH0MY pell!CHIII() 

II JI11Hefi11a}1 TC0pl!H ycTOiI'lllllOCTII ,Il,0CTaToqno xop0III0 0lll!Cb!BaeT C0CTO}JHIIH CHCTeMbl. O,I.1,­

HaK0, CJII\CCTByeT 6o)IhlllOe KOJlllqecTB0 3a,I.1,a'1, B K0T0phIX CTa611JJhHOCTb (ycTofiqlIBOCTb) ll 

q)1CJI0 pemermfi pe3K0 113MC115IIOTCH npll nepexo,I.1,e napaMeTpa ,,epe3 HCK0T0J)hlC KJJ11Tll'iCCKl!e 

3Haqemrn. Tmrne HBJJCllllH, l!a.3b!Ba.eMb!C 06b1qno BeTBJieHIHIMll l!Jlll 611<pypKaIJ;llHMll 15] 
- [8], 0lll!ChJBal()T Ka'reCTBCHHh[P, ll3M8H8Hl!H B <JlllclWleCKOiI CIICTeMe. 3na'I8Hl!H 11apaMPT­

pon, npll K0T0!)h!X B CIICTeMe 11po1ICX0,Il,l!T 6HcpypKa1.1,11H (pO)l(,Il,CHIIe IIJJII yn11qTQ)l(CHl!e) pe­

llleJllll!, Haclh!Ral()TCH 611<pypKa1J;HOHHhIMll l!Jlll Kpll'I'H'leCKHMll. CaM IIJ)Ol\8CC 11epeX0/la 

qepe3 K!)IITH'ICCKIIC 311aqen11H napaMeTp0B qacT0 Ha.3h1BaeTCHKpHTll'leCKHM HJlll 611<pyp­

KaIJ;llOHHhlM pe)l(l!M0M CIICTCMbl. reoMeTpll'ICCKOe MCCT0 T0'JeK Il IIJJ0CTpaHCTBe 11apaMeT­

pon, C00TBCTCTBYIOil\l!X 6HcpypKaU:HHM peIIICHIIH, 011pe.neJJHCT B o6n\eM CJJyqae IICK0T0pyIO 

fl!llepnonepxuocTb, Ha1brnaeMyJO nOBepXHOCThIO 611<pypKau;11ii l!JJII IlOBepXHOCTbIO Ka­

TaCTpO<p [8]. 



CMeHa xapaKTepa ycTOH'fllBOCTII yC'raH0BIIB!llllXCH ip1131!'IPCKIIX 11pou,eccoB IIJJII JH'PPX0,l(' 

HeK0T0pb!X rrapaMeTp0B qepe3 IIX KpllTH'IeCKlle 3Ha'feflll}l }IBJH!eTCH KJIJ0'IOM I< ofrhll('IJeIIHIO 

60JihlI!Oro KOJill'JeCTBa qrn311'JeCKHX 34xpeKTOB, TaKHX, KaK H03HHI<H0BPIJII(' BO.nil ll Il()JI]>('­

pblBHb!X cpe,n:ax, 3ap0,K,1J,eH11e Bllxpeii B aTMoc¢epe, Bllxpeii B Teop1rn CBe]>Xll[J0B0)(IIM0("J'Jl 

II acTp0q>ll311Ke II T.,n:. 

B TeopeTll'feCK0M acrreKTe 3Hanne 6nqiypKaU,HOHHbIX 3aIHICIIM0CTeii []()'..lfl0JHICT 0llfJP;IP­

JIIITb 'fl!C.'10 paBH0BeCHbIX pe!11e1111ii II ll0HHTb IJX CT))YKTYPY, 0U,PHl!Th 06.naCTII 11:nH)ll(']IIJ}I 

rrapaMeTp0B, B K0T0pbIX M0)KI!0 Q)KIJ)l:aTb YCTOii'fllBOCTb IJJIIJ HeycToii•rnBOCTh ('.H("J'()MJ,J II, 

B03MO)KH0, 0IIHCaTb rrpo11cxo,n:mu,11e Ilpll 3T0M ¢11311qec1rne HBJICHIIH 141. 
,Ll,JIH rrpaKTH'feCKl!X u,eJieii oco6o Ba)KI!a B03M0)1(110CTb '.➔ Kcnep11Me11Ta.:II,IIOii II]>0IW]>KII 611-

q>ypKau,110HHbIX 3aBIICl1MOCTeii, HBJIHIOIIJ,aHCH Ba)KHbIM IICTO'Illlll<OM Hll(l>opMaa1111 ;1.:rn YT0'I­

HeHl1H MO,n:eJIH. B Ka•1eCTBe K0HKpenwro npnMepa y1<a,1<eM Ha MeTO)JL,I 1ny•ie1Iml BIIXJ>PBJ,JX 

CO~l!TOHOllO,n:06HbIX CTPYKTYP MarHl1TH0ro llOTOKa B ,n:.'IIIHllbIX )l:)1{0'.W(j>COIIOBCKIIX JH)]>PX0-

,n:ax (MIT 1), ocnonannux na ll3Mcpcmrn (611¢yp1<au,11omwii) :mn11c11M0CTII Kf>I1Tll'JP('J<o1·0 

T0Ka OT MarIIHTHOro IIOJIH [9, 10]. 
K C0)lillJICillll0, aIIUJil1Tl1'feCKIIC Bhlpm1<e1111H )l:JIH rroncpXIIOCTl'ii Gmj>yp1mu,11ii y ,'(lWTCH Il0-

JIY'fHTb rrpeHMyllJ,eCT!leHHO Il ,n:OCTaT0'fHO rrpoCTb!X MO,n:CJIHX. ,Ll,JIH 60JIJ,lllllllCTBa co,n:e1n1<a­

TeJihllhIX :m,n:aq conpeMCH!!Oll: TeopCTH'fCCKOll: qrn:rn1rn 11:JY'fCIIIIC Gmj)yp1mu,110IIIIJ,IX 'Hlllllt:11-

MOCTeii rrapaMeTp0B B03MO}KIIO JIH!llb nyTeM rrp11Mel!ettl!H a,n:eKnaTJIJ,IX 'IIICJl()IJJIL,JX ~J("I'0;1011 

11 aJII'0pllTMOB. 

Tpa,n:HU,HOl!l!b!M 111!CTpyMel!T0M 11CCJie;J0Bal!l1H 3aBHCIIM0CTH CTJ>YKTYJlllhIX flCIIWllllii OT 

rrapaMCTpa HBJIHJOTCH MeTOlJhl rrpOJIOJI}I<eHIIH no napaMeTpy, I<0TOphW on11paIOT('.H JTf>PIIM,V­

IIJ,eCT!leHHO na q11CJie1I1Ibie MeTOJ:I:bl pe!llelll!H 3a,n:aq11 Ko!llH. O,n:11a1<0, ll 0KJJCCTII0CTH II0Bepx­

l!OCTCii 6mpypKau,1111 TaK11e MeT0)l:bl Il))l!Mel!HTb 3aTpy,n:HIITCJlbl!O, II0CK0./lbI<Y na '➔TIIX II0-

BepxttOCTHX rrp0IICXO,n:llT Hapymen11e e;JllIICTBettnocT11 pe!lleIIl!H. Ilo3TO:viy C03,!l;aHne 'lllC­

JieHHbIX MeTO,!l;OB, Il03BOJIHI011.I;ll'.X HaiiTll ll llCCJie,a;oBaTb IlOBe,a;eHtte peme11ttii: Il 

OKpeCTHOCTll 6mpypKaQllii ll IlOCTJ)OllTb IlOBepXHOCTll 6mpypKaQllii 3Tll'.X pewe­

Hnii, a TaK)Ke C03,!l;aHtte COOTBeTCTBYIOll.I;HX KOMnJieKCOB KOMilblOTepHbIX npo­

rpaMM, peaJin3yIDrn;u:x 3TH MeTO,!l;bI, npe,a;cTaBJIHeTCH BeCbMa aKTyaJibHOii 3a,a;a­

qeii: MaTeMaTH'!eCKOro MO,!l;eJinpoBaHllH. 

1.2 IJ;em-1 pa60ThI 

UeJIHMH HaCT0HIIJ,eii ,n:11ccepTaU,II0HH0ii pa60Tbl HBJIHIOTCH: 

J c03,n:a1111e 3¢¢e1<Tl1BHoro 'fHCJieHnoro MeTo,n:a Mo,n:eJIHponaHIIH 6ml>yp1<au,11ii paimo­

BeCHbIX perne1111l! lllllpOKOr0 KJiacca ypaBHeHHii ¢113IIKl1 rrptt 113Mene11111I napaMCTJ)0B, 

BX0)l:HIIJ,IIX Il ypannel!HH 11/11Jil1 KpaeBbJe YCJIOBl1H, 11 II0CTpoeIIIIC C00TBeTCTBYIOIU,IIX 

611<JiypI<aU,l10llllblX 3illlHCIIMOCTCH MC}K,11,y :,JTHMII rrapaMCTpa~rn; 

✓ co3,n:aH11e Ha 6a3e e,n:m1oro MaTeMaTl!'IeCKOro II UJiropnTMll'!eCI<Ol'0 II0/\X0Jl<l K0MIIJI()J<­

C0B nporpaMM ,n:./IH 'IIICJiemrnro M0/.\CJillpOBa11m1 611q>yp1<au,11ii pallll()Il{)CllbIX pc,meIIIIH 

ll IIOCTpoeHIIH 611¢yp1<aU,HOlll!b!X 3aBJICIIMOCTeii; 

✓ 11p11MeneH11e pa3pa6oTattilhIX K0MIIJieKC0B rrporpaMM )].JIH pac•1e-n1 Gm!>ypKaJ(HOIIIlbIX 

J>CIIH'llllii 11 'JilllllCl1MUCTCll: MC)l<,11,y rrapaMCTJlilMII ll :m,n:aqax: 

l Cntt.COK l1CllOJlb3yeMhlX COKpame1rn.H upttli0,IJ,l1'1'C}l H KOH.L.J,e HaCTOHIJ.J.el'O aU'l'l!PC<}JepaTa. 
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t> cjnn»KH ,1.J)K03e<pCOHOIJCKl1X 11epexo,1.1,ou; 

t> lpll311KII 3083,1.\ l1 '!epHbIX ,1.\blp. 

1.3 Hay<rnaa H0BII3Ha pa6oThI 

Bee npe,ucTaBJieHHbJe B HaCTOaIIJ,ei! ,llllCCepTal\HII nayqnble pe3yJibTaTbl aBJiaIOTCa I-I0Bbl­

'.\Hl. 

B '!aCTH0CTII, B ,lll!CCepTau:,m npe,UJI0)Kell op11r111Ia.JlbHbll1 e)],nnoo6pa3Hblll q11CJieHI-1bli! 

II0)~X0,IJ, K l!l'.l'.Jie,1.l,0BaHlllO YCTOll'-IIIIJOC'.'l'H pamIOHeCHblX pernem1i! lllll[J0K0l'0 KJJaC:Ca :m,[\a'J 

rnopeTwICcKoii <pH311KH npu napbuponanuu reoMeTpu•1ecKnx u qrn3uqecKnx napaMeTpon 

MO,[\P.~Pil. OcHOBHaSI u,n;esi 3aKJIIO'JaeTCSI B paCCMOTpeHilll CilCTeMhI, COCTOHrn;eii Il3 

Kpaeaoii 3a,n;aqu ,/l;JISI paBHODeCHhlX COCTOS!llllll Mo,n;em1, 11opo:>K,n;e1111oii JIIlHeiinoii 
3a,n;a'Ill Ha co6CTBeHHble 3Ha'leHilSI C q>lIKCilpOBaHHhlM co6cTneHHhIM 3Ha'leHUeM 

II 110,n;xo,n;sirn;ero ycJIOBilSI HOpMIIPOBKU KaK e,n;unoii nemrneiinoii CIICKTpaJihHOll 

3a,n;a'ln ,n;JIH o,n;noro u3 rrapaMeTpOB Mo,n;eJiu rrpu 3a,n;a1111h1x npo•mx rrapaMeT­
pax. O61>e)],11I!a!OIIJ,UM aBJiaeTca llC!I0Jib30BaHue nenpepb!BH0!'0 aHaJI0!'a MeT0,!I,a Hb!OTOHa 

(HAMH) 11 ero 0606IIJ,eI-1ull [12] - [14] ,[\Jia BbIB0,!I,a 11Tepau:110I-1Hb1x cxeM, a TaKMe np11Me­

ue1111e 1,!eT0,lla K0JIJI0Kau:1111 C!IJiallI-1aM1r )],Jia !I0CTp0eHua BbJqHCJIUTeJibI-lblX cxeM. Ha '3TOH 

ocuone pa3pa6omn op11ruHaJibI-1b1i!, ,!I,0CTaToqno o6ru:ui! nTepau:1101111wll anrop11TM npaMo­

ro Bbl'll1CJiemrn T0qeK 6mpypKau:1111 paBH0BeCHblX (n, B qacTH0CTU, CTaTwieCKHX) perne,mll 

np11 H3Mene11111I napaMeTp0B M0,!I,eJIH. ITpe,!I,JiaraeMblH MeT0,!I, IIMeeT cyIIJ,eCTB8I-IHbie npenMy­

lll,CCTBa ncpC,!I, Tpa,lll11\110llllblMl1 MCT0,!I,aMH npo,!I,0JI)KeJ!lla no napaMCTpy II npC,!I,CTaDJiaCT 

llllTC!JCC ,llJia pa3BIITHa MeT0,!I,0D H aJir0plITM0B q11cJie111roro pernemrn 11eJI11HellI-1bIX 3a,!I,a'I Ha 

co6CTDCUIILIC :maqc1ma. 

HaJlll'll!e e,u1rnoo6pa3J!Oro aJir0pHTMa )],aeT B03M0MH0CTb !I0CTp011TbIIaKeT rrporpaMM, 
ll K0'l'0(J0M )~J]}J pernemrn KOHKpenroll 3a,1.l,a'-!II Tpe6yeTCH MemITb T0JlbK0 1\10,!I,yJII! llll0,1.1,a 11a­

paMeTp0!l H o6pa60TKH pe3yJibTaT0B qnCJie1rnoro '3KCnep11MeHTa. 

8 C0ll0KYIIH0CTH TaKoil 110,[\X0,[\ Il03H0JIIIJI nyTeM JI0CTp08Hllll H KOM611!Jal\Hl1 11ecK0Jlh­

KHX 0CH0BHbIX nporpaMMHbIX M0,!I,yJiei! pernaTb neCbMa pa3i!006pa3Hble 3a)],a'III, lll,IeJOIIJ,He 

C3MOC'l'(J}(TeJlhHnlll cpH31!'JeCKllil lllrrepec: 

✓ 11cCJie,!I,0Bamie ycTofiq11aocT11 II 61IcpypKau:11ii perne,mii ypaaHenuH fm136ypra-Jiatt,!I,ay 

(I'JI) npn Bapb11ponaun11 cpettoMeHOJIOruqecKIIX K03<p<pIIU:HeHTOB II !I0CTpoe1111e 3aBH­

CIIMOCTei! caepXT0K-pa3H0CTb cpa3 ,!I,Jia ,!I,M03ecpcouoacKHX nepex0,!I,0B; 

✓ n3yqen11e ycToi!qIIB0CTH II 611cpypKau:11ll cTaTl!'IeCKUX BllxpeBbIX CTPYKTYP B ne0,!I,H0-

p0,!I,HbIX MIT np11 113Menen11n MarnnTHoro noJIH II T0Ka, a TaKMe reoMeTp11n nepexo;rn 

11 ne0,!I,H0p0,!I,H0CTell; 

✓ 11('.CJJe,!I,0DaJIIIC ycTofiq11nocT11 C0JIIIT0IIIlblX pcrneu11ii IICJIIIIIdiuoro ypaBIIeIIIIH Wpe­

,llll!l!'epa (HYW) cueu:11aJibH0r0 BH,!I,a np11 H3MeHeHHl1 CK0p0CTH C0JIIIT0Ha II uapaMeT­

pa cpe;\nt; 

✓ 113yqeu11e ycToitq111J0CTII CTaTIIqeCKIIX KOHcp11rypau:11ll 603011Hb!X 11 6o30HHO-cpepMl10H­

IlbIX 3Be3)], B paMKaX CKaJiapH0:TeH30pHb!X Teop11n rpaBHTal\IIH C MaCCIIBHb!M ~HJiaT0-

II0M npn 113MeHeHHH cp1131IqeCKl1X 11apaMeTp0B M0,!I,eJIH, TaKHX, KaK u:enTpaJibJlbie IIJI0T-

2 B pa6oTe [B09) npttMCHHJICH TaK>Ke MC1'0,11 KOneqnhIX 3JICMCH1'0B. 
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HOCTII Go3ottttoi1 11 cpepM11ottttoi1 !1,taTep1111, ypa1me1111i1 COC'l'm1111rn <l>epM110H11oi1 MaTe­

p1111, MaCCb! ,1];11JiaTOHa Ii T,,11;,; 

✓ IICCJie,l];OBa1rne GmpypKau;11i1 rop1!301!TOB 3apmKel!HbIX '-IL{ C ]1,Ja(:CIIBHl,IM ;[HJiaT0llml B 

3aBHCIIMUCTII UT BCJlll'-lllllI.,J 3apa,n;a H MllCCbl ,ll;IIJHlTUlla. 

OTMeTIIM, '-ITO Bee KO!IKpeTnble 3a,n;a0111, paccMOTpellllblP B 11aerm1111ei! Jll!C('(']>'l'aI\11011-

I!Oll pa6oTe, HMe!OT caMOCTOilTeJlhllhlll (!J11311'lec1<Hii JrnTepec II BXO)UIT ll CIIH('.(JK ll]l06.;1p~1, 

". ' . KOTOphie 3aHnMaIOT oco6enno Ba)KHOe MeCTO B cpll3l1Ke ll acTpOcplI3llKe Ha 
paccMaTpllBaeMhlll MOMeHT BpeMemi' [ll]. 

1.4 ,Il;oCTOBepHOCTh pe3yJihTaTOB 

,I:I:ocToBepnocTb pe3yJihTaTon ,n;nccepTau;m1 06ecneq11m1eTCH npone,n,c•mrPM ,n;Jrn 1wex pac:­

CMOTpeHttbIX (!J1131!'-!eCKHX MO,ll;eJieii TeCTOBblX pac'-!eTOB na cryiu;a10U\JIXCil CPTKax 11 pac11111-

pllIOiu;HXCil IIIJTepBarrax Ii cpaBIICIIIICM 'IIICJICillll,IX fJC'.JYJILTaTUB C TC0]ll'Tll'l!'l'KIIMII ()[(('11-

[(aMH. Ilpe,!l;CKa3aHHhlll HaMII <pll31PieCKilll 3cpcpeKT KpeCToo6pa:moro nepeKpblTml 

q_>JllOKCOHHOll II mrrmpJIIOKCOil!IOll llCTBCH IH1 )111aqmMMC 3aBl!CIIMUCTII KJ>IITll'[(\(:J(()J'0 T0K>l 

OT MarttnTttoro noJia B neo,n;ttopo,n;noM MIT ntt11u;1111pona.,1 3KCnep11:,..ie11TaJihHYKl nplrnepKy 

II 6bIJI IIO)lTBep)K)lCH B He3aBHCHMOM <lll13ll'leCKOM 3KCllCJJI1MCH'l'e [9], ITyTeM _Yl'.0BPJlllH'II­

CTBOBaHHH MO,n;eJIH MIT y,n;MOCb IIOJl_Y'!llTh a)IeKBaTHOe COOTBeTCTBIIC MC)K,ll;,Y JJe'l,YJILTa­

Ta]l,11! 'IflCJlPHHhlX pac•mT0B H cJKCIIPJ)HMPHT0M. OT/J;PJlhHhlP pc1y.;11,TaThl HHC'l'0l-lll(f'H pafiOTl,I 

B o6JiaCTH q>H311KH ,ll;)l<03ecpcoHOBCKI1X nepexo,n;oB II (!J11311KH 'lepHLIX /.\LIJJ 0b!JIH 111'/(Hllll0 

Jl0CTIJ)0H11lP)\PHLI HP1a!lllCHMhlM o6pa10M JJ,pyrm.111 a!lT0J>aMI! [21, 22], 

1.5 IlpaKTll'IeCKcUI :u;enHOCTh pa60Thl 

C IIOM0iu;b!O C03,ll;aHH0ro naKeTa nporpaMM II0JIY'-!eH pa,n; pe3,YJlbTaT0B, HMCJ0IJ(HX ca~m­

CTOHTeJIL!lblll <pll311'IeCKHll HHTepec, Pa3pa6oTaHHblll naKeT nporpaMM IICII0JJJ,:mBaJJC}I il.JIH 

np0Be,n;e1ma Bhl'-IHC.,1!1TeJibHLIX 3KC11ep11Me1IT0B B o6JiaCTII lpH3HKI1 ,ll;)KO:JC<!>COHOBCKHX IW]H'­

X0,ll;0B, q>H311Kl1 6o30HHLIX II 6o30HHO-q.>epMHOHI!blX 3Be:i,n;, a TaIOKC <1rn:m1rn 'leJJIIblX ilbl]J. 

Mo,11yJILHaa CTJJYKTypa naKeTa no3B0Jil-leT ncnOJib30BaTb em ,n,m1 npoBe)lemrn 1nu:0 1cTon 611-

qiypKau;11om1b1x 3aBHCI1MOCTei1 ,l];JIH ypaBHC!lllll llIH]l0K0ro KJiacca MO,ll;e.1cii (!JI13HKH. 

1.6 Anpo6a:u;HSI pe3yJihTaTOB ,ll;HCCepTan;HH 

OcHOBHbie pe3yJibTaTbl ,n;11ccepTau;1111 /.\OKJia,n;bTBaITHCb H 06cy)l(,!\aJI11CI, ua ('('MHIJaJ)aX IJ 

JII1T (JIBTA) n JITcJ) OI15II1, ,IJ:y611a, CocpnlkKOM y1111BeprnTcTe "Cn, K:1. OxpH;\c1rnn", 

I111cT11TyTc MaTcMaTHKH BoJimpc1<0i1 AH, cJ)aKyJILTCTC 11p111rna,n;nutt M,lTCMaTlll<H BM8H, 
Co¢11a, H (',Jle,1IyIOiu;HX Me)K,1Ij'Hapo,n;Hh!X KOH(!Jepena;Hl-lX'. 

+ Conference Numerical Methods and Applications, August 1988, 199G, Sofia, 

Bulgaria; 

+ Conference Equadiff - 4, Praha, 1988; 

+ IVth International Workshop on Solitons and Applications, Dubua, August 1989; 
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+ Co11fr'H'lll'P 011 Differential Equations and Applications. August 1!)94. 1!)96 &: 
1997. Plonfo·. Bulgaria: 

t C'1J1ii<'n'111·p rn1 Numerical Analysis and Applications. . .\11g11st 1997. 1998. Russi'. 

Bulgaria: 

-j- ;1!1')1(,\,l'II.JJHl)lll,UI llll((Llil. IlpHJIO)Keilll51 MaTeMaTIIKH B TeXHUKe ll 3KOIIOMUKe 

1110111, 1998, 1999. 2000, 2001, C1nono111,, Bonrnp1rn: 

+ 2-ud l11t.c\rnat.io11al Co11forP11CP Modern Trends in Computational Physics. .Jul.,· 

2·1-29. 2000. Dulma, R.ussia; 

+ SP111i11ar 011 Algorithms for Scientific Computations, Bulgarian Amel. Sc·i .. 1!)99. 
2000, Sofia, Bulgaria; 

+ 2-11d !nt.Prnat.io11al Workshop Cooperative Phenomena in Condensed Matter. 
,\ngnst 2001. Pamporovo. Bulgaria: 

+ I-st First AdYa11cPd RPsParrh \VmkshopGravity, Astrophysics and Strings . .!11111• 

2002, Kit.l'll, Bulgaria. 

Ik,·:11';loB,t1IllH 11poBO/U1JlllC'h B 1·00TIH'Tl"l'llllll C' Tt':s1aT11•11'1·Km111 11.:ia11a~111 .~Il!T Oll5III 

fl 01,1.illl l!O,l,!ll'll>l'<llll,I q>a11TaM1t P<IJtIJJJ. ',J1111u1·rqwrna OOIJit:!()11,Ulllll, llil,\'1(11 II '(('XIIO,IOl'Ilii 

Bw1mp1111. Bo.11rapC'1rnro 11a1urn1rn111,11oro 11ay•111oro cjio11;1a II t1io11;rn C0!jmii1·K01·0 .1·111mPp1·11-

rPT;1. 

1. 7 Ily6JIHKaU,HH 

ITo ~IaTPJ)llaJJaM )].IICCepnn\Illl ony6mnrnmtno 2,l pa60T1,J, 11:l KOTO!Jb!X 2 paOOTbl B j)O('('Ilii­

l'KOM Jla)"IIIOM )!(ypmtJie MaTel',,IaTJiqecKoe MO,Lt;eJinpoBaune Il 8 pa6oT ll :m11a;u11,1x nay•1-

Ilb!X lKyp11a~iax (Physics Letters A Physical Review D. Journal of Computational 
Physics, Superconducting Science and Technology, Modern Physics Letters A n 
,'\fJ_Yl"IIX). 

1.8 CTpyKTypa H 06'beM ,ll;HCCepTaU,HH 

A11r1·epT,U\m1 cocTmn 113 Blle)].e11m1, Tpex 1·1rnn 11 :iaK.1110•ie11m1. rio.:i111,111 ofrhl'~I :L111·1·<'J>-

'1'a.11HH 2:33 C'l'JHlilllll M.Ulll!IJOIIIH'.IIOI'() 'l'l'K("L'a, BICIIO'l,UI 113 !lll!'_\'lllrnll, G Tafi.:11111 II 1'1111('()1( 

Jll!TepaT_YjlbI, CO)\C]l)!(alll,JlH 235 na!IM('JJO!lltllllii. 

1. 9 J1HqHbIM BKJia,n; aBTOpa 

AllTOJl ;,nc:r.epTall,Hll, pa6oTMI B KOJI.IWKTIIB(' coa!lTOJlOB 11'.l Ofrbl')l!IIl('JIJl()J'() llll!'TIIT~'Ta 

n;,epm,IX JICCJJe,l],OB<tIIHH, r. ,Ify611a, P<I>, (' cI>,u,y.11bTCTa MaT('MaT1m11 II Jlll(j)()jlWITIIJrn II tI>11-

:rn•J('('.J(()f() ljia1<yJihTCTa Coqrniic1<oro y11nnepc11TeTa, UnivPrsity of Capetown, Sont h AfriC'a. 

a nuoKe 113 Texml'JCCI<oro ynuBepcnTeTa, r. C0tjrnn, BoJirap1rn, 61,111 1111111111aTopm1 :1a1m1,1x 

IICCJJ(')].Ollitllllil II Jl_YKOBO)\HJI pa3pa6<_JTIWil 'JIICJl('IlllblX M('TO/lOB. On JJ('JJ()('Jl(';(('TB!'IIIIO ,1·•1a1·1-

BO!la11 ll MaTCMaTll'!eCI<oii nocTaIIOBKe, K1n1111,10Tep11011 pe,1.:11nmum a.'11·opnT~1011. a Ta101"' 11 

'Illl'Jl('IIIIOM !JCIIICilllll KOIII(!ll"l'Ill,JX cjlll'.lll'll'CKIIX 'Ja/(11'1, o6pafioTI,I', a11a.1111:11' II IIIITl'J>IIJH'Ta­

I(Illl Jll''.l)'JlbTaTOB 'IIICJIPIIHblX '.➔ KCJIC~Jll!M('IITOB, 
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2 OCHOBHOE CO,D:EP)KAHME PABOTbI 

Bo BBe.n,eHIUl rrp1rne,J,eH rrepe'leHb npo6JJe~I Bh!'IIICJIIIT!'JII,!101! <!Hrl!IKII, JH'lll('IIIIIO KO­

TOJlblX ITOCRHIIWHa f\llCCepT111\HH, II f\lUl ofi:mp IICTOJlllll IIX BO:m11Kl!OB!'l!H>I 11 pa·rn,1 J'l]}J. Ofi­
OCHOBatta aKTyaJJbHOCTb ,.'l,IICCepTau,110HIJOii pa60Tbl ll C(jiop~1y,111po1mm,1 OCJIOBJll,I(' Jl('.:JIJ pa­

fion,I. KopOTKO H3.ll0,Kf>HO COf\P,J),KaJ!HP pa3JJH'!HbIX pa::i;(e.lJOB JJ,IICCPpTallHll. 

B rJiaBe 1, pa3.n,eJI 1.1 ,LJ,a11a rrocTa110BKa 3a,LJ,a•m o Bhl'rnC:mi!IHII fim!>yp1m1111011111,1x KJHI­

BbIX ,.'],JJH paBHOBeC!lb!X peme1u1i! lllllJ)OKOro K.11acca 11en1111ei!Hb!X ypaBIJPIIHii C OIIC'j)clTOJ)O~I. 

3aBIICl!lll,IIM OT HeKOTOporo MHO,KCCTBa rrapaMCTJ)OB. 

flycTb T IIHTepBaJI na BeruecTne1rnot'r ITOJl}'ITJll!MOi! [O, oo). Patc'WJTJH1M ypa!HWIIII(' 

ii+G(u,p)=0. (1) 

PeaJibHal! IIJJII KOMIIJJeKCII031!a'lnaH neKTOp-qiyHKll,llll u(t) (pa3MCfJIIOCTII Af <'.'. 1) OIIJJ('­

,LJ,eJJetta na T co 3Ha'lel!lll!MII B 6attaXOBOM ITJ)OCTpaHCTBe B C !IO[)~!Oil 11.11a' '--l.Ppr·i C: 
o603Ha'Jell HeJ111ttel1:Hb!t'r orrepaTop, KOTOJ)b!il: orrpe:1enen Ha 11eKOTOfHn1 WIO}KCCTBC' D C B 
II JaBIICIIT TaK)l(e OT l( -BeKTopa p E p C JR.K qJ11311'leCKIIX II I'COMPTJ)11'IeCKHX mtpa~!PTJJOB 

MO,.'l,C.111. 

MttorO'IIICJleHHb!e rrp11Mepbl (fl11311'lPCKl1X MO,LJ,eJJeil:, ypaBHeHl!ll KOTO!)bIX CBO,l(}ITCH K Bll/<_V 

(1), MO)l(IIO nai!TII, nanpnMcp, Il pa6ornx [1] - [4], [7]. B BH,.'],C (1) MO!')''!' OLITI, ·m1111c·a111>1 

ypam1e1111H {fl1131!'!eCKIIX MO,LJ,eJJeil, pacc~IilT!)HBaeMb!X B HaCTOllll~eil pa6oTe. 

flpc,.'l,ITlJJlO)l(l!M, '!TO D IICKOTOpolt oGna<.:TI! p E ]RK 11:JMCIICI!IU! IHlJlilMCTJHHJ ypa111JC!ll!(' 

(1) HMeeT paBHOBecnoe peIIIeHne u 8 (p), 3aBIICHII\ee rna,LJ,KIIM o6pa30M OT napar.wrpoB 11 

TaKoe, '!TO 

G(u,,p) = 0. (2) 

K pallHO!leCHb!M pewemrnM OTHOCHTCH pe111e11m1 CTa'l'l!'!eCKIW, 06ycrl(J1JJ!elllll,Ie, 11a11p11r.1ep, 

,.'\IICCl!ITal\Heil B MO,I\eJ111 [4], pelllelll!l! Illl!pOKOrO KJJaCCa 3a,LJ,a'I B aBTOMO,I\e.Jihllb!X !IeJl('MCII­

HblX [19, 20], perne11m1 3a,l(a'I TeOplll! IIOJIH C OCll,IIJIJIIIJJ.YIOIUell !JO uper.WIJI! (j)a:mil II C'J'aT11-

'leCKOil: aMIIJll!T.Y,ll,01! [3] 11 !)ll,I\ .n:pyr11x. 

8 11pe/\llOJJO,KeHHH O cy111ec:TBOHal!Hll paHHOJJec111,1x pelllP-HHH, 1(/l.}J<;(OMY ·1·a1<0~1y Jlfelll('IH110 

COITOCTaBJJHeTCl! JIHHeiiua5l 3a,a;aqa Ha co6CTBeHHhie 3uaqeuH5l 

A(p)V; = ,,,4,, (:3) 

C ITO,.'],XO,I\lllll,HM yCJIOBlleM HOpMHpOBKII 

N[,j,] =0. (4) 

3,LJ,ecL J11111ei1:111,1il orrepaTop A = G ~ ecTb npo113Bo,n,11aH <I>pcrne 11emmeil:noro 011cpaTopa 

G(u) B 'l'O'IKe u8 E 'D, a N[1P] - .Ja,l(aHHbIH ,l(l!(jicpepenu,11pyeMb!ll 110 <I>perne ~>y11101110-

11aJI. By.n:eM rrpe,n,nOJJaraTb, 'lTO B HeKOTOpOil: o6JJaCTII p rrpocTpa!ICTila rrapaMeTpOB c:rreKTJ) 

onepaTopa A(p) HBJJHeTcH f\HC.KpP.THbIM. flyc:Tb >.(p) = min Re K;(p). Tori\il. yc:J1omw ycTOil­

'lllBOCTI! paBHOBec11oro pemeHl!ll u.(p) HMeeT B11,ll, >-(p) > 0' f1p11 >.(p) < 0 J)a!lllOBeCIIO() 

JJP.lllP.HHe l!B.IIHP,TCH tteyc:TOH'll!Bb!M. 

YpaBHett11e 

>.(p)=0, (5) 
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OIIJJE\'l,P.'!He'l' ll Il]JO<.:TpaHCTlle uapaMeTJJUll IIOBepxnocTb 6IIcpyp1GUl,l1H pewemrn 'Us . 

l!Jrn ll!,J'IIIC,Jlelllrn TOqeK 6mpypKau11ii Cl1CTeMa, COCT0l!llla51 113 ypaBHeimll ).LJ!ll paBH0BeC­

llhlX C:0('TOH!IIIH (2), ypanHeHl!H .!Tl!Heiinoii :1a,J.1,a•rn Ha co6CTllP.JlllhlP, :-i11a•m111151 (3) II yc.TJ0llll>J 

IIOJJMIIJJ0llKII (4), paccMaTpl!BaeTCH KaK e,n:1111oe 11eJ111Heii11oe cpyIIKl\UOHaJibHOe ypaBttemrn 

,'l,.nl'I <j>y1m1111ii u(p)' 't/;(p) II o,n:11oro 113 K napaMeTpOB P, K0TO]Jblii 6y,n:eM 06m11a'IaTb 'IP,­

pe3 e ' BbI611paH 6e3 orpaHl!'leHJrn 06w;110CTII e = Pl . OcTaJibllbJe K - 1 napaMeTp0B npe,11;-

110.TJaraIOTCll 113BP.CTHblMII. Co6CTBeHHOe 311a•1e1111e Jll!Heiittoii 3a,n:a•111 (3) TaK)Ke C'IHTaeTCll 

CpllKCl!pOBal!HblM (11anpuMep, paBUblM HYal!O). TeM caMbIM, yKa:mHHal! CllCTeMa nepeXO).LllT 

B o6paTHYIO 3a,n:a•1y Ha C06CTBeHHbJe 3IIa'lellllH ,ll,JIH napaMCTJla e, 
B pa3,n;eJie 1.2 ,;J,JIH pernemrn yKa3a1moii 11em111eii11oii 3a,n:aq11 na co6cTBeHHhie 311a•1eHttH 

np1IMe1rneTCH 11enpepbIBHhiii auaJior MeTO,ll,a HhIOToua (HAMH)3. Ha Ka,K).L0M mare ttTepa­

ummnoro npo11ecca pernaIOTCH ,n:Be napbI J111ueiitthIX ypaimenuii ).LJIH npnpaw;eirnii (U1 , U2) 

II ('Vi, llt2) co6CTIJCIIJlblX cpynKIJ,llii 

A(OU, = -G(u,~), 
A (0 U2 = -Ge('u,e); 

[A(~)- Al] llt1 = -A~(frt/;U1 - [A(~)- ..\J]-1/;, 
[A(~) - Al] llt2 = -A~(frt/;U2 -Ae(~). 

I1onpamm P ,n:,Jlll co6cT1Je1111oro 311aqe1111H naxo,n:nTcH 113 ypam1e1mH 

(6) 

(7) 

(8) 

BbITeKaIOw;ero 113 ycJIOBIIH HO]JMll]J0BKli ( 4). EcJil! ( uk, 'If}' ~k) eCTb npn6JIH)KeH!IOe pernettne 

:1a,n:a•111 na k-oii l!Tepau1111 (k = 0, 1, 2, ... ) ' TO oqepe,n:uoe npn6J111)Keu11e (uk+l' 1/Jk+l' e+1) 

K TOquoMy pemc111110 Bb[qllCJIHeTCH no q>OpMyJraM 

'Uk+I = 1/ + Tk (Uf + pkun , 

,tj;k+I = 't/;k + Tk (llt~ + pkl{t~) ' ~k+l = e + Tk pk. 

(9a) 

(9b) 

Ha l<a)K).LOii l!Tepau1111 k 0IITl!Ma.IThllhlll mar Tk y,n:06110 llhl'il1f'.ITHTh no np116.rn0Ke1111oli 

cpopMyJie 1 EpMaKoJJa - KaJIHTKttna [14]. 
B cnel\l!aJibllblX CJJY,IaHX, Kor,n:a y,n:aeTCH nOJIY,ll!Tb peII1e1111e 3a,n:a•rn (2) B ana.ll!ITll'!e­

CKOM lll!,1,e, Bb[q1IcJie1111e COOTBeTCTBYIOlllllX 3TOMY peII1e111110 ToqeK 6ncpypKan;nli CBO).Ll!TCH 

K o6paTHoli 3a,n:a•1e na co6cTBe11ttb1e 311aqe1111H - Tpe6yeTCH naliTn 311a•1eime napaMeTpa 

~' npn KOTO]JOM BhlflOJIIIHeTCH yCJIOBne ..\(0 = 0. OcnOBHbie ypaBnemrn Hh!OTOII0BCKOii 

l!Tepal\lIOIIHOii cxeMbl ).LJIH TaKHX 3a,n:a•1 UMeI0T BII).L (7), (8) II (9b). 
Bo Ml!OrHX MO).LeJIHX ypaBIJelll!H (6) II (7) npe,n:CTaBJIHIOT co6oii KpaeBble 3a,n:aqn ).LJIH 

,n:ncpcpepemi;naJihHbIX ypaB11e11nii BTOporo nopH,n:Ka. Jl:JIH q11CJie1moro peII1e1111H TaKnx 3a­

,ll,aq B pa3)];eJie 1.3 npe,n:JIO)Ketta CIIJiaiill-KOJIJIOKan;IIOHHaH pa3H0CTHaH cxeMa IJOBbllllel!nOro 

nopH,n:Ka TOqHQCTI!. CxeMa OTJ11IqaeTCH npOCTOTOii peaJin3aIJ;llli ua pamrnMepHblX ll uepaB­

II0MC]JllbIX CCTKax I] ,n:onycKaeT Il]J0CT0C 0606w;c1111e na ::m,n:aqIJ C pa3pbIDaMll np0ll'.!IJ0).L­

HblX. I1p1rne,n:e11 3cpcpeKTI!BHhlii 3KOHOMH'illhlli MeTO).L pelllCIIIJH B0311IJKaIOw;eli aJire6panqe­

CKOii 6Jioq110-,n:11aro11aJibIIOii Cl!CTeMbl ypam1e11nii. Bo3MO)K!IOCTIJ CXCMI,J ).LCM0IICT]JllJJYIOTCH 

Ha KOHKpeTHblX TeCTOBblX Il]Jl!Mepax. 

3 CnHCOK C0Kpall.(eHHii npHB0,l\HTCll Ha CTp. 28 HaCT0llll.(ero aBTOpecpepaTa. 
4 O6wa>< 3a,,,,aya 011pe,11eJ1eHH>< 0llTHMaJihH0l'0 wam 110,11po6tto paccMo'rpeua H o63ope [13]. 
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rJiaBa 2 IIOCB.HII.\eHa l!CCJJe,[\OBaHmO GmpypKau,11ii paBIIOBCCl!blX peme1111ii .YPHllll!'IIHfl ;l.illl 

p.H,;i,a MO,[\eJJeii ¢1131!KII KOJ1,[\eHc11poBal!HbIX cpe,[1. 

B pa3,11;eJie 2.1 IIp!! IIOMOIU,11 M0,[\1!¢11u,11p0Ba1111oro ypaBHCHII.H fm136ypra-Jla1Ii\a~• (f.Tl) 

paccMaTp!!BaeTc.H nocTpoeirne 3aa11c11MOCTeii Bll,[\a caepxToK-pa.,nocTb <l)a:1 ;1m1 ,J,;Ko-w<JH'.o­

HOBCKl1X nepexo,[\OB. 

TiycTb z E (-L, -d) U (d, L) 11 z E (-d, d), 0 < d « L < oo - 06.11acrn, iam111,1p 

CBepxnpOBO,UHHKaMII 11 6ap1,epHbIM CJJOCM nepexo,ua COOTBeTCTBemw. Tor,ua OCIIOBIIHH Cll('T('­

Ma ypamie1111ii B rrepeMeHHbIX aMnmITy,n:a R(z) - ¢a3a rp(z) napaMeTpa nopH/tKa HW'<'T 

BIi,[\ 

1 11 ( ) ( 3 m(z)J
2 

- m(z) R + a z R + b z)R + ~ = 0, 

R'(-L) = 0, R'(L) = 0, 

moR'(-d-0) = R'(-cl+0), R'(cl-0) = m.0 R'(rl+0) 

1 II ( --i/J +qz,p)i/J=>..1/1 • 
m(z) 

i/J'(-L) = 0, i/J'(L) = 0, 

m 0 ·ijJ'(-d-0) =·i/J'(-d+0), ·i/J'(d-0) =moi/J'(cl+0), 
L 

ji1?(z)dz=l, 
-L 

(10a) 

(!Oh) 

(10c) 

r,[\e rr0Tenu,11a.n 3a,L1aq11 llhypMa-Jl11yB11JJJJ.H (31IhJ1) (10b) onpe,[1,em1cTC.H no <l>OJ>MYJJP 

q(z,p) = a(z) + 3b(z) R 2 (z,p) - 3m(z)J 2 /R 4 (z,p). 

ITpe,[IIIOJJaraeTc.H, 'ITO ¢113llqecK11C CBOI!CTBa OT,[\eJJbllbIX CJJOCB nepexo,ua MOI'YT C_Vlll('.CTHl'II­

HO pa3Jill'JaTbCH, LITO MO,UeJ111pyeTCH 3a,ua11I1blMI1 KYl'.0'1110-IIOl'.TOHIIHblMH cjl,Ylll(llHllMH ri(z). 
b(z) 11 m(z). 

ECJIII R(z) - HeKOTOpoe perneHlle (10a), TO ('OOTBe'l'CTBYIOllJ,llii eMy TOK J Bhl'IH('..IHIPTC'.ll 

np11 ITOMOII.\11 nepBoro llHTerpa.na 

1 --- R2 1 m(z) 'P =J. 

I1oKa.,ano, 'ITO np11 ¢,HKC!!poHal!Hh!X 3Ha•ren11HX napaMeTpOB cia;ia•m HMCCT fl('.('.J(()Jfl,K() 

pa3Jlllqllb!X_ pernennii C pa3JUl'!Hb!MH 311epr11.HMl1. TiocTpOel!bl COOTBCTCTBYIOll\l!C IGl)K/lOMY 

perneH11IO KpHBbie BH,[\a TOK J - pa3HOCTb ¢a3 t::.<p. KoHKJJCTl!bie llJ)I!MP.JJhl KJ)I!Bl,IX BH/\a 

J(t::.rp), llOJJy<IeHHb!X q11CJJCIIHbJM IIYTCM, ,[\CMOHCTPHPYIOTC.H Ha p11c. 1 (napaMCTJ>l,I !/J, !/2 

II 93 onpe_n:eJJ.HIOTC.H qepe3 f Jl-Ko3¢¢11u,neHTbI II BBC,[\CHbl C lJ,CJiblO cpaBIICIII!.H C pe:3_y.111,­

TaTaM11 [161). I1oKa3a110, qTo Ka)K,[\U.H KpHBa.H COCTOHT ll3 Tpex BeTilell, COOTBeTCTll,YIOUUIX 

ycToiiq11BOM.Y (,rr,yra BB Ha pile. 1) 11 HC,YCTOH'IIIBOMY COCTOHHH.HM aMIIJJIIT,Y/\bl mtpaMPTpa 

nop.H,[\Ka R(z). KpHTHqeCKIIH TOK B ,[l)K03e¢couoBCKOM nepexo,[\e COOTBeTCTB,YCT TO'[KHM B 
6H¢ypKau,1111 perneIIIIH ( ToqKe CKJJeiiKH BeTBeii). ITocTpoenbl npHMCJ)bl 6mj)ypKal\110Jllll,IX 

:.iaBHCHMOCTCii, CB.H3b!DaIOllJ,11X KJ)HTH'!Cl'.Kllii TOK C ¢c110MCIIOJIOfll'JCCKIIMl1 Kci:➔<J><l>Ill\Hl'IITa­

Mll f,ll-ypam1e1111.H. 
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B -U.4 I 

-Elg,= 0 
= g,= I 
B g, = 5 
"if g, = 10 

-I -0.5 0 0.5 
Phase Difference ~<pin 

0.3 

Case: g, = 8, g, = 0 

-6 

--8- ),!), 
-v- .i,l.i, 

-4 -2 
Parameter g 3 

() 

PIil". l. I~plllll,J(' .!(flip) Puc. 2. B.1nrn111H' nap:H.t<Vrpa .<J;) 

ll,TJ.PaJJl,11,l}J JVKOJ{'(!)COIIOIJCKall 3aIJI!("II~!OCTI, .f = j,. siu 6.y, r;w j,. :IIaKl"II:llil."Il,llhlli 

(KplITll'll'CKIIil) TOK J_l)l((J:.Jecjll'.(Jlla, I!MCC'T ~ll'CTO ll]lll Y2 = 0' 93 = 0 II l!Jlll 60.111,11111x :rna'!P­

mrnx .91 ( !/1 > 8) 116]. B 06ine:1,1 CJJY'HH', c.,1t\1.\YH Jlnxapesy 1171, 11pP:\fm.rw;Km1, '!To .!(6.,;:) 
l!BJIHCTCll IIP'Ie'l'l!OI°! a11aJll!Tll'WCKOil <p_YIIKU,lll'll II, CJieJ\OIJaTl'.:11,110, p,ri.:ianH'T("ll ll J)ll,'l 110 ("1]-

11yca11 C: KCncjitjll!U,lWIITaMH )11' n = 1, :2, .... )].,rn 113.)'']('I!l!ll BJllllll!llH r.7-Ko:➔c!ic!im111l'1ITOH 

11a K[ll!Bi>ll' :mBIICll).,10C'TH TOK-<lia:ia IIJlll~ll'IUieTCll 'IIICJ1€11!10(' <ll_vpbP-p;nJIO)l,('IIIU'. Ilmrn:ia-
110, '!TO B CJ!Y'tae ncpaBllblX ::J(}ltpCKTHBilblX Macr IIOCIITCJJ{'I°! Il (~10llX IWIITaKTa (,11(;;) ¢ 1) 
aM1IJ111Ty;1011 nTopuil rapMol!HKH h m,.111>'.!H npencGpcraTb no cpanm•11mo t· m·110B11oil m1-

HJJ!IT.)'i.\Ofl .h (cM. p11c. 2). tl>113n'iec1rn :➔TOT pe:iym,TaT y1Gn1,macT u6:iacTb 11p11w•1111:110t·T11 

;.1,nui111oro Hiu-fup/1,Ull yp,WIWl!llll /\Jill 011iu:a111rn IIJ)Oll('('l'Oll 1l ;::I)lTI. 
Bmn11111c Ky6w1rc1mro 'I.1e11a IJ ypaB11c111111 (10a) 11a ,!J.;1m:iecjico11om:1rnil pe;1rn~1 :1rn.:wc-y­

ll\P<"TH<\I111D. 

Pa3,n:eJI 2.2 IlOCBHII\eH IBY,I('HIIJO 6m\)_YJ)Ka!Ulfi paBHOB('("Ilb!X pac11pl':\('.'IC'Illlii ).J;ll'IIIIT-

110!'0 110T0Ka B 1ieo;.1,11opo11111,1x MTI. 
Pa<TMOTpe111,1 (pa3,n:eJI 2.2.1) 11e1<0TOJH,Il' MOJ\l'JIII a1111,mT~'/U,1 ,'VK0'1c•c!it·o11<rn<·Krn'o ToKa 

i.J,JHI neo11nopo;1111,1x MTI, np11Me1rneMbU' 11 •111cJie11111,1x :➔Kl'IIPJll!W'IITax. Cc\iop~l.\".'IIIJlOBa111,1 

K!HWIJhie :m11a'III H nopO)l(/l,Cllllble 3lllT)I ,'\Jill CTaTl!'IPCI<HX pac11pl';\t'Jl('Illlfl WU'Ill!TIIOl'O 110-

TOKa <p(1;) ll 11,I]Jl B 3aBHCHMOCTH OT reoMeTjllHI 11epexo/.l,a. B 'IaCTIIOCTII, )\,11>1 ll(']lC'XO)(;l (" 

overlap-n'OMCTJ)Heil CIICTCMa ypam1e1111rr (2) (4) llJlll!IHW\eT cm';\~'!OU\llfl llH)l 

-<p" + jv(1:)sin,;: + -y = 0, 

-4," + q(;r:,p)l/1 = )11/1' 

I, 

ip'(±L) = hu: 

1/i'(±L) = 0, 

1 2 I/• (:r)rl:i:-1 = 0. 

-L 

(lla) 

(llh) 

(llc) 

3/l('CI, .i n(:r) l'CTh Jtenpeph!BIHUI <\l,VIIKI\Hll. MO/\CJll!py1011urn pat'IIJl(')ll'.li('IIIIC' m111.111n·;u,1 

;v1<0:m<\JC'O!IOBCl<Ol'O TOI<a, a 'WJ)f\:l 1' II /, I.I o!io:ma'!Pllhl TOK n!C'llll'llll>I II l'JlHIHl'lii()(' ~IHI -

HHTl!Ol' 110JW. TioTPIIl.\HaJJ 3llh·JI ( 11 h) onp<'J\l'J!Hl'TC'H 110 t!iop~t~'.IIC' 
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ITp1111e;.1,eHbl cxe~lbl pac•1eTa 6mj)ypKal(IIOHllhlX K])l1llblX llll;J,a TOK-rpa111I'IIIO(' lllill 1111'1'110(' 

no.1e npH 3a,ll,aHHOM TOKe - pa3p;eJI 2.2.2 11 npu 3a,ll,atnto)\t rpam1•11im1 1.1ar1111T11oi11 110JH' 

pa3p;en 2.2.3. 
Pe3yJJbTaTbl 'IHCJJellllbJX 3KCllep11Me!lTOB 06cy)K,':l;a10TC}I B pa3.n;ene 2.2.4. lkcJH')\OBilllil 

1iepapxm1 ueno•1eK Bllxpeil MarHHTHOl'O IIO.i!H B MIT. IT0Ka:rn110, •no ll IIC~0/1110]lO;\!IOil! II.an 
yCTOll'lllBh!Mll .HB,1.HIOTC.H TOJ!bKO ueno•[KII 113 11e•1eT11oro 'lllCml rjimoKC-OIIOB ,], II/ 11.:rn HIITll­

cpmoKCOHOB ,I> C y•1eTOM <p.1IIOKCOHa/a1rrmj)JJl()KCOHa, iroKa.111nona1111m·o 11a l[('O;\IIO!H>;(!IOCTl1 

(Cill. pile. 3). B OL11l'!lle OT O,ll,HOJ)O,ll,Hh!X, H HeO,'.(HOpOJ.\HblX ,J.,.'.]JI ('~'IIH~('TBPIIIIO IIJ>OBO;!IITh 

pa3Hlll\Y Me;KA_V 'lllCTb!Mll II CMell!aH!lbl:Vlll uellO'IKaMil BIIXJ)Cll. qllCTOll 11a:!bllla(•~1 llPIIO'I­

KY, KOTOpan .HB,1.HeTC}I pe3y.l]bTaTOM 11emrneilnoro fflilllMO,ll,ef1cTBHH TOJlbKO <jlJl!OKC'OIIOB .!!HOO 

T0.1bKO al!'r11r!>J110KCOHOB. Ha JJIIC. 3 'lllCTbie llCllO'!KH BIIXpeil npe;1<:Tau:ie111,1 K]JIWl,1)\111'' C' 

He'!eTHblMII HOMepa~rn: Kp1rnan 1 COOTBPTCTByeT OCIIOBIIOMY (j)JIIOKCOU\' <]> Ma!'llll'l'IIOl'O 110-

.1].H, 3 - ueno•IKe <I> 3 ll3 Tpex <pJJIOKCOHOB Il 5 - UCIJO'!Ke <P5 H'l llHTll cjJJIIOKCOIIOB. CMewau­

Hhie :u;enO'IKll BIIXpeii: npc,ll,CTallJI.HIOT to6oil IICJIIIJICllllhlC 06pa:mua111rn U:l <jJ.'IIOK('()il()B JI 

aHTll<pmOKCOHOB. ITp!lMepaMH CMernam1hIX ueno•1e1< ua p11c. 3 npe,'l,CTaBJJHIOT Kplllll,J(' C 110-

MepaMil 2 (ucno'!Ka <I>2<1>) 11 4 (ueno<ma <I> 3<!>2 ). 

IJ:eno'!Kll nHxpefi n MIT xapaKTC!)H'JJIOTC.H rl)YIIKilHOmw10M 

L 

H[cp](p) = 
2
{ 1r j cp(i:, p) rh:, 

-L 

(12) 

onpe,l],eJJeHHbIM Ha MHO)KCCTBe perneHJlll 3a,l],a'!ll (lla). reoMeTpH'ICCKH BCJlll'llllla (12) IIpP)l­

CTaB.1].HeT co6oil ll,10!lla,ll,h BHXp.H, OTHecem1y10 K ero ,ll,JIHHC, T,e. }IB,1].Hf~TC.H BhICOTOll :u;ettTpa 

BIIxp.11. HopMHpOBKa Ha 1r nne,ll,eua ,ll,,1H y,ll,o6cTBa. ,Ll,JJ.11 "6ecKmie•moro" Mfl 111,1pa;Ke11uc 

(12) CJJe,ll,yeT llOll!lMaTh B CMbICJ!e npe,'.l<!Jlhl!Oro nepexo,l],a np11 L -> 00. 

KnaH-ronaHIIe nIIxpeii: n Mfl xapaKTcp113ycTcn CJ1C,ll,y101UHMH yTBCJ))K,J,e11m1M11: 

1. 3na:1eH11e q>yHKUHOHaJJa H[cp] ,'.(JJ.H 'IHCToro pemenm1 'P(J:, p) pamto: 

H[cp] = N1, (13) 

r,l],e N1 - 'lllCJIO BllXpefi n ueno'IKC. flpll 1 = 0 BaKyyMHOMY COCTOlllllllO COOTBeT­

CTByeT N1 = 0, ,ll,JI.H OCHOBHOro rjl.1IIOKCOHa/a11TmjJ.)JJ()I(COHa 'lll(:;J() N1 = 1 . Ec~111 

I f O, TO 'lllCJIO N1 He }IBJI.HCTC}l I_\CJ!h!M 3a c•1eT C;J,BHra TOKOM I\el!Tpa 1rnx1m OT 

I.\CHTpa HeO,J,HOpO,ll,HOCTH; 

2. ITyCTh cp(x,p) H ip(x,p) - napa CMell!a!lllhlX COCTO.HI!llll, COOTBCTCTBYIOIUHX :ia].lall­

HOMy hs H 1 = 0. Tor,l],a 

H[cp] + H[ip] = 2N1. 

3. Ka;K,ll,an KpHT!l'!eCKan KpllBan 1 = rc(hs) HMCeT ponl!o ;ma 11ymi h1 < hr. 

4. HymIM h1 H hr KJ)llTll'IeCKOll Kj)HllOll rc(hs) COOT!lCTCTllYIOT J11160 C)lllllCTllCIIIIO<~ 

'lllCTOe COCTO.HHHC MarHHTHOl'O llOTOKa (ua pile. 3 TaKHMH .HllJ!lllOTC.H pemeHH}I 1, 3 11 

5 ), Jrn6o 11apa CMemaHHhIX COCTOllllllll (Ha J)llC. 3 :➔TO peweHil}l 2 ll 4 ). 

r, )],JIH Bl13ya.;JbHOl'O y,l(OOCTBa IIOKa3aHbl COJIH'l'OHHbJe U,eJIOYKH 113 11p0113B0,l(HblX ip'(:t), 
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5. Dye-Tb 'P±(x,p) - pernea11e, CO0T!leTCTllYIOlllee npa!l0MY hr HJIII Jiell0MY h1 HYJJIO 

o,a_Hott 11 TOtt )Ke Kp11niqecKoi1 KJJHBOtt. Toma 311aqemrn H[,p_] 11 H(<p+J cpyHKUHO­

Ha.na. (12) f(.nH 'JIIC,ThJX peumHHH 'P±(x,p), m0TBeTr,TBYIOII\HX JJP,BOMy/npaBOMY ny.nm 

Kp1rrw1eCKOH KJJIIB0tt, CBll3aHhl ycJI0BlleM: 

H['P+l = H(,p_] + 2. 

6. TTycTb <p~\x, p) II <p~\x, p) - naphi CMerna1111bJX C0CTOHHIIH, C00TBeTCTBYIOll\llX npa­

BOMY / JieB0MY nymo KJJIITll'IeCKOH KJJIIBOH. Tor,l],a 

H(<p~)l + H(<p~)l = 2N1, 

H(<p~)l + H(rp~)l = H(<p~)l + H[<p~)l + 2. 

B Ta6.n11ue 11p11Be,l],eHbl pe3yJibTaThl •mr.neHHOro 3KCI1ep11MeHTa, TI0,,'.],TBep)K)].a.!011\lle Bh!B0-

,'lhl no nynKTaM 1 -s- 6. 9Kcnep11MeHT np0B0,'lllJICH ,a_JIH MTT c nepeKpbmaIOllleiicH reoMeT­

pnei1 11 reoMeTJJli'JeCKHMII napaMeTpaMn 2L = 6.3 11 µ = 0.8 np11 T0Ke CMell\eHIIH "I = 0. 
3na'!el!IIH B nepBOM CTOJI6ue COOTBeTCTBY!OT HOMepaM na p11c. 3, H0Mep "-1" cpopMaJibl!O 

llJJIICB0en aHTllq>JIIOKCOHY 4> . Bo BT0JJOM CTOJI6ue ll0Ka:3an B11,l], BIIXpH. OcTaJib!lb!e CTOJI6Ubl 

C0,l],CJJ)Ka,T II0CJIC,l],0BaTeJlbl!0: hB 611cpypKaUIIOHHb!e 3Haqemrn MarHIITH0ro ll0J1H ( co6-

CTBel!lible 3IIa'IeHIIH HeJIIIHeiiHOii 3a,a_aq11 (11)); D.<p = <p(L) - rp(-L) - 3Ha'!eHIIH ll0JIH0f0 

MarHIITII0f0 ll0T0Ka, Bbl'IIICJieHHble ,l],JIH C00TBeTCTBYIOll\llX co6CTBennhIX cpynKUIIH rp(x) 11 

H(ip] - Bh!C0Tbl ueaTp0B co6cTBeHHblX <pyHKUIIH rp(x). 

Number Vortex hB D.<p H[,p] 
7 <I>' 6,27 6,114 7 
6 4>3q,2 4,689 4,687 6,5936 
6 4>2q,3 4,689 4,687 5,4064 
3 q,3 4,652 4,824 3 
5 q,5 4,377 4,163 5 
4 4>3q,2 4,32 4,299 5,3767 
4 4>2q,3 4,32 4,299 4,6233 
2 4>2q, 2,796 2,695 4,552 
2 4>q,2 2,796 2,695 3,448 
1 q, 2,566 2,094 1 
3 q,3 2,532 2,836 3 
2 4>2q, 2,252 2,237 2,6147 
2 4>q,2 2,252 2,237 3,3853 
0 M 2,025 0,982 0 
-1 4> 1,013 -0,464 1 

Ha p11c. 4 II0Ka3aHhl Tllllll'!Hble KpIITll'IeCKlle 3aBIICIIM0CTII Am-in(hB) MIIHIIMaJibl!0f0 

co6CTBe1111oro 3Ha'!eHIIH 3a,l],a'III lliTypMa-J111yBIIJIJIH OT rpal!ll'IH0ro MarHIITH0ro II0JIH ,l],JIH 

aeK0T0JJhIX ycTofiq11Bb!X pacnpe,ll,eJ1eH11fi Mara11Tnoro noToKa B MIT. BBIIAY c11MMeTp1111 0T­

noc11TeJibII0 BepTIIKaJihH0fi OCH, ,l],CM0HCTp11pyeTCH T0JihK0 '!aCTb hB 2:: 0 II0JI!IOH KapTIIHbl. 

To'IKII nepeCC'ICIIIIH Kp11Bb!X C rop1130IITaJibU0fi 0Ch!O C00TBCTCTBYIOT T0'!KaM 611cpypKau1111 

peII1en11ii. I3 '!aCT!I0CTII, T0'!Ka Bo eCTh T0'IKa 6II<pypKaUIIII MeiiccnepoBCKOro (BaKyyMnoro) 
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pernettm1, a <1epe3 B1 060311a<1eJ1bl TULJK[1 61H.j>ypKa1.1,1111 <jJJJIUKCO!la 4> 11 a.HTl!(j)JIJOK('.{Jlla <l> . 
To'!KII B3 n B5 na p11c. 4 cooTBeTCTBymT 'IIICTbIM neno•urn:1,1 in Tprx ( q:,:i ) H m1T11 ( ,r,:, ) 
c:p.rrJOKco110B B MTT, a T0'IKH B2 - CMemaHHhIM cp11JOKC.011-awrnc!>.!1101{(·.rnrn1,1~1 C'CJC"l'OH1111-

HM Bll,[(a <I><I>2 
H <I> 2<I>. AHarrorll'IHO, T0"IKII B4 C00TBCTCTB~'I0T 6m!>:vp1rn1urnM CW'lllllllllblX 

Bl!Xpeii q,3<!>2 II <l>2<J'>3. 

6
_Case:_2Ll. = 6.3, µ = 0.8, y= 0 

"'O 

~ 
µ.. 4 

.g 
" i::: 
b/l 

~2 

-1.57 0 
Distance 

1.57 3.14 

PHc. 3. Ueno'!KII q:imoKCOHOB B 11eo,[(11opo,[(H0M 

MIT 

0.8 Ca:-.e·. 26 = ld, P = 0 8, '("' O I 

~ 
"@ 0.6 
~ 

ii 
.;:!' 
LU 0.4 

] 
ioz CT) 

o I -11 --,q ., 01 \..- 'c't:==;--f,. > 
o ' 2 B 1 4 H1 • ' n, ' 

Boundary magnetic.: Field 

Pm:. 4. 3alllrc:HMor:Tb >.,,,;,,(hu) 

TTocTpOeHbl 611c:pypKaUl!Ol!Hb!e KPIIBble .IJ;JIH 0CH0BHblX Bllxpeii ~Illl'l!HTII0I'0 II0T0Ka B 

MTT (cM. p11c. 5). lfoCJieHHbIM rryTeM B ;i,11ccepwn1111npe,n:cKa3a11 HOBhIII <pII31l'IecKIIii 

3cp<peKT, o6yc./lOBJIC!lllblH !Hl.Jill'IIICM llCU,[(IIUp0.ll,II0CTII: ll IIYJICll0M MUI'IIIITII0M II0JI(' (T.(', 

rrpH hB = 0) Kpl!Bb!e 3aBIICHM0CTH 'Yc(hB), C00TBeTcrny1ow:11e 0CII0BII0MY (j)JUOKCOll,V <I> 11 

a11·m<jJJUOKcouy <I> 11 MTT, rrepeceKaJOTCH, 06pa3yi1 <pJIIOKCOH-aHTII<pJIIOKCOHHbiii KpecT 

(TO'!Ka Co na p11c. 5). ,LJ:JIH cpaBHeHIIH na 3T0M )Ke p11cym<e IIITPIIX-IIYIIKTHj)llhlMII JIHIIH­

l!MII l1306pa)KeHbl KIJHTJ.l<JeCKJ.le Kpl!BbJe ,l\Jlll 0CH0BHOl'0 cp.llIOKCOHa <I> 11 a1JTll(j)J1JOl(C:Olla <l> 
B 0.IJ;H0p0,[(H0M ,z:i:,n:n. 3TOT 3qJ<peKT 6b!JI 3KCIIepl!MCHTaJihH0 110.IJ;TBeJrn<;reu Il pa60T('. 191, 

HaKTI0H 'Y ~(hB) 1<p11Tw1ecKnx KJ)HBhlX H T0'IKax nepece•m11m1 cy111er:Tlle11110 CJll)H'!\<'­

JIHeTCH reoMeTpn'!eCKHMII napaMeTpa1vm rrepexo;i,a - c yBeJI11•1en11eM /\Jlllllbl MTT 1JaKJ1011 

0hlCTJ)O nal[aeT, a T0'IKa nepece<TCHIIH Co TI0l[Hl!MaeTCH ,mepx. 3TOT :➔ c!x!>eKT l[PM0IICT)H!JJ.Y­

eTCH Ha pnc. 5 pacqeTH0H KpHTll'leCK0H Kpl!B0H )J;JIH 0CIIOBHOrO <l>JUOKCOHa <I> , 060:JJ!ll' IeIIIIOfi 

•repe3 E, K0T0paH C00TBPTCTBYCT )J;JIHIW 2£ = 15 o6pa3na B '.➔ KCIIP)ll!MPIIT(\ 19]. 
Kp11T11'!ecKaH Kp11Bal! ,!l;JIH MTT rrpu 3a,n:amibIX reoMeTpwrecKnx napaMeTpax c"rpoHTC'}I 

KaK or116aiow;aH 611c:pypKaQHOHHb!X KPHBh!X )!Jlll 0T,[(eJibHhlX ycTOH'IIIBhlX pemcmuil. Ha )HH'. 

6 ,n:eM0HCTJJHPYJOTCH pe3yJihTaTb! •111cne11noro 3KCIIepl!MCIITa'; /\Jill K0IIKj)('.TII0l'0 ll)HJM<'Jla 

MTT c overlap-reoMeTp11eii, ,[(JIIIH0H 2£ = 6.3 c o,n:IIoii MIIKJJOIW0)\ll0Jl0/\IJocThio pa·1Mc,1H>M 

µ = 0.8 11 nenTpe. 

OTMeTHM, 'ITO nee cyw:ecTBelIHb!e Ka<JeCTBeHHb!e oco6e1111ocTH 3KCIICJ)HMCIITil.Jlhlll,IX 1()>11-

BblX 19, 10] '!CTK0 llfJ0CJIC)KHBaJOTCH na pHc. 6. TTp11 nc C.lllllllK0M 6oJJl,lllHX hn l!HKH i\.1 
KpHTl!'IeCKoro T0Ka ,[(JIH neII0'IKH 113 Nf 0,[(H0THIIHbIX Bnxpeii BbllllP, 'ICM )!!Iii CM<,man11oi1 

QCII0'IKH - Ha pm;. 6 IIIIKH KPHTll'!CCKIIX T0K0ll ,[(JIH CMClllUllllhIX QCil0'ICI( 2 ( <1><1> 2 , <I> 2<1> ) 

Ii 4 ( <1> 24>3 , q,3-I,2 ) HH)Ke IIIIK0B KpllTll'IeCKIIX T0K0!l ,!l;JIH coce)J;HIIX 1mxpeil 1 ( q, ), 3 ( q:,:l) 

6 C u.eJJbJO cpasttellllH Ha BCTaBKe noKa3aHa 3KcnepHMeHTa.JlbHa.H KpHBa51 110] )J.Jl}J .LI)lTI r J>CUICTKOl1 

HeO,LJ.HO!)O)J.HOCTeti. 
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Case: 2L\ = 6.3, µ = 0.8 
0.5 ~-------------0-v,~,l~ap 

0.8 Experiment: 
B.11. Larsen. A.V. lJsLinov et :ii. 1989. 19<.J4 
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Boundary Magnetic Field Dimensionless Magnetic Field 

P11c:. fi. Kp.,c:T1,1 I<JH!Tlf'l<'crrnx 1qmm,1x 
/1,.n}I oA11oclJJIIOKC'OHHb1x cocroa1111ti 

P11c:. 6. Kp11Tlf'l('('.KH'1 I<]lllll,1'1 ,'\.'ISi .J;UI 
c overlap-remw-rp11c11 

II G ( <I>5 ). B T{))KP llJ>P.MH, nmrn KJll!Tll'IPC'KIIX TOKOB ;~.nH COC'TOHHlli1 6 ( cf,:l<I> 1. <I>1<.I>:l) ll 8 
( <I>;<I>", <I>5<I>"1 ) cyllJ,PCTIICIIIIO llbIUW COOTBPTCTBYIOH(ero mma )(JIH COCTOHll!l}I 7 (<I>'). 

Ha y•HU'TlmX, 060311a•1emlblX 11a pm·. G 6yKBOi1 z' l(!ll!Tll'IPCKllll TOK B ..]..]TT jJalll'II 11v;110. 

B '➔Tml c.ny•mp co6erne11mu1 Q>YIIKl.\ml ,p(:r) IH'.Jlllllt'itllOti :JH)Hl'lll (11) HB.:l}J('Tl'}I IIPV('TOfi­

'IIIBblM pac11pe,11,e.'lc1111eM Marmrr11oro noTOKa 11 )],.IJ:TT ,11,nH Ka)K,11,0ro h 11 1n IIIITPJ>Ba.•rn Z . 
Ta1rn11 ~4><l>eKT ;vrn )],.IJ:11. co,a_ep)Kall~llX perneTKY 11co,ll,Hopo,a_11ocn~i1, 61,u1 ~KCIIPJlll~H'HTa:11,-

110 061iapy)Kel! 11 pa60're jlOI, r,11,e Z -y<JaCTKH 11a:mat1bl 30HaMH 3aTyXaHHH. Pc,·1~·.:11>TaT1,I 

lljlOlle)tl'IIIIOl'O 'IHC.TieIIIIOl'O 3KCI!epm .. 1e11Ta 1101"13blllaJOT, 'ITO II pa~max ~IO.'l<'.1111 ·noT '➔<IHjl<'KT 

C'nP)\:,'l'T 0)1(11,a_;\Tb II ll D'.iJ:TT C 0,11,HOII MIIKpOH{'().'(IIOpO~IIOCTblO. 

B pa3p;eJie 2.3 Blltoj)Bbl(' paccMOTj)('lla Ja,ll,a'Ja O Gmpyp1mum1x CllH'.lalil!I,IX ('()('.'J'()}lllllfi 

WlflIIITIIOI'O no.nH D llpOCTOII M0,11,enn ,11,B,VXC-'!Oitlloro ,ll,)!(03CcjJCOIIOIICKOI'O Ill'j)PXO;\a (' IIP0;\110-

jlll,ll,IIOCTblO j)C3HCTHBIIOl'O 'l'lllla Il 0,11,IIOM 113 6ap1>ep111,1x CJJO('IJ. TmmH ('11('.'J'('~Hl MO)l('.'lll]l_\'('Tl'}l 

CKa.1rnpHblMH cjJyHK~IIHMH 'Pl (J:) II 'P2(:1:), nponopuuonanbllblMH parnpP;\l'Jiellll}l~I ~,arnIIT· 

HOl'O Illl'!'Olm Il/J,OJlb uepeX0,11,,l. BeJIII'IIIHl,I <PI(,:) II <P2(x) y,11,0llJIP'l'UOjlHIOT ~'JHIBll<'IIIIH~I 

-ip1
11 

- nip/'+ :iv(a:) Hill <pi)+ 1 = 0. 

-n<p1
11 

- ip2 
11 + sill <P2 + 1 = 0, 

<Pl '(±L) - h.13 = 0, 'P2 '(±L) - hB = 0. 

(14a) 

(1-!h) 

(l•k) 

3,11,PCb O :S O < 1 ~ KOIICTaII'm CIIH:ill MP,)l()zy r:;mmm, lWI!J)P.JlbIBIHUI <!JYIIKI\IUI .Jn(.r) ~1()­

,'\C.llHpyeT aMIIJIHTY,11,,Y ;~lK03P.rjlCOHOBCIWl'O TOKa II nep110M nPpl'XO/((' (,t.'l}J BTOjlOl'() ll<'jl<'XO,'(H 

:iD(:1:) = 1 ). 
YCToH'IHIIOCTb H.'111 He.yc-rotl•rnBOCTI, pernemrn <P1(.:), <p·2(:1:) ('ll('T<'~ll,I (14a) ()ilj><';\<'.'1}1-

eTCH :maKOM MHIIHMH./lbllOl'O co6CT1!('1ll10l'O 3lla'IPIIHH 3WT,II 

-1/J ~ - OV' ~+</I (:1:)1/11 = A'l/11, 

-m/1~ - 1/1~ + <J2(x)l/12 = Al/12, 
1/i;(±L) = 0, i1,;(±L) = 0, 

r,11,e <J1(:1:)=)IJ(:r.)cosip1(:r:) n <12(:1:i'=<·os<p2(:i:). 

(15a) 

(1Gb) 

(l;i(') 

Y11cn<'1Imu1 cxcMa na ocuone HAMH 1mc•wTa 6mliyp1«u1nom11,1x Kp11111,1x .'\JIH :111.vxl':wil­

HbIX MIT 11:1,rnlKena II pa3p;ene 2.3.1. 
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'-h1C'..Jlf'llllbll! :~Kc11ep11MeHT (pa3,!),eJI 2.3.2) IIUIGllblll,WT Wt.JIii '!iil' B TaKUM D,]TT (' I aOJl.,11,­

HbIX perne1111ii ,;\Byx oc110B11ux TimoB. B 11cpBoM c.rry'rne :-.1ar1111n1h111 110T0K JIOKa.r111·mmm 11a 

HP0JIH0IJ0,lH0f'TII II fiapu,pHml ('_TT0P., a H o;umpo,1110M J1P,J)(eX0)V' IIMPPTCH ,Uli\Jllll'l1'111()(' ]>iH'­

npe;r;e,1e1111p noT0Ka, cMerne1rnoe OT ue11Tpa. npH'ICM 'JIIaK 06011x pacnpe)wmm11ii ,·"11111uaPT. 

Bo BT0!)0M (:TTY,Iaf' ITPjlBb!I! BIIXpb CH0Ba .:10Ka.:111:J0Ban na l!P0,UH0IJ0)U!OC'Tll, il BTO]>()n BIIXj>i, 

HMeeT IT0,1llbll! ~Iaflll!Tllhlii 110T0K nponrnono,1mKHOro :rnaKa II JIOKa.n1noua11 B ll('!IT]><' JJrI. 
!\leTO,ll.OM, 113,1())Kf'HHblM B pa3,'],f'.JIP, 1.2, Bbl'lllC,1f'Hbl 6mjiypKaIJ,IIO!lllb!C KJ)llllhll' ;t,:l}I ,VIGl-

3aHHb!X perneH111i. ITpoBe,'],eH no.upo6nblii anaJ!ll3 Bml.HHII.H KOHCTa!ITbl CB51'311 ,1P;K;1,,· ('JI0H~lll 

rrepexo,n:a Ha 6mpypKa1monnb1e KpHBhie. 

B pa3,11,eJie 2.4 111y'laJOTCH CTaTll'Iec:KHe pacrrpe.ue.Jiemrn MarmJTnoro no.r1,1 B ;t;Ko:J<'<l>­

conoBCKHX perneTKax - LUlIT, 6apbepm,Iii c_noii KOT0J)b!X C0,'1,Cp:i!<IIT UCIIO'IKY IIP]lll<,;tll'l('Cl"I 

pacrro,1o)l{eHHhIX 11eo.unopo.unocTeil. 

ITocraHOBKa C00TBCTCTBYJOIIJ,eil Kpar,B011 1a.ua'I11 C rrepH0,ll.ll'!CCKIIMH rpa1111'1Hbl~IH ,VC'.il(J­

BHHMH ,ll..JIH ,'l,)1{03C¢c0110BcKoil pellICTKll onucana B pa3,!),eJie 2.4.1. 
Hc:c:ne.uoBaHO IIOBC,ll.eH11e ycT0H'lllBb!X C:0CT0HHllil rrp11 !l3MCHC!lllH pac:CTOHHll}I Me,K;1y 

IJ,CIITpaMII !IC0.U!I0JJ0,ll.!I0CTcil II HX lllHJJHl!Oil µ. I1'JY'!Clla '.JaBHCIIM0CTI, pa:JMC'pa o6J!1l('Tll 

113:\1e11emrn BHCllIHero TOKa, B K0T0poil cyIIJ,eCTBYI0T yCT0H'IJ!Bbie peme1111H, OT napa:-wrpaj/,. 

ITp11 IIeK0T0jl0M CO0T!I0ll!Cllllll MC)K,!l,)' llll!JJIUIOH l!C0,!l,!I0(JU,!l,!IOt:'l'CI! II )JaCCTOlllHH'\I \U',I{)\.\' 

nx IJ,CHTpaM!I C0CTOl!Hllll MarttllTHOro IIOTOKa B KOHTaKTe l!MeJOT na1160Jlbllll111 11l!TCJJBil.il 

/~OIIYCTHM0l'0 11311,!eHettmI BHCIIJHe1·0 T0l<a. 
1-lllC.JICHHblC pe3yJihTaTbl ITOKa3bJBaJOT, 'lTO 611¢ypKau110HHblM K))IIBblM BH,IIa T0K-\!al'­

HIITH0e ITO.Jie fl.JIH MIT C pemeTK0il neO)lJIOJ)0,ll.H0CTeil Ka'JCC:TRCHH0 np11cy11111 RCf' ()('H0Bl!hl(! 

3¢¢eKThI, 11MeJOIIJ,11e MecTo .U.JIH MIT c o.unoil neo)],H0JJOAH0CThIO - pa3,11,eJI 2.4.2. 

B pa3,11,eJie 2.5 pellleHa 3a)].a'la o BbI'lllC.JieH1111 MllHHMa.JibHoii ,LJ,JlllllhI MIT, ooec11e•111-

BaJOIIJ,eil ycTOH'lllBOCTb 3,l,L(aHJJOro pacnpe.ue.JieHllH MarHIITHOro llOT0Ka. TaKaH !I0CTa!I0Bl<a 

ll03B0J!lleT paccMaTpl!BaTb KaK ,!l,JIIIHHblil TaK0il rrepexo.u, B KOT0J)OM CCTb l!CT]lllllHilJlhH0e 

ycTOH'lllBOe C0CT0HHHe MarHHTHOro IT0T0Ka rrp11 ¢11KCIIJ)OBaHHhIX 3na•1eHH.HX npo•mx 1'€0-

MeTpll'lCCKHX H ¢tt3H'lCCKHX rrapaMeTp0B. µ,)l{03e¢conoBCKllii nepeXO,'],, B KOTOJ)0M yCToii­

'IIIBblM HBJ!lleTCH Jllllllb BaKyyMH0e C0CT0Hillle H.JIH eCTb T0,1hKO neyc:TOH'lllBb!C COCTOHHHH, 

paccMaTpl!BaeTC.H KaK KOJ)OTKllil. 

HcXO,'],HaH 3a,'],a'la C IICH3BCCTHblMII rpaH11uaM11 CBO,'],HTCH (pa3,11,eJI 2.5.1) K ne;1111rniinoii 

3a)],a'le Ha co6CTBeHHbie 3Ha'leHllH 

-cp" + L2 [fo(0 sincp + ,] = 0, 

cp'(±l) - Lhs = 0, 

-1/J II+ L2 [jD(0 cos 'P - A] 1/J = 0' 

·it,'(±1) = 0, 

L l: ·it,2(~) d~ - 1 = 0, 

crreKTJ)a.JibHblM rrapaMCTJ)OM B KOTOpoil .HB.Jll!CTC.H llOJIYA.JIHHa rrepexo.ua L. 

(16a) 

(16b) 

(16c) 

(16d) 

(!Ge) 

MeTOfl pemen11H 3a11a,111 (16), ocnottanHhiil Ha HAMH, 111.Jio)l{eH Rpa3,11,eJie 2.5.2. 
8 pa3,!),eJie 2.5.3 'lHC.JieHHbIM rryTeM IT0Ka3aH0, 'lT0 Ka)l{,!],0MY yCTOll'IHBOMY !!Jill HCyc­

TOH'IHROMY C0CT0HHIIJO MarHHTH0ro IT0T0Ka C00TBeTCTRyeT MIIHIIMa.JihHaH )\.TIIIHa MIT, /\.nH 
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Pnc. 8. UenO'lKa <I>3 MHHHMa.JibHOii f\.JIH­

Hhl (Kpl!Ba>I 'i/) 

KOTOpoil 'JT0 C0CT0H!lllC coxpam!~T CBOI0 ycTOH'lllBOCTb/Hcyc:TOH'lHBOCTb. B 'laCTII0C:TH, nu­

Ka3a110, 'ITO npn Hy.JieBOM T0Ke 11 Hy.JieB0M rpaHH'lH0M MarHIITIIOM ITO.Jie MIIHIIMa.Jib!laH ,11.JIIII!a 

IJP0)(IIOJJ0JVIOl'0 MIT )\JIii 0C!IOIJHOl'O ¢.rIJOKCOHa eCTb 2L ~ 4.24, 'ITO IIOJIHOCTblO C00TB8T­

CTBYCT 3aMe'Ja!IHJO B pa6oTe [15]. 
ITp11Mephl 'IIIC.Jl8HHblX pemem1il MHHIIMa.JibHOil fl.JIIIHbl II0Ka3al!hl na pnc. 7 II J)IIC. 8. 
ITo,'l,p06Ho IICC.Jie)],OBaHO B.JIIIHHl!e OCTa.JihHh!X reoMeTpH'ICCKIIX II ¢113H'leCKllX napaMeT­

poB Ha MIIHHMa.JihHYIO ,LJ,.JIIIHY MIT. 

B pa3,11,eJie 2.6 n3yqaeTCH 06paT11a.H cneKTpa.JibHaH 3a.ua•rn, rrop0)l{)],e1111aH ceMeilcTB0M 

am1.;111TH'leCKIIX perne1111il ypaBHCHllH Illpe.umirepa C Ky6H'lCCKOil HC.JlllHeilHOCTbJO (HYill), 

Ha3BaHHhIX "rry3hIJ)bKOBb!MII CO.Jll!TOHaM11" [20]. KoHKJ)CTHOe peme1111e 113 3Toro ceMeilCTBa 

orrpe.ueJIHCTCH .UBYMll rrapaMeTpaM11 A II v . ITepBhiil rrapaMeTp A xapaKTep113yeT cpeAJ, 

B K0T0poil ,!l,Bll)l{CTCH COJIIITOH, a BT0poil V CCTb CK0p0CTb CO.JIHTOHa. Co.JIIITOII YCTOH'lHB, 

eC.JII! ero CK0pOCTb 60.Jibll!e HCK0T0poil KJ)HTH'leCK0il CK0p0CTI!, 3aBllCHIIJ,eii OT cpe,'l,bl. 

MaTeMaTH'!eClffiH ¢opMy.JIHpOBKa 3a,[l,a'lll, IIJ)HBC)].eHHall B pa3,11,eJie 2.6.1, CB0,'],IITC51 K 

orrpC,[1,C.JIC!IHJO 3Ha'leHIIH CKOJ)OCTII. CO.JIHT0Ha, rrp11 KOTOJ)Oil co6CTBeHHOC 3Ha'IeHHC II0J)O)l{­

.ueHHOil ceMeilc:TBOM perneHHil HYill mmeilnoil 3,l,L(a'ln Ha co6cTBCHHhie 3Ha'JeHIIH o6paIIJ,a­

eTCH B HOJlb. 

B pa3,!),eJie 2.6.2 01111cau MCTO)J, jlCIIICilllH COOTIJCTCTBYIOIIJ,Cil llCJlll!ICHllOii Ja)J,a'lU Ha 

co6CTBeHHhie 3Ila'leHIIH, B KOTOpoil CKOJ)OCTb V HB.Jll!CTC.H crreKTJ)a.JibHbIM rrapaMeTpOM. 

AHa.Jm3 pe3yJibTaTOB 'lHC.JieHnoro 3Kcnep11MeHTa npm1e)J,eH Hpa3,!].eJie 2.6.3. IToKa3aHo, 

'ITO KJ)l!Tl!'ICCKaH CKOJ)0CTb C0.JIHT0Ha M0HOT0HHO B03pacTaeT C pOCTOM IIapaMeTpa cpe,LJ,bl. 

rJiaBa 3 IT0CB.HIIJ,eHa MO,!l,CJillp0BaHIIJO KpllTH'leCKHX pe)l{HM0B B acTp0¢ll311Ke. O6'beK­

T0M 113y•1e1i~H l!B.JIHIOTCH M0flC.JIH CKa.JI51!)H0-TeH30pHblX TP.OJ)llll rpaRHTal(IIII C MaCCIIRllhJM 

,!l,11.JiaT0H0M, K0T0pbie OIJ,eHIIBaJOTC.H KaK HaH60Jiee ecTeCTBCHHbie l! MHoroo6eIIJ,aJOn\llC 0606-

IIJ,eHH.H o6IIJ,eil Teop1111 0TH0CHTe.JlbH0CTII (OTO). B 3TIIX Te0pllHX rpaBIITaUH.H 0IIHCbJBaeTCH 

ne T0.JibKO TeH30pHblM ITOJieM MeTpHKll rrpOCTpaHCTBa-BpeMeHll, a TaK)l{C II CKa.JIHJ)HbIM ,'],l!­

.11aT0HHhlM 110.JICM. 

B pa3,!),eJie 3.1 H3y'laeTC.H BJIIIHHHe ,'],l!.JiaT0Ha HeHyJieBoil MaCChl Ha yCTOH'lHBOCTb paB­

HOBCCHbIX Kon¢11rypau11il: 6030HHOil 3BC3,'],bl. MaTeMaTl!'leCKaH MO,LJ,e.Jih rrpe,ll.CTaB.JIHeT co6oil 
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HeJurneiiHyIO 3a,D,a'ly Ha co6CTBeHHbie 3Ha'lemrn, B KOTOpoii C!leKT])aJILllblM 11apaMl'TJl0~I HB­

m1eTca 'laCTOTa n 6o3oHHoro rro:rn (pa3,a;eJI 3.1.1) 

11 1 1 { 1 1 ,rO ,rl 2,r2 2V( ) 
V = --v + -- V + 'o - '1 + '2 - 1 ip + 

r r 

~v' ['Tc?+T;1+,2V(ip)]} e"', (l 7aJ 

,, 1 , { 1 , a 1 2 dV(ip) 
ip =--ip + --ip +-T+-, --+ 

r r 2 4 clip 

~ ip' [Too+ T/ + ,2V(ip)]} e,\, (17h) 

,, 1 , , , { 1 , 2 rlW(a 2
) 

a = --a - 2aipa + --a + 2A (ip)--a-
r r rl~ 

0 2e-va +~a' [To0 + T/ + , 2 V(ip)]} e,\. (17c-) 

3,D,eCb v(r) - l\leTpH'leCKall q>YHKI.\llll, ip(r) - ,!1,IIJiaTOIIIIOe IJ0Jie, V(ip) - :1a1uw,u·~11,111 

IIOTelll.\llaJI )J,H.'laTOIIIIOfO IIOJill, I - Macca )J,HJia'l'Olla, a(r) - fio:JUIIIIOe IIOJW, f2 'lil("T0-

Ta 6o30HHOrO IJ0Jill, W(a2 ) - 3a,!),aHHMI q>YHKI.\Hll (noTeHI.\HaJI 603011110ro rrom1), Ir C("Tb 

napaMeTp. KoMnOHeHThl Te113opa 311ep1·1111-11M11yJ1bca T,;, el'O c~ie)J, T, a Ta1OKP ueJ1w111° 

Ha e,\, CJI0)KHbIM o6pa30M 3aBIICllT OT KOOp,!1,HHaTbl .,. E (0, oo), OT Hell3BeCTHblX <l>YIIKl(IIH 

v(r), ip(r), a(r), Heu:mecTHOr0 rrapaMeTpa f2 II 3aj\aHHhlX II0TCHl(Hil.fl0B II napaMPTJJ0B. 

Ha HeU3BeCTHbie q>yHKI.\1111 HaKJia,L\hIBaJOTCll CJie,IzyIOII.\lle rpmm_'IHbie ycJIOBllll 

v'(O) = 0, 

v(oo) = 0, 

ip'(0) = 0, 

ip(oo) = 0, 

a'(0) = 0, 

a(oo) = 0. 

,.QJrn 3aMhIKaH1rn 3a,D,a'III 3a,D,aeTCll ,!1,0IJ0JIHIITeJibH0e yCJI0Blle "HOpMIIIJOBKH" 

a(0) = ac, 

r,l],e napaMeTp ac eCTb IIJI0TH0CTb 6o30HHOii MaTep1111 B I.\eHTpe 3Be3,l],hl. 

(18a) 

(18h) 

(19) 

B pa3,a;eJie 3.1.2 113JI0MeH Me'l'0,!.l, perneHHH, ocHoHaHHhiii 11a HAMH. I1opmK,IPHHbH' 

JIIIHeiiHble 3a,l],a'll1 B11,!),a (6), (7) pernaJOTCll IIJ)l1 II0MOII.\11 CIIJiaiiH-KOJIJIOKal.\110HIIOii cxeMbl 

(pa:vie.TI 1. 3). 
O6cy)K,ll,eH11e pe3yJihTaT0B '111CJieHHhlX 3KCnep11MeHT0B ,l],aH0 B pa3,a;eJie 3.1.3. I1oK,na­

HO, 'ITO 6o30HHbie 3Be3,l],hl C MaCCl1BHblM ,l],11JiaT0II0M MoryT C_YII.\eCTB0BaTb B 0'JP,111, lll11JJ0K0M 

,ll,11aIJa30He ll3Menemrn MaCChl ,!1,llJiaT0Ha I. O,l],HaKO, npll ,ll,0CTaT0'IHO 60JiblII11X :nm•1emrnx 

1 BOCCTaHaBJil1BaeTCll KOHq>11rypal.\llll 3He3,l],bl 113 OTO. Macca ,ll,llJiaTOHHOii 3Be3.ll,bl BCCr,!.],a 

MeHblIIe MaCCbl B OTO. Ilpo,ll,eMOHCTpllpOBaH np11Mep 6wq>ypKal.\1111 pelIIeJlllii rrp11 113MCHP-­

Hl111 MaCCbl II0K0ll 3Be3,ll,hl (cM. p11c. 10). 

B pa3,D;eJie 3.2 '111CJieHH0 113y'!aIOTCll M0,l],eJil1 CTaT11'1eCKl1X 6o30HHO-qJepMllOJlllblX ccjJP­

p11'1eCKII-Cl1MMeTpll'!HblX 3Be3,ii, 6a'311py10II.\l1XCll Ha CKaJillJ)H0-TeH30J)HhlX TP0J)l1}1X rpaBHTa-

1.\1111 C y'leT0M MaCCHBHoro ,ll,11JiaT0Ha. 
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2.4 0.16 · 
( asc: y= 0.5. ;\ = 10 Case: A= 10. y~ I 

B 

2.01 

~ I 

i 
I.ti j 

Ul --1 
Radius 

,} 0.08: 

;,, 

f:l 
~ 0.()()~ ---­

UJ 
"O 
C: 

ct) ---0.08-i 

0.4 0.8 1,2 I .fl 2.0 

Rest Mass /1,JH. 

B 

2.4 

Puc. !J. 3nBIIC'fl~10('Th .\taCCbl ·-rne3,ilbl O'l 

pa/111.v('a 

P11c. 10. '31"'pr11>1 rn>rlll 1:;,,,,,,1( 1:;l/) 

:\laT<'~i;n11•1PcKa}1 11ocTa110BKa np111w;v-11a B pa3,a;eJie 3.2.1. Ck11omll,H' 11rp<'~H•11111w ,10-

/V\J111 .. W'Tj)ll'IPCKlH! tllYIIKl\llll ,.\(r) 11 1;(.r), /\11.IHlT0HH0e IIOJIP sp(.r), 11.IIOTII0('Tll fi,no,1110/i 

a(.r) II cjJPjlMIIOHHOJi p.(i:) ~iaTep1111, )'.ll,0HJIPTll0JJHI0T CHCTe~IP ypanm'Hllii 

d,.\ 1 - exp(,.\) { [ 
1
•' B l ., ] (rl.p) 2

} -
1 

= F 1 = --~- + r exp(,\) Tg + Tg +-,-V(,p) + - . 
r ,- r 2 r/,-

- = F2 =----- - ,. exp(,\) Ti+ Ti +-,-V(sp) - - . r/11 1-exp(,.\) { [F B l ., ] (d.p) 2} 
dr r 2 r/,-

<i2sp 2 dip 1 d..p l [ F u 1 •) ,, ] -., = F:i = --- + - (F1 - F2) - + -<'xp(,.\) n(ip) (T + T) + :-,-\ (..,;) 
dr- r dr 2 d,- 2 2 

d2a _ 2 da [ 1 , r/.p] da -. = F4 = ---+ - (F1 - F2) - 2n(,p)- --
<b-2 r dr 2 dr dr 

dp =Fa= 
dr 

a exp(,.\) [f? exp(-11) + foA2(.;)ll''(a)]. 

y(1<)+f(11) [IF ( )d<p] 
-/'() -2 ·2+n <p -1 . 

fl. I/" 

(20a) 

(:201,) 

(2(k) 

(:20d) 

(:2(k) 

He:rnn11cmtall rrepeMennall r E [0, R.,] U [R_,, oo), l'.L\C R., 11e11:mPc:T111,11i paJ111_1-c <llPJJ-

MHumwii •(al'.Tll '.JllC'.J,!.],bl. I1apaMCTJJ lJ l'C:Tb lll'll'.JUCCTlll\H 'lal"l'0Til Ol'l\11.'I.JIHl!llii llll'lOIIIIO/i 
F l3 

MaTCJJHI!. 8eJIH'IHllhl r::, T::, n = 0, 1 llBJIHI0TCll ,ll,Hal'0ll<Ull,llhnlll K0"III0ll('IIT,nlll TPII-
F l3 

:iopou :➔ncpr1111-11Mny;11,ra, a T, T cooTm'Tl"Tll_YJOIUm' CJil',\hI. B1•;111•111111,1 n (.;) . A(.;) . 
V(ip), lV(a), f(Jt) 11 g(µ) llBJillJOTn1 :ia;1a1111b1M11 q1y111u111Hw1, a 1 <'CTh ~liHTa ;\11."IaT011a. 

Kp,wm,ie Y<.:JIOHH}I 3a)J,alO'l'CSI B llll/\l' 

,.\(0) = 0, dip (0) = o, 
dr 

da 
-(0) = 0, a(0) = a,., 11(0) = 11, , 
d,-
11([{,) =0, 

11(r) ---. 0, sp(r) ---. 0, a(r) --. 0. ,·-oo ,----4cx..~ r-rx: 

3,ll,CCb a,. II /I.,. ·-· l(PHTJ)aJlbllhlC IIJIOTIIOC'TII Go:m11110ii H cpep~IIIOlll(()il ~l;\TC'jlllll. 
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(:2la) 

(:211,) 

(21<-) 



TaK KaK <pep~1101111aH MaTep1rn µ(r) pacnpeJ1,eJ1e11a T0.:JbKO llHYTJHI 'lllf''.l,'(1,1 (11p11 f' < 
Rs), TO CIICTeMa (20) COCTOIIT 113 pa3Jlll'IH0ro 'IIICJJa ypaB11e1111il npII /' < R., H /' > R,,. 

,JJJH pemeHII?. 3a,11,a,111 npe,11,JJO,KP.llhl II peaJJH'.'lOHaHhl ,'],Ha ~IP.T0/J,a. f3 ll('j>II0~I ,n IIIIX llYTP~I 

3aMeHbI nepeMeHHbIX x = r / R,, 1; E [0. oo), napaMeTp Rs BXO,I\IIT 5lllIIhJ~I 06p,n1n1 11 ypan-

11e1111H (20) II YCJJ0BIIH (21), a [IOJJO)KP.HIIP J!e!BBP.CTH0H rpaHHUbl rJ)epw1011110il 'Ja('.Tll 'l]l{"!/\hl 

!pllKCHpyeTCH B TO'IKe X = l. ITocTaBJJe1111aH TaKHM o6pa30~I 3a,'],a'ta HBJHIC'TC}l ;u1_vx11apa­

MP.TJ)IPIP.CKOH 11eJJHHP.HHOH 3a,zi:a•1eil Ha co6CTBP.llllblP. 31Ja'IP.Illl}l 0TII0{'IITC'Jlhll0 (lt'.'lll'lllll R., 
11 n. ,Jan1,Hei1rnee ee perneH11e a11aJJorw1110 on11ca1rnm1y B pa3,l\l',1<' 1.1 ;111ff<'JYl'a1u101111oii 

pa60Thl. 

~ 
32 

Parameters:µ, =0.5,A= 10,y= IO,b=l 

'o G 
-: j ''\ -e cr,= 0.1 

__,,,,_ cr,.=0.5 
-e- cr,=0.7 

~ 

~ 
9-16 

"O 

" ~ ,:: 
0 

] 0 
i:S 

\ 

''El-

\ 
~ 

\ 

~~ 

.,,,_ O',.= 0.9 

' '-
' 

0 I 2 3 
Dimensionless Coordinate x 

4 

P11c. 11. 3a!ll!CIIMOCTh ,'l,ll,1aT0HH0J'O IIO'l'eHIIl!aJia 

cp( X) OT 6o30HIIOH IIJI0TH0CTII a e 

r--~---- ·----·------
i Case: /\ = U. y - 0.1. h ~ I. cr - 0 002 

0,00 7 ' 

f-.,.01 ~ 
Oil g : s,.;,6 

Ul -0,02---f Vc_, 6 (,, 

s' L '••,~ '\,6 
~ ~ 
i:5-001 % I 

t,j! 

-0,04 ----,----.-- r------r- l ---,~ _ j 

0.2 0.3 0,4 0,5 0.1> 0,7 
Rest Mass of Fermions M RF 

Puc. 12. Bll(µypKaIIHH 11p11 H3MeJW­

mm MaCCbl II0K0>l 

8Topoi1 MeT0,I\ pernemrn 113JJO)Kell B pa3,n;eJie 3.2.4. 9TOT MeTO,I\ 0C'.HOBaH Ha llhllJOJJHe­

Hllll yCJJOBIIH HenpephIBHOC'.TII ,I\JIH IICKOMhlX cpyHKl\llH B TO'lKC X = l . IToc:JJe,'],OllaTe.11,110 

pernalOTCH ,IJ,Be KpaeBbie 3a,11a1111 ,I\JIH ypaBHeHIIH (20) BO BHyTpemieii II BIICIIIIICH o6JmtTII 

3Be3,l\hl, np1111eM ,.vrn 3aMhIKaHl!H 3a.a,a1111 rrpll X E (0, 1) 3a,11aeTCH ,IJ,OII0JIHllTCJJhlIOP 11apa­

MeTp1111eCKOe yCJJ0Blle ,l\,1H 0,1\HOH 113 ueH3BeCT!ihIX cpyHKljllH ( B naCTOHlll,ei1 pa6oTP HC[IOJJb-

3yeTCH ycJJ0BHe cp( 1) = 'P., ) . Bo BHern11ei1 o6JJaCTII perneHHe uaXO,'],HTnl Ilpll IIOMOIUH Tpex 

yCJJOBllfi Henpepb!BH0C'.Tll C llMelOlll,IIMCH y)Ke BHyTpeHHIIM pellleHlleM. OcTa.:IbllhJe T])II ycJJO­

BIIH Henpepb!BHOCTII o6pa3ylOT HeJJIIHCHHYIO anre6pa11qeCKYIO CIICTCMY ,I\JIH 11en:meCTHhlX 

napaMeTpon R.,, n ll 'Ps. 
B pa3,n;eJie 3.2.3 ,11eM0HCTp11py10TCH pe3yJihTaTbl 'lHCJJeHH0ro 3KC'.IlepnMCUTa ('. upnMe­

IICIIIICM nepnoro MCT0,l\a pCillCIIIIH. l1cno,1b3YH MeT0,I\ Pyurc ua CIICTC:1,!C crylll,aIOlll,HXl:}] pan­

H0MepHblX CCT0K Il0Ka3aHO, '!TO CilJJai1H-pa3H0CTHaH cxeMa llMCeT TO'IH0C'.Th O{h
4
). 

8 paMKax KOHKpeTHOll M0,I\CJIII pat:CM0Tpe110 TaK,Ke llJllllllllle <pll3ll'IeC'.KIIX uapaMCTJlOll 

Ha ycTOH'lllBOCTh 3Be3,IJ,h!. 8 'laCTHOCTII, Ha p11c. 11 Il0Ka3ana 3aBHCIIMOCTh ,l\l!JJaTOHIIOro no­

JJH cp(x) OT pacCTOHHIIH ,I\JIH 'iCTh!pex 111a•1e1111i111,eHTpaJJbHOH IlJJ0TH0CTII 0030HHOH M3.TP[lllll 

Cle. ITp11 B03pacTaHIIII Cle ,I\IIJJaTOHHOe IIOJJe B OKpCCTHOCTII ueHTpa 3Be3,l\hl y1v1c111,maeTCH. 

ITor.TTe JiP,K0T0poro KpllTll'IP.CKOr0 3Ha'IP.HIIH a; , 3aH!ICHIIJ,P.f0 OT rrpo•mx napaMP.Tj10B M0/1,e­

-~n, cpyHKl\llH cp(x) 11a1111HaeT paCTII BMeCTe C Cle. ITpH'il!Ha TaKoro rrone,11emrn -B IIaJJll'IIIII 

B 
'[JJeHa T B npaBOH 11aCTII ypaBHeHIIH (20c). ,/],JJH ,I\OCTaTO'ili0 MaJJbIX 3Ha11e1mi1 n;JOTIIOCTII 

B F 
ae 11JJen T < 0 11 ero BKJJa,11 npeo6,1a,11aeT Ha.a, BKJJa,11011,1 T. ITpn 6oJJhlllllX a,. ( a,. 2'. a;) 
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B F 
CJJaraeMoe T ~ICHHCT 31IaK II ycnmrnaeT BKJJa,I\ T' 'IT0 Be.a,eT K pOCTY cp(x). 3ne3,l\a ycToil-

'IIIBa T0JlhK0 np11 0 < ac < a;. ,/],JJH 3Ha11en11il napaMeTp0B, C00TBeTCTBYIOlll,IIX p11c. 11, 
KpIITll'lCCK0e 3Ha11enue a; a::: 0.55. 

B pa3,n;eJie 3.2.5 o6cy)K,llalOTCH 'IJICJJe1111bJe pe3yJJhTaThI, IIOJiy'leHHbie BTOpbIM MCT0-

,.']_0M. floKa3aHo, 'IT0 rrp11 HeKOTOpOM KJ)IITl!'leCK0M 311a11em111 cpepMIIOHIIOH MaCChl II0K0H 

3!lecina TepHeT yCT0H'IIIBOCTh. 9TO YTBCJl)K,'1,eHne .a,eMOHCTp11pyeTCH na rpacp11Ke ( CM. p11c. 

12) 'JaBIICIIMOCTII 6e3pa3MepHOI1 MaCChl 3BC3,l\hl 

M= l[;g+;g+exp(-,\)cp'
2

+-y2V(cp)/2] r
2
dr, 

OT cpepMi!OIIIIOH Macchi IIOK0H 

00 

MnF = b J A3(cp) e>-!2 n(µ) r2 dr, 

0 

r,11e 3a,'],aJlllaH uenpeph!BHaH cpyHKUIIH n(µ) M0,l\eJJ11pyeT IlJIOTIIOCTh cpepMIIOHOB. 

B pa3,n;eJie 3.3 pacnrnTp1rnaeTCH ccpepll'!CCKII-CIIMMCTpll'IHaH M0,11,P.Jlh •iepnoil ,l\blJJbl 

('IL() C MaCCIIBHbIM ,I\IIJJaTOHOM. <l>1131111ecKaH M0,l\eJJb 0illlCbIBaeTCH (pa3,ZJ;eJI 3.3.1) MHO­

r0TO'IP-'III0H KpaP.B0H 1a,11a•iei1 ,I\JIH CIICTP.Mhl T]leTbero II0J)H,11,Ka ,11,.IIH MP.TJJll'IP.CKOH <pyHKll,1111 

f(r) II ,I\IIJJaTOHHOro IlOJIH cp(r) 

- f' + F(r, f, cp, cp ') = 0, 

-f (cp" + ~cp') + <I>(r, f, cp, cp') = 0. 

{22a) 

{22b) 

3,11ecb f (r) - MeTpnqeCKaH cpyHK[lllH, pa,1111aJJhHaH KO0J),I\IIHaTa r E [Rt' CX)) ' IlOCTOmmaH 

Rt > 0. B ypanncmrn (22) BX0,I\HT ,!\BU <pll3ll'JeCKIIX napaMCTpa - :.laJJH,I\ q "Y,l], II Macca 

,I\IIJJaT0Ha "Y • TipaBbIC qacn1 F 11 <p 3a,'],alOTCH rrp11 IlOMOlll,11 Bbipa,1<eHIIH 

1 - / ,.2 - ✓ ,-4 + q2 
F = -- +2e 2"'P ---'-----'-- -r-y2V(cp) - rfcp'2 , 

r r 

if'.-[· 2v() 1 2 2a<pr
2
-~] '+"'r2v'() 2 2wnr

2
-~ .., = r"'( cp - - - e cp - cp - ae r • 

r r 2 ~ 

3,11ecb 3a,11,aHHaH HenpephIBHaH cpyHKUHH V ( cp) eCTb IlOTeHl\llaJJ ,I\IIJJaT0Ha, a K03<p<pllljlleHT 

CBH311 0: = ±1. 
MaTe1v1at11,1ecKaH nocTaH0BKa 3a,11,a11n ,11,JIH c11cTeMhI ,1111cpcpepeHljHaJJhHhIX ypaBHeHnil: 3a­

BIICHT OT 'IIICJ!a rop1130HTOB. 8 qaCTH0CTII, B npOCTeil:rneM CJJyqae e,1111HCTBelll10rO peryJJHp­

HOro ropn30HTa Rh rpaHll'IHbie yCJJOBH51 3a,11a10TCH B Bll,l\e 

f(Rh) = 0, <I>(Rh, 0, 'Ph, cp~) = 0, cp(r) ----, _ aq2 
r-oo 72r4 ' 

(23) 

To'lKOH Rh oTpC30K [R1, oo) pa3611nacTCH ua nnyTpemnmo Dint = (R1, Rh) n n11crnmo10 

Dext = (Rh, oo) o6JJaCTII "Y,l],, npn'leM Rh eCTb T0'!Ka BhIJJO,K,l\eHIIH ,11,JlH (22b). fpaHll'lHaH 
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3a)J,a'Ia ,LI,JIH ypaBttem1ii (22) pe111aeTC}J ll D,xt. ECJIII roptt30HT ttail)J,e11, TO HJJH "/ > 0 ~Ia<Ta 

Afoo qir ttaX0!J,HTC51 H3 aCHMIIT0THKH MeTpll'IeCK0ii cpyHKUIIII 

21\l"° q
2 1 (1 n

2 
q

4
) f(r) --> 1 - - + - - - _ + --,--

r-oo r r 2 5 4 1 2 r 6 

)].Jrn II0CJJe.Llj'IOW,ero pe111emrn 3a,JJ,a•m ll o6JiaCTJI Dext 11eo6XO,ill!MO :1,uaTbl"}I ,il0IIWIIIIITP.,11,­

HblM ycJI0Bll€M na a'TeBOii rpa1111ue Rt > 0 . 
OTM€THM, 'ITO IIJHJ)0K0 pac11poerpam•11nan H JlllT('paType II0CTilll0Hl«l, K0l'/j;] \lil("(:11 ll_1 

c•rnTaeTC51 3a,uam1011 (cM., narrpnMep, 122]). npHB0,UIIT K C:VUV'l"Tlll'IIII0 0OJ!P(' Tj)_\".!()('\lf(()ii 

KpaeBoii 3a_ua•1e c ttel!3BeCTttoii :11emiii rpam1ueii B 06.;iaCTII D;,,1 • 

B pa3,n;eJie 3.3.2 rrp,rne,uetta II0C'raH0!lKa :Ja,ila'III B CJI)''tae '.➔ Kl"Tj)P1JaJlhlli,IX l"Ojlll"lOll'I Oil. 

B K0T0J)h!X 11p0113B0,Ulla51 MeTpl!'IeCK0il rpyIIKl\1111 /'(R1,) = (). TTmrn:iano, •no ·rna'll'll]I(' 

,UHJiaT0HH0I'0 1100151 'Pe B ropH30HTe Y.U0BJieTB0p51eT HeK0T0!)0MY IICJI1111CilIIOM:V aJil'('0]lilll'l('­

CK◊My ypaBHeHHIO, K0T0poe rrpH BhI6ope ,il;IWaT0HH0ro II0Tel!l(HaJia Il Illl.il,P V ( 'P) = :p2 n 

rrapaMeTpa a = -1 11MeCT IJH)J, 

C(<p, q, ,) = C1('P, ,) - C2('P, q, ,) = 0, 

r,n;e q>yHKl\llll C1 = 1 + , 2 'P e2
'P / 4, C2 = q2,2e-2

'P<p ( 1 + 'P )2
. 

(2-f) 

,S 3 iCase: y= I /<, ... ~~r-
o,j 
c.5 2 

cJ 
"' 0: 
0 ·g 0 

e, :,,-
. / 

_f{ _____,.---✓-G -· 
-:-/~_,7;":---·~---· -· 

::, -, 
~ - I 1 ~ 

0 0.5 I 
Parameter <p 

PHC. 13. C,C1,C2 

1.5 

1.i J Case: q = I 

§ 08 
N ·.:: 
0 

-\f- y~ .1.2 

I '-

I\_ : -A,. ,_, 

-1-7 r=-5 

:i:: 0.4 •E 
' ,-1 l 

81.,, : 
0 j ~ '-Ey 

o.91 , ff _ -, - I 
0.95 0.99 1.03 

Mass 

Pttc. 14. PmK)J,e1111e l'UpHc!0HT0ll 

f1p11 cp11Kc11ponannux q 11 , ypamwrmc (24) IIMCCT na 11nTcpmlJI<' (0, oo) nc Gwwc ,JJ,Byx 

_ueilCTBl!TeJibHbIX KOpneil (cM. pnc, 13). CJiy'Iaii (o603na'!eHHhlH Ha Jll!C. 13 CIIMIJ0JIOM 'V ), 
KOI)l.a ypa1rne11ue ne HMeeT KOpHeii, C00T!JeTCTByeT e)J,HHCTB8HH0MY pe1·yJI}l!JH0MY l'0flH"30HTY 

l.{)].. 

I1p11 HeK0'l'0jJ0M C00TH0ill8Hl!H Me,KAY 3apH,il0M /Jd H Maccoil /\l!J!a'l'0lla id YPillllI<'lll1C 

{24) l!MeeT e)J,l!IICTBeHHblil K0peHh O < <p,1(,) < 1 , K0T0IJ0MY C00TBCTCTByeT Tflll)KJ\l,I llhl­

po;,i,J\(mnoe pemett11e cpy11KI\IIH f(r) -·- B uym, 06pan1aeT('.H Til.lOl{P, l1 HT0]l>UI llj>0fflH0J\ll>HI 

MeTp11qecKoil cpyHKl\1111: f "(Rd) = 0. KpaeBa51 3a,n;aqa ,11,JIH ypam1e1111i-i (22) B c.;ry•iae eCTh 

cia11a•ia c ll3BeCTH0il JIP,B0il rpattm\eil R,1. 
I1p11 )J,0CTaT0'!H0 60Jibllll!X 3Ha'Iemrnx IJ > (Jd(,) (JI1160 , > ,,1(1J)) a.nrc6pawrec:KOP 

ypaBHeHHe (24) l!MeeT ,UBa pa3Jlll'!Hh!X K0JJ1151 'Ph < 'Pe (,,.ny,rnil t::,, ), KOT0Jlble IWl'J>Yllll0 

HailTII 'IIICJieHHhIM crroco6oM. B 3T0M CJIJ'Iae M0)J,eJib orrpe,n;eJIHeT napy '-1,ll C '➔ KCT]>CMaJIJ,­

HblMH rop!130HTaMH, Bhl'IHCJI51eMbIMII no cpopMyJie 

1 
Re= ~- (25) 

IV 'P~ + 'Pe 

20 

]\[p111,11111ii K0IJ<'llh ,p1, < 1 cooTBeTCTB_1·<'T '-Ill c Bttemtt1n1 :➔ KlTpe~1a.11bHh1~1 1·op1no11To~1 R,,. 
a 60:11,11111ii ,;0 (q. 1 ) · 'Ill(' BH_YTpe1111m1 '.➔KCTJ)eW\.1hHbl~I 1·op1130llT0~l R0 • 

PPll!,l}I K]l'1PBl,l(' :1a;uvm ,'[.Ill-I _vpaBlll'llllil (22) C ll'.lflP,CT!lhlMII :➔ K<"T]JP,Mil.11,llhl\lll rop1no11-

Ta~lll. ~10;,i.;110 11aiiTII ('00Tlll'T('TBYKJII(ll(' \JaC('hl 1\lr > 1\l,, '-1.]. TTo ·n-11~1 Ja!lllbl\l .Wl'K0 

II0<'Tj>0IITI, -➔ p~ll!T0!J 110.;111110~1 

2/'l - 3f2 + /I = (), (2G) 

r;w KO'lcj><Jml\llP,HT 
,\I,, ~1Hx 

/I= , 
,Ur - 1\h 

a I = (R - Rr)/(R1, - Re) l'('Th JIOIGUhllan Ill'!Jl'~ll'IIIH\51. Hcc.TlmKHO npom•pnT!,. •rro 11p11 

0 s /1 s 1 ~-paBHCIIIH' l!MeeT Tj)ll pcaJibllhIX 1.;opm1, pacnoJJO;,J,PllllblX Ha IIIITPIJIHLH' 

[-1/2, 3/2]. 
TTocTJ><l<'llll<' no,111110i\ra (2G) cyuwcTm•11110 vnporuaeT a11a.,!IITl!'I<'l'K0<' 11 •111r.w11110P 1H·­

c.11P;~owu111<• ·1a,1~ati11. B 1 1acTHOl"l'll, Ju111:1..,1uKa ll3ttettPHll}I lJUc.11a rnp1no11TOH 11p11 ·111a 11PHll}IX 

j\Ja('Chl ;UIJtaT0lla , > '" 3aIJJl('!IT cyU(('("Tfl('IIII0 OT 0TII0llleHml 

R1,(<J. ,) 
p(<J.,)= R,.(q,,)· (2,) 

EcJIII •rncTH0e p E [1, 3) , TO ( C:VI. KIJIIB)'!0 11a Pm:. 14, 0Bl("l('IIIIYI0 'l<'j>P"I 'V) .'IPIW!' 

BepnIKa.JlbHOII rrp}!Moil BE2 (11p11 lllx, < llh2 ) l.J,I.l, l!MeeT C,'(llll('Tlll'llllhlii pPry:rnp111,111 1·0-

p113o!IT R1,, a 11a np}IM0il BE2 -· )J,IJa rop113onTa, 11pn•1eM rop1no1rr B T0'IK<' £~ HIU}l<'T<'}I 

IJIICIUlll!i\l :➔ KCT!JCMa.JlhllhIM, a ropll'J0IIT IJ T0'IKP B - Ill!YTPCIIIlll\l jl('l'_Y.'l}l]Hll,111- .]a.'I<'('. 11a 

:v•iacTKe i\IP,K,'J..V BepTIIKaJihHhnrn np51~11,nm BE2 11 E 1C, -r.e. 111rn ;1/., E (.\J,,0 • .\l,•). lL] 

HMPPT )J,Jlll :Ja)J,aHHllli !lfoo TPII pPl'JJllljHll,IX l'0jlll"lOll'l';\ (n1. lljllli\l<'jll,I 1111 P11(', JG). Ila lljlll­

MOil EiC .nna, npw1ei\I 0jJ)J,IlHaTa R,. T0'IKII E1 Hll-~HCT('}I Illl~"'J']ll'llllll~l '.➔ KCTjl<'~1a:11,111,n1 

1·opH:m11T0i\1, a op)J,1rnaTa Re T0'IKII C - BHemHIIM pery;wp11ui\1 1·up1nrnn·m1. HaKn11<'11. 

npaBeC T0'IKII C 11p11 /1-fcX) > lvlc 'I)]. lli\JeCT 01151Tb T0JlhK0 0/ll!ll pcr~·.Jll-Jj)Hhlil l'0JlU:l0IIT. 

O.S I Coee·" = I --1 
,:' 
~ 
C: 
.9 0.4 

~ 
Li: 
-~ 0 

~ 

---A/ -Ay=O 
\, ,,.,,. tty=! 

--"f- ::-'. -----. -. ----~ '.~: -
II I 

-vr= J.6 
I I 

-0.4+-''~R_,, -~'._R_,·--~~~-~-~---
0 2 

Distance r 

Puc. 15. Pcmerme c n11e11111HM a1<CTpeM,u11,-

111,1M rop11:10HT0M 

,:' 
~ 

C: 

·B 
§ 0 
"-
-~ 
" ::E 

Rf ,, ~I ' -I- __ :'- R., R, / /R if' __ .,-. 
I I ~, R1, 

I 
I 

I 

I 
I 

4 C/. = :!. R, = I .69 

~ 11 = l 9.H.."" \ 4X 

--0.i to....,...,cc_,...~~~~~~~-__J 
Distance 

Pnc. 16. PP111P1111>1 c T]l<'MH rop11i111rra"11 

TTp11 rpallll'III0M 3Ha'Il'I!Hll p(q, ,) = 3 T0'IKa A .)!P)KIIT na o;umii ll<'jlTIIKa:11,110ii 

npHMOII (' E2 , a l.{)]. l!MC<'T C)J,Illll'TBl'lllll,lii :➔ Kl'Tj)PM,Ull,111,111 l'0]l!J:I0IIT. Er.'111. 0 I II0III<'II Ill' 

fl> 3 (cM. 1qmnym t::,, Ha pnc. 14), lI,I], Il~ter.T !l0('~IC,ll0ilaT!'Jil,110 2 rop1no1rra B IIIITPJllHl.'11' 
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Afx E (Ale,, A/g] Me)KJ,.Y BeJJTIIKaJILHLl"lll UJJHMLl~lll. upoxoJUlll\lnlll •1101w1 E, 11 [\. L. 11 

3 rop1130HTa B OTK]JLJTOM IIHTepBa.JJe i\!-x, E (1\/g, Afe,) ~Ie)K,'l,_Y 11pm11,,~lll [\" L II Ei.V. 
,J.a.,iee. npn ,11a•1eF11111 1,,rar-rL1 Afc.o = A!E, '-Ill 111,,,eeT 2 rop1nowra. llll_\' 1 !JPHIII!ii 1r1 1<1r111p1,1x 

3KCTpe1,,rn.1en, a B11eu11111ii BbI'IIICJrneTrn no cpopMyJJe 

1 
R, = 2 (3R,, - Re). 

ECJIII Bb!TTO.~Hel!O 11epaBeHCTBO Nfcx > 1He,, TO '-1)111:-.,,eeT C/(lll!C'Illl'llllblii Pl'IT."f}fplll,tii 

ropH30HT. 

MeTO,l\ 'lllCJJeHHOro pernemrn 3a,l\a'!!l O '-1)1 Il]Jll :m1'.l,a111IO~l perymIJJHOM rnpIHOIITI' IITIO­

)Kel! B pa3,n;eJie 3.3.3. Hc110JJL30Ba.JJCH HAMH, a B03HHKaIOu~ne ,1111w11m,ie Kpat•JJ1,1c· ·rn;1a•111 

C oco6eHHOCTb!O Ha JJeBOII rpal!UI.\e pemaIOTCH npH IIOMOll(H c1rnaii11-I<OJIJJOKaI(IIOIIII011 CXl'~fl,I. 

paccM0Tpe1111011 B pa3;i;eJJe 1.3. 
B pa3,n;eJie 3.3.4 rrp1me,[\CII MCTO,I\ pClllCIIHH '.Ja,l(a•m co CIJOU0,1\11011 rpaIIHJ.\l'II ,[Jl}l '-I;:I, 

TaK)Ke oc11oaan11L1i! 11a HA:\1H. 

B pa3,LI;eJie 3.3.5 o6cy)K,l\a!OTCJI pc:iy.%TUTLI 'IIICJJCIIIJO['() :cJKCfll'))IIMl'IITa J,:rn pa·1JIH'IIII,IX 

3IIa'!eHHll 11apa1,,ieTpOB q 11 I· I1pHBe,l(ellbl IIJJHMepbl perneimii C OJ~llllM II C ;(BY~I}I Jll)J'_\"­

-~HJJIILIMH rop11:.io11Ta1,,111, a Ta!OIW C 3Kl"T!JCMa ... 'JbIILIMH ropffJOl!T;nlll (cM. pm:. lG H IHH". rn). 
1Ia110 1IO,ll,JJ0611oe orr11ca1111e ,l\HHaMHKH IBMenemrn 'IHCJJa ll BH,l\a rop,nOl!TO!i B 'lallHCH~IOC-TH 

OT :rna'lel!HH (pH3H'IeCK!lX uapaMeTpOH. 
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3 OCHOBHbIE PE3Y .JibTATbI ,lJ;IICCEPTAI.1;:HM 

KaK IITOI' rrpoBe,l(el!HblX IICCJJe,l\OBaHHH, Ha 3am;11Ty Bh!HOCHTCH CJie,n;y10m;ue pe3yJih­

TaThl: 

1. I1ocTpoe11a 3Cp<peKTHBHaH •mc.;1ennaa cxeMa MO,l(eJJIIJ)OBaHlrn 611¢ypKal.\l!OllllblX 3aBll­

Cl!:v!OCTeti paBHOBeCHb!X perneHI!H llll!JJOKOro KJ!acca ypaBHeHHH (pll311'leCKIIX MO,l(e,,eti. ,LJ:JJH 

non I.\em1 c11cTeMa H3 ypaane1111il ,l\,'IH paB110aecnL1x perne1111ii, ypaatte1111i1. rropmK,l(e1111oti 

!IIIHf'i1.11oii :ia,l\a'll! 11a co6CTBeHHble 3Ha'Iellll5! rrp11 (pllKCIIJJOBaHHOM co6CTBeH!IOM 3Ha'!eHHII, 

xapaKTep113}'!0lJ.\eM 611cpypKal.\HIO, BMeCTe C KpaeBblMH YCJJOBIIJ!Mll, B03M0)Kllb!MII yCJJOBHJ!Mll 

ll TO'!Kax pa3pb1Ba rrpOH3B0,l(Hb!X 11 m 2: 1 ,l(OIIOJIHHTeJJbHblMH "yCJJOBllJ!MH HOJJMHJJOBKH", 

pacnrnTp11naeTca KaK 06paT11aa crreKTJJ,L%Haa Ja)],a'!a ,L\JJH m rrapa:\leTpoa Mo,a,eJJu. 

TeM caMb!M llOCTpOeH U 1!3y'laeTCJI HOBblH KJJacc nemrneHHhlX crreKTpaJibflb!X 3a,l(a'I, ,l],JJH 

JJCIIWIIH}l KOTOJJLIX na OC!IOBC J)a:JBIITirn HAMH CTJJOUTCJI 3cp<peKTI!BIIa5! llLl'IHCJIIITCJIL!la}l 

cxeMa. 

2. Pa3pa6oTan KOMIIJJeKc rrporpaMM, pea.JJ1!3y!Ow;Hx OCHOB!lble 3Tallbl rrpe,[\JlaraeMoil 'IUC­

J[P,Hl!OII c:xeMbl. E,l\l!H006pa311e ,lJll"OJJHTMa 1103B0Jrne-r O))l'aHH30BaTb uaKeT TaKHM o6pa30M, 

'!TO ,/l)rn perneHHH Ka)K,l(OH KOHKpeTHOll 3a,l(a'll! MeHHIOTCH TOJJbKO MO,L\YJIII BBO,l\a na•[a.JJbHO­

l'O I1p116J1H)Kellllll, 11apaMCTJJOH MO)],eJJH ll o6pa60TKH 'IIICJieHHblX pe:3yJihTaTOH. 

3. TipoBe/1,CHO IIO/l,J)06Hoe HCCJJe)],OBaJme 611cpypKa1111ti a.Mll.'JHTY,l\hl rrapaMeTpa ll0fl5!;'.(Ka ll 

MO,ll,ll<pl!J.\llpoaa11110M ypaanennH f111136ypra-Jla.n,L1,ay )],JJJI ,l()K03ecpco11oacKoro rrepexo,l(a. I10-

Ka1a110, '[TO Kj)HTH'[eCKHH ,l],)K03ecpcoHOBCKHH TOK COOTBeTCTByeT 611cpypKal.\l!H aMllJll!Ty,l\bl 

rrapaMeTpa nopH,l\Ka. TTocTpoeHbl KJJ!lBbJe 3aB!ICI!MOCTII TOK-cpa3a. H 'IHCJJemlO HCCJJe,l\OBaHa 

3aBUCIIMOCTL COOTBeTCTBYIOlJ.\IIX K03<pqJIIJ.\lleHTOB <Dypbe-pa3,'JO)K€IJHJI KJJIIBblX OT napaM€T­

p0B MTT. TeM caMLIM YKa3ana o6JJaCTb rrpm1em1MocT11 Bb1cm11x sin-fop,L1,on ypaa11e1111ti 

)],JJa orr11can11.H rrpOJ.\eccoa B MTI. 

4. 13 paMKax MO,l\CJJII neo,L\HOJJO,ll,Horo ,l()Ko3ecpco11oarnoro rrepexo)],a., ocuoaamrnti na B03-

Myw;emIOM ypaane111111 sin-fop,L\OH, rrp11 rr0Morn;u pa3pa6omnnoro a.nropnTMa arrepabre rrpo­

Be,L1,e110 'll!CJJel!HOe MO,[\eJJ11poaa11He 6ucpypKaJIHH CTaTll'IeCKl!X BHXpeBblX COCTOHHllH Mar11HT-

11oro llOTOKa B MTI C 0,l],HOH 11eO,l(IIOJJO,l\HOCTb!O II C pemeTKOi1. HCO,Il,110))0,1\HOCTeH B 6apbep­

HOM C.Jioe. 

I> BBC,l\Cll IIOBLIH KJJHTepHil J)O)K,l],CIIHJI II YIIH'ITO)KCl!HH (KnaHTO!lalllrn) llllX!JCH MarIIHT­

HOJ'O IIOTOKa B ,l],)K03ecpco11oacKHX rrepexo)],aX rrpn ll3MeHeHHH cp1!3ll'!eCKHX II reoMeTJJll'Ie­

CKHX napaMeTpOB. 

I> l.JHCJI~IIHbIM rryTeM IIJJ€,ll,CKa3a!I HOBblH <pll3H'l€CKIIH 3<p<peKT, CB5!3aHHblH C IIOBe,l(e-

1111eM 6mpyp1<a11uo1111oil KpHBOH BH)],a "TOK-MarHl!THOP, []OJJe" /J,.IIH e/],H!IH'll!OJ'O cpmOKCOHa ll 

,l],Jlll!IHblX 11eo)],HOJJO,ll,llblX ,l],)K03eq>coHOBCKHX rrepexo)],aX llJJH ero 3axaaTe 11€0,Il,!IOJJO,l\HOCTb!O. 

9TOT 3cpcpeKT 110,l(TBepx</l,eH cp113ll'JeCKHM 3KCrrepttMeHTOM. 

I> BrrepBbie IIOCTpOeHbl KJJIITH'Iec1me Kpl!Bbie ,l],JJJ! OCHOBHblX COCTOJ!HllH MarHHTHOI'O 

llOTOKa B ,l\BYXC.JIOH!lblX ,l],)K03€<pCOl!OBCKllX rrepeXO)],ax. 

I> Brrepabie nai1.,l(etta MIIHIIMa.JJhHaa ,l\Jlll!la ,l()K03ecpco11oacKoro rrepexo,l\a, rrpn KOTopoil 

pacrrpe,l(eJJeHHH Ma!'HllTHOrO ITOTOKa coxpal!JIIOT yCTOH'lllBOCTb. 
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5. BrrepBbie 'IIICJieHHO UCCJie,1],0BaHa ycTOTT'!HBOCTb ceMeiiCTBa IIY:JbJ]lbKOBblX c-o.;JJITOllllblX 
aHa.:JHTll'JecKHX pemennil nemrneiiHoro ypaBHPHIIH lllpe,1mirPp>l c; Kyfi11•1Pc-1<011 11c,.11111Pfirl!i­
CThIO. TT0Ka3a110, '!TO cyu1eCTByeT Mll!IHM3-,1b!la.H CKOpOCTh pacrrpoC'rpaI!elllrn ll(J;illl,J. ·rnu11-
C.HII1a.H OT rrapaMeTpa cpe,11,hl, IIH)Ke KOTOpoii CO.JIHTOII CTaHOBl!TbC.H llf'_\'CTOH'll1Bbl\l. 

6. Brrep51,1e rrpOBP,i],eHO •111,JielllIOf' Il:l_\"lf'IJl!e K.rracca M0,1],f'.JIPil CT1lTlt'IPCirnx OlflOIIIIbIX 
ll. 6o30HIIO-cpep111l.OHHbIX cq)epwreCKl!-CfliIMeTpll'-lllhlX 3Be3,1],, 6a3HJ))'l0Il\IIXCH mt l"Ka.:rnpao­
TeH30pHbIX TeOpHHX rpaBIITaUIIH C MaCCIIB!IbIM ,1],11.'IaTOIIOM. 

[> Pa:ipa6oTan 3cpcpeKTHBI-lblii '-!lICJ!f'HI-lbiii ru1rop1!Tl\l ,;_vrn pewenmr ll<Yl!IHKaJO!IlllX lll'."lll­
HeiiHhlX crre1n·paJibllhlX 3a.ua•1 C BHyTpe11nell: IWH3BeCTIIOii rpam1uc11. 

[> IToKa:iaHo, 'ITO yCTOH'llIBOCTh pallHOBeCHhIX KOll(plll'_\'J)au11i:'r :mn,!J. B TaKllX \10,(('..l}!X 
cyw;eCTBe!IHO 3aBIICIIT OT ue1!Tpa.Jib!IhIX IIJIOT!IOCTeii 6o30II!IOH ll qwp~IHOIIIIOii i1an•p1rn. a 

Tal()Ke OT MaCCLI ,11,HJiaTOIIa. 

7. PacCMOTJ)CII KJiacc ccpcpll'WCKH-CIIMMCT]lll'lllLIX M0,1],CJICli :,J1CKT!Jll'l('('.l(II Ja]l}lil(('IJlll,IX 

,,epl!b!X ,11,hlj) C MaCCflBl!bIM ,!J;!lJlaTOHOM. 
[> ITpolll',11,l'HO ana.,111'1'11'-ICCKOC IICCJll~,1],0mtJIHC CTIJYKTypLI ropll'.JOIITOll '-ID.. TT01G1 lilllil I\() 1-

MO)KHOCTh cyw;eCTBOBaHH.H B 3aBHCHMOCTII OT 31-Ia'IeI-llrn ~!aCCbl ,!J.l!JJaTO!la fl 3a1m;ia 1 IJ, p<'­
I'YJl}]j)llblX, 3KCTJ)CMaJlhHhlX l1 TJ)ll)K/\hl llhlj)O,!{/\e!l!lblX I'OJJIHOH'l'OB. I1p1rne;((!ll K!Jl!Tl']ll!ll 
cymecTBOBaIIIIll ,11,BYX 11 Tpexropll.30!-ITI-lh!X COCTOllHHli 'ID,. 

[> ITpe,11,JIO)J{eI-1 3cpcpeKTHB!lbIH 'lllC,-.,1P.HllhIH aJifOJ)lITM /\JIH MHOf'OTO'IWIHOli Kpac~1ml1 :ia;\a­

'Ill C HeH3BeCT!lb!Mll rpaHIIUaMH, OIIHCbIBaIOll\eii M0,1],eJib 'I,L.I,. 'li1c,1emH,IM 11.YT('M 110.:1y'H'IIbl 
perneHl!.H C ,.J;BYMll peryJIHJ)HhIMH, O,!l;HIIM peryJIHJ)IILIM II 0,1],HIIM-3KCT!JP.M:l.JlbllhIM, a Til[OK(' l" 

TJ)CM.H perym1pHLIMH rop1130HTaMI!. 
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CmICOK npHHSITblX COKparn;emli:i 

,ll,1JJ1 
HYW 
'-i,.Q 
3WT.TT 
HAMH 
OTO 

- ,!l,.JIIIHHh!H ,!l,)K03ecpcouOBCKIIH nepexo,!l,; 
- 11e.111Iueiinoe ypanuemrn illpe,!1,mircpa; 
- '-!epHaH ,!l,hlpa; 
- 3a,!l,a'-!a illTyp1ia-.TT11yBHJIJIH; 
- nenpepb!Bllhlil aua.nor MCTO,!],a Hh!OTOHa; 
- o6w:aH TeOpHH OTHOCl!TeJibHOCTII. 
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