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· AKTYaJihHOCTh TeMhI 

3q>q>CKT Ka3HMHpa IIpHBJieKaeT BHHMaHHe q>H3IIKOB · y2Ke "B TeqeHIIC II0-

JIJI3CKa. B HacToHID;ee · npeMH, ronopH 06 3T~M 3q>g:>eK-re·, 06b1'1Ho IIMCIOT' B 

BII.ZJ;J Kpyr q>II3II'tJCCKIIX HBJieHHH 6orree IIIIIpOKIIH, 'ICM IIpe,ncKa3aHHOe Ka-

3HMIIp0M B 1948 r. rrpIIT.8:2KCHIIC II,neaJII,H0 rrpono,tiHID;IIx IIJiaCTIIH B BaKy

yMe. Ilo.n o6o6IUCHHhlM 3q>q>CKTOM.Ka3IIMHpa IIOHIIMaIOT H3MCHCHIIe BaKy

YMHOH 3Heprnn ( 3HeprnII HJITCBhlX KOJie6aHHH) KBa~TOBori6rreBoii ~IICTCMhl 

B pe3yJil>TaTe HaJIO)KCHIIH KaKHX-JIII6o BHCillHIIX orpaHII'tJCHIIH. 8To MO

)KCT 6hlTI,, HarrpIIMep, orpaHH'tJCHIIC 061>eMa KBaHTOBaHII.8: HJIH OTJIII'tJIIC 

TOIIOJIOrIIH paccMaTpHBae.Moro IIpOCTpaHCTBa OT eBKJIH,ZJ;OBOH. 

3HeprIIH Hyrrenhlx Korre6aHIIH KBaHToBorrorreBorr cIIcTe~hl, orrpe.nerr.He

Ma.H imK BaKyyMHoe cpe.ne:ee orrepaTOpa I'aMIIJil>TOHa E0 =< OIHIO >, 
3a,naeTCH pacxo,nHID;eiicH rrorrycyMMoii co6cineHHhlX qacToT. TeM He Me

Hee, MO)KHO IIOKa3aTI,, 'ITO rrpII KOHC'tJHOM II3MeHCHIIII rpaHII'tJHhlX ycrronIIii 

II3MeHeHIIe B3.KJJMHOH 3HeprIIII TaK2KC KOHe'tJHO. 

Ilepnoe rrpHJIO)KeHIIe n.nen: BaKyyMHhlX KOJie6aHHH D q>H3HKC 3JICMCHTap

HhlX 'tJaCTHU CB.8:3aHO C KJiaccn:qecKOH MO,ZJ;eJII,IO 3JieKTpOHa. Ka3HMIIp rrpe,n

JI02KHJI paccMaTpIIBaTI, 3JieKTpOH KaK cqiepy C paBHOMCpHO pacrrpe.nerreH

HhlMH ITO Heft OTpn:n;aTeJII,HhlMII 3apH,naMn:, 3JieKTpOCTaTH'tJeCKOe OTTaJI

KHBaHIIe KOTOphlx ypanHOBCillIIBaeTC.8: Ka3HMIIpOBOH CHJIOH IIpHT.8:)KeHH.8:. 

O,nHaKo, B 1968 r. T. Boiiep rroKa3aJI, 'ITO c~ma Ka3n:Mn:pa i:::TpeMHTCH He 

c2KaT1, cq>epy, a, Hao6opoT, pacmn:pn:Tl> ee. ·rrocrre pa6oThl Eoiiepa rroHBII

rroc1, MHoro CTaTeii, B KOTOphlX paccMaTpIIBaJIC.8: 3q>q>eKT Ka3IIMIIpa .ZJ;JI.8: 

KBaHTOBhlX rrorreii C rpaHII'tJHhlMH ycJIOBII.8:MH, 3a,naHHhlMII Ha IIOBepXHOCTH 

cq>ephl, rraparrrrerrerrn:rre.na, .nnyrpaHHoro yrrra, un:rrn:H,npa n: T .,n. llccrre.no

narrn:c1, crryqan: n:,neaJII,HhlX II rrorryrrpo3pa'1HhlX CTeHOK, CTCHOK C mepoxona

TOCT.8:MII, HeCTaUIIOHapHhle 3a,naqn:, rrpe,nrrorrararoIUHe rrepeMeID;eHn:e rpa-
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mm;. 3cpqieKT Ka3n:Mn:pa my'laJicH iI npn: oTJIH'IHoii: oT HyriH TeMnepaType. 

HecMoTpH Ha To, 'ITO B 3Toii: o6rracTn: n:ccrre.nonaHn:ii: 61,m norry'leH ti;em,rii: 

pH,n Iia2KHhlX pe3ym,TaToB, ,no cn:x nop He pa3pa6oTaH yHn:Bepcam,HhlII Me

To,n pac'leTa 3Heprn:n: Ka3nMn:pa (3K), npn:MeHn:MhlH ,nJIH npomB~JibHhlX 

rpaHH'IHhlX ycrronn:ii:. 

Berrn'ln:Ha n: 3HaK 3K 3ann:cHT oT paccMaTpnnaeMoro norrH n: pa3Mepao

CTn: npocTpaHCTBa-npeMeHn:. Kpn:BII3Ha npocTpaHCTBa-BpeMeHn: HJIII IIpII

cyTCTBn:e q>OHOBoro IIOJIH TaK)Ke MoryT II3MeHn:Tb cnei{Tp co6CTBeHHbIX 'la

CTOT n: nonrriIHTb Ha 3 K. 

IIepe'In:crrHM o6rracTII TeopeTII'lecKoii: q>II3IIKn:, r,ne n:ccrre,noBaHn:e 3K 

npe,ncTaBJIHeTCH oco6eHHO aKTYaJibHhlM. 

B KBaHTOBOXpOMO,IJ;HHaMH'leCKOH Mo,neJIH MeIIIKOB, OIIHChlBaIOmeii: a,npo

Hhl, 3K rJIIOOHHhlX II KBapKOBbIX TIOJieii: BHYTpn: MeIIIKa ,IJ;0JI)KHa Y'IIIThl

BaTbCH npn: pac'leTe a,npOHHhlX Mace. 

B KOCMorrorn:II 3q>q>eKT Ka3IIMnpa CYIIIeCTBeHeH, Kor,na TonorrorIIH pac

CMaTpn:nae~oii:. Mo,neriII BceJieHHOH OTJIII~aeT~H OT TO~OJiorn:n: 6eCKOHe'l

HOro eBKJIII,noBa npocTpaHCTBa. Ilpn 3TOM im~IIMn:po~~K~ii BKrra,n BIIOJI~ 
_; ' ' , '~ 

Hhlii: BaKyyMHhlH TeH3op 3Heprn:n:-IIMIIYJibca KBaHTOBaHHhlX IIOJieii, HB]1:H-

~ . ' 'Ii ' 

HCb lICTO'IHIIKOM rpaBIITau;n:OHHoro IIOJIH, B CBOIO O'Iepe,nb 0Ka3bIBaeT BJIH-

HHIIe Ha MeTpIIKy IIpOCTpaHCTBa-BpeMeHII. 
. . 

B norrenhlx Mo,nerrHx TIIIIa Karryu;b1-KrreiiHa y'leT 3q>!peKTa Ka3IIMIIpa 

Heo6xo,nIIM IIpII paccMOTJ>eHIIII MexaHH3Ma KOMIIaKTIIq>IIKaIIIIII ,IJ;0II0JIHII

TeJibHbIX. npocTpaHCTBeHHhlX II3MepeHn:ii (pa3MepHoii pe,nyKu;IIn:). 

B CTpyHHhlX_ TeopIIHX 3HeprIIH Ka3IIMIIpa TeCHO CBH3aHa C KpIITII'le

CKOH pa3MepH0CTbIO npocTpaHCTBa-BpeMeHII II onpe,neJIHeT KBaHTOBhle II0-

npaBKII K mrneii:Ho pacTym;eMy II0TeHu;IIaJiy IIpII CTpyHH0M OIIIICaHIIII B3a

IIMO,neiicTBIIH KBapK0B B a,npoaax. 

JlpII IIccrre,noBaHIIII 3q>q>eKTa Ka3IIMn:pa IICIIOJIMYIOTCH qiopMaJIII3M q>yHK-
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IIIIII rpIIHa, MeTO,IJ; TeH3opa HaIIpH2KeHIIH, qiopMaJIII3M, MHO.roKpaTH0ro pac

ceHHIIH; TeXHIIKa ,IJ;3eTa-q>yHKIJIIH, MeTo,n H,npa .. ypaBHeHIIH TeIIJI0IIp0B0,D;

HOCTII, -IIOMO,IJ;OBOe cyMMIIpoBaHIIe C IIOMOIIl;bIO _KOHTypHoro IIHTerpnpoBa

HHH. .CJia6_hlM MeCT0M · ncex nepe'IIICJieHHhlX uo,nxo,noB ·. HBJIHeTCH npou;e

,nypa BbI)];e~eHIIH II nocrre,ny10m;ero ycTpaHeHn:H pacxo,nIIMOCTeii:. OTcyT~ . 

CTBIIe YHlIBep_cal[bHoro MaTeMaTII'leCKII CTpororo pen;enTa J];JIH 3TIIX u;erreII 

II -q;eTKO cqiopMyrrnpoBaHHhlX q>n:3n:~eCKIIX · HOpl\rnpoBO'IHhlX ycJIOBIIH IIpII

BO,D;IIT K TOMY, 'ITO pe3YJibTaThl, IIOJly'IeHIJhle pa3HhlMII IIYTHMII, MoryT He 

conna,n;aTb. Ilo3TOMY aKTyaJibHoii: :3a,na-qeii: HBJIHeTCH pa3pa6oTKa nocrre~o

BaTeJibHoii: O,D;Ho;ma'IHOH npon;e,nyphl ycTpaHeHlIH pacxo,nIIMOCTeii: npII pac

'leTe 3K. 

I:(eJIH p_a60Thl: 

• pac'leT Me2KKBapKo~oro ~oTeHn;n:arra B CTPYHHhlX Mo,nerrHx ( cTpy:iia · c 

MaccaMII Ha KOHn;ax, 2KeCTKaH CTpyHa, MO,IJ;IIq>IIIIHP0BaHHaH 2KeCTKaH 

CTpyHa), 

• pa3pa60TKa IIOCJie,D;OBaTeJibHOH O,D;H03Ha'IHOH npon;e,n;yphl ycTpaHeHIIH 

pacxo,nIIMOCTeii: npII pac'leTe 3K, KOTOpaH onpe,n;errHeT Me2KKBapKo

BbIH IIOTeHD;HaJI B CTPYHHhlX M0,D;eJIHX, 

• pa3BIITIIe TeXHlIKII pac'leTa 3K npn: KOHe'IHOii: TeMnepaType, 

• pa3pa60TKa IIOCJie,noBaTeJibHOH npon;e,nyphl ycTpaHeHIIH pacxo,n;IIM0-

CTeii: npII pac'leTe BaKyyMHOH 3HeprIIII ,IJ;JIH HeKOT0phlX II0JieBhlX M0-

,nerreii C rpaHII'IHhlMH ycJIOBHHMn:, 3a,IJ;aHHhlMH Ha IIOBepXHOCTII D

MepHOH cqiephl (D = 2, 3), 

• UCCJie,noaauue pOJIU 3<p<peKTa Ka3UMupa B MexaHII3Me C0HOJIIOMHHeC

IIeHIIIIII. 
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Hay•::mru1 H0BU3Ha H npa.KTU"<IeCKrul n;eHH0CTb 

B ,n:nccepTaxum y,n:an:oc1, pa3BHT:h rrpocToii: c MaTeMaTn'lecKoii: TO'IKH 

3pemuc MeTo,n: ycTpaHemrn: pacxo,n:nMocTeii: rrpn pacqeTe 3K, KOTOphlii: ocHo

BaH Ha KOHTYPHOM HHTerpnpoBaHIIII B KOMIIJieKCHOll Il1IOCKOCTH co6CTBeH

HhlX 'laCTOT paccMaTpHBaeMOll KBaHTOBOII01JeBoii: MO,n:enn. 3cpq>eKTHBHOCTI, 

3TOPO MeTo,n:a rrpo,n:eMOHCTprrpoBaHa rrpn pacqeTe Me)KKBapKOBOro IIOTeH

IUia;1a B cTpJHHhlX Mo,n:emcx (cTpyHa HaM6y-roTo c TO'le'IHhlMH MaccaMII 

Ha KOHD;ax, CTpyHa C )KeCTKOCTbIO rrpn eynenoii: ll KOHe'IHOll TeMrrepaType, 

Mo,n:nq>nn;npoBaH:1IaJI )KeCTKaJI cTpyHa). B Mo,n:enn )KeCTKoii: cTpyHhl, MO.Il:II

q>IIn;npoBaHHoii: 'l1IeHOM raycca-EoHHe B ,n:eii:CTBHH, BIIepBhle paCC'IHTaHa 

3K II Me)KKBapKOBhlll rroTeHIUian. 

MeTo,n: rroMo,n:onoro cyMMnponanm1 TaK)Ke xopomo pa6oTaeT rrpII pac

'leTe 3K B HeKOTOphlX rroneBhlX Mo,n:em1x, II03Bomrn: rrpoCThlM rryTeM BOC

IIpOII3BeCTH y)Ke ll3BeCTHhle pe3y1Il>TaThl (3K n,n:eanbHO rrpono,n:mn;eii: cq>e

phl, CKamcpHoro rromc c rpaHH'IHhlMII ycnonmIMH llnpIIxne Ha cq>epe) II 

rrony'IIITb HOBhle (3K CKam1pHoro rrom1 C rpaHII'IHhlMII ycnOBIIHMII Heii:M

aHa Ha cq>epe, ,n:n311eKTpII'lecKoro mapa 6e3 yqeTa n c yqeToM ,n:IIcrrepcIIII). 

KpoMe Toro, IICII01Ib30BaHIIe ,n:aHHoro MeTo,n:a ,n:aeT B03MO)KHOCTb OTBeTHTb 
. . 

Ha aKTyanbHhlll B rrocne,n:HIIe ro,n:hl norrpoc o CBH3H MeXaHH3Ma COH01IIOMII-

Hecn;eHn;nn c 3q>q>eKTOM Ka3IIMIIpa. 

Anpo6an;i,H pa6oTbI 

Pe3y111,TaThl ,n:IIccepTaD;IIII ,n:oK11a,n:hlBa11IIc1, Ha ceMHHapax B Jia6opaTo

pIIII T~_opeTII'lecKoii: q>II3IIKII OII5III, Ha Me)K,n:yHapo,n:HoM ceMIIHape ,,Cy

rrepcIIMMeTpIIx n KBaHTOBhle CIIMMeTpIIII" (lly6Ha, PoccIIx, 22 - 26 IIIOJrn 

1997 r.), Ha Me)K,n:yHapo,n:HhlX KOHq>epeHD;IIHX ,,MeTO.Il:bI CIIMMeTpIIII n q>II-

3IIKe" (lly6Ha, Pocc1rn, 28 III01IH - 2 anrycTa 1997 r.) n ,,IIpo611eMhl KB~H

TOBoii: Teopnn rronx" (Ily6Ha, PoccIIx, 13 - 18 HI01IH 1998 r.), a TaK)Ke Ha 

IV ~M pa6oqeM conern;aHnn ,,KBaHTOBaJI Teopnx rronx c y'leTOM BHerrrnnx 
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ycnoBIIn" ( Jieii:rrn;IIr, repMaHnx, 14 - _18 ceHTx6px 1998 r,). 

IIy6nuKan;uu 

Ilo pe3J1IbTaTaM .Il:IICCepTaD;Hll orry611HKOBaHQ meCTb pa6oT. 

O6'beM u CTPYKTypa ,n;uccepTan;uu 

lIIIccepTaD;IIH COCTOIIT II3 BB_e,n:eHIIH, 'leThlpex rnaB, 3aK1IIO'leHJrn II rrpII-

1JO)KeHHH. CnIICOK nnTepaTyphl co,n:ep)KIIT 103 HanMeHoBaHIIH. IIonHbI:ii 

ofrI,eM ,n:nccepTaD;IIII - 107 CTpaHIID; MaIDIIHOIIIICHOrO _TeKCTa, BK1IIO'laJI 'le

Thlpe Ta61IIID;hl II m,ecTb PJ:ICJHKOB. 

Coaep'JICa'H,Ue pa6ombi 

Bo BBe.n;em111 ,n:aHo orrpe,n:eneHne o6o6rn;eHHoro 3q>q>eKTa Ka3IIMIIpa. 

c,n:enaH o~3op ero ocHoBHi,rx rrpII1IO)KeHnii:, cq>opMynIIponaHhl n:em1 ,n:nccep

Tan;IIII II K'paTKO II31JO)KeHO ee-co,n:ep)KaHIIe. 

IIepBruI u BTOpruI rJiaBbl IIOCBHID;eHhl ll3J'l~HIIIO ponII 3K n pacqeTe 

Me)KKBapKoBoro rroTeiin;nana B HeKo-rophlx cTpyHHhlX Mo,n:eirnx. B nepBoii 

rJiaBe IICC11e,n:0BaH IIOTeHn:IIarr, reHepIIpyeMhlll CTPYHOII HaM6y-roTO C T0-

'le'IHhlMII MaccaMH Ha KOHn:ax. 

B riep~oM naparpaq>e, KoTophlii: H0CIIT BBO.Il:Hhlll xapaKTep, paccMoTpeH 

BapIIan;IIoHHhl:ii: MeTo,n: pac'leTa cTaTII'lecKoro rroTeHn;nana. reHepnpye11,rnro 

CTpyHoll: HaMfiy-roTo C HeIIO.Il:BII)KHhlMII • KOHD;aMII ( fieCKOHeqHo TH)KeJihlP 

Herro,n:BH2KHhle KBapKH Ha KoHn:ax CTPYHhl). Me2KKBapK0Bhl:ii: rroTeHn:nan 
' ' . 

orrpe,n:enxeTcx cTaH,n:apTHhlM o6pa3oM qepe3 cooTBeTCTBYIOIUIIII q>yHKUII;>-

Ha1IbHl>Ill HHTerpan, KOTOphl:ii: Bhl'IIIC1IeH B rrpe,n:eJie I) --+ ~ ( D - pa3Mep-

HOCTb rrpocTpaHCTBa-'npeMeHII). 

Bo BTopoM rraparpaq>e nccne,n:yeTcx rroTeHn:IIa.11, reHepnpyeMhlII cTpy-
. . . 

Hon, coe,n:IIHHIOID;eii: KBapKII KoHe'IHoii: Macchi:. IlpII Bhl'IIIcneiurn q>yHKn:no-

Ha1IbHoro IIHTerpana IICII01Ib3yeTCH BapIIaD;IIOHHhlll: MeTo,n:, KOTOJlhllI II03B0-

11HeT Ha:HTII Me)KKBapKOBhl:ii: rroTeHn:IIan B BII,n:e 1/ D-pa31102Kemrn. IIony

qeHa CHCTeMa BapnaD;IIOHHhlX ypaBHeHII:ii:, orrpe,n:enHIOIUaJI CTan:IIoHapHyK> 
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ToqKy 3q>q>eKTIIBHoro ,n:eHCTBIIJI CTPYHhl B rrpocTpaHCTBe BapIIaIJ;IIOHHhlX 

rrapaMeTpoB u;, TJ;, (i = 0, 1). 

B TpeTI,eM rraparpaqie na CJICTeMa IICCJie,n:yeTCJI qIIcJieHHO MeTo,n:oM 

IITepau;IIH. Me2KKBapK0BhlH rroTeHu;II~; KoTophlH orrpe.n:errJieTcJI 3K B ,n:aH

HOH cTpJHHOH Mo,n:emi, Han.n:eH B rrepBoM rropJI,n:Ke 1/ D-pa3JI02K~HIIJI. IloKa-

3aHo, qTo .D:JIJI mo6hlx Mace KBapKoB II rrpaKTIIqecKII rrpII mo6hlx paccToJI

HIIJIX Me2K,n:y HIIMII xopomo pa6oTaeT HyJieBoe rrpII6JIII)KeHIIe: B Bhlpa2KeHIIII 

.D:JIJI 3K CTpJHhl c MaCCaMII Ha KOHIJ;ax MO)KHO IIOJIO)KIITb 'T/O = 1 II <To = 0. 

IlpII 3TOM rroTeHu;IIarr orrpe.n:errJieTCJI qiopMyrron 

' · · 2 I 2(D - 2) · 
V(R) = M0 R, 1 + M 2R Ec(m,R), 

0 , 

r.n:e MJ - HaTJI2KeHIIe cTpJHhl, R - ee .D:JIIIHa, D - pa3MepHOCTb rrpocTpaH

CTBa-BpeMeHII, Ec(m, R) - 3K. AHaJIII3 3TOH qiopMJJihl rroKa3arr, qTo Mac

COBhle rrorrpaBKII ,n:aIOT cym;ecTBeHHhlll BKJia,n: B Me2KKBapKOBhlll IIOTeHIJ;IIaJI. 

BTopru1 rnaaanocBJilll;eHa pa3pa60TKe rrocrre.r:(oBaTeJibHOH rrpou;e,n:yphl 

rrepeHOpMIIpOBKII IIpII pacqeTe CTpJHHoro IIOTeHIJ;IIaJia 

B rrepBOM rraparpaqie Me2KKBapKOBhlll IIOTeHu;IIaJI B MO,n:eJIII peJIJITII

BIICTCKOll CTpJHhl c 2KeCTKOCTI,IO rrorryqeH B o,n:HoIIeTJieBOM IIpII6JIII2KeHllll 
! 

V(R) = M5R + (D ~ 2)(Eg) + Egr), . 

r.n:e lf}g) II Eg) - 3K, COOTBeTCTByroru;ne .D:BYM Mo,n:aM KOJie6aHIIll )KeCTKOll 

CTpyHhl. .IlrrJI rrepeHOpMIIpOBKII .3TIIX 3HeprIIll IICIIOJib3OBaH MeTo,n: aHa

JIIITIIqecKOro rrpo,n:orr2KeHIIJI ,n:3eTa-qiyHKIJ;IIH PIIMaHa ( ( s) = L~=l n-s _II 

3rrmTeHHa-rypBIIIJ;a (EH(s) = L~=l(n2 + a2)-s . .IlrrJI 3HeprIIHEg) II.Eg) 

oH ,n:aeT crre.n:yroru;ne pe3JJibTaThl: 

7r ·E(l) ___ R' 
C - 24 E (2) _ Mo ~ _1K _(2nMoR). 

C - --- L., n l 
, 271"\fa n=l \fa . 

qT06hl o6ocHOBaTb rrpIIMeHeHIIe qiopMaJibHOro MeTo,n:a (;-q>yHKIJ;IIII B 

.n:aHHOH 3a,n:aqe, BO BTOpOM rraparpaqie Me2KKBapKOBhlll IIOTeHIJ;IIaJI, reHepII-
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pyeMhlll 2KeCTKOH cTpyHoii, paccqIITaH C IICIIOJib3OBaHIIeM CTaH,n:apTHOro 

peu;eIITa rrepeHOpMIIpOBOK C peryJIJipII3aIJ;IIeii II BhlqIITaHIIeM.. IlpII 3_TOM 

pacxo.n:JIIIJ;IIecJI rrorrycyMMhl co6cTBeHHhlX qacToT, orrpe,n:errJiroru;ne Eg) II 

Eg)' rrpe.n:cTaBJieHhl B BII,n:e KOHTJpHhlX II~TerparroB, a pa.ziIIyc KOH;ypa 

IIHTerpIIpOBaHIIJI B KOMIIJieKCHOH IIJIOCKOCTII qacTOT CJIJ)KIIT rrapaMeTpOM .. 

peryrrJipII3aIJ;IIII.. I1cxo,n:HaJI Mo,n:err1, co.n:ep2KIIT ,n:na q>II3IIqecKnx rrapaMeTpa: 

HaTJI2KeHIIe CTpJHhl M5 II 6e3pa3MepHyro KOH~TaHTy a, xapaKTepII3JIOuzyro 

)KeCTKOCTb CTpyHhl.. IloKa3aHo; qTo B o,n:HOIIeTJieBOM rrpn:6JIII2KeHllll nepe

HOpMn:pyeTCJI TOJibKO HaTJI2KeHne cTpJHhl M5 .. 

B rraparpaqie 3 c rroMorru,ro crreKTpaJibHhlX rrpe,n:cTaBJieHn:ii ,n:rrJI 3K 

CTpyHhl, KOTOphle ecTeCTBeHHO BO3HllKaIOT B paMKax pa3BllnaeM_oro no.n:

xo.n:a, Haii,n:eHa cno6o,n:HaJI ll BHJTpeHHJIJI 3HeprIIJI )KeCTKOH CTPJHhl rrpn 

KOHeqHoii TeMrrepaType. 

B rraparpaqie 4 paccMoTpeHa Mo,n:n:qin:Kau;IIJI Mo,n:errn: 2KeCTKoii cTpJHhl 

rryTeM nne,n:eHn:JI Torrorrorn:qecKoro qrreHa B ee ,n:eiicTnn:e.. IIorryqeHhl rrn

Heapn:3oBaHHhle ypanHeHn:JI .n:nn:2KeHn:JI, rpaHIIqHhle ycrroBn:JI n: Haii,n:eHo qa-

CTOTHoe ypaBHeHne, orrpe,n:eJIJirom;ee crreKTP B036y2K,n:eHn:ii CTPYHhl. B 3TOH 

3a,n:aqe BrrepBhle paccqnTaHa 3K n: Me2KKBapKOBhlH rroTeHu;n:arr. IloKa3aHo, 

qTo BKJia,n: TOIIOJiorn:qecKoro qJieHa B CTPYHHhlll IIOTeHIJ;llaJI MO2KeT 6hlTb 

cym;ecTBeHHhlM Ha paCCTOJIHllJIX MeHbillllX IIJill rropJI,n:Ka pa3Mepon a,n:poHa. 

B_ rnaae 3 paccMoTpeHa 3K B rroJieBhlX Mo,n:eJIJIX c rpaHn:qHhlMll ycrro

BIIJIMII, 3a,n:aHHhlMll Ha cqiepe. 

B nepnoM rraparpaqie pa3BllT rrpocToii MeTo.n: ycTpaHeHn:JI pacxo,n:n:Mo-
i , ,., 

cTeii rrpn: pacqeTe BaKyyMHOH 3Heprn:n ,n:JIJI TaKIIX rroJieBhlX Mo,n:erreii. Me-

To,n: 6a3n:pyeTCJI Ha KOHTJpHOM llHTerpn:ponaHllll B KOMIIJ~eKCHOH IIJIOCKOCTll 

co6cTBeHHhlX qacTOT. 3qiqieKTllBHOCTb MeTo,n:a rrpo,n:eMOHCTpn:pOBaHa pac

qeTOM 3K .D:JIJI n:,n:earrbHO rrpoBOJJ:Jilll;e~ cqiephl B TpeXMepHOM rrpocTpaHCTBe 

( D = 3 + 1). B rrpe,n:rraraeMoM no.n:xo.n:e He Tpe6yeTcJI BBo,n:n:Tb qieHoMeHo-
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rrorn'!ecKne o6pe3aIOI.II;IIe qiyHKI(lI~ n y.n;aeTC.ll 06oiiTnc1, rrpaKTlI'IeCKlI 6e3 

CJIO)KHhlX -'IlICJieHHhlX yac'!eT;OB. 

B rraparpaqie ~ rrorry'IeHa 3K _cKarr.llpHoro 6e3MaccoBoro rrorr.ll, rro.n;'IlI

H.lIIOIIJ;eroc.ll rpa~lI'IHhlM ycrroBH.lIM Ilnpnxrre n HeiiMaHa Ha cqiepe. ·Y cTpa~ 

HeHne paCX?.D:lIMOCTeii B ,n;aHHOH 3a.n;a'I~_lIHTeprrpeTnpyeTC.ll KaK rrepeHop

MlipOBKa He TOJibKO 31;Ieprnn HYJieBhlX KOJie6aHnii, HO lI pa.n;uyca cqiephl. 

~ · Tpe.TbeM rraparpaqie nccrre.n;o~aHa 3Heprn.ll BaKyyMHbIX Korre6aHIIii 

3JieKTpOMarHHTHoro IIOJI.ll B 2 + 1-MepHOM rrpocTpaHCTBe-BpeMeHII ,!l;JI.ll rpa-
. . ' . . . . 

HII'IHhlX ycrroBH-!{X, 3a.D;aHHhlX Ha_ OKPY2KH<>CTlI. 3K rrpe.n;cTaBrreHa KaK 

cyMMa KOHe'!Hoii n pacxo.n:.lIIIIeiic.ll '!acTeii. Pacxo.n;.lIII(IIHC.ll. BKrra.n; 3a,n;a

eTC.ll p.ll.D;OM I:~1 n-1• O6cy2K,n;~eTc.ll_ CB.ll3b 3Toii 3a.n;a'In c pac'IeTOM 3K 

n.n;eaJihHO rrpoBO.D;.lIIIIero I(lIJIIIH,n;pa. 
f. 

B rnaae 4 nccrre.n;yeTc.ll porri, 3<p<peKTa Ka3lIMIIpa B MexaHII3_Me coHo

JIIOMHHecneHI(lilI. 

B rraparpaqie 1 MeTO,!l;OM IIOMO,!l;OBoro cyMMlipo:aaHII.ll C IICIIOJib30BaHneM 

KOHTypHoro IIHTerpIIpOBaHlI.ll paCC'IIITaHa 3HeprlI.ll Ka3IIMIIpa MaTepnaJib

Horo ~a~a, rroMern;eirnoro B 6ecKoHe'IHYIO cpegy. IIpe.n;rrorraraeTc.ll, 'ITO ,n;II-

3JieKTplI'IecKa.ll lI MarHlITHa.ll rrpoHIII(aeMOCTlI mapa lI OKpy2Ka10meii cpe.n;hl 
' . ' 

CB.ll3aHhl ycrrOBlieM c1µ_1 = c1µ2. 

B rraparpaqie 2 paccMoTpeH crry'Iaii HeMarHIITHoro crra6o rrorr.llpII3ye

Moro mapa (c1 - c2)2 /(c1 + c2)2 « 1. Haii,n;eHo, 'ITO __ 3K B 3TOM crry'!ae 

IIOJIO)KIITeJibHa II yBeJilI'IIIBaeTC.ll C yMeHbmeHlieM pa.n;nyca mapa. TaKoii 

pe3yJibTaT IIOJIHOCTblO lICKJIIO'IaeT B03MO)KHOCTI, Toro, 'ITO 3qJqieKT Ka3lI

Mlipa _Jie)KlIT B OCHOBe COHOJIIOMlIHeCI(eHI(lIII. 

B naparpaqie 3 rroKa3aHo, 'ITO y'IeT .n;ncnepcnn B .n;aHHoii 3a,n;a'Ie He npn

BO.D;lIT K cymecTBeHHOMY lI3MeHeHlIIO BeJilI'IlIHhl 3K lI ee 3HaKa. 3TOT 34)

qieKT .n;aeT TOJibKO .n;orro'rrHlITeJibHhlH TIOJIO)KlITeJib:iibIH MHO)KlITeJib f ( awo) B 

KOHe'IHOM Bbipa2KeHlilI ( 3,n;ecb Wo - TIJia3MeHHa.ll '!aCTOTa, a - pa.n;nyc mapa, 
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0 < f(awo) < 1). 

B __ 3aKJIJOqeuuu cqiopMyrrnpoBaHhl ocHol3Hble pe3yrr1,TaThl .n;nccepTa

I(lilI. 

B npBJIO)KeHuu A nccrre.n;oBaH KOHTypublii lIHTerparr, orrpe.n;err.lIIOII(liii 

3K 2KeCTKoii cTpyHhl. 

Ha 3a'U-'iumy 6biaBu2a10mcJI c.uayw'll-'iue pe3y.11,bmambi 

1. Mccrre.n;oBaHo l31IlI.lIHlie MaCCOl3hlX nonpaBOK Ha Me2KK:aapKOBbIH TI0TeH

I(liarr; 'reHepupyeMhlii CTpyHoii HaM6y-I'oTO. qlICITeHHO TI0Ka3aHo, 

'ITO rrpn pac'!eTe CTpyHHoro IIOTeHI(liarra BapnaI(HOHHhlM MeTO,!l;OM 

,!l;IT.ll rrro6iux Mace KBapKOB ri npaKTH'IeCKH npH ITI06bIX paCCT0.lIHII.lIX 

MeiK.n;y HHMH xopomo pa6oTaeT HyrreBoe rrpII6rru2KeHI1e: B Bhlpa2Ke

HIIH ,!l;IT.ll 3K CTpyHbl c MaccaMH Ha KOHI(ax M0)KH0 TIOITO)KIITI, T/O = 1 

II a0 = 0. 

2. Pa3pa6oTaHa rrocrre.n;0Ba-rerr1,Ha.ll O.n;H03Ha'!Ha.ll npone.n;ypa ycTpaHe

HII.ll pacxo.n;n:MOCTeii npn: pac'!eTe 3K )KeCTKOH CTpyHhl rryTeM nepe

HOpMIIpOBKII rrapaMeTp0B TeopIIII. IloKa3aHo, 'ITO B 0,!l;HOTieTrreBOM 

rrpn6ITH2KeHlIII nepeHopMn:pyeTC.ll T0ITbKO HaT.ll2KeHIIe CTpyHhl. 

3. IlaHo o6ocHoBaHne qiopMaITbHoro MeTo,n;a (-qiyHKI(IIH B 3Toii 3a.n;a'Ie. 

4. Haii,n;eHa cBo6o.n;Ha.ll n: BHyTpeHH.ll.ll 3Heprm1 )KeCTKoii CTPYHhl rrpn 

KOHe'IHOH TeMrrepaType. 

5. B Mo.n;erru )KeCTKoii cTpyHhl, Mo.n;uqinnIIpoBaHHoii 'IITeHoM I'aycca

BoHHe B .n;eiiCTBIIH, rrorry'IeHbl 1IHHeapH30BaHHhle ypaBHeHII.ll ,!l;BIDKf'

HII.ll, rpaHH'IHble ycrromrn: H Haii.n;eHo '!aCTOTH0e ypaBHeHne, orrpem•

IT.lIIOII(ee cneKTp co6cTBeHHbIX Bo36y2K,n;em1ii. B 3Toii 3a.n;a'Ie Bnepnhle 

pacc'!HTaHa 3K n: Me)KKBapKOBhlii noTeHI(IIarr. IloKa3aHa Ba)KHM 

porri, T0TIOITOrH'IeCK0ro 'IITeHa npII pac'!eTe CTPYHHoro TIOTeHI(IIarra. 
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6. .Ilmr IIOJieBI,IX Mo,ne.rren: C rpamrqHI,JMII ycJIOBIIHMII, 3a,na~HI,IMII Ha 

cq>epe, pa3BIIT MeTO~ ycTpaHeHIIH paqco,nIIMOCT'-;H B _ql{, -~a,3IIpyro

IlllIHCH Ha KOHTYPHOM IIHTerpIIpOBaHIIII B KOMIIJieKCHOH IIJIOCKOCTII 

co6c'I'~_eHHhlX _,_aCTOT pa~CM<!,TpirnaeMOI~ KBaHIOBOII(?JieBoµ. C~CTeMbI. 

3q>q>eKTIIBHOCTb MeTo,na rrpo,neMOHCTpIIpoBaHa __ pacqeTOM 3 K ·.· .,Il;JIH 

II,D;eaJibHO rrpoBo.nmn:en: cq>ephl ( D = 3 + 1) II ,Il;JIH 6e3MaCCOBOro CKa

JIHpHoro IIOJIH, rro,nq~HHIOmerocH rpaHIIqHhlM yc.rroBIIHM .IlIIpIIXJie II 

ffeifMaHa Ha Cq>epe. Y CTpaHeHIIe paCXO,Il;IIMOCTeH IIHTeprrpeTIIpyeTCH 

. rrpII 3TOM· irnK rrepeHOpMIIpOBKa He TOJibKO 3HeprIIII Hy.rreBI,IX KOJie6a

HIIH; HO II pa.nIIyca cq>ephl·. 

7. Ikc.rre,noBaHa 3HeprIIH BaKyyMHhlX 3JI~KTpm.rnrHIITHbIX' KOJie6aHIIHX 

B 2 + 1-MepHOM rrpocTpaHCTije--:BP,eMeHII rrpII rpaHIIqHhlX ycJIOBIIHX 

3a,naHHhlX Ha oKpy)KiiocTII. B 3TOM c.rryqae 3K rrpe,ncTaBIIMa KaK 

cyMMa KOHeqHon: II pacxo.nHmeifcH qacTeiI. Pacxo.nHmIIHCH BK.rra.n 3a

.naeTcH pH,D;OM I:~=l n-1. HeB03MO)KHOCTb IIOJIHOro ycTpaHeHIIH pac

XO,Il;IIMOCTeH B ,naHHOH 3a,naqe CBH3aHa C TeM, qTo B TOqKe s = 1 

,D;3eTa-q>yHKI(IIH PIIMaHa IIMeeT oco6eHHOCTb ( rrpoCTOH IIOJIIOC). 
! •· 

8. PaccqIITaHa 3K MaTepIIaJibHoro mapa rrpII yc.rroBIIII, qTo ,D;II3JieK

TpIIqecKaH II MarHIITHaH IIpOHIII(aeMOCTII mapa II OKpy)Karomen: ero 

6ecKoHeqHoiI cpe,nhl CBH3aHhl yc.rroBIIeM c1µ 1 = c2µ,2• B c.rryqae He

MarHIITHoro c.rra6o rro.rrHpII3yeMoro mapa (c1 -€2)2 /(c1+c2)2 « 1 3K 

orrpe.ne.rrHeTCH q>opMy.rron: E ~ 3(Fi -y'€2) 2/(256a), r.ne a - pa,nIIyc 

mapa. 

9. Han:.neHa 3K MaTepIIaJibHoro mapa c· yqeToM ,nIIcrrepcIIII ,nII3JieKTpII

qecKoiI rrpOHIII(aeMOCTII. 

10. C IIOMOmLIO qIIc.rreHHhlX on;eHoK rroKa3aHo, qTo 3q>q>eKT Ka3IIMIIpa 

He MO)KeT 6bITb IICIIOJib30BaH ,Il;JIH 06'.bHCHeHIIH MexaHII3Ma COHOJIIO-
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