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06ll.l;aH xapaKTepIICTIIKa pa60TbI 

AKTYa.JibHOCTb TeMbl. KBaHTOBYIO MexaHIIKY MO:llrno ycnoBHo pan

µ;enIITh Ha µ;Be qacTII: npHMYIO II o6paTHYIO naµ;a'III. Iloµ; npHMOH na

µ;aqerr noµ;panyMeBaIOT npocTo pemeHIIe ypaBHeHIIJI Illpeµ;IIHrepa npII 

naµ;aHHhIX IIOTeHn;IIanax. O6paTHaJI )Ke naµ;aqa COCTOIIT B onpeµ;eneHIIII 

noTeHn;IIana no _cneKTpallbHhIM µ;aHHhIM. l':foBeCTHO, oµ;HaKo, 'ITO o6paT

HOli 3ap;aqerr 3aHIIMallIICh B OCHOBHOM MaTeMaTIIKII, a q>II3IIKII, B ClillJ 

pHµ;a npII'IIIH - Tpyµ;HOCTII 'IIIClleHHOro BOCCTaHOBlleHIIJI noTeHn;IIanOB 

no µ;aHHbIM pacceJIHIIJI, nepeonpeµ;eneHHCTb GTIIX µ;aHHhIX µ;nH CIICTeM 

co MHOrIIMII CTeneHJIMII CB06oµ;br, HeKoppeKTHOCTb caMOli nocTaHOBKII 

o6paTHOH naµ;a'III II T. µ;., - He yµ;enHnII o6paTHorr naµ;aqe Toro BHIIMa

HIIJI, KOTOpM OHa nacny2KIIBaeT. TeM He MeHee, B caMOM <popMallII3Me 

o6paTHOli naµ;a'III nano2KeHa B03MO)KHOCTb no aHallIITII'!eCKIIM 3aMKHy

TbIM, TO'!HbIM q>OpMynaM ( TO'IHO pemaeMbie Moµ;enII) ocy~eCTBllJITb npe

o6pa30BaHIIJI noTeHD;liaJIOB, npIIBOµ;JI~IIe K Hanepeµ; naµ;aHHOMY II3Me

HeHIIIO cneKTpanbHbIX napaMeTpoB. AHanprII'IHbre npeo6panoBaHIIJI no

nyqa10TCJI II B noµ;xoµ;e cynepCIIMMeTpIIII B KBaHTOBOli MexaHIIKe. Ba)K

HbIM MOMeHTOM nµ;ecb JIBllJieTCJI TO, 'ITO TaKIIe TO'IHO pemaeMbie MO

µ;enII II03BOllJIIOT annpoKCIIMIIpOBaTb ( CKOllb yroµ;Ho TO'IHO) n106y10 na

µ;aHHYIO CIICTeMy. 8TII MOµ;enII KaK-6br CBJI3bIBaIOT MOCTIIKaMII Henpe

pbIBHbIX nepexoµ;oB CTapbie lI3BeCTHbie Moµ;enII npJIMOli naµ;a'III, KOTO

pbre COCTaBllJIIOT HeII3MepIIMO Many10 µ;onIO Bcex B03MO)KHbIX o6'beK

TOB. C noMO~bIO KOMnbIOTepHOli 
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BlI3JallII3aD;IIII
11 

TO'IHbIX MOµ;enerr 06-

paTHOM naµ;aqII co BCeB03MO)KHbIMII BapIIaD;IIJIMII cneKTpanbHbIX napa

MeTpOB (KBaHTOBhIM 
11

p;II3aMH"), KOTOpbie CllJ2KaT BXOp;HbIMII µ;aHHbIMII 1 

MO)KHO BbIJIBIITb rny6oKIIe o6~IIe CBJI3II II IIX q>II3II'!eCKIIM CMbICll, CKphI

Tbre B MaTeMaTII'!eCKOM <popManII3Me, II µ;aneKO He O'!eBIIp;Hbie npII o6bI'I

HOM pyTIIHHOM pa6oTe c <popMynaMII. 8To nonBonJieT no-HOBOMY Bnrm1-

HJTb Ha <pyHµ;aMeHTallbHJIO CTopoHy KBaHTOBOli TeopIIII KaKOli JIBllJieTCJI 

CBJI3b Me2Kµ;y B3aIIMOµ;eHCTBIIJIMII II Ha6n10µ;aeMbIMII cneKTpallbHbIMII Xa

paKTepIICTIIKaMII. 

M TaK, oµ;HIIM II3 aKTJallbHhIX MOMeHTOB nµ;ecb JIBllJieTCJI TO o6CTOJI

TellbCTBO, 'ITO lI3J'IeHIIe TO'IHbIX MOµ;eneli o6paTHOli naµ;a'III 06HOBllJieT 

Harne Ka'!eCTBeHHOe npeµ;cTaBneHIIe O KBaiiToBOM MIIpe. KpoMe Toro, 

HailIII penynbTaThI MoryT npIIroµ;IITbCJI II B TaKIIX IIpIIKnaµ;HbIX o6na

CTJIX, KaK TeXHOllOrIIJI cyneppemeTOK ( conµ;aHIIe noTeHn;~anoB HJ)KHOro 

"npoq>IInJI"), nanephl, "KBaHTOBhle" npoBono'IKII (quantum wires) II T.µ;. 

B JIµ;epHorr q>II3IIKe, rµ;e ypaBHeHIIe Illpeµ;IIHrepa cny2KIIT xopomIIM npII-
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6JUDIWHIIeM, TaK:lKe Haxoµ;IIT CBOe npIIMeHeHIIe TeopII.lI npeo6panoBamm: 

KBaHTOBhIX CIICTeM C anpIIOpII na;a;aHHhIMII II3MeHeHlIJIMII cneKTpOB. Bo

o6~e roBOpJI, JIµ;epHhle CIICTeMhI, KaK II BCJIKIIe CIICTeMbI co MHOrIIMII 

CTeneHJIMII CB06o;a;hl, Tpe6yroT MHoro ycmmii II BpeMeHII µ;JIJI CBoero 

pac":leTa. M, XOTJI Ha HaCTOJI~ee BpeMJI cy~eCTByeT MHOro noJie3HblX 

Mo;a;erreii II cnoco6oB onIIcaHIIJI JIµ;epHoii cTpyKTYPhI, HecoMHeHHO II To, 

'ITO, B CIIJIY rpoMonµ;KOCTII KOHKpeTHblX pac":leTHblX nporpaMM, IIMeeTCJI 

;a;eqmn;IIT Ka":leCTBeHHoro noHIIMaHIIJI npon;eccoB, npoIIcxo;a;JII.1~IIX B JIµ;pe. 

HacToJI~rur µ;IIccepTan;IIJI, KOHe"IHo, He npeTeH;a;yeT B norrHoii Mepe Ha 

panperneHIIe 3Toii npo6rreMhI. O;a;HaKo Ha npoCThIX Mo;a;errJIX Mbl y:lKe ceii

":lac oTKpbIBaeM HeKoTophle JIBJieHIIJI B IIX npeµ;eJibHO npocToii qiopMe, 

KOTOpble Ha 3TOM - ypoBHe He "IICKa:lKeHhI" MHO:lKeCTBOM nonpaBOK, He

II36e:lKHO BHOCIIMhIMII paccMOTpeHIIeM peaJibHbIX CIICTeM. 3a OCHOBY Mhl 

6epeM MeToµ; npII6JIII:lKeHHOH CBJI3II KaHaJIOB <I>e1116axa - oµ;IIH II::3 YHII

BepcarrbHblX cnoco6oB onIICaHIIJI KBaHTOBbIX CIICTeM co MHOrIIMII CTe

rreHJIMII CB06oµ;br. M, XOTJI Mbl He naHIIMaeMCJI pac":leTOM Tex IIJIII IIHhIX 

JIµ;ep, a IIny":laeM oco6eHHOCTII OIIIICblBaro~eii 3TII JIµ;pa cIIcTeMbl ;a;IIq>

q>epeHn;IIaJibHhIX ypaBHeHIIH (MHOrOKaHaJibHOe ypaBHeHIIe illpeµ;IIHrepa) 

KaK TaKoBoii, Mhl µ;erraeM nepBble rnarII (II B ;a;arrbHeiirneM HaMe":laeM IIi 

npoµ;oJI:lKIITb) K nOHIIMaHIIIO cnen;IIq>IIKII MHOrOKaHaJibHblX rrpon;eccoB. 

QeJib pa60Tbl. II;eJibIO HaCTOJI~eii µ;IIccepTariIIII JIBJIJieTCJI Bbipa6oT

Ka npaBIIJI npeo6panoBaHIIH o;a;Ho- II MHoroKaHaJibHhIX KBaHTOBhIX CII

CTeM C Hanepeµ; na;a;aHHhIMII II3MeHeHIIJIMII cneKTpaJibHblX CBOHCTB. 

HayqHaJI HOBHOHa H npaKTH'IeCKaJI u;eHHOCTh. Ha OCHOBe qiop

MaJIII3Ma KBaHTOBoMexaHII":lecKoii o6paTHoii na;a;a":III II cynepcIIMMeTpIIII 

(KoMnbIOTepHaJI BIInyarrIInan;lIJI TO"IHblX Mo;a;erreii) noJiy":leHbl npoCThle .II 

YHHBepCaJibHble npaBIIJia Ka":leCTBeHHoro KOHCTpyIIpOBaHIIJI KBaHTO

BbIX CIICTeM C napaHee na;a;aHHbIMII cneKTpaJibHhIMII xapaKTepIICTIIKaMII. 

O;a;HIIM II::3 ;a;ocTOIIHCTB 3TIIX penyJibTaTOB JIBJIJieTCJI TOT qiaKT, 'ITO OHII 

BepHhI II B o6~eM cny":lae: CIICTeMhI C npOII3BOJibHhIM "IIICJIOM CBJI3aHHhIX 

COCTOJIHIIH, KaHaJIOB, pru:3Hble IICXOp;Hble CIICTeMbI ( OCD;IIJIJIJITop, KYJIOHO

BCKIIH noTeHn;IIarr, npJIMoyroJibHaJI JIMa II T. µ;.). ,il;eTaJIII npeo6panoBa

HIIH noTeHD;IIaJIOB npII HanpaBJieHHblX cneKTpaJibHblX cµ;BIIrax y;a;arrocb 

CBeCTII K KOM6IIHan;IIII npoCTblX II YHIIBepCaJibHhIX COCTaBJIJIIO~IIX ("KII

pnII":lllKII" IIJIII 6JIOKII cneKTpaJibHblX npeo6pru:30BaHIIH), IIMeIO~IIX npo

npa"IHhIH q>II3II":leCKIIH CMhICJI. KpoMe Toro, y;a;arrocb yBJinaTb B eµ;IIHYIO 

KapTIIHY pJIµ; JIBJieHIIH, IIMeIO~IIx, Ha rrepBhIH BnrJIJI;a;, coBeprneHHO pan

Hyro npIIpoµ;y. TaK, onepan;MJI y;a;arreHIIJI IIn6paHHoro ypoBHJI IIn crreKTpa 
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IIcxoµ;Hoii cIIcTeMhI MO:lKeT TpaKTOBaTbCJI KaK npe;a;errhHhIH crry"Iaii cµ;BIIra 

(Ha 6eCKOHe":IHOCTb) B KOHq>IIrypan;IIOHHOM npocTpaHCTBe o6JiaCTII, r;a;e 

KOHD;eHTpIIpyeTCJI OCHOBHaJI ":laCTb BOJIHOBOH q>yHKD;IIII ":laCTIID;hI II T.;a;. 

AHarrOrII"IHble IIccrre;a;oBaHIIJI npoBeµ;eHhI II ;a;rrJI MHoroKaHaJibHbIX CII

CTeM. B µ;IIccepTaD;IIII BhIJICHeHbl oco6eHHOCTII npeo6panoBaHIIJI TaKIIX 

CIICTeM npII Bbl6opo"IHOH BapIIan;IIII cneKTpaJibHhIX BeCOBhIX BeKT0pOB 

(napaMeTpOB, xapaKTepII3YIO~IIX IIOBeµ;eHIIe MYJibTIIKaHaJibHOH BOJIHO

BOH q>yHKD;IIII Ha KpaIO CIICTeMbI). ,II;aHO o6o6~eHIIe Ha MHOrOKaHaJib

Hblll crry"Iaii 6enoTpa:lKaTeJibHhIX mheHn;IIarroB coJIIITOHHoro TIIna. 8TII 

penyJibTaThI MoryT OKruJaTbCJI norrenHhIMII B TOM "IIICJie II npII paCCMO

TpeHIIII na;a;a":I no pacceJIHIIIO ":laCTIID; co CIIIIHOM Ha MIIllleHII, IIny":leHIIII 

cnen;IIq>IIKII noBeµ;eHIIJI 3JieMeHTOB S-'-MaTpIIn;hI µ;JIJI naKpbIThIX KaHaJIOB, 

KOTOphle HeJib::3.lI norry"IIITh II::3 3KcnepIIMeHTa, HO OHII Ba:lKHhI - Beµ;b µ;JIH 

BOCCTaHOBJieHIIJI noTeHD;IIaJIOB HY:lKHa BCJI MaTpIIn;a. ,il;JIJI npeo6panoBa

HIIH MHoroKaHaJihHhIX CII<;:TeM C npe;a;nIIcaHHhIMII II3MeHeHIIJIMII cneKTpOB 

MO:lKHO IICnOJib30BaTb, KpoMe qiopMaJIII3Ma o6paTHOH na;a;a"III, TaK:lKe II 

npeo6panoBaHIIJI cynepcIIMMeTpIIII (,II;apoy ), MHoroKaHaJihHOe o6o6~e

HIIe KOTOphIX ;a;aH0 B HaCTOJI~eii µ;IIccepTan;IIn:. 8TII npeo6panoBaHHJI 

;a;aroT p.ll;a; HOBhIX Mo;a;erreii no cpaBHeHII_IO c no;a;xo;a;oM o6paTHOH naµ;a"III, 

'ITO OTKpbIBaeT HOBble nepcneKTllBbl µ;JIH npo;a;oJI:lKeHIIJI n:ccrre;a;oBaHIIH B 

o6JiaCTII MHOroKaHaJibHOro KBaHTOBOro ";a;IInaiiHa". 

Ha O~ID;HTY BhIHOCJITCJI CJie~yIOID;He e_eoyJihTaTbl. 

• Haii;a;eHbl npaBn:Jia npeo6panoBaHIIJI noTeHD;llaJIOB IICXOp;HbIX CII

CTeM npII Bbl6opo"IHOM y;a;arreHIIII II::3 l];IICKpeTHoro cneKTpa npo

II3BOJibHOro ypoBHJI, 6en ll3MeHeHIIH norro:lKeHIIJI ;a;pyrIIX ypoBHeii, 

llJIII npn: nopo:lKµ;eHIIII Ha na;a;aHHOM MecTe HOBoro ypoBHJI CBJI3aH

Horo COCTOHHIIJI. 

• YcTaHOBJieHhI arrropIITMhI c;a;Bn:ra JIOKaJIIInan;IIII OTµ;eJibHhIX COCTO

JIHllll B npocTpaHCTBe II Ha 3HepreTII":lecKoii rnKarre, c rroMO~bIO 

BCnOMoraTeJibHhIX noTeHD;IIaJibHhIX JIM - "nepeHOC"IIIKOB" IIn6paH

HhIX COCTOJIHIIH. 

• BbIJICHeHbl Ka":leCTBeHHhle acneKTbl ynpaBJieHIIJI CKOpOCTJIMII pac

na;a;oB OTµ;eJibHblX KBa3llCTaD;IIOHapHbIX COCTOJIHIIH (penoHaHCOB), 

npoHOCJI KBru:3IICBJI3aHHble COCTOJIHIIJI CKB03b noTeHD;IIaJibHble 6apb

ephl, ll3MeHJIJI TeM CaMhIM IIIIIpIIHhI penoHaHCOB. 
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• Cq>opMymi:poBaHbl aHan:orll'IHhle npaBIIrra ynpaBrreHll.H nepexoµ;aMll 

MeJKµ;y IJ;llCKpeTHbIMll C0CT0.HHll.HMll, MeHHH BeJill'IllHbl llHTerpaJI0B 

nepeKpbITll.H. 

• BbI.HBJieHbl HeK0T0pbie aBpllCTll'IeCKlle acneKTbl annpoKCllMan;llll npo

ll3B0JlbHhIX noTeHD;llaJibHbIX HM 6enoTpaJKaTeJibHbIMll noTeHn;lla

JiaMll C0JillT0HH0ro Tllna). 

• OTKpbIT aq>q>eKT "nepeBopoTa" noTeHD;llaJI0B (ll□MeHeHlle 3HaKa 

llCX0p;Horo noTeHn;llan:a) npll npeo6pa3oBaHllll cynepCllMMeTpllll. 

Ha npllMepe HeK0T0pbIX Mop;eJibHbIX nepll0IJ;ll'IeCKllX noTeHn;llaJI0B 

npop;eM0HCTpllp0BaHbl npeo6pa□ 0BaHll.H, nopoJKµ;arorn;lle ypoBeHb 

CB.H3aHH0ro C0CT0.HHllH ll Hapyrnarorn;Re nepll0IJ;ll'IH0CTb llCX0p;Horo 

noTeHn;Rarra, HO coxpaH.HIOID;lle Hell□MeHHOH □OHHJIO CTpyxTypy. 

• OTKpbIT aq>q>eKT "aHHllrllJI.HD;llll" npll c6Jill)KeHllll ( BblpOJKp;eHllll) 

cocep;HllX ypoBHeii: CB.H3aHHbIX COCTO.HHllll. 

• II□y'IeHbl npeo6pa□ oBaHll.H MHoroKaHaJibHbIX CllCTeM npll Bbl6o

po'IHOH BapllaD;llll cneKTpaJibHbIX BeC0BbIX BeKT0p0B (napaMeTpOB, 

xapaxTepIInyrorn;Rx noBep;eHIIe MJJibTIIKaHaJibHOH BOJIHOBoii: q>yH

KD;llll Ha Kparo CllCTeMbI). 

• IIocTpOeHbl MH0roKaHaJibHbie KBaHT0Bble CllCTeMbI, llMeIOrn;lle CB.H-

3aHHbie C0CT0.HHll.H ll He µ;arorn;Re 0TpaJKeHHbIX B0JIH npll JII06blx 

9Heprll.HX HenpepbIBHoro cneKTpa. ,I(aHo o6'b.HCHeHlle no.HBJieHllIO B 

Vij(x) noTeHn;llaJibHhIX 6apbepoB, K0T0pbie He nopTHT nponpa'IH0-· 

CTR. Yp;IIBIITeJibHO, 'ITO OHR µ;aJKe Heo6xop;IIMbl p;rr.H norrHoii: npoHII
n;aeM0CTll. 

• O6o6rn;eHo Ha MHoroxaHaJibHbIH crry'Iaii: npeo6panoBaHIIe cynep

CllMMeTpllll C ll3JI0JKeHlleM C00TBeTCTBJIOID;llX arrropllTM0B. Ilo cpa

BHeHllIO C noµ;xop;0M o6paTHOH nap;a'lll 9T0 npeo6pa□ oBaHlle µ;aeT 

6orree IIIllpOKllH Krracc Mop;erreii:. B p;llccepTan;mr npIIBep;eH, B 'Ia- ·. 

CTH0CTll, npllMep a6coJIIOTHO nponpa'IHOH 2-x KaHaJibHOH CllCTeMbl 

Ha Bceii: 0Cll 6e3 CB.H3aHHbIX COCTO.HHllH, K0Topyro HeB03M0JKH0 no

CTp0llTb B paMKaX q>opMaJill3Ma o6paTHOH nap;a'lll. 
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Arrpo6a~m1 pa6oTbl. 
PenyrrbTaTbl, B0IIIep;IIIlle B p;RccepTaD;llIO µ;oxrrap;bIBaJillCb Ha ceMllHa

pax JIT<t> OII.HII, BO MH0rllx Hay'IHbIX n;eHTpax Harneii: cTpaHhl II na py-

6eJKOM (M<t>TII, MII<t>II, MrY, Tu.rY, <t>IIAH, Kyp'IaT. n;eHTP, II<t>B8, 

YHllBepcllTeT· B 3RreHe II T. µ;. ), Ha p.Hp;e MeJKµ;yHapop;HbIX KOHq>epeHD;llll 

- KOHq>epeHn;ll.H "Inverse and Algebraic Quantum Scattering Theory", 

on. Ban:aToH, BeHrpllH, 1996, MeJKµ;yHapoµ;Hrur KOHq>epeHD;llH no MaT. q>ll-

3IIKe B BpIIc6aHe, ABcTpan:IIH, 1997'.,, MeJKp;Rcn;RnJIIIHapHrur xoHq>epeHD;llH 

no o6paTHoii: nap;a'Ie B 8xc-rre-BaH'e, <l>paHn;llH, 1996 II T.µ;. 

Ily6JIHKa~HH. 
Coµ;epJKaHlle p;RccepTan;llll 0CH0BbIBaeTC.H Ha pa6oTaX [1-10]. 

O6'beM H CTPYKTypa ~HccepTa~HH. ,I(RccepTaD;ll.H C0CT0llT ll3 

BBep;_eHll.H, ceMll panµ;erroB, o6'bep;IIHeHHbIX B p;Be 'IaCTJI, 3aKJIIO'IeHll.H ll 

cnllCKa Il;llTllpyeMOH JlllTepaTypbI. O6rn;Rii: o6'beM p;llccepTan;llll 67 CTpa

Hllll; MaIIIllH0nllCH0ro TeKCTa, BKJIIO'IruI 21 pllCYH0K II cnllC0K JlllTepaTypbI 

ll3 43 nyHKT0B. 

Cop;ep)KaHIIe pa60TI:,1 

Bo BBe~eHHH o60CHOBaHa aKTyarrbHOCTb TeMbl, KpaTK0 ll3JI0JKeHa 

cyTb npo6rreMaTllKll, 3aTpOHYTOH B p;RccepTan;mr ll onllCaHbI 0CH0BHbie 

penyJibTaTbl pa60TbI. 

B rrepeou: qacTH p;llccepTan;Rll ll□y'IaIOTCH npeo6panoBaHIIH noTeH

n;RarroB B op;H0MepH0M ypaBHeHllll IIIpep;llHrepa, npllB0p;.Hrn;lle K napaHee 

naµ;aHHbIM ll3MeHeHll.HM cneKTp0B. 

B rrepB0M pao~eJie paccMaTpllBaIOTC.H T0'IH0 pernaeMbie M0p;errll 06-

paTHOH nap;a'Ill. Ha ocHoBe aHan:Rna BTllX Mop;erreii: norry"IeHbl an:ropIITMbI 

npeo6pa30BaHllll llCX0IJ;HbIX noTeHD;llaJI0B C yµ;an:eHlleM ll/llrrll nopoJKµ;e

HlleM BbI6paHHbIX .T0'IeK cneKTpa CllCTeMbl, cp;Bllr0M o6rracTll JI0KaJill3a

n;llll BOJIHOBOH q>yHKD;llll BbI?paHHOro C0CT0.HHll.H B KOHq>llrypan;llOHHOM 

npocTpaHCTBe. OnllCbIBaIOTC.H MeT0p;bI Hanepeµ; naµ;aHHoro ll3MeHeHll.H 

IllllpllH penoHaHC0B ll llHTeHCllBHOCTeii: nepexop;oB MeJKµ;y aHepreTll'Ie

CKllMll ypoBH.HMll. 

B noµ;panµ;erre 1.1 µ;aeTc.H BBep;eHIIe (Ha norrycxeMaTII'IecxoM ypoBHe) 

B q>opMaJill3M o6paTHoii: nap;a'Ill xax o6o6rn;eHHoii: Ha crry,.rnii: cnen;RaJib

Horo 6ecxoHe'IHO.MepHoro rllJib6epToBa npocTpaHCTBa npon;eµ;ypbI nepe

op;oHopMIIpoBKll f"paMa-lIIMIIp;Ta. Ilo cBoeii: q>opMaJibHoii: cTpyxType, 
0 u 

o6paTHrur nap;a'Ia naµ;aeT pen;enT nepexoµ;a V-+ V OT npou□B0JibH0ll 

MOp;eJibHOH CllCTeMbl K CllCTeMe C Hanepeµ; naµ;aHHbIMll cneKTpaJibHbIMll 
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Pnc. l(a) Pnc. 1(6) 

EIV 

0 

:~ -~--~ 
--- -
=:-_E 1 

,--

Pnc. l(B) 

AaHHbIMlI, 'ITO lI pean:nnyeT TexHlI'leCKlI BOCCTaHOBJieHne noTeHJ:~nan:a no 

cneKTpMbHbIM AaHHbIM. BBOAlITC.H nOH.HTlie HOpMlipOBO'IHbIX KOHCTaHT 

( cneKTpMbHbIX BeCOBbIX q>aKTopoB), xapaKTepnnyIOl.QlIX noBeAeHlie BOJI

HOBbIX q>yHKQlili CB.H3aHHbIX COCTO.HHlili Ha Kparo ClICTeMbl lI BMeCTe C 

ypoBH.HMlI :meprnii OAHO::JHa'IHO :JaAaIOl.QlIMlI noTeHQlIM ClICTeMbl. IIo

Ka:JbIBaeTC.H, 'ITO nplI lI3MeHeHlilI KOHe'IHoro 'llICJia cneKTpMbHbIX nae 

paMeTpOB ypaBHeHlI.H o6paTHOli naAa'IlI AaIOT TO'IHble perneHlI.H AJI.H HO

Baro noTeHQliaJJ:a B TepMlIHax lI::JBeCTHbIX perneHlili AJI.H CTapoii ClICTeMbl 

( TO'IHO pernaeMble MOAeJilI). 

B nOAPa:JAeJie 1.2 Ha ocHoBe q>opMyJI o6paTHOH naAa'III noJiy'leHhl 

TpaHCq>OpMlipOBaHHble noTeHQliaJJ:bl nplI YHlI'ITO)KeHlilI ( nopO)KAeHlilI) 

ypoBH.H :lHeprlilI CB.H:JaHHOro COCTO.HHlI.H 6e□ lI3MeHeHlI.H OCTaJJ:bHoro cneK

Tpa. IloJiy'leHHble penyJibTaTbl MO)KHO TpaKTOBaTb CJieAYIOl.QlIM o6panoM 

- cM. Pnc. 1 (a). Ilpn YAMeHlilI II:J cneKTpa BbI6paHHoro ypoBH.H Bee Bbl

rneJie)Kal.QIIe ypoBHlI Tep.HIOT no OAHOMY ynJiy, lIJilI no noJI-KOJie6aHII.H 

BOJIHOBOli q>yHKQlilI. 8To AOCTIIraeTC.H cy)KeHlieM noTeHQliaJJ:bHOH .HMbl B 

o6JiaCTlI ( no lllK'an:e opµ;IIHaT ), rAe pacnoJiaraIOTC.H llTlI_ COCTO.HHlI.H. Ho, 

'IT06bl YAep)KaTb Ha MecTe COCTO.HHlI.H, Jie)Kal.Qlie HlIJKe YHlI'ITO)KaeMoro, 

KOTOpble npn cy)KeHlilI .HMbl AOJI)KHbl 6bIJilI 6bl nOAH.HTbC.H, B HlI)KHeii '!a

CTlI noTeHQIIa.JlbHOli .HMbl TOHKO noA6IIpaeTC.H TaKOli "peJibeq>", JIOK.Mb

Hble MlIHlIMYMhl KOTOporo (nplIT.HrlIBaIOLQlie .HMbI) pacnoJiaraIOTC.H Ha 

MeCTax MaKClIMYMOB MOAYJI.H q>yHKQlilI COCTO.HHlIH, 6JilI)Kaiirnero CHII:Jy·K 

YHlI'ITO)KaeMoMy cocTo.HHlIIO. IlpII nopo)KAeHlilI )Ke ypoBHeii AeiicTBYIOT 

npaBIIJia, Bo MHoroM o6paTHhle ynoMHHYTbIM Bblllle. B nOAPa:JAeJie 1.3 

paccMaTplIBaIOTC.H TpaHcq>opMaQlilI noTeHQlIMOB, CABIIraIOLQlie o6JiaCTlI 

KOHQeHTpaQlilI BOJIHOBbIX q>yHKQlIH lI36paHHblX COCTO.HHlili B npocTpaH

CTBe na C'leT BapnaQlilI cneKTpan:bHbIX BeCOBbIX q>aKTOpOB (HopMnpo

BO'IHbIX KOHCTaHT ), xapaKTeplI3yIOl.QlIX noBeAeHII~ BOJIHOBhIX q>yHKQlIH 
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Ha Kparo ClICTeMbl. 8To AOCTliraeTC.H na C'leT o6panoBaHlI.H cneQlI<plI

'leCKOll noTeHQlIMhHOH HMhl, lIMeIOLQe:ii Ha Pnc. l ( 6) BlIA "cocyJihKlI", 

q>opMa KOTopoii TaKOBa, 'ITO B Heii CO:JAaIOTC.H 6JiaronplI.HTHbie YCJIOBlI.H 

AJI.H CTO.H'leli noJiyBOJIHbl lI36paHHoro COCTO.HHlI.H, a AJI.H BCex Apyrnx npo

lICXOAlIT CaMOrarneHIIe 3a C'leT lIHTepqiepeHQlilI KBaHTOBbIX BOJIH. Ilpn 

llTOM B ocTMbHOH '!aCTlI noTeHQnan:a aMnJilITYAa BOJIHOBOH q>yHKQlilI co

CTO.HHlI.H Man:a (B npeµ;eJie paBHa HyJiro). TeM caMbIM, YAaeTc.H o6'b.HCHlITh 

µ;HcKpeTHYIO npoQeAYPY YAMeHlI.H ypoBHe:ii KaK npeAeJI HepepbIBHoro 
npoQecca nnMeHeHlI.H JIOKMII:JaQlilI ii□6paHHoro coTO.HHlI.H B npocTpaH

CTBe nplI BapnaQlilI HOpMIIpOBO'IHOrO q>aKTOpa .. 

B nOAPa:JAeJie 1.4 AeJiaIOTCH npeACKanaHII.H o cnoco6ax HanepeA na

AaHHoro II:JMeHeHlI.H rnIIplIH penoHaHcoB - Pncl (B). C noMOl.QhIO HMhI, 

aHaJiorII'IHOH II□o6pa)KeHHoii Ha Pirc. 1 (6), rAe KOHQeHTpnpyeTC.H nJioT

HOCTh BepO.HTHOCTlI o6Hapy)KlITb '!aCTlIQY lI36paHHOro KBa3lICTa6lIJib

HOro COTO.HHlI.H, MO)KHO npoHQClITb llTO COCTO.HHlie K Kparo (□annparo

LQero) 6aphepa, yBeJilI'llIBM TeM caMbIM rnIIplIHY pacnaAa llTOro peno

HaHca. 

B nOAPa:JAeJie 1.5 onIIchrnaroTc.H 0BplICTII'leCKIIe an:roplITMhI Hanpa

BJieHHoro ( T. e. napaHee naAaHHoro) lI:JMeHeHlI.H cKopocTe:ii nepeXOAOB 

(Hanp. paAliaQIIOHHbIX) Me)KAY BbI6paHHbIMlI 0HepreTlI'leCKlIMlI ypoBH.H

MlI, "panBOA.H" B npocTpaHCTBe BbI6paHHble co6CTBeHHbie COCTO.HHlI.H, II, 

TeM caMbIM, MeH.H.H lIHTerpan:bI nepeKpbITlI.H llTlIX COCTO.HHlill. 

Bo BTOpOM paoµ;eJie noKa:JbIBaeTC.H, 'ITO an:roplITMbI annpOKClIMa

QlilI lI::JBeCTHbIX noTeHQlIMOB no HlI)KHeii 'laCTlI AlICKpeTHoro cneKTpa 

a6coJIIOTHO nponpa'IHbIMlI COJilITOH006pa3HbIMlI noTeHQlIMaMlI lIMeIOT 

MHoro 061Qero c an:roplITMaMlI npeo6panoBaHnii noTeHQlIMOB c anpnopn 

:JaAaHHbIMlI lI3MeHeHlI.HMlI cneKTpan:bHbIX AaHHbIX. 

B TpeTbeM paoµ;eJie paccMaTpIIBaeTc.H naAa'Ia nopO)KAeHlI.H CB.H

□aHHoro COCTO.HHlI.H B HlI)KHeii nanpeLQeHHOH 30He neplIOAlI'IeCKoro no

TeHQliaJJ:a npn ycJIOBlilI coxpaHeHlI.H 30HHOH CTpyKTypbI. ,ll;eJiaeTC.H 0TO 

npn noMOl.QlI npeo6panoBaHlI.H ,ll;ap6y ( cynepclIMMeTpnn) Ha npnMepe 

ABYX MOAeJihHbIX neplIOAlI'leCKlIX ClICTeM, - "rpe6eHKlI ,ll;npaKa" Vo( x) = 
L~=-oo VoO(x - na), II Vo(x) = Vn cos(1rx)2n. B nOAPa:JAeJie 3.1 nplIBO

AlITC.H KpaTKOe lI3JIO)KeHlie npeo6panoBaHlI.H ,ll;ap6y ( cynepClIMMeTplin), 

noKa:JbIBaeTC.H Ha TO'IHbIX q>opMyJiax, 'ITO llTO npeo6panoBaHlie A06a

BJI.HeT K cneKTpy ClICTeMbl ypoBeHb CB.H:JaHHoro COCTO.HHlIH (B HII)KHeii 

nanpel.QeHHOli noJioce) II He CMeLQaeT rpaHlIQbl 0HepreTmieCKIIX JiaKyH. 
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Bbipa)Kem1e p;irn npeo6panoBaHHoro noTemi;:u:rum :u:MeeT B:u:p;: 

½(x) = -Vo(x) + 2E+ 2{[1J;-(x)]'}2 
?jr(x) ' 

(1) 

rp;e -,p-(x) ecTb perneH:u:e :u:cxop;Hon: c:u:cTeMhI np:u: aHepr:u::u: nopo)Kp;ae

Moro cocTo1iH:U:JI. IIn aToro Bbipa)KeH:u:JI B:U:p;Ho, 'ITO np:u: npeo6panoBaHHH 

,II;ap6y MeHJieTCJI 3HaK IlOTeHii;:u:ana ('IrreH -¼(x)): "rpe6eHKa" IlOTeH

IJ;:U:aJihHbIX 6ap1,epoB (:u:rr:u: HM) "nepeBopa'I:u:BaeTcJI", :u: aTOT nepeBopoT 

He KOMileHc:u:pyeTCJI )l;OilOJIH:U:TeJibHbIM:U: nonpaBKaM:u: K IlOTeHIJ;Harry. B 

nop;panp;erre 3.2 IlOKa:JaHbI COOTBeTCTBJIDI.IJ;:U:e rpaq>:U:'IeCK:U:e penyJibTaTbl 

( q,opMyna (1) ). 

B 'ieTaepTOM paoAeJie on:u:cbIBaeTCJI JIBJieH:u:e aq,q>eKT:U:BHon: aHHH

rmrnri;:u::u: (YHH'ITO)KeH:u:e) CBJI3aHHhIX cocTOJIH:U:n: np:u: :u:x c6rr:u:)KeH:u::u: (BbI

po)Kp;ea:u::u:). B nop;panp;erre 4.1 noKanaHbI c:u:MMeTp:U:'IHbie npeo6panoBa

H:U:JI IlOTeHIJ;:U:aJibHbIX JIM, ocyui;ecTBJIJIIOI.IJ;:U:e 9TOT npoIJ;ecc - Pnc. 2. Ilp:u: 

c6JI:U:)KeH:U::U: cocep;H:U:X 9HepreT:U:'1eCK:U:X ypoBHen:, :u:x BOJIHOBble q>JHKIJ;:U::U: 

p;oJI)KHhI, ocTaBaJICb opToroHarrhHhIMH, 61,1Tb Bee 6orree :u: 6orree noxo

)K:U:M:U: p;pyr im p;pyra. 8To p;ocT:u:raeTcJI penKHM yMeHbrneH:u:eM aMnrr:u:

TJ)l;bI (B npep;erre :U:C'1e3HOBeH:U:eM) BOJIHOBbIX q>yHKIJ;:U:H p;y6rreTa B cpep;Hen: 

'IaCT:U: JIMbI, :U: ee KOHIJ;eHTpaIJ;:u:en: no Kpa.HM. ,II;erraeTCJI 9TO C IlOMOIIJ;bIO 

cneIJ;:U:q>:U:'IecKoro cy)KeH:u:JI :u:cxop;Hon: noTeHIJ;:U:arr1,Hon: ·JIMhI :u: conp;aH:u:eM 

noTeHIJ;:U:arr1,H1,1x JIM, :u:Meroui;:u:x Ha P:u:c. 2 B:u:p; cocyrreK (y)Ke ynoMJIHJThIX 

Bhlrne), B KOTOpbIX _ KOHIJ;eHTp:u:pyeTcJI BOJIHOBbie q>JHKIJ;:U::U: :u: JHOCJITCJI 

B npep;erre IlOJIHOro BblpO)K)l;eHHJI Ha 6ecKOHe'1HOCTb (:u:rr:u: BnpecCOBbIBa

IOTCJI B CTeHK:U:). 

P:u:c. 2 C6rr:u:)KeH:u:e (Bbipo)Kp;eH:u:e) ypoBHen: E1 :u: E2 

B nop;panp;erre 4.2 np:U:BO)l;JITCJI KaK OCHOBHble q>opMJJibI C)l;B:U:ra ypo

BHen:, He Hapyrnaroui;:u:x C:U:MMeTp:U:IO IlOTeHIJ;:U:aJia Ha KOHC'IHOM OTpenKe, 

TaK :u: :u:x 06061.IJ;eH:u:e Ha crry'Ian: Been: oc:u: :u: HenpepbIBHoro cneKTpa. 

B nop;panp;erre 4.3 paccMaTp:U:BaIOTCJI crry'Ia:u: Hec:u:MMeTpII'IecKon: p;e

q>opMaIJ;:u::u: IlOTeHIJ;:U:aJIOB np:u: BbipO)K)l;eH:U::U: ypoBHen: CBJI3aHHbIX COCTOJI-
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H:U:n:, KOrp;a IlOBep;eHIIe BOJIHOBOH q>yHKIJ;:U::U: q>IIKC:u:pyeTCJI Ha O)l;HOM Kparo 

HHTepBana HopMIIpoBo'IHon: KOHCTaHTon: ( npo:u:nBop;Hon: Ha Kparo :u:HTep

Bana ). IloKa:JbIBaeTcJI, 'ITO npII BbipO)K)l;eH:U::U: ypoBHen: C pa3HbIM:U: rpa

H:U:'IHbIM:U: ycrrOBHJIM:U: TaK)Ke :U:MeeT MeCTO aq,q>eKT:U:BHaJI aHH:U:r:U:JIJIIJ;:U:JI 

op;Horo :u:n H:u:x. 

BTopaJI 'laCTb p;:u:ccepTaIJ;:U::U: IlOCBJIIIJ;eHa II3J'1eHIIIO npeo6panoBa

H:U:H MHoroKaHaJibHhIX KBaHTOBhIX cJicTeM c anp:u:op:u: nap;aHHhIM:U: :u:nMe

HeHHJIM:U: cneKTpOB. TaK:U:e C:U:TeMbI OII:U:CbIBaIOTCJI ypaBHeH:U:JIM:U: B:U:p;a 

-f?(x) + Li V;i(x)fi(x) = E;-,p;(x), (2) 

rp;e E; = E - €; - aHepr:u::u: B KaHanax, a €; - nHa'IeHHJI rroporoB Henpep1,1-

BHoro crreKTpa B OT)l;eJibHbIX KaHarrax. 8TH ypaBHeH:U:JI CJiy)KaT MaTpII'I

HbIM o6o6ni;eH:u:eM op;HOMepHoro ypaBHeHHJI IIIpep;:u:Hrepa. B Ha'Iane BTO

pon: 'IacT:u: p;aeTcJI KpaTKoe 06061.IJ;eH:u:e q,opMan:u:nMa o6paTHOH nap;a'I:u: 

)l;JIJI MHoroKaHaJibHOro CJIJ'IaJI, Ha KOTOpOM OCHOBhIBaIOTCJI rrp:U:BO)l;:U:Mble 

p;arree penyrr1,TaTbI. 

B II.HTOM paoAeJie :u:ny'IaeTcJI rroBep;eHIIe BOJIHOBhIX q>yHKIJ;IIH cBJI

naHHbIX COCTOJIH:U:H rrp:u: :U:3MeHeH:U::U: rrapIJ;:U:aJibHbIX KOMIIOHeHT crreKTparrb

HbIX BeCOBbIX BeKTOpOB )l;JIJI C:U:CTeM Ha KOHe'IHOM OTpenKe ( rrp:u:Bep;eHHbie 

rn:u:p:u:Hbl B TepMIIHax Teop:u::u: R-MaTp:U:IJ;bI). Ilp:u:Bep;eHbI cooTBeTcTBJIO- · 

IIJ;IIe :U:JIJIIOCTpaIJ;:U::U:. OTMe'1aeTCJI Ba)KHaJI oco6eHHOCTb IIOBep;eH:U:JI MHO

roKaHaJibHbIX BOJIHOBbIX q>JHKIJ;IIH, COCTOJII.IJ;aJI B TOM, 'ITO yBeJI:U:'IeH:u:e 

rro Mop;yrrro rrapIJ;HaJibHOH rrp:u:Bep;eHHOn: rn:u:p:u:Hbl B Bb16paHHOM KaHane 

rrp:u:Bop;:u:T K KOHIJ;eHTpaIJ;:u::u: BOJIHOBon: q>JHKIJ;:U::U: B aToM KaHarre - P:u:c.3 

1~·~ 
~,rt=,~. 

PIIc. 3 IInMeHeH:u:e -,p~(O) - napIJ;:U:aJibHOH KOMIIOHeHThI crreKTpaJibHoro 

BecoBoro BeKTopa, OTBe'IaIOI.IJ;en: BTopoMy KaHany (rrp:u: -,p~(O) = canst) 

B mecTOM paoAeJie p;aeTcJI 06061.IJ;eH:u:e Ha MHoroKaHaJibHhIH crry

'Ian: :U:3BeCTHbIX O)l;HOKaHaJibHbIX IIOTeHIJ;:U:aJioB' COJI:U:TOHHoro T:U:IIa. Op;:u:H 

rrpm.1ep 6eno-rpa)KaTerrhHhIX MHoroKaHaJibHbIX MaTp:U:IJ; BnaIIMop;en:cTB:U:JI 
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rroKanaH Ha PHc. 4. HemKHJ];aHHOH oco6eHHOCThIO ngech .lIBJIJieTC.lI rroJIB

neHHe OTTaJIKHBaTeJihHhlX "IJieHOB B MaTpH"IHOM aJieMeHTe ½1 ( X ). 8ToMy 

.lIBJieHHIO gaeTC.lI CJiegyror.qee o6'h.lICHeHHe. Pacc~oTpHM BOJIHY (pellleHHe 

MocTa) B p;ByxKaHaJihHOH cHcTeMe (PHc. 4), rragaror.qyro Ha 6aphep B · 

Vj 1 ( X) IIpH 9HeprHH, Jie)Kar_qeii:, HarrpHMep, Me)Kgy J];BYM.lI rroporaMH (BTO

poii: KaHan naKphlT ). HanH"IHe 6aphepa rrpHBOJ];HT K oTpa)KeHHIO aToii: 

BOJIHhI. Op;HaKo, "laCTh BOJIHhl na C"leT CB.lI:JlI KaHaJIOB rrepexop;HT BO BTO

poii: KaHan, rge lI "narrHpaeTc.lI" B COOTBeTCTByror.qeii: IIOTeH~HaJihHOH 

JIMe. Ilocne aToro, orrJITh )Kena c"leT CB.lI□H V12(x), oHa BO□Bpar.qaeTc.lI B 

rrepBhlH KaHan, pacrrap;Mch B o6e cTopoHhl. II µ;Be BOJIHhl - pacrrap;HM H□ 

BTOporo KaHana H OTpa)KeHHa.lI OT 6aphepa - YHH"ITO)KaIOT gpyr gpyra, 

TaK KaK HMeIOT OJ];HHaKOBYIO aMIIJIHTYJJ;Y lI rrpOTHBOIIOJIO)KHhle q>anhl, "ITO 

J];OCTHraeTC.lI B q>opManH□Me o6paTHOH nap;a"IH TOHKHM rrog6opoM COOT

BeTCTByror.qeii: q>opMhI IIOTeH~HaJIOB. 
V 

V 

v,, 

a 6 

PHc. 4 BenoTpa)KaTeJihHhle p;ByxKaHaJihHhle MaTpH~hl B□aHMogeii:
cTBH.lI c OJ];HHM (a) H JJ;BYM.lI (6) CBJinaHHhlMH COCTO.lIHlI.lIMH 

B ce~bMOM pao~eJie 06061.qaeTC.lI Ha MHoroKaHanhHhlH cny"laii: rrpe

o6panoBaHHe cyrrepcHMMeTpHH (,I(ap6y). B paMKax aToro rrogxoga rrony

"laeTc.lI cnegyror.qaJI q>opMyna J];JI.lI rrpeo6panoBaHHoro raMHJihTOHHaHa · 

fr+ = fr_ - 2w'(x), (3) 

rge W(x) ("cyrreprroTeH~Han" B TepMHHax cyrrepcnMMeTpH"IHOH KBaH

TOBOH MexaHHKII) IIMeeT Bng: 

W(x) = 'l!'(x)'ll(x)-1, (4) 

rge '11( X) - MaTpII"IHOe pe111eHne (2) C HCXOJ];HhlM raMIIJihTOHIIaHOM fr - ' 
KOTopoe 6epeTC.lI rrpn Harrepeg nagaHHOH q>HKcnpoBaHHoii: aHeprnn f. -

rrapaMeTpe, KOTOphlH nagaeT KOHKpeTHhlH BHJ]; rrpeo6panoBaHII.lI. 8TH 

Bhlpa)KeHII.lI ITO q>opMe COBrragaroT C TaKOBhlMII B OJ];HOKaHaJihHOM cny"lae. 

Ho OTJilI"IHeM, rrpHBHOCHMhlM MHOrOKaHaJihHhlM rrop;xogoM, .HBJI.lieTC.lI TO 
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o6CTO.lITeJihCTBO, "ITO Terreph HY)KHO crre~HaJihHO rrona6oTHThC.lI O 9pMII

TOBOCTH W( x ), "lero, KaK aTo rroKanaHo B gnccepT~HH, MO)KHO gocTH"lh 

Hap;Jie)KaI.qIIM Bhl60pOM '11( X ). KpoMe Toro, Ba)KeH rrop.lIJ];OK COMHO)KlITe

JieH B ( 4), TaK KaK B MHoroKaHaJihHOM cJiy"lae Mhl pa6oTaeM y)Ke He co 

cKan.lipHhlMH q>yHK~II.lIMII, a c MaTpH"IHhlMII. Bhlpa)KeHne J];JIJI pe111eHHH 

(2) C HOBhlM raMHJihTOHHaHOM (3) rrpn JII06hlX nHa"leHH.lIX 9HeprHII E -=I= f. 

HMeeT BIIJ];: 

• d ·• • 
1/J+(x,E) = (- dx + W(x))f-(x,E), (5) 

rge .(/;_(x, E) ecTb pe111eHII.lI J];JI.lI CTaporo rroTeH~Hana. AHanorII"IHoe BhI

pa)KeHne eCTh lI B OJ];HOKaHaJihHOM cny"lae. Ho rrpH 9HeprHH f. pe111eHH.lI 

y)Ke cnegyror.qne. IlepBhle M JIIIHeHHO HenaBHCIIMhlX pe111eHnii: (Bcero HX 

2 M, rge M - "lncno KaHanoB), cHMBOJIII"leCKH o6'hep;HHeHHhleB MaTpn~y 

'11 +( x, f.) IIMeroTBHJ];: 

'll+(x, f.) = {'l!(x)-1 }T, (6) 

a OCTaJihHhle JIHHeHHO HenaBHCIIMhle pe111eHII.lI naIIIIChlBaIOTC.lI TaK: 

X 

'll!(x, f.) = {'ll(xt1 }T j {'ll(y)V'll(y)dy. (7) 

IIcrroJih□Y.lI 9TH q>opMyJihl, rroKanaHo, "ITO B cny"lae 2-x KaHaJihHOH cn

cTeMhl Ha Bceii: OCH rrpeo6panoBaHHe cyrrepcIIMMeTplIH MO)KeT gaTh (B 

naBHCHMOCTH OT Bhl6opa '11( x)) HeTplIBIIaJihHhle 6enoTpa)KaTeJihHbie Ma

TPII~hl B:JaIIMOJ];eHCTBII.lI JIII60 oeo CB.lI□aHHhlX COCTO.lIHIIH (aToro HeJib□.lI 
6hlJIO go6IIThC.lI B paMKaX q>opMaJIII:JMa o6paTHOH nap;a"III), JIII6o cpany c 

~BYM.H BhlpO)KJ];eHHhlMII CB.lI□aHHhlMII COCTO.lIHII.lIMII npII 9HeprIIH f.. ,I(a

nee, rrpII IIOMOI.qII (6) II (7), rrony"leHhl q>opMyJihl J];Jl.lI MaTpII"IHhlX IIOTeH

~IIaJioB, rrony"leHHhIX rrocne 2-x KpaTHoro rrpeo6panoBaHIIJI cyrrepcIIMMe

TpIIII: 

V(x) = -2!(c '1'(x)-1 {l+c f['ll(y)f'll(y)dy}- 1['11(xt1f). (8) 

IloKanaHo, "ITO IIpII COOTBeTCTByror.qeM BhI6ope '11( x), J];BYXKpaTHOe rrpe

o6panoBaHIIe cyrrepcIIMMeTpIIII gaeT Te )Ke q>opMyJihl, "ITO II B rrogxoge 

o6paTHoii: nap;a"III. 

B OaKJIIO'<leHHH cq>opMyJIIIpOBaHhl rroJiy"leHHhle B J];IIccepTa~IIII pe-

3Y.l!_hTaThl, BhlHOCIIMhle Ha nar.qIITy. 
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