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1. BBe.ri;eHHe 

OnHofi Il3 caM1!X cTap11x nepeilleHH1IX rrpo6JieM Teopen111eCKOil !pll3IlKH OCTaeTCJI OIIH

caHile pa3Bl1T0Il rnnponnnaMHTieCKOit Typ6yJieHTHOCTH na OCHOBe MIIKpOCKOIIHTieCJ{Oil 

Monem1. B 1rn11ecTBe rrocJienneit 061111no paccMaTpnBaeTCH ypaBueune Ham,e - CToKca 

C BHeil!Heit cJiy11aitHoit CHJIOit, MO,leJirrpyIOru;eit "na1rn11Ky" :rneprnrr B CHCTeMy 3a CTieT 

B3anMoneitcTBl1H c KpyrrH0MaCil!Ta6n11Mn t(BmKeHHHMn, CM. [1]. 3a,n;a11efi Teopnn JIBJIJI

eTcJI o6ocHoBaHne cpenoMe110Jior1111ecKo:il Teopnn KoJIMoropoBa - O6yxoBa, nccJie,n;oBa-

1rne OTKJIOHemrll. OT KOJIMoropOBCKOro CKeliJIHHra ( eCJIIl OHH ecTJ,), naxoJR,n;enne 3aBl1Cll

MOCTH cpyHKIJ,Illi fpnHa ( KoppeJIJIIJ;fIOHl!1IX cpylll{IJ,Hit CKOpOCTli II pa3JIIl'11!1IX cpyHK!l,IlH 

OT!{JIHKa) OT paccTOJil!IlH, BpeMeH, BHCil!Hero Il BHJTpeHnero MaCilITa6oB Typ6y1reHTHO

CTil Il T.II. BoJJbillllHCTBO pe3JJibTclTOB 3,n;ecb IIOJiy11eno na OCHOBe yrrporu;eHH11X rroJiy

cpeHoMeHOJIOfHTieCKilX MO,D;eJieit, KOTop11e CJia6o CBJI33H11 C HCXO,ll;HOil M11Kp0MO.Ll,eJib!O H 

HC MoryT, KaK rrpaBHJIO, paccMaTpHBaTbCJI KaK OCHOBa .Ll,JIJ! IIOCTpoeHHJI ltaHOil-JI1160 pe

ryJIHpnoit Teopnn B03Myru;enrrit no 1iaJI0My (xoTJI 611 cpopMaJihHoMy) rrapaMeTpy, CM. 

[1]. 
Ha.n,e}K,ll;11 Ha IIOCTpOeHne II0CJie,D;oBaTeJihHOit KOJIHTieCTBeHHOli Teopnn Typ6yJiel!THO

CTil CBJI33H11 C upnMenenneM HBaHTOBO-IIOJieBoro MCTO,n;a peuopMaJIH33ll,110Hl!Oit rpym111 

(Pf), KOTOphlit 6b!JI panee ycrrellll!O IlCIIOJih30Bal! B Teopnn HpHTilTICCKOfO IIOBe,n;eHHJI 

,ll;JIJI o6oCHOBaHHJI KpllTHTieCHOit M3Cil!Ta6Hol1 IlHBapHaHTHOCTil ( CI<eitJIHHra) .Il pacTieTa 

YHHBepcaJibHhlX BeJinq11H (KpllTil'IeCKilX IIOKa3aTeJieit H CKefiJIHHfOB1IX cpyHH!l,Illl) B 

cpopMe E-pa3JIOJReHHl1, CM. [2]. 
ArrrrapaT Pr 611JI BIIepBhle ycrreilIHO IIpHMeHeH I{ Teopnn Typ6yJiel!THOCTil B pa~ 

6oTax [3, 4, 5, 6]. ,ll;JIJI MO,lem1 pa3BllTOH Il30Tporrrroit O.Ll,HOpo.n,noli Typ6yJiel!Tl!OCTil 

neCJRHMaeMO!I BJI3KOit lRil,ll;J{OCTil Oil II03BOJIIlJI o6ocHOB3Tb cyru;eCTBOBanne nncppaKpa

CHOil (MK) M3Cil!Ta6noit liHBapnaHTl!OCTil C TOTIHO Il3BeCTH11Mll "HOJIMoropoBCHilMH" 

pa3MepHOCTJIMil, ,ll;OKa3aTb He3aBHCilMOCTh cpJH!{IJ,Illi fpnna B l1K-o6JiaCTil OT BII3HOCTH 

( BTOpaJI fllIIOTe3a KoJIMOropoBa), Bhl'1IlCJil1Th pa,n; perrpe3eHT3THBH1IX IWHCT3HT ( TllIIa 

l{Ol!CTaHThl KoJIMoropoBa) B pa3JMHOM cornaCHil C 3KCIIepHMCHTOM Il T.,n;. Ilo,n;po6noe 

Il3JIOJRenne Pf-TeopnH Typ6yJiel!THOCTil Fl CC1IJIKH MOJRHO HaitTH B ofoopHOH CTaThe [7]. 
l13oTpOIIHaJI MO,D;eJib Typ6yJieHTHOCTil HeCJRH.1,!aeMoii JRil,ll;KOCTil rrpe.n,cTaBJIJieT co6ofi 

ClilibHO yrrporu:errnyJO napTHHY peaJibHhIX Typ6yJieHTH1IX IIOTOHOB. Ilo 3TOli rrpnTIHHe 

HHTepecn11M rrpe,n;ciaBJIJieTcJI o6o6ru:errne 3To:il Mo,n;eJIH c y11eTOM neo,n;Hopo,n;nocTH, ann-

30Tporrn:n, CJRilMaeMOCTil, peaJihHOit reoMeTpllll aa,n;aTIIl Il T.II. B TiaCTHOCTil, B pane 

pa6oT Il3JTiaJiacb Typ6yJieHTHOCTh co rna6oit [8, 9, 10] FI CllJibHOH [11] anrnamnofi aHil-

30Tporrn:eii. B HllX 6bIJIO IIORa3aHo, qTo B TpexMepHOM cJiy11ae I1K-acnMIITOTHTICCHilli 

CKefiJIHHfOBhlit peJRHM coxparrJieTCJI Il rrpll HaJIHTIIlll aHH30TpO!Illll ( Ha JJ3hIHe Pr 3TO 

03HaqaeT MK-ycTOHTIIlBOCTh cooTBeTCTBJ!Olll;eii HeIIO,ll;BHJRHO:l!: TOTIRH). 

B pa6oTaX [12, 13, 14, 15] paccMaTpnBaJiaCb Il30TpOIIHaJ! Typ6yJieHTHOCTb CJRHMa

eMO:l!: )l{Il,ll;KOCTH. Ilpo6JieMO:l!: 3,D;eCh JJBJIJieTCJI OTCJTCTBile MJJibTilIIJIHKaTHBHO:l!: penop

MnpyeMOCTil COOTBeTCTBJJOru;e:l!: CTOXaCTHTieCRO:l!: MO.D,eJin, TITO He II03BOJIJieT rrpHMO rrpn

MeHHTh K ne:l!: arrrrapaT Pr (rro3TOMy pe3JJibT3ThI, IIOJiyqeHHhle B [14], neJib3JI rrpH3HaTb 

,ll;OCTOBepHbIMil, CM. o6cyJR,n;eHne n [12, 15]). 
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B pa6oTe [12] rrpo6JieMa peHopMIIpyeMocrn 6bIJia pemeHa rne.eyIOIIfllM o6pa3oM. B 

rrepB0M HeTpllBnam,HoM rropH,nRe M a2 
no MaJioMy rrapaMeTpy - 'IHCJIY Maxa AI a = 

Ve/ c (r.ne Ve - xapaRTepHaH cpe,nHeRBa,npaTH'IHaH CR0p0CTb Typ6yJieHTHhlX rryJihcauuri 

ll C - CR0p0CTh 3ByRa) 3a,na'la 6MJia CBe,neHa R Bhl'IIICJieHll!O RpIITII'IeCRllX pa3MepH0CTeH 

HeR0T0phlX HeJI0RaJibHhlX C0CTaBHhlX orrepaTopoB, II0CTp0eHHhlX ll3 II0JieH "HeCJRHMae

Moit" ( MYJihTllIIJIIIRaTIIBH0 peHopirnpyeMOII) Mo,neJIH. 

Pac'l:eT pa3MepH0CTeit C0CTaBHhlX orrepaTopoB - .l];0CTaT0'IH0 rp0M03.l];RaH 3a_na1:fa, 

IIOCROJihRY orrepaT0phl, RaR rrpaBIIJI0, CMeIIIHBa!OTCH rrpn peH0pMHp0BRe n .l];JIH pac<reTa 

RpllTll'leCR0H pa3MepH0CTll ,naHHoro orrepaTOpa rrpnX0.l];IITCH paccMaTpHBaTb Bee CeMeit

CTBO orrepaTopoB, CMemnBa!OlllllXCH C HllM. McrrOJih30BaHne <pyHRUllOHaJibHhlX ypaBHe

Hllll Tnrra lllB1rnrepa, T0JR,necTB Yop.na, BhlpaJRaIOlllllX raJIHJieeBy HHBapnaHTH0CTh Teo

pnn, ll .npyrnx rrpneM0B II03B0JIHeT yrrpoCTllTh 3TY 3a_naqy ll BO MHorux CJIY'IaHX naitTH 

RpIITH'IeCRlle pa3MepH0CTII T0'IH0, CM. [5, 16, 7]. McnOJih30Banne 3TOit TeXIIIIRH II0-

3B0JIIIJI0 aBTOp~M [12] Bhl'IIICJIHTh HYJRHh!e pa3MepH0CTif n C IIX II0M0lllh!O o6oCHOBaTb 

He3aBIICllM0CTh RoppeJIHT0p0B OT BH3R0CTH (BTOpaH rIIII0Te3a RoJIMOropoBa) B rropH.n;Re 

M a 2
• O606I1Ienne aToro pe3yJI1TaTa na Bee rropH.l\Rll cpopMaJlhnoro pa3JI0JReHIIH no 

CTeIIeHHM Ma2 
6hlJIO 3aTeM II0Jiy'leH0 B [13]. 

OnreTnM, 'ITO coxpanenne R0JIMoropoBcRoro pe}KllMa rrpn "BRJI10qemu1" arrn3oTpo

rrnn u T.rr. rre HBJIHeTCH 3apanee oqeBn,nHMM: narrpnMep, B amrnoTponnoit MarnnTrrori 

rn.npo,nnnaMnKe [9], ,nByMepnoit aHH30Tp0IIHOH Typ6yJieHTHOCTll [11, 17], Typ6yJieH

TH0CTll CIIJihH0 ClRIIMaeMoit JRll.l];K0CTII [15] R0JIM0ropoBCKaH nerro,nBllJRHaH T0'l:Ka Pf 
rreycT0H'IHBa. 

B HaCT0HI1Ieii: pa6oTe BJillHIIlle CJirnMaeM0CTll B rrepB0M rropH.n;Ke II0 M a 2 llCCJie,no

BaHO B paMKax 6onee peaJIHCTll'leCR0H M0,neJiu pa3BHTOH aHH30Tp0IIH0it Typ6yneHTIIO

CTH, IIpII 3T0M aHH30Tp0IIHH MaJI0H He rrpe.nrronaraeTCH. RaR ll B ll30Tp01IH0M cnyqae 

[12], 3a,Ua1:fa CB0.l];IITCH R pac'l:eTy RpllTH'IeCRllX pa3MepHOCTeii: HeR0T0poro (no Te!Iepb 

HaMHoro 6oJihlllero) ceMeitCTBa C0CTaBHhlX orrepaTopoB B M0.l];eJIH CHJihH0 al!ll30TpO!I!I0H 

Typ6yneHTHOCTll HeCJRHMaeM0H JRll,UR0CTlI, K0T0paH no.npo6no HCCJie,UoBaJiaCb B [11 ]. 
Ilony'leHHhle TaM pe3yJihTaThl H pa3BllTaH B [5, 16, 7] TeXHHRa ;03BOJIHJ!ll HaM T0'IH0 

natl.TH Bee HYJRHhle pa3MepH0CTII. 

OcHOBHhlM pe3yJihTaT0M pa60Thl HBJIHeTCH o6ocnoBaime BT0p0H rIIII0Te3hl RoJIMOro

poBa, T.e. ,U0Ka3aTeJihCTB0 He3aBllCllM0CTH KoppeJIHUllOHHhlX <pyHRUHH OT BH3ROCTll .l];JIH 

CIIJ!hH0 aHH30TpOIIHOH Typ6yneHTI!OCTH CJRHMaeMOH JRll.l];R0CTll B rrepB0M HeTpHBHaJih

H0M rropH,nRe M a2 pa3JI0JReHIIH rro qncny Maxa. 

2 . Mo,n;eJib 

B CT0XaCTII'IeCR0H Te0pHII Typ6yneHTHOCTll .UBHliteHHe BH3K0H CJRJIMaeMOH }I{Jl.l];KOCTJI 

IIO.U'IllHHeTCH CHCTeMe ypaBHeHHH, COCTOHlllefi ll3 ypaBI!eHHH HaBbe - CToKca 

g[OtVi - VjOjV;] = VoClv; + V~OiOjVj - o;P + f; ( 1) 

2 

l 

H ypaBHt'IIHR Hepa3pb!BHOCTII 

01g + 01(gr1) = 0. (2) 

11ono1me1111I,IX ypaBHenueM COCTOJIHIIR P = P(g). 3nech Ot = 8/ot, O; = ojd,r;. v(.r, I) 
- Bt'KT0J)HOe none Typ6yneHTHhlX Il)'Jlhcaunri CKOp0CTII. g( X, t) - nJI0THOCTh JRH)ll{OCTH. 

P( .r, f) - )laBJit']Ult', Vo H vb - R03<pqrnuneHThl MOJieHyJIHpHhlX BH3H0CTei!. TTo noBTOpR

[-OlllHMCR Bt'l{TOJ)HhlM HII)leHCaM 3_necb I! ,zraJib!lle no.upa3yMeBaeTCR cyMMHJ)0BaHHe. Brre

l[]H/111 c;ry,rai!naH orna f;( :r. t) c rayccoBCHIIM pacnpe.neneHneM ~w;ie.1npye1 rraKa<rny 

,uepnrn B Typ6yneHTHYIO cpe,uy. Ee cpenuee 3Ha•1e11ne paBno H_\·mo. nap1rni\ r,oppe

JIHTOp < hfJ >= D;1 6y,ueT onpe,uenen mnne. 

Jlanee 6yneT paCO!aTJ)IIBaThCR cna6au CJKHJ\.Iat'M0CTh. B 3TOM c.1y•1ae no;rn IIJJOT

IIOCTl1 H )laBJit'HHR MOJRII0 npencTaBIITh Kali cyMMY cpe.nm1x 3Ha'It'HIIH p. p ll ~Ia.1hlX 

cp11yHTya1u1i\ p. p: g = p + p. p = ii + p. Be3 orpaHII'ICHHH o6IUHOCTI1 M0lliHO no;io

J!{l!Th fl = I. a 11C!I0)Jh3YH MaJI~CTh <p,1YHTyauni!. ypaBI!t'Hlle C0CTORHHH ~!Oilil!0 B3/1Th 8 

an11a6ant'lP<'HOM np116m1merr1111 

p = c2p. (:n 

r/1<' C - an11a6aT1J1lt'CHaJI CH0j)0CTh :rnyt{a B Typ6yJieJITI!Oi! cpe,ue. B !Ip('J.(eJie IWCH,Il~Ia

eM0CTH c2 = oo 11 1Ua = 0. 
I1cnom3yR a}lna6aTI!'IecHyIO CB/13h (3), ypaBnenue nepa3phlBHOCTH (2) nepemI!lleM 

B BH,Ut' 

1 1 
20tJJ + 2o;(pv;) + O;V; = 0. 
C C 

(-1) 

TTpu c2 = 00 llJIOTHOCTh CTaHOBHTCH noCTOHIIIIOH, IIOJie CHOj)OCTI! nonepe•m1,rn (d,1·; -
0 ), n Mhl IIOJiy<IaeM HeClKHMaeMyIO lKII,UROCTh. 

I1one cHopocTH ·v npe.ncraBHMO B Bn.zre v; = vf + v)1
, rne vf = P;7 1•_; -· nonepe'l

nan conaBJIHIOUlaH, y,uoBJieTBopmoruaH ycJIOBHIO O;uf = 0, a v)1 = P;'J1·1 - upo;ionr,IIaH 

'laCTb. Ilonepe'll!blll !J_ H npo.uom,Hbli! pll npoeHUII0HHblt' one!JclT0jlhl 8 Il]2t'JlCT<lB,1C

HI1H BOJmosux 'IHCt'JI A: HMt'IOT BH!l P/\ = k; k1 / 1.2 , P;7 = O;k - PL. l'/IP /, = I k I. lJ rofo,t 

8 IIpenenc· Hf'OhHMat'MOCTH IIOJie CJ(Oj)0CTl! CTaJio nonepe'IHhIM. IIJJ0J(0J!bl!aJI ('0('Til!JJ[J![0-

IUaR vii 1.iom1rna 6h!Th nponopunoHaJihHofi KBa11pary 06pan10i! ciwpocrn :iBytrn i7I! ~ c- 2 . 

lb :vpaBIICHIIJl HaBhe - CroHca ( l) )lJIJJ npo.uo111rrofi cocTaBJIHI01ueri c11y•ra1111oi1 cnJu,r 

T0r,ll,a cJieJl}'CT ,tll ~ c-2• IlonoMy c- 2 Monrno pacoiaTpHBan Hali cpop11am,111,1i\ mu11,1i\ 

napaMCTp, no l(OTO])OMY n 6y.nyr Y'IHThlBaThCJI II0IIpaBHH na CJJmMaPW)CTh I( TI0ilPP<''I

HOti cocraBJ!J!IOIUt'Il IIOJIJI CHOj)OCTH. 

B nepB0M nopHnHe 110 c-2 ypaBHeHHC nepa3phlBHOCTH ( 4) l!MPCT BHJl 

: 2 81p + c\o;(pvf) + 8;u)1 = 0. (:i) 

B rnaBuoM 11pn6;iumemrn no c-2 U3 ypaBHt'HHH HaBhe - CToHca (I) JIPrH0 no;1y•rn11, 

11:~!Jf'Cr!l}'IO CBH:lh MC'll()l}' .zraBJit'Hllt'M p I! uom•pe•IHbIM II0JIC'M CH0J)0CTH JIJ[fl Ilt'O!(l!Ma<'MOil 

HiB/lH0CTH 
;\ -i)f] J_ J_ 
u]l- i jl'; vj 

:1 

( (i) 



TToc,1eJlHlle ,naa ypaBHe1rnn l103BOJIRIOT Bblpa3llTb .naBJieHIIe II npo,nOJihHYIO CHOpOCTb 
qepe3 nonepe,rny10 cocTaa,1n10my10 ii.l: 

II 1 -1 v, = --iJ,6 'vip, c2 P = 6- 1iJiJ v.1v1. 
I J t J , (7) 

r,ne '\71 = 81 + u/8; o6o3Hal!aeT RoaapnaHTHYIO npott3BO.QHy10 no apeMem1 ,n,1n nonepeq

uoro llOJIR CHOpOCTll, a 1::J.-1 
- llHTerpaJibHbJH onepf\TOp, o6paTHblH onepaTopy JlanJiaca. 

B .naJibHettrneM BblpallieHttn nma npaawx l!aCTe.lt (7) 6y.neM Ha3hIBaTb COCTa!IHhIMll OIIC
paropaMll. 

Jlettcrnyn Ha ypaaHeHtte (1) rrorrepel!HhIM 11poeHTOPOM p.L II )''lllThIBaJI CBJl3ll (7), 
Mhl IIOJIYlllIM ypaaHeuue TOJ!bHO .QJIJI rronepequofi CHOpOCTll, a CJie,noaaTe,1bHO 11 ,UJIR 

acex ee CTaTllCTIIl!eCRllX MOMeHTOB C yqeTOM CJl(llMaeMOCTll B rrepBOM nopnnHe no c- 2 , 

HJIH, 3HBHBaJieHTno, a nepaoM nopn,nRe no l!HcJiy Maxa: 

Oivt = Voi::J.vf - P;7[v;-a.vf l - P;7[v;-a,v}1 + v~iJ.vf l - c- 2voP;7[pi::J.vf l + J/ . (8) 

JlJIJI CORpamemrn 3aIII!Cll ,naJiblile BMeCTo o603Ha'!eHII/I v/ 6y,neM llCIIOJib30BaTb Vj. 

ITapHbltt RoppeJIJITOp CJiytrafiHofi Cl!Jlbl f/ HMeeT CTau,napTHhli1 Bl!Jl ( CM., uanpHMep, 
[4]. [7]) 

d-

(f1v ( i, t) J:(_O, 0)) = coDjs (i, t) = Ii( t )co J (i7r ;d DJ!( k) exp [i kx] (9) 

- (3 .l -D;j(k) = k PiJ(k) (10) 
(HanoMHIIM, l!TO (JJ) = 0). CTenenh f3 = 4 - d- 2c a (10) awpalliaeTcn qepe3 pa3Mep

HOCTh npoCTpaHCTBa d H cao6o,n:Hbli1 napaMeTp MO,n:eJIH E. 3a,n:aqll Tllna (8), (10) 06bl'IHO 

H3yl!a!OTCR npll acex 3Hal!eHHJIX E > 0. 3Hal!eHIIR E ~ 2 Cl!IITaIOTCJI <pl13lll!eCHllMll 11 co

OTBeTCTBY!OT MR-naRal!He 3Heprmi: ll3 o6JiaCTI! 6oJibllillX M~ClIITa6oa (MaJ!hIX BOJIHOBhIX 

'Il!CeJI k)' npll E = 2 aMnJil!TyJla co IIpHo6peTaeT pa3MepuocTb CHOpOCTll .n:nccIIna[(lllI 

c,ueprllll C. OTHOlileHHe co/ v3 = Yo HrpaeT pOJib 3aTpaBOl!HOi1 HOHCTaHTbl CBR3II -

rrapaMeTpa pa3JIOllienHn a Teopnu B03MymenH.lt no nemrnefiuocn1 ( v8)v. B npe,n:eJie 

l ---> 0 ROl!CTaHTa Yo CTaHOBllTCR 6e3pa3MCpHoi1, Torna .n:HarpaMMbl q>yHRD;Hi1 fpHHa 

Y<l>-pacxo.n111cn na 6oJihlIIHX BOJIHOBhIX aeRTopax k n BOJHIIRaeT npo6JieMa ycTpaHe

Hllll ')TllX paCXO.QllMOCTei1. B RBaIITOBOfi TeopIIll IIOJIJI OHH ycTpaHR!OTC/1 npo[(e,n:ypott 
Y<D-penopMnpoa,rn (cM., HanpHMep, [18]). 

Mu 6y,leM IIHTepecoaaTbcn aHH3oTponuoi1 Typ6yJieHTHOCTh!O. Tor.n:a nonepeqnufi . 

rIJlOE'HTOp p.L, MOJleJinpy!Oll{Hfi aHll30TponHyIO HaRal!HY 3Heprnn, M0}l{e'f 6b1Tb Bb16paH 
a a11,ne [8, 10, 1 l] 

rne 0603naqeno 

Pj~(k) 

Rj.(k) 

Pf,(k) = (1 + n1(2)Pj~(k)+ n2R;.(k), 

'· pll (k-) pll (k:) - k· k k-2 
U;s - js , js - J s , 

(nj - ~kk-1kj) (n, -~kk-1k,), ~k = (k.ii)k- 1, 

(11) 

(12) 

er 1 , o 2 - napaMeTphl n ii - ocb npenMynrecTBeHHOro nanpaaJiemrn aRcnaJibHott aHn30-
1pomrn. 
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3. KnaHTOBO-IIOJieBaJI cpopMyJIMpOBRa 

M ypaBHeHMe Pr 

Cornarno o6meMy yrneplli,neHH!O [4, 5, 19] cpyHRUllII fpHHa nonepel!HOro noJIJI rno

pocni: v. nOJll!llHR!omerocn ypaaHeHHIO (8), MoryT 6b1Th noJiyl!em,r RaH aapnauttoHHhle . - -
npott3B0.llHble no aHelIIHHM ncTOl!HHRaM A; A' OT npou3ao,n:11mero cpyHRI1HOHaJia G( A, A') 
HE'HOTOJ)Oll HBaHTOBO-IIOJieBOfi MO.lleJIII C Y.llBOeHHb!M Ha6opoM lIOJiefi: V, V1 (r,n:e V1 

- BCnO

MOfaTCJ!bHOe rronepel!HOe aeHTopHoe noJie): 

G(A,A') = J Dvdv'detMexp[S(v,v')+Av+A'v'] (13) 

u cpyuHunonaJioM neficrnnn anna 

S(v, v') = ~y0 viv'Dv' +v'[-iJ1v'.+v0!::J.v-(iJ8)v-(vlltJ)v-(v8)vll _c-2v0 /::J.vp]. _(14) 

Hyllinhle nn1erpnpoaaHn11 no Roop.n:nnaTaM ·n apeMemi: n cyM1vmpoaamrn no BeRTopHb!M 

3Hal!RaM a (13) n (14) rronpa3yMeaa101cn. 

HRo6naH nepexona detlv[ a (13) o6ecrreqnaaeT coRparu;eHtte acex .n:narpaMM c 3aHo

pol!eHIIhIM 3aTpaBOl!HhIM rrponaraTopoM ( vv'), ROTopue nonaJIJIIOTCJI cpenn npoqnx no 

npaBHJiaM .n:narpaMMHOH TeXHHHll <l>ettmrnna .llJl/1 .n:ettCTBirn ( 14)) HO He B03HllRa!OT rrpn 

f!OCTpoeHllH .n:narpaMM HenocpencTBeHHO HTeparr;nnMH CTOXaCTHl!eCHOfO ypaBHeHll/1 ( 1). 
CJienyn [4, 5, 19], ycJioanMcn npocTo .n:oorrpeneJIJ1Th TaRne .n:narpaMMhl HyJieM, onnoape

Menuo IIOJiaran detM = 1 B (13). OTMeTHM, l!TO B Harnett 1\10.QeJIII 3TO HeTpllBllaJibHO 

Il3-3a HaJIHl!HR B ,n:ei1:CTBIIH (14) rrpon3BO.QHhIX no apeMeHH B qJieHax B3aHMO,n:eiicTBllH, 

HO TeM He MeHee TaHoe ,noorrpe,n:eJieHne ,nonycTHMO, J{a!{ 3TO 6blJIO IIORa3aHO B [12] ,n:JIR 

cnyqan Il30TpOIIHOfi }l{ll.llROCTll. B pe3yJihTaTe Mhl rrpnxo,nnM R CTan.n:apTHOH HBaHTOBO

noneaoi1 MO]leJin C ,nei1CTBHeM (14), .llJIJI HOTOpoi1: l\10}1{CM HCIIOJih30BaTb Il3BeCTHhlfi arrrra

paT RBaHTOBOi1 Teopnn IIOJIJI - .n:narpaMMHYIO Teopn10 B03MY!l{CHHH <l>eHHMaHa, Teopn!O 

nepeHOJ)MHJ)OBOR Il MeTO,n: Pr. 

JlettCTBlle ( 14) JIBJIJICTCJI HepeHop1,rnpoBaHHhIM, n nnarpaMMhl <l>ettHMaHa RoppeJIJI

I1IIOHHhlX cpyHRI(llfi: IIOJiett iJ, v' co,neplliaT Y<l>-pacxo,nIIMOCTII rrpn c ---> 0. lfro6bl nx 

rrpoaHaJin3npoaaTh 3arrnrneM ,ne:ttcTBHe (14) a anne cyMMhl S = S 1 + Sc: 

S1(iJ, v') = ~yoviv' Dv' + v'[-Ot'V + vo/::J.v- (iJ8)ii'], (15) 

Sc(v,v') = ao1F1 +ao2F2, (16) 

r.n:e a01 = -c-2, a02 = -c-2110, a cocTaBHhle onepaTopu Fi, F2 cornacHo (7) n c yqeTOM 

caottcrna 8;v}1 = Ojv)1 npno6peTaIOT BH,n 

Fi = v:(a,v, - a.v1)816-1'v16-18;ojViVj, F2 = v;Llv1fl - 1iJjOjViVj. (17) 

Jle:ttcTBne (15) OllllCblBaeT HCCJKHMaeMyIO aHH30TpOIIHY!O Typ6yJieHTHOCTh B npe,n:eJie 

c-2 = 0. PeHopMnpoaRa TaRott Mo,n:enn paccMaTpnaanacb a [10, 11]. TaM 6uno 
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IIORa3aHO; 'ITO ,ll;JIH o6ecne<cemrn MJJII,TJUIJIHRaTIIBHOfi peHopMHpyeMOCTll aeo6xomrMo 

paccMaTpHBaTI, pacnmpeHHyro 11,IQ,IJ;eJII, C HOBhlMll aHll3OTpOIIHI,IMlI B/13ROCT/IMH Vo\ Oi, 

i = 1, 2, 3, r,n;e 6e3pa3MepHhle rrapaMeTphl Xoi OIIlIChlBaIOT OTHOCIITeJII,Hhlfi BJ(Jia,n; pa3-

JIII'IHhlX aHH3OTpOIIHhlX CTpyRTYP B ,ll;llCCIIIIan:nro. 

CooTBeTCTByroru;ee IICXO,ll;HOMY ,n;eficTBHIO ( 15) peHopl'.rnpoBaHHOe ,n;efiCTB!Ie IIMeeT 

BlI,11; 

s ~gv3 A 2'iJ' Dv' + v'[-81v + vZ.,,0,.v + vZ.,x1Z,Ji,0,.( vii) 

+ vZ.,x2Zx2 (ii8)2v + vZ.,x3Zx3 ii(ii8)2(vii) - (v8)vj. (18) 

3,n;ech A - peaopM!IpOBO'IHaJI Macca (,n;oIIOJIHl!TeJihHhlfi IIpO1I3BOJII,Hhlfi rrapaMeTp pe

HOpM!IpOBaHHOfi Teopnn), penopMIIpOBaHHhle rrapaMeTphl g, v, Xi CBJI3aHhl co CBOIIM!I 

nepeHOpMnpoBaHHhlMlI rrapTnepaMH COOTHOII!eHJIJ!Mll MJJihTlIIIJIIIRaTIIBHOfi peHOpM!Ipo

BRII (11]: 
go= gZgA2

', Vo= vZ.,, Xoi = XiZx,, Zg = z;3
, (19) 

I{oncTaHThl peHOpM!IpOBHll Z Bhl'IIICJIHIOTCJI · ITO Teop!III BO3Myru;eHIIH, B cxeMe MIIHJI

MaJII,HhlX Bhl'IJITamrfi (MS) (18] OHII IIMeIOT Bn,n; Z = 1 + IIOJIIOca no E II 06ecrre<c1IBaIOT 

OTCJTCTBlle Y<I>-paCXO,ll;IIMOCTefi B RoppeJIHU:IIOHHhlX q:>yHRU:IIJIX Mo,n;eJIII (18). IIocJie

,n;Hee COOTHOII!eHIIe B (19) - CJie,ll;CTBHe OTCJTCTBIIJI ROHCTaHT Z B IIepBOM II IIOCJie.l(HeM 

<cJieHe (18). 
lfro6hl BhlJICHJITI, RaR penop1111IpOBaHHhle HOppeJIHU:lIOHHhle q:>yHRU:IIII 3aBHCRT, OT 

rrapa111eTpOB ao1, a02 rrpll ,n;o6aBJieHIIlI BRJia.n;a (16) R .n;efiCTBHIO, paCCMOTplIM rrapnyro 

RoppeJIHU:IIOHHYIO q:>YHRU:IIIO ,ll;JIH HeClKHMae111O:tt lKII,ll;HOCTII B II30Tp011HOH MO.l(CJIII ( lIO.l(

po6noe lI3JIOlKCHlIC CM., narrplIMep, B [7, 22]) 

d-

( Vj (i1, t) Vm (i2, t)) = J (i1r~d Gfm(k) exp [ ik. (i1 - i2)] (20) 

YpaBHeHJie Pr .n;JIH rne,n;a ee q:iyp1,e-06pa3a QR(k) = G~(k) nMeeT 'BJI,n; 

[ 
a a a] R-

AaA +/3gag-,.,vall G (k)=0, (21) 

r,n;e q:>YHRU:IIR /3g lI aHOMaJihHaJI pa3MepHOCTb /V BhlpalKaIOTC/1 <cepe3 l{OHCTaIITy penop

MllpOBRII Z., 

/3g = -g(2t - 3,.,), 
81nZ., 

,., = 8lnA . (22) 

PeII!CHlIC ypaBHeHII/1 Pr C y<ceTOM lICXO.l(HOH RaHOHII'IeCROH pa3MepHOCTII q:>YHRI!IIII QR 
TaROBO 

GR(k) = ii2(s)k2-d R(g(s)), 
k 

s = A. 
3,n;ecb R - HCROTOpaH "CReHJillllfOBaJI q:>YHHU:IIJI " lIJ!Bap!IaHTHOro 3apn,n;a jj( s)' -
q:>eHTIIBHOH rrepeMCHHOH, Y.l\OBJieTBOpRIOill;CH ypaBHCHIIIO 

d-
sd! =/39 (g(s)), "§i(s=l) = g · 

6 

(23) 

:➔ qi-

(24) 

\ , r 
I 

~ 

BTopaR '➔ qJqJCRTIIBI!a/1 nepeMeHHM - IIHBapnaIITHa/1 B/13HOCTb v( S) - y,n;oBJJeTBOj)/leT 

ypasuennro 
dv 

s ds = -)., (g(s)) 'vl(s=l) = V. 
(25) 

J,b peme!IHH ypaB11en1If1 (24) noJJy'IaeM, '!TO g(s) -; g* npn s -; 0. me g· - Hl{

ynotl.•msaH TO'IJ{a ypaBHCIIHll Pr, T.e. liOpeHb ypasneHH/1 .l?g = 0 c TIOJIO}l{JITf'J!bHhl~I 

3Ha'ICI!HCM ITOTI])aBO'IHOfO llll.lle!{Ca W = af39 / Og. 
Pemenne ypaBHCHIIH (25) nMeeT BH.ll 

[ lg(s) ,.,( .r)] 
v(s) = 11 exp - d.r-.. J-. 

g ,Jg( .1) 
(2(i) 

oTHy.lla c y'leTOM (22) n (19) IIMeCM 

v(s.) = v (!!--)1/3 
gs2' ( 

So )l/3 
gk2, 

(27) 

· Teneph H3 (23) II (27) .l(JI/1 cne1iTpa HHHCTH'!ernotl. :-rnepnrn £(/.) ~ kd-l(;R(f) 
B aCIIMIITOTHRe s -; 0 rroJiy'IaCM He 3aBHC /lru;ee OT B/131{OCTII Vo Bhlpa}l{em1e E ( k) ~ 
:::2/:l k- 5/ 3 C J{OJIMOfOj)OBCHlIM 3Ha'!CIIHeM noHa3aTeJJ/I, 

IIpn o6o6ureHnn na ann30Tpon111Itl. rny<ratl. (,n;eHcTBHe ( 18)) H ypamie11mo Pr (21) 

no6aBJIHIOTrn •meHhl /3,/JGR(k)/8x_j, npn ,TOM HoBhle /3-q:>yHI(U:HII n anow1m,11hie pa3-

Mep11ocn1 )\, 6e3pa3MCpHhlX napaMCTj)OB \ 

/3,, = -\;),,, 1 \, = olnZ\,/aln.\ ('28) 

BW ]JaJRalOTC/1 tJepe3 KOHCTal!Thl peHopMIIj)OBHH z,, B ,n;etl.CTBHH ( 18). )lonOJ!HllT<'"1bllhJe 

-~cj_>q:>PKTHBHhlt' nepeMeHHhle \ ( s) ynosneTBopnroT ypaBHCHHHM rnna ('2-1 ). B pa6ore [ l O] 
6b!JIO noHa:iano, '!TO 3TH ypaBHeHHR IIMelOT HeTpiIBUaJibIIYIO qJHHCHpoBanny10 ro•m:, 

jj(s). \($)--> g*, \ \ B J{OTOJ)Oll BCf' co6cTBf'HHhlf' 3IIa'leHll/l MaT])llllhl nonpaBO'lllhlX UH-

tlf'HCOB 

W 
.. - fJ/3g, I • g· = g \ V \' 1' ;' - 0 1 •) •) 
,.1- Ogi g,=g,, i-, 1,-\2,-3, , - , , .... ~ ... > 

(29) 

(-ro•rnce, IIX BemecTBCI!Hhle '!aCTII) ITOJIOJKHTeJ!bHhl, TO eCTb HOJIMOfO])OBCHHli acnmno

TH'IeCHlIH pe}l{IIM oc-raeTcH HK-ycTotl.<cHBhlM upn y•1eTe cnJihHOtl. ,rn11:10Tpon1111. 

IIpn y<IeTe C}l{UMaeMOCTII cnTya[llUI 6onee CJIOJl{Hafl. ,Ll,onycTHM, '!TO naM .\'JlilJIO('I, 

penopMnpoBaTI, Taiill{e .1IeHCTBUe (16). Torna B ypaBHenne Pl' (21) Jlo6aHJIHIOTUI 

BWia.l(hl nma )a,'D,,,GR(k), r,n;e fa, - anoMaJibHhlC pa3MCJ)HOCTII pe1wpw1p0Ha11111,1x 11a

paMeTpOB (Li ( onpe.1IeJ1eime CM. m1me ). CooTBeTCTBYIOill;HP, a01, <lo2 JlC'IIOp~tlt poH,lllll l,J(' 

1IapaM<"l'Phl (II• a2, B OTJill'!Ht' OT napaMPTj)OB \, HBJ!RIOTCH pa:1~1epn1,1~111,n ci;ci\;11t11rclHall 

(jl_\'IIIH(ltll H 6yJW'l' :JaBl!CeTh OT 6P:1pa3MC'pllh!X '-Jcj_HjJC!iT11BlllJX II{']l<'M!'lllll,IX 

Vi= k2v2
a1. 112 = l.·2

11ii2. (:lO) 
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ITepeMeHHhle ai( s ). a-2( s) rro.n:•rnHmorcn ypaBHemrnM nma (25 ). Mx MK-aoIMnronrna 

npn A· -. 0 l!Meer Bl!.ll a; ~ k-"la,, a acl!MllTOTHKa 6e3pa3MepHb!X apryMeuroB ( :30) ecrL 

u; ~ k-::,.a,. no.n:po6uee CM., uarrpm1ep, [20, 21]. 
B mrnell.uoM rrpn6Jiumemm rro MaJihlM rrapaMerpaM ao1, a02 B cpy1rnuno11ane ( l :3) no

npaBKa K cKell.JIHHroBoll. cpyHKJ.ll!l! R,reM caMm,r1rrpno6peraer BII.ll ( 1 + con st • 1,,-b.ma,), 

r.n:e -0.max - 11au60JI1ll!an II3 pa3Mepuocrell. Ci.a,. 
TaKIIM o6pa30M, 3a,n:aqa HaXOJR.l{eHl!R 3aB!ICIIMOCTII cneKrpoB ryp6yJieHTHOCTII OT 

CJR!IMaeMOCTII CBO.l{IITCR K uaxom.n:euJI:o Kpl!TJiqecKl!X pa3MepHocrell. Ci.a, cocraBHhlX 

oneparopoB Fi.2, Bxo.n:nmnx B .n;ell.crnne (16). 

4. PeHOpMHpOBRa M RpHTHqecRHe pa3MepHOCTH 

COCTaBHhlX orrepaTOpOB 

Ll,o6aBKa H .uell.crnmo (1.5) BHJia.Qa (16). co.uepmamero cocraBHhle oneparop11 f'i, F2 

( 17), nopom.uaer noBhle Y<I>-pacxo.n;HMOCTII ( rromoca no E) B KoppeJIRIJJfOHHhlX cpyn

murnx. 11,JIR !IX penopMl!pOBKl! IIp!IXO.QIITCR paccMaTpl!BaTb 6oJiee llll!pOKOe ceMell.CTBO 

cocraBHhlX oneparopoB F;, a JIMeHno: Bee cocraan11e oneparophl roll. me KaHoHnqecitoll. 

pa3Mepuocrn ll reH30pHoll. rrpl!pO.Qhl, qro II F1, F2, IIOCKOJibKJ Ollll rrpnMell!l!BalOTCR K 

F1, F2 rrp!I peHOpMnpoBKe. 

PeHopMnpoBaHHhle orreparopb! F;R CBR3aHLI C HepeHopM!!poBaHHb!M ceMell.CTBOM /?; 
II3BeCTHOll. cpopMyJioll. MYJILTilIIJil!KaTl!BHOll. penopMllpOBKlf, no.n;po6nee CM., HaIIp!IMep, 

[.5. 7] 
F; == ZijFt, (31) 

r.n:e Z;j - MaTpHUa HoncraHr penopMnpoBRll. B o6meM cJiyqae B cxeMe MS ee ,n:Haro

HaJI1n11e 3JieMeHTbl - 3TO CJMMa e,n:lfHHUbl ll IIOJI!OCHhlX !IO € qJieHOB, a ue.n;naroHaJib

Hhle 3JieMeHTbl co.n;epmar TOJILRO IIOJIIOCa. llepe3 MaTpHUY Z;j BhipamalOTCR Marpnua 

aHOMa,11H11x pa3MepHocrell. iii == Zij/VAZkj n Marpnua RpHrnqeCHnx pa3MepHOCTell. 

,n:aHuoro ceMell.crBa oneparopoB 

ei. f == D;1. + 1ii, lJ (32) 

r.ue a1wa.n: D& == [dF - 1,,dF]ij Bblpamaercn qepes aHOMaJI111y10 pasMepnocTL BR3KOCTII 

(22), noJIHYIO dF n qacToTHYIO dF Rano11u•1ecm1e pasMepHocrn orreparopa F [5], paBHhle 

cyMMaM cooTBercrnyromHx pasMepHocrell. noJieli n rrpousBO.llHhlX, 113 Horop11x nocrpoeH 

oneparop F. 
l13 ycJIOBJIJI 6e3pasMepHOCTil .n;ell.CTBllJI (14) naxo.l{JITCR cyMMapHhle HaHOHl!qernne 

pa3Mf>fHIOCTH apeMenu, rroJieli II acex napaMerpoa Mo.n;eJIH [5]: dt == dw == -2, dv = 1, 
riv' = d + 1 ( dx == dk == -1 rro orrpe,n:eJiem110 ). KaHOHHqecRan pa3MepHocr1 cocra

Blll,IX onepaTopoB F1, F2 paaua CJMMe HaHOHll'IeCHIIX pa3Mepuocrell. I!X HOMIIOHeIIT, 

T.e. dF, == d1-2 == d + 4. 8rH oneparophl cRaJinpH11e, raJIIIJieeBO-HHBapnannrne n 

ue110Ra,11u11e. Cornac110 o6mell. reopHII Y<I>-penopMnpoaHII [18] R neJioRaJILHhlM orre

paTopaM F1, F2 Moryr IIp!IMell!IIBaTbCR TOJibl{O JIOHaJILHble COCTaBHble onepaTopb! ( 1f0-

!IO~IL!. nocTpOCHHh!C Il3 IIOJiell. l! llj)Oll3BO.l{Hb!X B o.n;noll. roql{e X) roll. }l{E' HaHOHilqecKoll. 
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pa3MepHOCTII Cl!MMeTplll! (r.e. CRaJIRpHb!e I! raJil!JieeBO-l!HBapnaHTHhle). CaMI! He

JIORaJibHble oneparopb! RaR ueJioe He Moryr IIMer1 HeJioRaJILHhle Y<I>-pacxo.n:m,mcTn n 

He .n;a!OT BRJia.n;a B peHop:r.mpOBRY JIORaJILHb!X orreparopoB, HO R HIIM Moryr rrpl!MeIIIl!

BaThCR JIOKaJI1u11e cocraBI!ble orreparop11, B .n;aHHOM cJiyqae F == fJv'fJvfJv, fJv'"v 1vfJv, 
[)i/[)3

i,, n28v'fJvfJv, n28v'"v1vav, n28v'83v, n4fJv'fJvfJv, n4 fJv'"v 1vfJv, n48v'83v, 
n68v'oviJv, n68v'"v1vfJv, n68v'83v. 8ro - qncro Cl!MBOJil!'IeCRM 3arrnc1 H osnaqaer 

BCeBO3MOJRHhle ROM6uHaUIIl! c~aJIRpHb!X rrp01!3Be.l{eHilli BeRTOpOB iJ', iJ, ti, ii. 
I1epB11e Tp!I nma 6hlJIIl paCCMOTpeHbl B [12], r.n;e 611JIO ycraHOBJieHo, 'ITO ,n:aHHble 

orreparop11 He .n;a!OT BRJia,n:a B Rpnrnqecmre pa3MepHocru HeJioRaJILHhlX F1, F2 6Jiaro

.n:apn 6JIOqHo-rpeyroJILHOMY xapimrepy MaTpl!J.lbl Zij• 8ro CBOHCTBO MarpIIJ.lbl ROHCTaHT 

peuopMHpoBRH HMeer Mecro H ,n:JIR ocraJILHhlX cocraBHhlX oneparopoB, co.n;epmamHx 

BeRrop aHH3OTpOIIlll! ii, no3TOMY OHII TaR}Ke He BJIIIR!OT Ha RpIIrnqecRIIe pa3MepHOCTll 

orreparopoB F1, F2. B nocJie.n;mrx no cpaBHenmo c paccMorpenHhlMH JIOHaJILHhlMII orre

paropaMu cymecrByIOr .l{OIIOJIIIIl
0

T~JibHble MHOJRllTeJIH Ci. - 1av, l!MeromHe nyJieByIO HaHo

HHqecHylO pa3Mepnocr1, no nenyJieBy10 RpHrnqeCHy10 pasMepnocr1 paBHYIO -4/3 npn 

€ == 2, nocHOJ,lbRY Rj)l!TII'IeCHan pa3MepnoCTb IIOJIR V paBHa -1/3 [5]. CJie,n:oBareJILno, 

RpHrnqecRan pasMepnocr1 F 60JI1ll!e HpHrnqecRoll. pasMepnocrn F1, F2 , II IIMeHno onn 

.n;aror maBHhlli BHJia.n; B HHcppaRpacHy10 acnMrrroTnRy cneRrpa RnHeTII'Iecrwll. 3HeprnII. 

KaR 61rno orMeqeHo B pa6ore (12], HeJIOHaJILHhle orreparop11 F1, F2 cocronr H3 Jio

RaJI1u11x 6JIOHOB, Horop11e B o6meM CJiy'Iae nopOJI{.l{aIOT Y<I>-pacxo.n;HMOCTII II rpe6y10r 

peHOpMHpOBRll. EcJin 06osnaqnr1 IIOJie iJ JIIIHJfeli, IIOJie iJ' - HarrpaaJieHHOli JillHHell., 

neJIORaJibHhlll. oneparop ei.-1 - BOJIHIICTOli JIIIHlfefi, a Ilj)Ol13BO.l{Hble no ROop.n;nHaraM 

ll!Tp!IXOM II rrpOll3BO.l{HYIO IIO :speMenn HpeCTIIHOM, TO oneparophl (17) MOJRHO npe.n;cra

BIITb rpacpnqecHII. 

Pnc.l 

3.n:ec1 Mb! orrycrnJIII IIH.l{eRcny10 cTpyHrypy orreparopoB, a orrepaTOp c IIOJIHoli rrpoH3BO

,n:Holi no BpeMeHII "v t npe~CTaBllJIII HaR CJMMY .llBYX .n;n:arpaMM. IloCJie.l{Hllll orrepaTOp 

Ha pn:cyHRe .n;aer BRJia,n: B HoppeJIRUIIOHHYIO <pJHRUIIIO < v'vvv >, HOTOpb!li nso6pameH 

Ha pncynHe 2. 

9 



~ 
Pnc.2. 

3anITpllXOBaHHhlll RBa,1.1paT o603Ha'IaeT rrpOll3BOJihHYIO 1-HeIIpllBO,l(llMYIO ,l(llarpaMMY C 

3a,l(aHHh!Mll BHeIIIHllMll ROHl]aMII. MoJRHO Bll,l(eTh, 'ITO TpeyroJihHaJ.I ,l(llarpaMMa YJihTpa

qJllOJieTOBO paCXO,l(llTCII, n ,l(JIH ee ycTpaHeHllll Heo6XO,l(l!MO peHopMI!pOBaTh JIOKaJihHhlll 

6JIOR paccMaTpnBaeMoro HeJioRaJihHoro orrepaTopa. 

TaRllM o6pa30M, ,l(JIH IIOJIHOil peHopMllpOBKII HeJioRaJihHhlX COCTaBHb!X orrepaTopoB 

( 17) ,l(OCTaTO'IHO paCCMOTpeTb peHopMllpOBRY llX COMHOJRI!TeJiefi ( 6JIOROB), llMeIOil]llX 

BIi)( JIOKaJihHh!X orrepaTopoB. 

OrrepaTop F1 COCTOIIT ll3 J.IBYX HeJIORaJihHh!X BCTaBOR 6 -l' IIOJIHOH rrpOH3BO,l(HOll ITO 

BpeMeHll y' t II )(BYX JIORaJibHh!X COMHOlRHTeJiefi 

G1 = v;(ajvi - a;vj), G2 = OiOjViVj, 

a F2 cocTollT ll3 6 - 1, orrepaTopa G2 n JioKaJibHoro coMHOJRllTeJIH 

G3 = vi6v;. 

(33) 

(34) 

KpnTH'Iecmre pa3MepHoCTll orrepaTopoB (17) paBHhl cyMMe KpHTH'Iec1mx pasMepao

cTefi: COCTaBJIIIIOil]IIX IIX 'IacTefi:. .Il:JIH HaXOJR,l(eHllll RpIITII'IeCRIIX pa3MepHOCTefi orre

paTopoB (33) II (34) HYJRHO pacCMOTpeTh peHOpMllpOBKY l]eJioro ceMefi:cTBa CMeIIIH

BalOil]llXCII orrepaTopoB. 8To ceMefi:cTBO OKa3h!BaeTCII ,l(OBOJihHO 6oJibIIIIIM 6Jiaro,l(apJl 

HaJIH'IHIO aHII30TporrnII II Bh!COROH RaHOHII'IeCROll pa3MepHOCTii (dF = 7 )(JIii d = 3). 
.IJ:JI11 Toro, 'IT06hl MaRCHMaJibHO ynpocTllTh aHamrn COOTBeTCTBYIOil]efi: MaTpHl]hl Zij, Mhl 

cqiopMyJinpyeM HeCKOJihKO o6Il]IIX rrpaBIIJI ,l(JIH cMeIIIHBaHllll COCTaBHh!X orrepaTopoB, IiX 

rro,l.lpo6Hoe pa31,11cHeHne MOJRHO Hafi:Tn B pa60Tax [5, 7, 12, 13, 16]. 

a) B ,l(eHCTBllll (18) B BepIIInHe B3allMO,l(efi:CTBHII rrpocTpaHCTBeHHYIO rrpoII3BO,l.lHYIO IiH

TerpnpoBaHIIeM no 'IaCTIIM MOJRHO rrepe6pocIITh Ha BCIIOMOraTeJihl!Oe IIOJie v': 
v;vjOjVi = -(ajv;)v;Vj- TaRIIM o6pa30M, RaJR,l(aJ.I BHeIIIHIIII JIIII!llJI !IOJIJI v' JII0-

6ofi l-11errp1rno,l(IIMOH ,l(IIarpaMMhl CO,l.lepJRIIT rrpOH3BO)(IIYIO, a COOTBeTCTBYlOil]Iill 

penopMnpoBaHHh!fi: orrepaTop rrporropIIHoHaJieH ( ov'). 

b) K raJinJieeBo-nrrnapnaHTHOMY orrepaTopy MoryT rrpnMeIIInBaThCII TOJihKO ramrneeBo

HHBapIIaHTHhle cocTaBHhle orrepaTophl. 
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c) Ecmr orrepaTop G rrpe,l.lcTaBnM B BU,l.le rrpoHJBO,l.lHOll. HeiwToporo ,l.lpyroro orrepaTopa 

G = 8[G]. To RpIITU'IecRa.ii pa3Mep11ocTh oHepaTopa G paBHa cyMMe KpfITH'Iernofi 

pa3Mep1IOCTH [ G] H e,l(Hlllll]hl ( 6c = 1 + 6rc1) IIOCK0,11RY neny,1eBotl Ilj)H Hy;iesm, 

BIH'IIIHPM HMIIYJihCe (cooTBeTCTBYIOll[eM IIJ)OH3BO,l.lHOH iJ) orrepaTop [G] He ~lO;J{f'J 

npm1P11rnsane11 K orrepaTopy G. 

d) l1s-3a rrorrepe'IHOCTII lIOJiell. V;, v_; 'II!CTO flj)O,l.lOJibHhle paCXO)UIMOCTH OTC}'TCTB}'IOT. 

e) Bee l-nerrp1rno)(Hlllble .nnarpaMMbl, CO,l.lepman[lle 3il~IKHYTbie l]HHJibl 3illlil3,l.lb!Bil!OIL(HX 
JIIIHHII < 1'1,, >, paBHbl nymo. 

Cew:'HCTBa orrepaTopoB, !{OTOphle MOryT OleillUBilThC/1 C HCXO)(Ilb!MII onepaTopaMH 

G HJ[H [G], 6y)(eM o6o3Ha'IaTb G nmr [c;J. 
Cornarno c) BMeCTO orrepaTopa G2 113 (34) ,l.lOCTaTO'IHO paccM0TpeT1 pe11op~!IIJ)OB!i}' 

orrepaTopa [ G 2] = v;Vj, l13-3a. rrorrepe•rnocnr rroJI11 v; ( rryHHT d)) e HIBi Monm 6u 

cMeillnBaThCH TOJihHO orrepaToph! [ G3] = nkn 181vk8;1, nkn181vkn;111. 11 x KJ)IITII'IernaH 

pa3MepHOCTh paB!Ia 6[G3J = 1 + 611. 113 [.5] U3BeCTIIbl !ipHTII'Iecmre pa3MC'J)I!OCTH IIOJIE'II 
v, v' II BJ)eMeHII 

6,. = l - 2f/3, 6,,, = d- l + 21:/3, 6 1 = -2 + '2lj:3. (:35) 

Cne;wsaTeJihHo 6ra,j = 2 - 2c/3, a rrpn cjm3II'ICCROM 3Ha'Iemm f = 2 mtePM ~fr;_,J = 
2/3. flornoJihl(Y [G2 caM He penopMnpyeTrn, TO )(JIii RpllTH'!eCHoir pa:mepHOCTH one

paTOpa G2 IIOJiyqaeM ( ny11RT C)) 6c, = 2 + 6ra,1= 2 + 26v = 4 - -1{ /3. 'ITO npn f = 2 
,l(ilE'T 6a2 = 4/:3. . 

OnepaTOp G1 cocTOHT us }.(Byx CJiaraeMux: G 1 = Gu - G 12 . B nrny nymna 

d) BRJia)( G12 MOJRHO neperrIIca'fh B BH)(e G 12 = o;( v;v1) n paeoraTp1rnan To,11Ho 

onepaTop [G12) = v/vi. OH MOJI(eT cMennrnaThCR co cJie,l.lyIOIUIIMU onepaTopa~m: U;l'J• 
n;n181v5, 8;j11kn181vk ll n;npikn181v;.. Bee 011II Y<l>-J{OHe•mu II nx pa3~tepHocn pasna 

1 + 6u, = d + 2t/3 HJIH 13/3 ,l.lJIH d = 3 u E = 2 . .IJ:naro11aJibllhlll ·➔m'MPHT 11arp11111,1 Z;; 
paccMaTpnaaeMoro ceMell.cTBa pase11 e)(HHHIIe (rryHHT a.) ) u, HaH II B eJI_\.llilf' C<'MC'IIC'TBa. 

acc011nuposamroro c onepaTopoM G2, )(aH11a11 MaTpnn:a rpeyroJihHaH. Ta1;1rn 06pa:10~1. 

6al2 = I + 6[G12] = 1 + 6v + 611, = d +], IIJIH 6a1, = 4 ,l.lJIII d = 3. 
OnepaTop G 11 caM R ce6e He npnMeIIIHBaeTcn 6naro,l.lap11 caoltcrny a.). 011 ran11:1et'BO· 

1IIIBapna1ITeH, IIO'lTOMy He MOJI(CT CMeUHIBilTbCJI e orrepaTopaMH TilliO!'0 HW nrna. l!0 C 

Tf'll30j)HOll crpy1nypoll., co,1.1epman.(ei! BeHTOJ) il!IH30Tj)Olillll ii (nymn h) ). 01! TilliHi(' 

ne CMeIIInBaeTen C raJIHJieeBO-IIHBapnanTHh!MII onepaTopaMn 71 j y' tll ,. c{. ( Il_\'ll!,T il) ) 11 

n; v'1UJ1'i (nymn e) ). CeMell.cTBO Gil, HOTopoe MomeT rrpnMem1rnaTbCJI H 011cp,no1i,1· 

G11,eOCTOIIT II3 orrepaTopoB 6vj, 11,j!::,.v:n., 11 8 08 11/U/Vj, Oj118 08 1';n,. 111 11kcJ,11.,iJ-'1•;111. 
Bee 01rn Kone•mu II ux RpIITII'1ecRa11 pa3111ep11ocTh paaua 2 + ~,., = l(i/:3. Ilo n•~1 

me upwmuaM, ImH u )(JIii onepaTopoB G2, G1 2, mrn ue naIOT BHJ1a.1<a B 1;p11111•1,•ci._\'lo 

pa3Mep110CT1, orrepaTopa Gn = v/oiu;. riocJ(OJihHY on none•1e11. To <To hfll!Tll'I<'Cliall 

pa:JMepHocn paana 6c11 = 1 + 6,,, + 6,, = 4. 
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!1 

Terrepb paco10Tpl!M ocTaBil!nil:cJI orrepaTop G3 B (:34). ramrneeBo-1rnsapnaHTHhie 

orrepaTophl v;'v 1v;, v;n;'v1vjnj He rrp!!Mell!1rna10TCJ1 K G3 6Jiaro.uapII csoil:crny a). Ona

lOTCJI orrepaTophl Tpex TI!IIOB 

{G'3i} 

{ G'32} 

{ (;33} 

{v;(n8) 2v;, (iiv')6(iiv), (iiv')(ii8}2(iiv)}, 

{ 81( v:01v.), 81( v' 8vi), ( ii8)[v;(n8)vt], ( ii8)[( v' 8)( riv)], 

81[( iiv')81( iiv)], 81[( 11v1
)( ii8)v1l, ( ii8)[( iiv')( ii8)( 11v)]}. 

{ ( ii8)6( iiv'), ( ,i8)( ii8)2
( iiv')}. 

(36) 

Orreparnpu { G':n} ne .uaIOT BKJia.u B pa3MepHocrn { G3i} I! { G 32 } ( rrymn c) ) , OHi! 

KoneqnhI I! l!X pa3MepnocTh rrpn d = 3, t = 2 paB!rn 6{a33 } = 19/3. { (;32} ne .uaIOT 

BKJia.ua B {G3i} (rrym{T c) ), onn TaKJRe KOHe'JHhl (aHaJior11qHo G12 ) u, cJie)loBaTeJihHO, 

6{G'32}=5. 
TaKl!J\I o6pa30M, OCTaeTC/1 paccMOTpeTh peHOfJMllpOB!{.Y ceMeil:CTBa, Bl{JIJO'Ia!Olll,ero 

oneparnphl G3 11 G31 . Orm cMell!nBalOTCJI npu peuopM11poBRe MCJRJI.Y co6oil:, u rnoTBer

CTB.YIO[l.(aJI MaTp11ua Z;j oKa3b!BaeTCJI IIeTpllBllaJihHOll. B ll30TfJOII!!OJ\I CJI_yqae B pa6oTe 

[12] 6b!JIO IIOKa3ano, qTo HOHCTanTa peHOpMI!pOBRll orrepaTopa G3 Bb!pamaeTC/1 <repe3 

1!3BCCTH.YIO l{OHCTaHT.Y peuopMIIpOB!{ll Zv rrpn B/13!{01\! qJieHe B peuopM11poBaHHOM )lCll· 

CTBllli ( 18 ), a CJIC)lOBareJihHO RpllTHqecRaJI pa3MepHOCTh 603 RBHO Bh!pamaeTC/1 qepe3 

ll3BCCTII.YIO cpyHHUlllO 7v• Ilpu HaJill'lllll al!ll30Tporrnu ClIT_yaunn 0l{a3hIBaeTCH 6oJiee 

CJIOJRI!Oll, HO lI B 3TOM CJI_yqae ynaeTC/1 Bhipa3HTh 3JieMeHTbl i>iaTpllUhl Z;.7 qepe3 ll3BC· 

CTHhIC l{OHCTaI!Thl penopMHpOBHH Zv u z,,, BXOJlJ!Ill,lle s JlCllCTBlie (18). 
PaccMOTJ)l!M rrpo1!3BOJJ:Rlll,Hil: cp_yHRUHOHaJI (13) (rroJioJKlIB B HeM detM = 1) c pe

Hop~rnposaHHhIM neil:cTBneM ( IS). 8To - Y<l>-KOHC'!Hhlll ofrbeHT, I103T0M.Y H ero rrpo-

1!3B0)(llhle no peHOpMnpoBal!Hb!M napaMeTpaM e = {g, Xi, V} ( Ol!lI lIMCIOT CMh!CJI npo

lI3B0JJ:Jlll(IIX cpynHUlIOHaJIOB COCTaBHhlX onepaTOfJOB DeS') TaRJRe JIBJIJIIOTCJI ROHeqHh!MlI 

ofrheRTaMn, RaR n caMn onepaTophr OeS'. 
Pacci.,wrpnM ypaBHCHl!e Pr JlJIR G(A, A') 

, , a a & a 
'DRoG(A, A)= 0, 'DRG =[ADA - 7vV ov + /3g og + /3x; OX;] , (37) 

rne cpyirnuHn /39 n /J,; onpeneJieuh! B (22) I! (28). 
OnpeneJIHM rnen_yIOIIl,.YIO MaTpnuy: 

07g, 
Wik = -g; Ogk' (38) 

me g; = {g, x;} (nanoMHHM, qTo 79 = -37v). Torna c noMOIIl,hlO paBencTB (22) 11 

(28) HaX0)llIM, '!TO )laHHa/1 MaTpnua s <plIRCHpoBaHHOll Toque g; COBrranaeT c MaTpnueil: 

nonpaBO'lllhIX lIH)leHCOB Wik lI3 (29). 
OnpeneJIHM KOMMyTaTop JIB.YX nncpcpepeuu11aJihHhIX orreparnpoB D;, Di o6blqHhlM 

o6pa:ioM: [D;, Dj] = D;Dj - DjD;. KoMM_yTaTopb! orreparopoB 'DRo, 'Dv = VOv = 
viJ/ov u Og, = 8/og; paBHhl 

['DRo, 'Dv] = 0, ['DRo, 89J = W;j[8jo
3

1 
'Dv - 091 ] - b;o/39 89 • (39) 

g g 
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IlpnMeunn K ypaBHeHnIO Pr (37) nncpcpepeuunaJihHhle orrepaun11 Ov II 8
9

, n y'IHTh!BaJI 
ROMMyTaUl!OHHhle COOTHOIIICHl!/1 (39), rronyqaeM , 

'DRol19 , G( A, A') 

'DRo 'DvG( A.A') 

w;i[8io
3

1 
'Dv - 89,]G(A, A') - 8;/9 o9 G(A, A'), 

g g 
0., (40) 

KoMMyranrnuoCTh oneparopoB 'DRo n 'Dv II03Boimer rreperrncan neByIO qacrh rrepBoro 
ypaBHCHll/1 ( 40) B Bl!Jle 

'Dnol19,G = 'Dno[89, - b;o_!_'Dv]G - 8;0
3
/39

2 
'DvG. 

3g g 

C _y'leTOM naHHOro COOTHOIIICHl!R ypaBHCHIIe ( 40) rrpHHIIMaeT BllJl 

X 
. f: /3g 

'Dno ; = -w;iXi - u;o-Xo, 
g 

i,j = 0,1,2,3,4, 

'!TO B <pl!HCJipoBaHHOil: TO'!He g* #- 0 C y'leTOM ./39 = 0 ,l(aer 

'DnaX; = -w;iXi. 

8ro.ecn ypaBnemre anoMaJihHoro CKet!:JIHHra ,l(JIJI BeJIH'IIIH 

X; = (89, - (3g)- 18;o'Dv)G(A, A'), 

(41) 

(42) 

rrpnqeM MaTpnua W;j - ecTh MarpHI(a Hx anoMaJihHhlx pa3Mepuocreu. Ee co6cTBeu

Hhle 3HaqeHl!JI IIOJIOJRllTCJihHhl ( CJie,l(CTBlle II3BecTHOfi HK-ycTOH'IIIBOCTll He!lOJlBIIJRHOfi 

roqull), ll cornacno (38) ona BhipamaeTCJI <repe3 II3BCCTHhIC HOHCTaHThI penopMHpOBKlI 

Z B ,l(eficTBHJI ( 18), Horophie 6hIJIJI BhI'IJICJieHhl B [11] B o,l(HorrerneBoM np116JIHJRenn11. 

l1crrOJih3YR JIBHblfi BII)l rrpolI3BOJJ:Rlll,ero cpyHHUJIOHaJia (13), BCJIII'IIIHhI X; ,MOJRHO Bhipa-

3lITh RBHo qepe3 rrpon3BOJlHhie penopMnpoBarrnoro ne:ltcrBJIJI (18) no ero rrapaMeTpaM 

g,v,x;: 

X; = J DvDv'X;exp[S(v,v') +Av+ A'v'] = 

J DvDv'[89;S- (3gt 18;o'D,,S]exp[S(v,v') +Av+ A'v']. (43) 

TaHJIM o6pa30M, X; npe,l(cTaBJIJ!eT co6ot!: npOII3BOMIIl,llfi cpyHHI(llOHaJI HOppeJIRUIIOHHhIX 

cpyHKUJI:lt, CO,l(epmalll,nx,RpoMe IIOJiefi v, v:penopMIIpOBaHHble COCTaBHhie orreparophI .X;. 
BbIIIOJIHJIJI RBHOe ,l(II<pcpepeHI(llpOBaHJie B ( 43), IIOJiy'laeM 

X; = e;ov'6v + e;1(v'ii)6(vii) + e;2v'(ii8) 2v + e;3(i1ii)(ii8)2(vii), (44) 
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r,zi,e R03q>qmu:ueHThl e BhlpaJRa!OTCJI qepe3 R0HCTaHThl penopMHp0BIHI B (18) 

eoo ( 
Z,,) I ["' Z,,Zx,] . . v fJ9 Z,, -
39 

g=g• , eo; = VXi u9 (Z,,Zx,) -~ lg=g•, i = L 2, ;3 

e10 

e20 

e30 

vfJx,Zv /g=g•, e1; = VXiOx, (Z,,ZxJ /g=g•, 

VOx 2 Z,, lg=g• ' 

vfJX3 Z,, lg=g• ' 

e2; = VXiOx2 (Z,,Zx.) lg=g•, 

e3; = vx;fJX3 (Z,,ZxJ lg=g•, (4.S) 

Bu.n;no, 11To X; cocToHT H3 JrnneHHhlX ROM6unau:un orrepaTopoB G3 u { (;31}. rrpn 

3T0M MaTpuu:a w (38) orrpe,n;eJIBeT nx anoMaJlhHhle pa3MepnocTn. B [11] ee co6crae1-1-

Hhle 3naqemrn W; Bhl'lHCJleHhl B rrepB0M rropJI.n;Re E-pa3Jl0JReHHJI. Bee HX Belll,eCTBeHHhle 

qacn! Il0Jl0JRHTeJlhHhl (.n;aa l!3 Hl!X ROMITJleRCHhl). J,fa BhlpaJReHirn (32) .[(JlJI RpHTIIl!e

CRHX pa3MepnocTeH orrepaTopoa G3 II {G'3 i} 110J1y11aeM 6a3 = 13/3 + w (w = wo), 
6{a

3
i} = 13/3 + w; .[(JIB i = 1,2,3. I-faaecrno [ll], 'ITO w 1v1e1-1hrne mo6oro H3 wi, 

rro3T0MY cpe,n;II .n;annoro ceMeHcTBa rnaBHhIH BRJta,n; B l1K-acuMrrToTmty Typ6yJ1ennroro 

crreRTpa .n;aeT G3. 
ORonqaTeJlhHO II3 q>opMyJl (17), (33) H (34) Il0Jly'laeM RpIITl!lJeCRI!e pa3MepH0CT!I 

l!CX0.[(HhlX C0CTaBHhlX orrepaT0p0B F1 II F2 ; 

6Fi = d + 4 - 2t, 6F2 = d + 4 - 2E + w. (46) 

l1c110J1h3YJI RpHTIFieCRYIO 6e3pa3MepHOCTh mrneiIH0H ROM6IInaU:IIH aiF;R, BXO_lJJ!Ill,ell 

B penopMHpoBannoe .n;eii:CTBl!e, C00TBeTCTBYJOIIl,ee IICX0.[(H0MY .n;eHCTBH!O (16), II0JlYtJaeM 

RpIITl!'leCRl!e pa3MepH0CTH rrapaMeTp0B a1, a2 

6a1 = 4t/3 - 2, 6a2 = 4t/3 - W. (47) 

IIpn d = 3 n E = 2 II1v1ee1v1 6a
1 

= 2/3, 6a2 = 2/3-w (6a2 = -10/3 B nepBoM rropH,ll.I{e 

not). IIocROJlhRY napaMeTp a 1 ne penopMIIpyeTcJI (cM. Bhirne)}i:1 = a1 = ao1 = -c-
2
,n 

cornacno (30) II (27) B q>IIRC!IpOBaHH0H T0'lRe Pr .[(JIB 3q>q>eRTHBHOH nepeMeHHOH U1 B 

l1K-acnMnToT1me n1v1eeM u1 --+ u;' ~ c-2c1/ 3k- 2
/ 3_ C yqeT0M H3Becnroro coonrnrnenn11 

f ~ v~ / L ( f - cpe.n.nJIJI cRopocTh .n.nccl!rrau:nII, Ve - cpe.n;neRBa.n.paTn11na11 cRopocTh 

Typ6yJ1eHTHhlX nyJthCaU:HH, L - BHernnntt MaCHITa6 Typ6yJ1eHTHOCTII) BhlpalReHIIe ,ll.JIH 

ui npIIHIIMaeT OROH'laTeJlhHhlil BH.[( 

u; ~ (Ma)2(kLf2/3_ ( 48) 

AnaJlOfl!'lHO M0JilH0 nafiTl! 3aBHCl!M0CTh aCHMIIT0THRH u; OT k npl! C = 2 C y<IeTOM 

aH0Mamrn w: u; ~ u";_(k/A)w, r,n,e A= 1-1 = c11
4v;314 

- o6panraJI ,ll.IICCHl1IlaI~HOHHaJI 

.n;mrna, TaRl!M o6pa3oM 110J1y11aeM -

u; ~ (Ma) 2(kL)- 213(klt (49) 

II, cJ1e,ll.0BaTeJ1hH0, B nnepu:noHH0M IIHTepBaJte B c1rny nepaBeHcTB kl < < l H w > 0 

11MeeM u";_ >> u;. I{aR l! cJ1e.n.0BaJ10 olRII,ll.aTh H3 (46), B l1K-acHMIITOTHJ(e k--+ 0 ocBo

BHOII BRJla,n: B CReHJIHHf0BYIO q>yHRU:H!O R (23) Bl!0CHT nepeMeHHaJI ui II n JlHHeHHOM 
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npn6m1JReHHH ona onpe.n;eJ1JieT norrpaBRy mi cJRnMaeMocTh B cne1Hpe mmen1qecRotl 
·meprnu 

E(k) ~ c2
/

3k-5
/
3 [1 + A(Ma)2(kL)- 213], 

cue A - 'lHCJlOBOtl MH0JRHTCJlh. 

(50) 

IIorrpaBRa Ha CJRIII\IaeM0CTh He 3aBIICHT OT BJI3R0CTH II rrpn Af a < < l ll!a,1a, II0-

C!W,1hHY JIHepU:H0HHhlll HHTepBaJl orpaHH'IeH Cl!Il3Y B11ern1-1n111 Macrnra6011 l, 

T.e. ( kL )-2
/
3 

::; 1. IIo.n;o6nhltl: pe3yJihTaT 6MJI rrony11en n B 6onee npoCTotl JI3oTporrHofi 

Mo.n;enu, 110 B HallleM cnyqae aMIIJlHTy.n;a B (50) Il MH0JRIITeJlh A 3aBHCJIT OT rrapaMeTp0B 
aHH30Tpomrn. 

5. 3aHJIIOl'.JeHMe 

Ta!(HII! o6pa30M, ll!hl Il0Ka3aJIH; 'ITO B CTaTHCTII'IeCR0fi M0.[(eJIII pa3BIIT0H CIIJlhl-10 ann-

30Tporrnofi Typ6ynel!THOCTH CJI(IIMaeMofi JRII.[(ROCTII B rrepBOM HeTpIIBl!aJlhHOM IIOJ)H.[(Ke 

pa3Jl0JReHJIJI no 'IIICJIY Maxa rnrrore3a Kon111oropona o He3a1-1ncn1v1ocTn Roppe,111nnou

HbIX q>yHRU:IIH OT BJI3ROCTII 0CTaeTCH cnpaBe.[(JIIIB0fi. 

M.fnaTJitr BhlpaJRaeT cBoIO rrp1rnuarenh11ocTh J:{.l1.Ka3a1w1-1y II .n;npenrnpy JIT<P 

OMRM aRa,n;eMIIRY J:{.B.llinprwiiy 3a c03.n;am,e 6narorrpHJITHhlX ycnoBm1 ,n:JIH pa6oTM B 

Jla6opaTopmr TeopeTIItJecrwl!: q>II3l!RH, r.n;e .n;anuan cTaThJI 6blna 3aBeprneHa. 

Pa6oTa BhlrronHena rrpu q>nnaHcOBott no.n;.n;ep»me ARa.n;eMIIH HayR CJwaamrn ( rpaur 

N° 2/4171/97 n N° 4001), PocCHfirnoro q>on.n;a q>yn.n;aMeHTaJlhmrx 11crne.n:onam1fi 

( rpaHT N° 96-02-17033) n KonRypcuoro nenTpa q>y11.n;aMeuraJ1bHOro eCTecrno:rnamrn 

forno~rnysa PocCHII (rpaHT N° 95-0-,5.1-30). 
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