Jlekrust 13

KondopmHas Teopusi BO3MYIIeHUiA

CHOBa pacCMOTPpUM BOSMYIIEHHYIO KOH(bOpMHyIO TEOPHUIO II0JIA C IBKJINIOBBIM ,HeﬁCTBHEM
S =S+ S :%+A/d2x<bp(:c), (13.1)

Ha, IJIOCKOCTH. DTO ,HefICTBI/Ie O3Ha4vaeT, YTO KOppeJ/IdInOHHbIC beHKL[I/II/I OIIpEJIeJIAIOTCA PaBEHCTBOM

(@n(zn) - Pi(z1)e )0
@y (zy) - O (a1)) = =N : (13.2)
Jlasee, coriacHO OBITMM ITPABUJIAM TEOPUYU BOZMYIIEHUH CIE/IyeT Pa3JIOKUTh SKCIIOHEHTY B PSAJL U BHITUCIISITD
KOPPEeJIInOHHbIe (DYHKITMH TOPSIIOK 3a HMOopsiakoM. /laBaiiTe paccMOTpUM 3TOT mpoIiecc OoJiee moapoOHO.
Haunem ¢ kordopMmHoii Teopun nosist. [Tycrs O (x) — HekoTOpbIit 6azuc Habopa B3aUMHO-JIOKAJIBHBIX OIle-
paTopoB B KoHGOPMHOIT Teopun 110Jist, obJaaomuii ciepyomumu cBoiicrBamu. Kaxpiit oneparop Or(x)
HMeeT oIpeie/ieHnyio KondopmMuyio pasmepuocts (A, Ar). VMeercss euHCTBEHHDI eIMHAYHBIA OIIEPATOD
Oy(x) = 1 kordopmuoii pazmeproctu (0,0) u co cpegaum (1)g = 1E| CpeaHne 3HAYMEHUST OCTAIBHBIX Ollepa-
TopoB paBubl Hymo: (Or(z)) = 0, I # 0. Basuc 3aMKHYT OTHOCUTEIBHO OLEPATOPHBIX PA3JIOXKEHUIL:

O1(2)05(0) = > El()0k(0),  Cf5(x) = G Rr AR ZA R A=A (13.3)
K

QO yHKIUN ‘Kf({](az) Ha3BIBAIOTCS CMPYKMYPHLLMU OYHKUUAMY OTIEPATOPHOM aarebpnl. B korndopMHOil Teopuu
CTPYKTypHBbIE (DYHKIIMY 3aBUCAT OT KOOPJAUHAT CTEIEHHBIM 00pa30M, U CYIIECTBEHHBIMU ITapaMeTPAMU siB-
JISTIOTCST CMPYKMYPHDIE KOHCTNAHITLbL ‘KI{{] [TocremoBaTEILHO TTPUMEHSIST OIIEPATOPHBIE PA3JIOXKEHUSI, MOYKHO
CBECTHU KOPPEJIAINOHHBIE (DYHKIIUKU K OJHOYACTUYIHBIM, TO €CTh K BaKyyMHBIM cpefHuM. [IoCKOIbKY TOJIBKO
Y €IUHUYHOTO OllepaTopa BaKyyMHOE CpeJIHee OTJIMIHO OT HYJsl, UMeeM

(Ory(xn) - On (@)oo= D Chyy @y —z1) - €12 (w3 — 21)E1Y, (w2 — 21) (13.4)
Tty dN—o
HpI/I yC.HOBI/II/I
ey — 1] > -0 > |z — 1] > |22 — 21 (13.5)
JlapaiiTe OrpaHUYIUMCA K6A3UNPUMAPHBLMY OIIEPATOPAMHI, TO €CTh OIIEPATOPAMH, YIOBICTBOPSIOIIAMHA YCJIO-
BUIO

(L01)(x) = (Z07)(x) = 0. (13.6)

DTu onepaTopbl SBISIOTCS BEKTOPAME CTAPIINX BECOB IPEeJCTaBICHUT Masoii KoHdopMHOil aiarebpsr sl(2),
[IOPOXK IEHHOI orneparopamu .4, £y, -Z-1. NubiMu cioBaMu, 9TH OllepaToOpbl HE IOJIyYaloTCs JIeCTBHEM
orepaTopos £-1 = 0, -1 = O U3 IPYruX OIEPATOPOB. 3Hasl CTPYKTYPHbIE KOHCTAHTHI KBA3HIPHMADHBIX
OTIEPATOPOB, MOXKHO YK€ HANUTU CTPYKTYPHBIE KOHCTAHTBHI JJIs BCEX OHepaTOpOBH Jlst KBa3sUNIPUMAPHBIX
OIIEpPaTOPOB CTPYKTYPHBIE KOHCTAHTHI Gy = %IOJ paBHBI Hym0, ecim A7 # Ay wm Ar # Ay, Tak 4ro
MaTpuia (G j Ha KBA3UIIPUMAPHBIX OMEPATOPaX UMeeT OJIOTHO-IMAroHaILHYI0 CTPYKTYpyY. HaMm nmonamoburcs
marpuna (G~1)f, Marpudmbie saeMenTbl KoTopoit MbI Gyaem obosnadars G/, Beemem oneparopsr

0'(2) =3 G" 6, (), (13.7)
J

re CyMMa CO IITPUXOM 0D603HAYaeT CyMMUPOBAHNIE TOJIHKO IO KBa3UIIPUMaPHBIM oneparopam. B cuiry 67109-
HOIT JIMarOHAILHOCTH MaTpuisl G KoH(OpPMHAs pasMepHOCTh omeparopa ¢! cosmamaer ¢ Aj. Jjis napHoit
KOPPEJSIINOHHON (DYHKIINM NMeeM

(07 (2)6,(0)) = 6L z720157201, (13.8)

!Tem caMbIM MBI HCKIJIFOUAEM U3 PaCCMOTPEHNUS TaK Ha3bIBA€Mble JIOTapUPMUIECKHe KOH(POPMHbBIE TEOPHUH II0JIS.

2Crporo roBopsl, HuXKEe MBI paccMarpuBaeM (GpaKTOPIPOCTPAHCTBO IPOCTPAHCTBA JIOKAIBHBIX OIIEPATOPOB O JEHCTBHIO OITe-
paropa .Z_1. Ilosromy omepaTopHble PABEHCTBA, KOTOPbIE MbI OyeM HUCATb, BEPHBI C TOYHOCTBIO JO JIOOABJIEHUS IIPOCTPAH-
CTBEHHO-BPEMEHHBIX IIPOMU3BOIHBIX B IIPABBIX YACTAX OIEPATOPHBIX PAa3JIozKeHUl. BBUIY TpaHCIAIIMOHHON NHBAPUAHTHOCTH 3TU
MPOM3BOHBIE TAIOT HYJIEBOHM BKJIAJ B KOPPEJSIINOHHBIE (DYHKITHN.
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Teneps onpejiesum orepaTop B 6ECKOHETHO Y/IAJICHHON TOYKE:

0'(oc) = lim 21281 51 (), (13.9)
Torma, oueBHAHO,
(07 (00)01(0))0 = 8. (13.10)

Kazaoch ObI, B BOBMYIIIEHHOM CJIydae MOYKHO ObLIO OBbI IIOICTABUTL PA3JIOKEHUE B U CBe-
CTH KOPPEJISIIIUOHHYIO (DYHKIIMIO K OJHOYACTUIHBIM cpeauuM (O ). Ognako 310 ne mak. deno B Tom, uTo
B cpenneM (|13.2)) comepzkarcs unTerpasnl or omneparopoB P, U 3TH OllepaTOpPBl TOXKE HAJO BKIIOYATH B
yHOpH,ZLO‘IeH 1, COOTBETCTBEHHO, B pasioxenue ([13.4)).

[Tpob6ema Teopun BO3MYIIEHU COCTOUT B TOM, 9TO OYKBaJIbHOE IPpUMEHEHHE (POPMYJIbI Hen30eKHO
HPUBOJUT K WHMPAKPACHBIM PACXOIUMOCTAM. PacxonnMocT BOZHUKAIOT U3-38 TOTO, YTO KOHMOPMHAS TEOo-
pusi 1oJs nepecrtaeT paborarh Ha GOJBIIKX (IIOPsSJIKA KOPPEIAIMOHHON JJIMHBI) MaciiTabax, a WHTErpasIbl
Buja | d’x ®,, cremyer 6pars mo BeeMy npocrpamncTsy. Coemyst pabore Aut. 3amonoqaukosa [21], Mbl Hay dnM-
¢Sl BBIUUC/ISITH 110 TEOPUU BO3MYIIEHUI KOI(DMUIMEHTHI ONEPATOPHBIX Pa3JI0XKEHUIl, TO €CTh CTPYKTYPHbBIE
dyuxiun. Mbpl yBHANM, 9TO B CTPYKTYPHBIX QYHKINAX HHPPAKPACHBIE PACXOIIMOCTH COKpataorcs. U yxe
¢ JIAHHBIME CTPYKTYPHBIMU (DYHKIIUSIMEI MOXKHO HOJIYUUTH KOPPEJISIIIUOHHBIE (DYHKITUU HA MACIITA0aX MHOI'O
MeHbIIIEe KOPPEJISIMOHHON JIJINHBI B KOHEYHOM BH/IE:

(Ony(@n) O (@)= > C51 (an —a1) -+ CP2) (s — 21)Cy (w2 — 21)(Oy ). (13.11)

ININ_2
J1ye N1

O pasuure mexay omneparopamu Or(x) BO3MyIIeHHOIT Teopun u oneparopamMu O7(x) KOHGOPMHON Teopun
OyJieT cKa3aHO HUXKeE.

Ecnau BoImenuTs u3 cTpyKTypHOit DyHKIMA MHOXKATEIb, KOTOPBIH 3aBUCAT OT KOODAMHAT TaK K€ KaK B
KOH(OPMHOII TEOpHH IOJIsA, OCTaBIINiics G6e3pa3MepHBIl MHOXKUTEIb JOJKEH 3aBACETH OT KOHCTAHTHI CBSI3M
U pacCTOsHUs depes Oe3pa3MepHBIil napaMeTp:

CE(z) = 2z CE (1), t= N> 2, dggy=Ag —Ap— Ay (13.12)

Tak Kak Teopust BO3MYIIEHUIl IIpeJjicTaBiisieT co0oi PA3JIOZKEHNE TI0 IEJIBIM CTeleHAM A, dyHKIIHI C’{f](t)
ABJISTIOTCA TEJTBIMU (DYHKITUSAME TIEPEMEHHON ¢, MpuYeM C’I{{](O) = ‘51{{] Bakyywmnble cpennue, Tak:Ke BXOJId-
e B GOpMyILy , BemyT cebst maade. OUEBUIHO, ITO BAKyyMHBIE CPEIHNE HE PABHBI HYJIIO TOJHKO
Iyt 6eCCIIMHOBBIX ONEPATOPOB, HE ABJISIONIUXCS TPOCTPAHCTBEHHBIMU ITPOU3BOJIHBIMU JIDYTUX JIOKAJIHHBIX
0IIepaTOPOB, TO €CTh KBA3UIIPUMAPHBIX OECCIIMHOBBIX OI1epaTopoB. V3 pasMepHBIX cOOOpaXKeHUil oIy yaeM

A

<O[(.T)> = G])\m, ecJn A[ = A[, (13.13)

rine G; — 6e3pasMepHasi KOHCTaHTa. BakyyMHbIE CpellHie He SBJISIIOTCS IEIbIMEA (DYHKIMSMU IIapaMerpa A,
7 9TO CBUIAETEJBCTBYET O TOM, UTO MX HEJIb3s IOJIYIUTDH 10 Teopun Bo3MyIeHnii. Mbr obcyauMm aBa mpumepa
TOYHBIX BaKyyMHBIX CPEJHHX, IJie 3TU CPeJIHHEe MOYXKHO IOJIyYUTh M3BECTHBIMHU HaM MeTojgamu. B obmem
cllydae BaKyyMHBIE CDEJIHUE IOJIyIalOT Ha OCHOBE SBPUCTUYECKHUX coobpazkenuii [22, 23|.

Nrak, koppessiiinonnast GyHKIUs JaxKe Ha MaJIBIX MacinTabaxX cojliep:KuT B cebe Kak mepTypOaTUBHBIE,
Tak U HerepTypoOaTuBHbIE JaHHBIE. HO 9TUM CJI02KHOCTH He OrpaHUIUBAIOTCs. /le10 B TOM, 9YTO Teopust BO3MY-
IIEHUI IS CTPYKTYPHBIX (PYHKIIUNA MOYKET COAEPKATh YAbMPAGuUOLEemMOEble PACXOIUMOCTH. JTH PACXOINMO-
CTH CBA3AHBI C T€M, YTO OIEPATOPHBIC PA3JIOKEHNs JAHHOIO OllepaTopa ¢ onepaTopoM P, MOTyT comepKaThb
YIEHBI CO CTeneHsiMu |z| Menbiie —2. Hajio yaurbBaTh, 910 B OT/INYHE OT KOH(MOPMHON TEOPUH OIIePaTOPhI B
BO3MYIIEHHOI TEOpUU OTIpeie/IeHbl HeoqHO3HAaTHO. JleiicTBuTe IbHO, T06aB/IeHnE K OItlepaTopy & OepaTopoB
MeHbIIell KOHMOPMHON pa3MEPHOCTH HE MEHSIET ero MoBeJeHus B KOHPOPMHO Touke. OKa3bIiBaeTcs, 100aB-
JIEHUE TOJXOJSINIMX OIePATOPOB HU3INUX pas3MepHocTell (¢ GeckoHeuHbIME KO3(hMUIMEHTaAME) COKPAIAeT
yIbTPpadUOJIETOBbIE PACXOANMOCTH. [lepeHopMupOBaHHBIE TAKUM OOpPa30M OIEPaTOpPbl MBI U OyjieM 0DO3Ha-
vars Of.

Harma nepBas 3aata Oy/1eT cOCTOATH B TOM, YTOOBI BEIYUCIUTD MaTPUILY

2] = (07 (x)01(0)) (13.14)
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[0 TEOPHH BO3MYIIEHUIl DU HEHYJIEBBIX 3HAYEHUSIX KOHCTAHTHI CBsI3U A. VIHTerpasbl Teopun BO3MYIIEHHI
MOT'YT PacXOJUTHCd Ha OOJIBIINX U MAaJIBIX MacHITadax, II09TOMY OylaeM U3ydaTb QPYyHKIIUIO

7{(R,r0) = (_);)"
n=0

- /<| _|<Rd2y1...d2yn<ﬁJ(oo)q>p(yn)...@p(yl)ﬁl(()»(). (13.15)

Yrobb! nHTErpai MOT ObITH HEHYJIEBBIM, CIIUHBI OIIEPATOPOB o' n 0 1 JOJI2KHBI COBHa;LaTb:H
Aj—Ajy=A;—Aj. (13.16)

JlaBaiiTe pacCMOTPHUM cjaraemoe ¢ n = 1, TO eCTh IEPBBI MOPSAAOK Teopuu Bo3MyIeHuit. o naTerpamom
MBI IM€EeM TPOU3BEJIEHUE

O, (y1)01(0) = € 050wy [PA7 72207280 (13.17)
rJie TOYKU 0DO3HAYAIOT YJIEHDI, He JAolIye BKJaJda B MHTerpa. 1o ecTb

(RQdJ[ _ ng‘n)/dj[, €eCcJIn dj] 7& 07

gV — g /dz AA—-Bp=A1) _ _ ool
! - i ol eI log(R?/r3), ecom dj; = 0,

rjie
dyr :d((lll), df;}) :AJ—A[—l-n(l—Ap). (13.18)
WNarerpan yasrpaduoseroBo pacxomgurcs, ecian dyj;r < 0, TO ecTb
Ay <Ar—(1-A,). (13.19)

YT0o0b! MOJIyINTh KOHEYHOE BbIPaXKEHME, HAJIO BBIUECTb U3 oreparopa O oneparop O ¢ MOAXOIIIM bec-
KOHEYHBIM KO3(hpuimeHToM:

WACKISII

dyr

Or(x) = Or(z) = Y

J, djr<0

Oy(x)rg™ — Y a0 (x)logri + O(N?). (13.20)
J, djr=0

Torya BKJIAJ, HYJEBOTO IMOPSJKA 0 TEOPUU BO3MYIIEHUN COKPATUT YJILTPAMHUOIETOBYIO PACXOIUMOCTb B
epBoM nopsiake u npu ycsosun ((13.19) marpura

TAE, TAE,
DI (R) = (07 (c0)0;(0)) = 2] — g pLy2dsr 1 O(A?) = 67 — T‘”R%I +0(N\?) (13.21)
JI JI

He OyJIeT 3aBUCETH OT 7. DTa GopMmy/ia Hanucana it caydast dyjr # 0. s dj; = 0 crenennbie pyHKIMH,
HeseHHbIe Ha d 7, 3aMEHSIFOTCS JIOTapUPMaMH.
B obiem ciydae mopsijika 1 TEOPUM BO3MYIIEHU yCIOBHE YIBTPAgpUOIETOBON PACXOUMOCTH UMEET BHU/I

Ay < Ar—n(l—Ap). (13.22)

[TosTomy ysbTpaduoeToBast IEPEHOPMHUPOBKa orepaTopa 7 UMeeT BUJ

. 0, 4 >0,
" (n)
Or() =) Uf(ro)0s(x),  Uj(ro) =07 + Y X" x qumzyitr 4% <o, (13.23)
J n=1

U(”)]Jlog 70, dff}) =0,
€ TOIXOISANIUME KO3 durimenramu U { . CooTBeTCTBEHHO, MATPHUIIA

Di(R) = (67 (2)0r(0)) = Y _ Uf (ro) Zi (R, r0) (13.24)
K

331eCch CYIIECTBEHHO, UTO OIIEPATOPHI HAXOISATCS Ha GECKOHEYHOM PACCTOSIHHM JPYT OT Jpyra. B BO3MyINeHHO# Teopuu
KOPPeJISITUOHHBIE (DYHKIUH OIIEPATOPOB C PA3HBIMU CIIMHAMM MOTYT ObITh He paBHbI Hymmo. OnHako B npegese (13.9)) Bce wiens
pazmoxkenust ((13.15)) my1st TakKuX OmepaTopoB OOPATATCS B HYJIh.
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HE 3aBHCUT OT T, HO B OOIIEM CJIydae CONEPXKUT NHPPAKPACHYIO PACXOAUMOCTE, TO €CTh HE UMEET KOHETHOI'O
npenena npu R — oo.
ToHKMT MOMEHT BO3HHKAET, €CJIM UMEETCsI OIeparop Oy, YAOBJIETBOPSIONIII (CAOBUN PE3OHAHCA

AJ = A[—n(l—Ap). (13.25)

B sToMm ciydae, Kak Mbl BUJEHU, YIBTPadUOJIETOBO-PACXONAIIAsICT YaCTh Ipornopiunonaibaa log rg. Ho sTo
3HAYUT, YTO IEPEHOPMHUPOBKA HEOJHO3HAYHA: OHA 3aBUCUT OT €JIMHUIL U3MEPEHUs JUINHBL. VHBIMEU cjoBaMu
MBI MO2KEM 00€3Pa3MepPUTh BhIPAYKEHUE 0T JIOrapU(pPMOM IIPOU3BOJILHON KOHCTAHTOMN i PA3MEPHOCTU MAaCCHI:

Or = 01+ 2C0 log urg + (npyrue KOHTPUJIEHBI), (13.26)

rje C' — HekoTOpast KOHCTaHTa. [lepeHOpMUPOBKa 3aBUCUT OT IMapaMeTpa fi.

Eciiu B Teopun ectb HEIPEPBIBHBII apaMeTp, OT KOTOPOI'0 3aBUCAT PA3MEPHOCTH, PE3OHAHC MOXKET IIPH-
BOJWMTDH K ele ojHoMYy 3ddexTy. B Touke pesonanca omeparopa Oj ¢ oneparopoMm Oj, KOppeJsiIHOHHBIE
dyuknun oneparopa O umeroT nojroc. Beibepem mapamerp Tak, 9T00bI B OKPECTHOCTUA PE30HAHCHOM TOYKHU
OH COBHAIAJT C dSTZI). Tora jyist 11060it KOppesIAnuoHHON dyHKIMK ortepaTopa O B MaJIOil OKPECTHOCTU TOUKH

(n) _
dy; = 0 umeem o .
2d; 2d;
Clrg " —r17")
(O1(2)X) = — (n) (O;(x)X), (13.27)
2d;;

e X — npousBejieHne KaKUX-TO OIEPATOPOB, & T'] — BEJUYUHA IOPS/IKA PACCTOAHUSA JI0 OJIM2KAIIero ore-

(n) _

paTopa, BXOJAINEro B 3T0 npoussejienune. Bue Touku dj; = 0 nepeHOpMHpOBaHHBIN OIEPATOP MMeeT BHJL

(n)
Or=07+ Crgd‘” ﬁj/2d9}). CrenoBaTebHO,

Res (O7(z)X) = C(O (x)X). (13.28)
d=o
[TepenopmupoBanublii oneparop O HENOCPEJICTBEHHO B TOYKE d%) = 0 MOXKHO OIIPEJIeJIUTh BbIYUTAHUEM
9TOTO MOJIIOCHOTO YJICHA:
. Cufzdt(;})
(O1()X) o _, = lim | (Or(z)X) — W<OJ($)X> . (13.29)
I a0 2d;;

MHuOXUTeNb, cofepKaIiuii KOHCTAHTY [, PA3MEPHOCTH MACChI HYK€H, UTO COTJIACOBATH Pa3MEPHOCTH JIBYX
claraeMbIxX. 3amMeHa p — ' = pe® nepeonpezensieT nepeHopmuposannblii oneparop: O = O +2aCO ;. fc-
HO, ITO HOBBII OMEPATOP HUUEM He XyKe CTapOro B KATECTBE MIEPEHOPMUPOBAHHON Bepcun oniepatopa 0. Jta
HEOJHO3HAYHOCTL B TOYHOCTH COOTBETCTBYET HEOQHO3HAUHOCTHU Hapamerpa i B Koncrpykuun (13.26). Kon-
CTPYKITHST [OJTHOCTBIO 9KBUBaJIeHTHA KOHCTPYKIwH ((13.26) 1mpu ycioBuu, 9T0o MMeeTcs: MOAXOIAIIA
HEIPEPBIBHBII napameTp. BaykHast pojib PE30HAHCOB COCTOUT B TOM, UTO OHU SIBJISTFOTCS TOYHBIM HEpPTypba-
TUBHBIM 3 HEKTOM, U PE3OHAHCHBIE IIOJIIOCHI MOTYT OBITH HCIIOJIL30BAHBI B KAYECTBE YCJIOBU OyTCTpara mpu
MTOWCKE PEIeHNl SBPUCTUIECKUMU METOIAMHU.
Temepb paccMOTPUM TPEXTOUEUHYIO (DYHKITUIO

GJi(z, R) = (0" ()04 (2)01(0))

:Z(_n);)n/ | Rd2y1--'dzyn<ﬁK(OO)(I)p(yn)"'q)P(yl)OJ(x)OI(O»O- (13.30)
n=0 yil <

OHa BhIpaykaeTcs 4epe3 CTPYKTYPHYIO KOHCTAHTY U JIBYXTOYEUHYIO (DYHKIIHIO:
/!
G, R) = 3 (@) (6% (0)04(0)) = 3 Chy(2) DE(R). (13.31)
L L

Bo BTOpOM paBeHCTBe CyMMHpOBaHHUE IO BCEM OIepaTOpaM 3aMeHEHO Ha CYMMHPOBAHWE IO KBa3UIIpUMAap-
HBIM OITEPATOPOM, IIOTOMY UTO BTOPON MHOYKUTEJIb IOl 3HAKOM CYMMBI paBeH HYyJ0, eciiu O IpejcTaBiisier
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€000t TPOCTPAHCTBEHHO-BPEMEHHYIO TPOU3BO/IHY 0. TakuM 06pa3oM, CTPYKTypHbIE (DYHKITUH JJIs KBA3UIIPU-
MAapHBIX OIIEPATOPOB HAXOJISATCH KaK

Cl@) =S (D HE(R)GY (2, R). (13.32)
L

Baxkublit dpakT cocTonuT B TOM, 9TO CTPYKTYPHBIE (DYHKITUH Y2KE HE COJEPKAT MH(PPAKPACHBIX PACXOIUMO-
creii. [IpoBepuM 9TO B IepBOM TOpPsIJIKE IO TeOpUU Bo3MyIenuii. Mimeem

Chle R =efiw =2 [ a3 G

|lz|<|y1|<R

B )\/| <] ‘dzyl Z/ %ﬁ(ﬂf)(ﬁﬁ’y1|2d“_2 + (Y®-konrpurensr) + O(A?). (13.33)
y1|<|x T

Konrpwirenst cokparar yibTpaduoeTOBYIO0 PACXOIUMOCTb BO BTOPOM U TPETbEM CJaraeMoM, a nHdpakpac-
HO-PACXOIAIINECH BKJIAIbI MOI'YT OBITH TOJIBKO B BTOPOM CJIAraeMOM:

K L %K :C%L
GX(z,R) = ¢K(x —mz PL ”( )(RZdKL—|x12dKL)+"Lé)pﬂxﬁdu +0(\?).
LI

[oncrasmsas sro u (13.21) B (13.32)), Buanm, aro ciaraemoe nepsoro nopsaxka B D™ B TounocTn coxpariaer
craraemoe ¢ R B G. [lonyuaem

%ﬂ ch T %L
K (@) = €5 (2) + mE pL ( GO e JLCELj PLJa] 2 ) + O(N?)
. ¢K % Cf
— LAk, g1 54K, 71 PL 2 _ 2—2A
= 0K I ZOK, —|—7Tt + O(t , t= Az P, 13.34
S ) o o (13.31)

3/1eCh MbI HESIBHO IIPE/IIOJIAraIN, 9TO OIeparop & ; He TpedyeT yibTpaduoeToBoil nepeHopMupoBku (05 =
0y7). B ciyuae, eciu on TpebyeT MepeHOPMUPOBKHU, CYMMBI 10 L PACXOJISITCsI, 3a UCKJIIOUYEHUEM KaK pa3 Cjia-
raeMbIX, COJIepPKaInX R2dx L IIOCKOJIBKY OHH 3KCIIOHEHIINAJIbHO YOBIBatoT ¢ poctoM Aj. MoKHO 1MoKa3arh,
YTO PACXOIUMOCTH COKPAIAETCs IePEHOPMUPOBKOIi orteparopa ¢y (cM. 3amady 1).

Nrak, MBI BUIUM, 9TO CTPYKTYPHBbIE (PYHKIINHU JIOMYCKAIOT CXOJIAIIEECS pas3/ioyKeHNe M0 TeOPUHN BO3MY-
[IEHWH JJIsi TIePEHOPMUPOBAHHBIX orepaTopoB. Ilepeiiem Ko BTOpOiil cocrasisiotieii dopmysmbr ((13.11) —
BaKyyMHbBIM CpeJHUM. [Ipexkie Bcero, Hy»KHO ONpeJesIuTh 3Ty Bejauduhy. [lyers Of(r) — KBasunpumapHbIii
orepaTop HyjeBoro crmHa. Pacemorpnm Koppessmmonnyio dynkmmo (O (x)07(0)). Ha mansx Macmrabax
MBI MOYKEM BBIJIEJIUTh KOH(MOPMHBII BKJIAJL:

(O1(2)0r(0)) = |z|~*AT +--.,  |z|=0. (13.35)

To, 4T0 MBI 0603HAYMIIN TOUKAMHU €CTh BKJaJ Bo3mytnenus. Ou mMai npu || — 0 B yHUTAPHON Teopuu, HO B
HeyHUTAPHO! (Kak Mbl yOe[MMCs HIZKe) OH MOYKET ObITh He MaJl. TeM He MeHee, j1azke B HEyHUTAPHOM CJIydae
BKJIa/], ]m\*‘lAI MOKHO BBIJIEJIUTD 10 XapaKTepHOil ocobenHocTu. PaccMoTpuM Terepsb OOJIbIINE PACCTOSHHUS.
B Teopun, comepxkarieit xapakTepHBIH MacIITad, KOPPeIIIIHOHHbIEe DYHKIUN Ha, OOJIBIITNX PACCTOTHUAX (DaK-
TOPU3YIOTCH:

(01 (2)01(0)) = (0" (1))(01(0)) = (01(0)) > G (0,4(0)), || > o0 (13.36)

J

DTO MMeeT MeCTO He TOJIBKO B MACCHBHOI TEOPHH, IJie NPHUBEIECHHBIE KOPPEJSIIUOHHbIE (DYHKIMN Ha 6OJIb-
IIUX MACIITabax CIaJaloT SKCIOHEHINAIBHO, HO Jayke B 6e3MaccOBOil T€OpUH, IJIe OHU CIIAJIAI0T CTEICHHBIM
obpaszoM. YpaBHeHUe MOXKHO DENINTb U HaiiTu (C TOYHOCTLIO J0 3Haka) cpeanune 3uadenust (Or) B
suze (13.13).

OO0 BaKyyMHOE CpeJiHee HEMEJIEHHO IIOJIyvIaeTcsl M3 TePMOJMHAMIYECKOro amsala Bere. Bermomunm,
9TO B 9HEPIUH CUCTEMbI Ha KOHEYHOI OKPYKHOCTH €CTh BKJIAJ] —E oo R IIPOIIOPIMOHAIbHBI JyInHE chcTeMbl R.
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DTOT BKJIa/l, KAK Mbl TOBOPUJIN, CBS3aH C BRIYUTAHUEM M3 IIOJHOM SHEPIUU CUCTEMbI SHEPTIUH HYJIEBBIX KOJIE-
banwuit mpu R = co. Takum 06pa3omM, MbI MOXKEM UHTEPIIPETUPOBATD €4, KAK IEPEHOPMUPOBAHHYIO ILJIOTHOCTH
SHEPI'UU CUCTEMbI. B 3BK/IMIOBBIX KOMIIOHEHTAX TEH30Pa SHEPIrUU-UMITYJIHCA

1

€00 = <T22> = <2Tz2 - Tzz - T22> = 2<Tz2> = _;<@>

To ecTs,
€co
(0) = —Teoo, (Pp) = - (13.37)
A1 —Ap)

[TocsieiHee PABEHCTBO BEPHO, KOTyia © HE CONEPKUT BKJIAJIOB BBICHINX MOPSKOB TEOPHU BO3MYIIEHHUI.

Jpyroii naTEpecHbI 1 BasKHBI puMep — 310 oneparop 1'T. B KoH(GOPMHOI Teopuu moJisi 370 Hpou3Be-
JIeHHE XOPOIIO ONPEJEJIEHO, HO B BO3MYIIEHHON T€OPUM OHO IIEPEHOPMUpYeTCst obaBjieHneM oneparopa ©.
Takzke OHO HAXOAUTCS B PE30HAHCE ¢ olepaTopoM 00O, HO TOT OLEPATOp HE SIBJISETC KBA3UIPHMAPHBIM
U He JlaeT BKJIQJIa B BAKyyMHOE CpejHee. BMeCTo TOro, 4robbl aKKypaTHO yYUTHIBATH IEPEHOPMUPOBKH,
paceMoTpuM KoMOuHAIuio [24]

- 1 2

(TT):(x) = §T(x +¢e)T(x) + %T(w +e)T(x) — O(x +¢)0(x) = f?e‘me”)‘Tw(x +e)Tin(z). (13.38)

Kaxnoe uz tpex npoussenenuii T1T, TT, ©0O pacxomurcs mupu € — 0, HO PACXOJAIIAsCS IACTh UMeeT BT
IIPOCTPAHCTBEHHO-BPEMEHHOM ITPOU3BOIHOM. B camMoM Jiesie, HETPY/IHO MTOKA3aTh,ITO

o B 2
o TDe(@) = 0T} (we),  Jy(we) = %%mT”P(x + )T (). (13.39)

Kpome Toro, B cuily paBeHCTBa HyJIO JUBEPreHIMH TEH30pPa SHEPrUU-UMILYJILCA UMeeM e)‘“%t]ﬁ (z,e) = 0.
CienoBare/lbHO UHTEIPAJL

() = / e T, )

HE 3aBUCUT OT TpaeKTopuu mHTerpupoBanus. Orciona HememieHHO cieayet, 9to (T1). ecThb HEKOTODBIii
IIOCTOSIHHBII (TO €CTh, He 3aBHUCAIIUIT OT £) OlepaTop IIFOC HOJIHAST JINBEPreHIHS:

(TT):(x) = (TT)(x) + OpJ"(z,€). (13.40)

D10 onpeessgeT KoHeuHblii omeparop 17T ¢ TOYHOCTBIO JO MPOCTPAHCTBEHHO-BPEMEHHBIX IIPOU3BOIHBIX. B
Toxke Bpems u3 (|13.39)) mememmenuo ciemyer, uro Bakyymuoe cpeauee ((17).) we 3aBucur ot :

P _
@«TT)a(x» =0. (13.41)
Orcroga momydyaem ) )
(TT) = ((TT)e(z)) = —(©)* (13.42)

Mgt yuamu, ato (T') = (T) = 0, TOCKOIBKY 9TO OTePATOPHI HeHYJIEBOTO CITMHA.

Bce ocrasibHble H3BECTHBIE BAKYYMHBIE CPE/IHIE HAl/IEHbI 9BPUCTHYECKIME MeTojamu. Hecmorpst Ha 910
OHM XOPOIIO [IPOBEPEHBI M CIUTAIOTCS TOYHBIME. IIpuBesem oquu npumep. st 9KCIOHEHIMAIBHBIX Olepa-
TOpOB B Moien cuHyc-l'opyiona nmeercs dpopmyita [22]:

0o 2
(el?) = Mo exp/ dt ( sh”(ay/2p(p + 1)1) age_Q(pH)t) . (13.43)

o t \2shtshptsh(p+ 1)t

Ota nHTErpajgbHas GopMysa BepHa u s Mojean sh-T'oproHa, xoTst GYHKIMS U He TPOIOJIXKAETC B 001aCTh
(% < 0 anasnuruuaecku. Ilapamerp M CBsI3aH ¢ MACCOI Miink COMUTOHA HJIH C HAPAMETPOM B3aHMOJIEHCTBHS

W dbopmytoit

p+1

(), (erl) )
M:;Fé)mkmk: ;FPCZV . (13.44)
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Casi3b MKy M U [ ObLIa HadijeHa B |6] MeTozoMm TepMmomHaMudeckoro ansara Bere. st npumMapHbIX ore-
pPaToOpOB MUHUMAJIbHBIX KOH(MOPMHBIX Mo/ieseil (hopMmyiibl Toxke u3BecTHbI [23]. B ®13-Bo3MyieHHOl Mo1ei1
M (P, P') ectb P — 1 BaKyyMHBIX COCTOSIHUI, U BAKYYMHOE CPEJIHEe 3aBUCUT OT BAKyyMa § COIVIACHO

sin Z¢|P'm — Pn)| P'm — Pn
By ) = MPAmn L =1,...,P—1 13.4
< > Sin%(P, _ P) ( P/ _ P > ) S ) ) ) ( 3 5)
TIe )
*dt (ch2tsht(n—1)sht(n+1) -1 _4u P
_ at _ =—. 13.46
Q) eXp/O t ( chitshipshit(p+ 1) wp+1)" ) PT PP (13.46)

ITpu stom M cBsazano ¢ maccoit kuakos dopmysioit (13.44)), a ¢ xkorcTanToit cBsa3u A dopmyitoit

M =

mA1-p)2p-1) |T (pipl) . (lp%p) (13.47)

PHOT T () ()

B kadecrBe mpocToro mpumepa BbIYHCJIEHUs] KOPPEJIAINOHHON (DYHKIMA METOJIOM KOH(MOPMHON Teopuu
BO3MYyIIeHu# paccmorpuM Monenb Jlu—dAura. B neit umeercs: Bcero asa npumapubsix orneparopa 17 =1 u
@19 = &, = ¢ pasmepHoCTH —%. st momenn JIn—4Hra nsBecTHO, ITO MACCUBHOM TEOPUN OTBETAET MHIMAST
KOHCTaHTa CBsi3W A = ih, IpUYEM OHa CBsi3aHa C Maccoil coorHomenueM |21, 6|

h=am'®®  a=0.0970... (13.48)

Hac 6yzner unrepecoBarh napuasi koppessitmontast dyuknust G(x) = (o(z)p(0)). B koudopmuoii reopun
10JIs JyIst oreparopa ¢(x) uMeercsi pasiloxKeHe

z[t
Pap(0) = |l (14 SLTT0) 4 0(1al™)) + a6, (o0) + O) . (1349
CrpyKTypHas KOHCTaHTa G, DPABHA
o 1 2 T'(z)
w0 —in— L2 (1) iz (2 _ @ 13
so=iw=7"" () 5] (@) T =) (13.50)
WNuTepecyiomne HaC BAKyyMHBIE CPEIHUE PABHBI
5im? - w2m?
- TT) = — : 13.51
6= g, (T = =T (135)
CoOTBETCTBEHHO,
5im? w2mt o7
_ TT
G(ZL‘) = C¢¢(x) + mo%o(l') - TSCWP (.CC) 4. (1352)

O6paTuM BHEMaHUE, YTO IPU MAJbIX 3HAYEHUSAX |Z| BTOPO WIEH MPOMOPIHOHAIEH \x|2/ 5 B TO BpeMs Kak

IIEPBBIi — |:U|4/ %, DT0 3HAYUT, YTO IIPU JIFOOBIX HEHY/IEBBIX 3HAUCHUAX KOHCTAHTLI CBA3H N yILTPadUOIETOBOE
[TOBEJIEHNE KOPPEJISIIINOHHBIX (PYHKIIUN OIpeesisieTcss BO3MYIIeHNeM, & He KOHPOPMHO Teopueil moJjst. 1o
sIBJIEHHE — CJIEJICTBUE OTPUIATEILHOM pasMepHOCTH 110Jist ().

CrpyKTypHBbIe (PYHKIINN BBIPAYKAIOTCS B BUJIE , HO TIPOIIE MTPSAMO BBIYHUCJUTH UHTErPAJI U BHIYECTH
13 Hero mHQPPaKpacHO PacXodAILyIocss 9acThb. B cirydae C'iw(m) 9TO MOXKHO CJeJIaTh aHAJUTUIECKU U TIOJTy-
YUTH

Cl(z) = |z[*° + mmwﬁﬁ + O(|z|?¥/5) = |2*> (1 +0.0310... x (ml|z|)'?/° + 0(\;[;|24/5)) .
e 1427(2/5)
(13.53)

@
B cryuae Cf, nnTErpas NIpuXoAuTCca OpaTh YNCICHHO M YUCACHHO YKe NCKII0YaTh NHPPAKPACHYIO PacXoiu-
MocTb. OTBeT UMeeT BU/L

C%(r) = infa[/ (1 F0.0212... x (mr)'2/5 O(\a:|24/5)) . (13.54)
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Sagadn

1. IMokaxwure, uro B ([13.33) KOHTpUWIEHBI U3 JIEWCTBUTE/IBHO COKPAIAIOT YJIBTPAUOIETOBBIE
pacxoammoctu. (He 3abyapre, 4T0 yubTpadmoseToBble pacXoAuMOCTH MOTYT ObITh U BOIM3U TOYKH Y] = T,
HO OHHU «CIIPSITAHbl» B CyMMupoBaHue 1o L.)

2. OueHnTe yIbTPaApUOJIETOBBIE PACXOAUMOCTH B NTOM ITOPSIIKE TEOPUHM BO3MYIIEHUI U ITOKAXKUTE, UTO
HEPaBEHCTBO SABJISIETCsI YCJIOBHEM HAJIMYUS YIbTPAMDUOIETOBON PACXOINMOCTH.

3. BriBemgure .

4. PaccMmorpuM Mozeab cuayc-1'opioHa Kak BO3MyIIeHrne cBoOoIHOro be3smaccoBoro bo3ona. Ilokazkure, B
KaKOii 06/1aCTH 3HAYEHNUI (v SKCIIOHEHINAIBHBIE OIIEPATOPLI /¥ He TPeGYIOT HEPeHOPMUPOBKI B KOH(MOPMHOI
TEOpHUH BO3MYIICHUIA.

5%, cnonb3yst TEXHUKY, U3BECTHYIO BaM M3 KOH(DOPMHOI T€OpUu MOJIst, BHIYUCIATE HWHTErPaJ

I(a,b;z) = /d2y y[** |y — 2|

B 06JIACTH €10 CXOMMOCTH. AHAJIMTHIECKUM [IPOJIOJIZKEHIEM Hafi/[iTe 1/IeH IePBOro IOPsi/Ka B CTPYKTYPHOI
dbynknum Cé@(a:) teopun JIn—Hra.
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