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INTPEAMIC/IOBVE PEAAKTOPA TIEPEBOAA

Tepmun "kBanToBas Xpomommamuka” (KX/J) cran ofuum u3 cambix nony 1sp-
HBIX B PU3MYECKOH IuTeparype, NoceALeHHol B3auMoaeicTBuIM yacnl. Tak Ha-,
3bIBAETCS TeOpHs B3auMofelicTBuil KBApKOB i MMIOOHOB — OCHOBHBIX COCTABAI-
UMX CHAbHOB3aMMOEACTBYOWUX YacTL, (aaponos). Paktuuecku KX/ seisercs
©IMHCTBEHHbIM COPBOBHbIM XaHMARTOM, TPSTERRYIOUFM Ha OICAHHE CIPYKTYphI
a/IpOHOB M NPOLECCOB UX COYAapeHHii.

Vicropuio KX/i MOXHO pasfie/mTh Ha Tpu AeCATHIeTH#X STana. Okodo 30 geT
Hasag (B 1954 r.) Gb1m -chopmy MpOBaHB OCHOBBI HealbeaeBbIX KaJMOPOBOYHBIX
Teopuit — Gyunament KX/, Tonstuit "kBapk™ u "rmoon" Torga eme me CylecTBo-
Bao. OHM MOSBHIMCK CIyCTH [ECATD JIeT U BHAUANE HUKAK HE CBELIBANACD C Ma-
TeMaTH4YeCKUM annaparom HeabeseBbix TeOpHil, Ka3aBIIMMCA B T BpeMs YACTO
$opmanpubinv. [Tonanoduioch eiiie i AeCATHASTHE, UTOOBl CHHTE3 STHX [BYX
upedl npuses k hopmymposke KX/l — cymecTBeHHo HeauneiHok TEOpUH B3aUMO-
AeficTBus KBAaDKOB i TJIOOHOB — OGBEKTOB, He Halai0aBIIMXCS B CBOBOIHOM COC-
TOSHMH, HO BXOAAIMX B COCTAB aPOHOB M NOJHOCTHIO ONPeAeAIonMX KX BIAUMO-
nedcTBus.

CymecTBennas HemueliHocTs Teo

1, IPOABASIOMANCH B camofeliCTBMi LAloo-
HOB, NIPHBOAUT K BXHbIM Qu3uueckum caeacTsuam. OIHUM U3 HUX SRIAETEH CBOH-
CTBO "aCAMIITOTMYECKOH CBODOABI", T.€. yMeHbWetHe "KOHCTAHTE" B3aUMopeHcT-
BUs KBAPKOB M I'JI0OHOB MpH MX COMKEHHM [0 OYeHb Mabix paccrosuui. Ono ur-
paeT BaxHylo poJb B npolieccax ¢ Oojbmoii nepesaveit ummyabca 1 obierdaer Teo-
PeTukam 3a7ayy BoIUMCIEHUA XaDaKTEPUCTHK TAKUX MPONECCOR, NOTYCKas npumMe-
HeHyue MeTO/I0B TeOPHH BO3MY meHnH.

Buecre ¢ Tenm Ha "Sombimx" paccromusix (> 1depv = 10 ~cm), Buaumo,
9Ta Ke HeJMHEAHOCTD PUBOJUT K TAKUM CUAAM MeX[y KBAPKaMmH  rI00HaMH, KO-
TOpble He MO3BOJAIT 3THM 06beKTaM NOSBAATHCH B CBOBOHOM COCTOSHMM. MMeH-
HO TPakTOBKa 3PPeKTOB, CBABAHHBIX C GOJbIMMY PACCTOSHAIMM, TBAAETCH "Kam-
Hem nperkuoBerna” KX/I; ¢ nelo cBA3aHbI OCHOBHbIE HepellenHble NpoBieMbl. A Bak-
HOCTb 9TUX NPOG/ieM He/b3s HEMIoOUeHMBaTb. Jlaxe B YIOMSHYTbIX Bbile "XecTKux"
npolieccax ¢ Goabmoil nepefiauell umny.ibca MeXTy KBapKaMu Wi TIOOHAMM B
IKCNEPUMEHTaX HabJIOAI0TCH UL UX COBOKYNHOCTH — B[POHDbl, A HE KBADKH K
[ JI00Hb! Camu 110 Cele. 3HauuT, IPOLieCC Nepexofia OT A3bIKA KBAPKOB ¥ TMIOOHOB
K #3bIKY Qu3MUeCcKuX apOHHBIX COCTOSHMN 10KeH GbITh CTPOrO OMACAH B PaMKax
Teopun. Ho 5Tu npespauens npoucXonstT Ha OCTATOYHO GOABWMX PACCTOHM X,
T/le B HallleM PACTIOPSXeHuy 10K HeT afeKBaTHOI'0 MATEMaTHIECKOro MeTo/a pelle
HUSL ypaBHeHuii KBaHTOBOMH XPOMOAUHAMMUKH -



6 MNpeaucnosue peaakTopa nepesoaa

Takum 06pa30M, KBaHTOBAS XPOMOAMHAMHUKA ellie HaXOJUTCH B NepUoje CTa-
HOBJeHus. BMecTe C TeM MHOI'Me BaxHble BONPOCH 3/1eCh yXe BBACHEHH, ¥ NoJy-
YeHHble TeopeTHUeckue pesyabTaThl MPUMEHSIOTCS PY MHTEpIpeTalyy ¥ OIUCa-
HIM SKCTIepUMEeRTaNbHbIX AaunblX. Kaura ®. Wnpnypafina mogBogMT UTOr AecATHIET-
nemy srany passutudt KX/l, nocTarouso mosHo oTpaxas BCe yCleXy u IOKa eme
HE MOAfAo necs pelllennio Mpobiembl.

Tlockoabky 3Ta KHMI'a BOSHUKJA B pesyJbTare 06paboTky JeKimit, YT aBlmX-
Csl CTy/lenTaM, U3J0Xenve B Hell IOCTPOEHO 110 MPUHIMILY NepeXojia OT MPOCTOro K
GJOXHOMY C NOAPOGHbIM pashiCHEHMEM BCEX BHOBb BBOMMMBIX monaTui. [lpeanoaa-
raeTcs, YTO UMTATE]b yXKe 3HAKOM C OCHOBAaMU KBAHTOBO/A Teopuu moJs. Mcnoab3y-
eTCA CTaH/AapTHas OlepaTopHas (PopMyJipoBKa KBaHTOBOA XPOMOIMHAMMKA ¥ JALIb
B KOHLle KHUTH y/ieJleHO HeKOTopoe MeCTo QyHKIMOHAIbHEIM MeTolaM. EcrecTsen-
% ARTODY NDUULIOCH OrDAHUYK-

HO, UTO IID¥ cpaETeNbHO Heboabuom 005
Thesl HauGosee paspaborannbivyu vacTamu KX/

[iBe raaBbl Kaury oTBefeHbl npuMesemsaM KX/ k kecTiM  mpolleccaMm ¥ K
CTPYKTYDe aJpOHOB, T.e. [IOMMMO DAcueTOB N0 TeOpUM BO3MYIeHuH A aBTODY IPUXO-

AMTCA YIOMMHATH ¥ O MeTOAaX, BHIXOJRNMX 34 ee paMku. OJHAKO MHOI'ME U3 HMX
eie He ACPOCAY HC TOrC yPOBHS, xoTopsiif MO3BOMAN Brt BKIIOUMTH KX B yuebuyo
JUTEPATYDY , IOITOMY OHY JMlIb KDATKO yIOMMHAIOTCH. YuTarenio, xenalomemMy
oppobHee 03HAKOMUTBCH C ITUMH T10JX0AaMy (HanpUMep, C PellleTOUHbIMU MOfe-
asivu, ¢ 1/ N-pa3aoxenveM ¥ T.01.), npuzeTcs o0pallaThC K 0G30PHBIM CTAaThAM

B XypHalax WM Xe K APYruM Gojee Clelau3uPOBAHHBIM MOCODMAM MO KBAHTO-
Boit Xpomomuuamuxe. Celluac yxe umeeTCs OKQNO [SCATH KHUT HA DYCCKOM A3b1-
Ke, KoTopble B Tol M MHOA Mepe KacalTCs BONPOCOB, PACCMaTpUBaeMbiX B KHH-
re ingypaiina, TPaKTya MX MHOrAa 10J HeCKOJbKO APYTUM yrjioM 3peHud. 110310
My MOXHO CKa3aTh, YTo yYeOHas IMTepaTypa no B3auMofelic TBUAM KBApPKOB U [I00-
HOB /JOCTATOYHO oﬁumpnd, 4T06bl MOABECTH UUTATENA K Mayqexmxo 0630pHBIX ¥
OPHTMHGAbHDIX cTaTeil Mo 3aTpariiBaeMbiM 348Ch upuﬁﬁe am. ucumviiiéiiiio, KHira
Unaypaiina saliMeT B Hell 0/HO U3 IeHTPAJbHBIX MeCT-

Ona GyJeT BecbMa IQJe3Ha CTY/AeHTaM CTapliuX KypCOB ¥ acnupaHTaM, clely-
AJM3UPYIOMUMCS IO TeOpUM B3auMonelicTBuii UacTHL, TPK M3YUEHUH UMK COBDEMeN-
HbIX METOJOB pacueTa B KBaHTOBo# Teopuy moi. KoHeUHO, 1 CllelMaMCTbl, yxe
aKTHBHO paboTaiomme B 3TUX HalpaBAeHUdAX, OylyT MCNOJIb30BATb €e KaK KpaT-
KOe CrpaBovHOe nocobue Mo OCHOBAM KBaHTOBOA XpOMOMHAMUKK U ee MPHJIOKEHH-
AM KO MHOI'MM aipOHHBIM TpolleccaM Ha COBPEMEHHOM STare pasBUTUA 3To# Gyp-
HO nporpeccupyomeii obnactu GU3UKK.

Jast W3JaHKA HA PYCCKOM #3blKe aBTOP HeCKOJbKO MepepaboTall 1 JONONHNI
oTAebHble IJaBbl KHUI'M C YUeTOM MOGJeJHUX AOCTIKEeHMA KBaHTOBO# XpOMOMHE-
muki. [Ipu nepeBoje Gblau yCTpaHeHH 3aMeueHHble HETOYHOCTH ¥ omevarku. B pa-
ne MecT Aatbl HeboJdbliye TpuMevaHu s, MoACHIAIIKE MbIGIb aBTopa UJM UCIOAp3ye-
My!0 TEpMHUHOQJAOTHIO.

) H .M. Jpemus

MMPEAVIC/IOBUE

Oxaao Tpuata™ JeT nasall, B 1954 r.,-fur u Muanc ony6mkosam pesyabTa-
ThI CBOMX MCCAeH0BaHMi M0 Teopuu KamOpoBounbX moded [276]. Ceftuac moxmo
TIOUTH C YBEPEHHOCTbIO CKa3aTh, UTo Pa3BuTad Ha 9Toli oCHOBe HeabeleBa Kambpo-
BOUHAA Teopus — KBAHTOBAT XPOMOJMHAMMKA — CNOCOOHA aJEKBATHO OMKCHIBATE

TpOIeCCH, IPOUCXOAAIIMeE NIPY CHIBHBIX B3AUMOAEHCTBHAX yacTHll. U XOTs Mbl eme
He [C KORN2 NORKMaSM CONSPXaHie KBanToB0/ XPOMOMMEAMAKA, HO YXe N0Lydetb!
BaxHble TeOPeTUUECKHe Pe3yAbTaThl, MHOTHE #3 KOTOPbIX NIOATBEpXAeHbl SKCIepy-
MEHTAJbHO, O3BOJANmMUE JaTh HOQJIe).'(OBaTeJIbHyIO ¥ HelIpOTHBOPEUMBY 10 MHTepIIpe-
ramio KX,

Koneuno, 1060e usnoxenne KX/ Helb3s cuntath noJHbIM, TaK KaK cama Teo-
Duf emte pa3BURaeTCH. q""\ H3WIo CBoe OTpaxenue 8 8 omuupc BOIIpOCOB, PaccMOT-
peHnbIX B KHyre. f neitajics obcyxaaTth TOABKO Te acieKTs! TeDPUM, TPAKTOBKaA
KOTOpbIX, IO-BHAUMOMY , He u3MeruTcs B Oylywem. B vacThooTH, paccMaTpusamich
TQIbKO Te Pe3ybTaThl, BHIBOA KOTODHIX %3 "MepBrix npurmmmos” Tpebyer MammMan- -
HOTO xcaAa Npou3BOJbHBIX Jonywenuii. HeCOMHENHO, MO IMUHBle CKIOHHOCTY Tak-
e NOBAKAM Ha BbibOp M3AaraeMoro marepuaia. J060/ u3 Hac Heu3GexHo crpe-
MUTCH yAeIMTh Goibllle BHMMaHKS IDEAIMETY, C KOTOPbIM OH XOPOIIO 3HAKOM, ¥
u3bexarb 06CYX/ieH!s BONPOCOB, B KOTOPHIX OH He ABJAeTCA cretuammcrom. f ne

6yIly OCTAHARMMBATHLCS HA NeDeuuc IeHKHE TeX BONDOCOB. Ko ODbie
dR. & NCPCRUGASHMH TCX BONPOCOB, KOTODDE ic, MOXeT Uthb,

CJAe[0BaKO0 BKIOUKTD B KHMrY (cM. § 46)". Cmicok smrepaTypsl foiXen B HekoTo-
POk CTenenn BOCIOMHMTD 3TH npodeabl.

Jarmast keyra BoSHUKIA M3 IHKIA AEKIVH, KOTOpBIE 5 B TeUeHAe HeCKOJbKUX NOCTelF
HAX JIET YNTAI CTY/IeHTaM CTapisiX KypcoB. OHa oTpaxaer BBOAHLUL ¥ mefaroruueckiii xa-
paxrep v Jexamit. §1 nonbiraics HamMCaTh JorMYeCKy 3aMKHYTHI TEKCT, B KOTOPOM 110
BO3MOXHOCTH He GbLIo Gl Bbipaxesui Tuia "MOXHO ToKasaTb, UTo - - - " Wit "KaK Xopowo
U3BeCTHO, ..-". O,E[Hal(o d npefnoaaral, YTO YATATeJb 3HAKOM C QCHOBHBIMM
TIOHATUAMMU TEOpHUH 10/ ¥ MEeTojaMi dleHOMeHonor‘qucxoro OMUCAHKUA INEeMeH-
TapHbIX YaCTHL; NPY STOM d He COMHeBaJCsH TakKxe, 4To YHOIga €My BCe-Taku
npupercs obpamarhCs 3a MOMObIO K JUTEPaType.

" Bonbiwe Bcero A Xaneio o ToM, ¥ro onyckal paccmoTpesne KX Ha peweTKe.
B 10 BpemnA, KorAa A nucan nepeoHavanLHsIi BapuesT 3Tof kHUru, KXI Ha peweTke
1o He uenbiTana Toro GYPHOro pasBuTHA, CBUASTENAMM KOTOPOro Mbl ABNABMCA B
BpemA. K o ), ABTANLHO® W: 3Toro p XpOMOPUH &~
MUKy BBI3BAN0 G5 Ype3MepHYIo PXKY CPOKOB ny6 KHUIU.




8 Mpeavucnosue

Kosneusnto, jaHHad KHuI'a BO MHOTOM 0043aHa OPUrMHAJBHBIM CTAThiM U
0630paM N0 KBAHTOBO/ XpomO[uMHamMuKe; BCe TO OTPaXEeHO B cehlakax. 51 ve-
KpeHne npu3Hare’ex MouM Koateram A. oncanec-Appoiio, K. Bekuwm, C. Ha-
pucony, [lx. Bapuabuio, E. ge Padasuo, P. Tappauy u B ocobennocry K. Jlo-
necy u I1. Tlackbioa o (yKadaBumm Ha pij OmMOoK B NeppoHavalbHOM BapuaH-
Te KHUTM) ¥ MHOTMM APYyrMM 3a MHOPGUACJ]EHHbIe NoJe3uble obcykaenus.
X0uy TaKxe Bhpa3uth 6xarofaprocTb A. Majene 3a HeolleHumylo IOMOIL B
MOZIMOTOBKE PYKOIIUCH K NeUaTH.

r'nasal

OBIIVIE CBEAEHVIA

§ 1. Kak BO3HHKNa KBaHTOBaA XPOMORMHaMHKa

KsanroBast xpomommiiamyika (KX/) Bosnukaa B pesyibraTe pasBUTHS KBap-
KOBO# MoJeau. B Hauale wecTHAeCATHX rofoB Obljo yCTaHOBIEHO, YTO ajpo-
Bl MOXHO KJaccubuImMpoBaTh 1o npefcTapiennam rpynnst S Uy (3), koropas
Tenepb naspiBaeTcs SUg (3)-rpynnoli apomara [136,211]). Takan an.cch)uKa-
s o6Jafiana pAIOM uETepecHbIX ocobennocTell. Tipexpe Beero b Hedt Gurypu-
DOBAH TOJBKO HEKOTODbI® A0BOJBHO CEI(UIECKHe NPEACTABISHNS aroit
rpyrmu Tlpy moGaBaeHMM IPYNIB CIMHOBLIX Bpameruit SU(2) k rpynne BHy'T-
pernei cummerpii S Uy (3) ofn oGpasosbiEam IpefcTaBaernsst rpyms § U (6)
[163, 214). Ho d)yﬂuamemaﬂbﬂue npeficTaBenus au ANt rpynnbl SUL (3), nu
ami rpynnst SU(6) (3 u 3 Ami SUg (3)), mo-Bumumomy, He oﬁﬂapy)KMBaJo'rca B

ApHpOsS- 310 33CTABH. 4’!0 Mean- Maﬂﬂa [138] u Ipefira [282] nocTy mpoRath,

uTo (hu3MUECKMe afPORBI He SJEMEHTapHbl, @ COCTOAT u3 Tpex K6apnos (Gapuo-
HBl) WM KBapKa ¥ aHTMKBapKa (Me3oHbl). Tenepb Xopowo WIBECTHB TPU COPTA,
WIK gpOMAmL, KRADKOR, BXONAMMX B COCTaB OGHUHBIX afponos. Onu moayumm
caepyiompe obosnauenus: u (up — Bepxiui), d (down — anxawil), s(strange —
C’I‘pa}l}{bm), nepebie [iBa KBapKa HeCyT KBauTOBbi& 4iCid 130CHNia, & § <KBapK —
KBAHTOBOE UjCJ0 CTpaHHOCTH. DblJO ycTaHOBJEHO, UTO B NpUPOfie BCTpeuad-
OTCS MMEHHO Te NpeficTasaenud rpymnbl SUL (3), korophie MOXHO MOJyYMTH
pernyxuuell npounseenuil 3x 3x 3 (ﬁnn;{og}_.l\ uiu 3 x 3 (Me30HH); IDK yueTe
crMHa KBapKos, pasroro 1/2, BosmukaeT cxema SU (6). B ponoaxenue k sTomy
Pa3sHOCTY MACC a[POHOB MOXHO OOBACHUTD, €CJM NIPe/MOJOKUTH, YTO MACCbI
KBapKOB Y/IOBJAETEOPAIOT COOTHOWEHUIM

my —m,~4MsB, mg —my =150 MsB (1.1)

C BOBMOKEHBIM GKTPOMATHATHEIMY  DAMAVOHHbIV  TIONPABKaMy. JJeKTpuiec-
Kuit 3apaj KBApKOB, M3MepeHHbli B 40X 3apifa NpoToHa, 0KashBaeTcs Apob-
HbIM: o

o.=% Q=0--%. a.2)

IunoTesa cocTaBHbIX afpOHOB MMeJa U {IpYTHe HOJOXUTebHble CTOPOHBL.
Hanpumep, uaBectso, uTo MarsuTHbIA MOMEHT NPOTOHA PaBeEH b, = 2,79 x
x eh,/ 2my, , TOrfia KaK, ecau Obl MpOTOH Obil 3JeMenTapeH, ero HaueHue 6bi-
70 Gl PaBHO up, = ¢%./2m , . 3nauenve Xe MarHUTHOIO MOMEHTA NMPOTOHA, BH-



1Y 1 nasa 1

YHCJEHHOE B KBApKOBO/ MOJie/M, HAXOIUTCSA B XOPOWEM COTJIACHM C SKCIIEpUMEH-
TaJbHbIMHU pe3yJbTaTaMy.

It ycnexy [aiu HauaJo WMPOKOMY MOMCKY KBAapKOB, KOTOpbIA MPOAOJIKA ~
ercd ¥ 1o ceil aenb. CBOGO/HbIC KBapKy nOKa He oBHApyXeHb, HO B pe3yJbTaTe
3THX OIBITOB yCTAHOBJICHA KUMNAA IPaHMia Macchl CBOOOMHBIX KBAPKOB (NO-
pA/Ka MUrasjeKTPOHBAJLT), KOTOpPas CBUJETEIbCTBYET O TOM, YTO afipOHbi
IpeACTABJANT CoB0H CuJbHO CBABAHHBIe COCTOAHUS KBAPKOB. B oTHOWeHMM
9Tol MOfleM MOXHO BBIIBMHYTB IO KpaiiHell Mepe nBa Bo3paxenus. Bo-nepshix,
B OCHOBHOM COCTOSIHMM COCTaBHas cucTema obaafaeT HyJeBbiM OpOUTaIbHbIM
momenToMm. [losTomy pesonanc At+ noJkeH MHTepIPeTHPOBATBCA KaK COCTOS-
wyii ¥3 TpeX u-KBapKOB:

uhuf ul (1.3)

(cTpeixamy 0603HAYEHBI CIIMHOBBIE COCTOSHNS KBApKOB), HEOABUXHBIX OJWMH OT-

HOCHTEbHO Apyroro. Opnako 9T0 abeyp/HO: OCKOJABKY KBAapku umelor ot 1/2,
OHM NOMXHE! IOMUMHATRECS CTATUCTUKE mpmﬁy — Jlupaka, a X COCTOSHUS NOJX-

OHY [JOJDKHBI NOMTUUHATRCS aTUCTUKe MUY — [IMDaKa

HB OBITh AHTHCMMMETDUUHBIMM IO OTHOWIEHHMIO K IepeCcTaHoBKe JI0BbiX mayx yac-

THUL, Yero JBHO HeT B CJydae u a) DO—BTOpth, MeToaamun dur‘eupbl TOKOB |_ x~u,

147, 192] MOXHO BBIUMCJANTD OTHOMEHUS m_/m, . Pesyiprar

m,/m, =20, (1.4)
1.4)

oruopeunT ouenxam (1.1) AN KOHCTHTYEHTHBIX KBADKOR ¢ Maccamy ~1 T'3B.

peuut onenxam (1.1) ang xoucTuryeut
Bo3MOXHOE pelllelie IepBOro npoTHsopeuns 6biso npeAioxexo 'puabeprom
{ 154], npennoaoXyBMNM, UTO KBAPKY NOAUMHAKTCS NEPACTE
M3BeCTHO, UTO TaKas NapacTaTHCTHKa MOXeT ObiTh moJydena u3 obbrnoi cTa-
tieTuku Pepmu — [lupaka BBefiesneM HOBOrO BHYTPEHHErO KBaHTOBOro uucaall,
xoropoe Menn-Many w mp. [129, 130] nasaiu ysemon, Tak UTO KaXibill KBAPK

MOXET HaXOIUThCA B JI06OM U3 TpeX LBETOBBIX COCTOsHUA i = 7, ¥, v {red—Kpao-

NN |
MNOCITNKE panrd Jds

HbIfl, yellow — XeJThii, violet — cuuuit). Tenepnb OyAeM UHTEepNpeTHPOBATh pe3C -~

Haic A+t Kax cocroduue

2 e”"(u‘f, ukTv MIT),

KOTOpOE TOJHOCTbIO aHTUCHMMETPUYHO TI0 OTHONISHMUIO K IePeCTAHOBKAM JIOGhIX
AByx dacTuil. [Ipu 9TOM OTCYTCTBHE COCTOSHUMA, CKAXeM, U3 ABYX WJM YeThIpeX
KBapKoB (Tax nasbiBaembix 9x30MueckuX cocTosuMil) MOXHO OBBACHUTD, HOCTY-
IMpOBaB, YTO BCe Qu3ndecku nabaopaemble aApoHbI GecupeTHbI, T.€. NpecTaB-
As10T coBOM CUHPJIeThI IO OTHOWEHNMIO K BpAlleHUAM B LBETOBOM NPOCTPAHCTBE:

U, :q"—>§U;* ko UrU =1 (1.5)

) Takoe BHYTpeHHee KBanToBoe uncrio Gbino BBefieno B paote [ 165),

OBwwue ceegeHnA 11
.

Ecim geTepMMHaHT 3THX Ipeobpas’oBaruii IOJIOXMTL PaBHbIM euuutle, YTOOHI Mc~
KJIOYHTb TPUBMAJIbHYIO IQJHYI0 dasy, To Ouu 0OpasyioT rpymy, a UMEHHO UBETO-
Byl rpynny SU, (3). Tenepb curieTHoe npeAcTaBleHHe NOABAAETCH TOJLKO B
TIpOU3Be JeHUAX 3 x 3, x 3, (Gapmonbi) uam 3, x 3. (Meaoubx), % 3TUM oémcasx—
eTcs, nouemy Mbi nmeem obbiumle YacTUUpl % e umeem "ox30THYECcKUX", He Hab-
JI0fiaeMbIX B TIPUPOJE.

Mbi OKa He CTaHeM 0BCYXJaTh myTell paspellleHHs BTOPOH TPYIHOCTH, a
BMeCTO 3TOro ellle GoJee 0GOCTPUM CHTYaLlo, epeiad K aarebpe Tokos. Ecm
KBapKM SJeMeHTapHEI, M3 HUX CJeflyeT nocTpouth moxu. Tax, SAeKTpOMArHUTHE
TOK 3almchiBaeTcs B Buje

T8, =iy Hu — Ay — L5yPs + deyre, (1.6 2)

a caabbiii 3apaxenHbiil Tok (8, — yroa Katu6oo) B Buae

1- 1-
Jp= ﬁ-y“—z—y—sdg + &y*F 275s9’ (1.6 o)

dy=dcosf. + ssinf ; sg = —dsinf. + scosfc

3eck nojpasymeBaeTCd CyMMMPOBaHKE N0 ONYIICHHbIM LBETOBBIM MHAEKCAM U

k4

yuTeH BKJaj Kapka ¢ (charmed -— ouapopammbif). NemrMamm [137, 1391 nocrymr
POBaJ, YTO HA MaJbIX PACCTOAHUAX KOMMYTAUMOHHbIe COOTHOMEHNA MEXAY ITH-
MM TOKamy TakKMe, KaK ecu Obl BXOAAIMe B HUX KBapKopbie moas 6blay cBoGOz-

Hbl ¥ OMMCHIB 3JMCh JarpaHnXuaHoMm Bulia

2 quarks = Lo(X) = E E‘I’(’f)(‘a mg)q (). n

g=ud, ...

Tpyaso 6bl/I0 MOHATD, KaK MOXeT ObiTh peaiu3oBana CTQJb CTpaKHast Iif-
0Te3a, HO UMEHHO OHA NPUBEJA K 3aMeyaTeJbHOMY YCIeXy B Mpasriax CymM
Alsepa — BaticcBeprepa, Kabu660 — Papuxaru u npu sbrmciennsx Lupautom
¥ pyr#vMu paialOHHBIX TONPABOK K B-pacnajy snep-

K npyromy B3rJsfly Ha KBapKoBYK MOJgJib IPUBOAAT IKCIEPUMEHTH 10
r‘uyGoxoueynpyromy paccesmuio. BupTyaJbubiii doron uam W-6o30u ¢ Goabuioit
unBapnanTHO# Maccoli Q2 ¥ BEICOKO SHepruel v pacceuBaeTCA Ha HEKOTODOH
MHillerw (Hanpumep, Ha npotose). [Ipu 9TOM nAAyYaeTCH yMBUTEIbHbIA pesy.ib-
tar (npefckasannbiii Boépkenom [39]) — ceuemme paccesmms umeeT BUL

do  _ a
dtdky  4m,k2sin'0/2

{ W,cos? [

.2
5 + 2W sin (] }, (1.8 a)

2
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¥ eCJM HamucaTb

Ni(x Q%) =2xw,,

hx @)= 5w,
m,

%/,

fd“z(pl[J“(z),./"(O)]fp>e""" ~-gtW, + ;1'5 p'p’ W,
]

(1.8 6)

X

TO QynkIyu f; mouTs He 3apucAT or Q2 npu Q2 - o, KOrga nepemMeHHas x
umeeT duxcupoBantoe 3Hauenue (GbEpkenockuit crefimur). Peitvan nokasan,

KaK 5TO MOXHO MHTEPHpeTHpoBaTh. Ec/m paccmarpusarh cayuaii Q2, v - oo
(koTopuiit rruay (1.86) o3nauaer

e mr’ﬂTuﬂHma), TC NPOTOH ACJMKEH Sbith
noch:ea M3 COCTaBJAIWMX — "NapToHOB", KOTOPHE He B3aUMOJEHCTBYIOT Mex-
Ay coboit. CoTaBanoch cledaTh TOALKO O/MH LT U OTOXIECTBUTD OTH NapTOHbI
C KBapKam¥, KOTopbie CHOBA OKa3bIBAIOTCS CBOGO/HBIMM Ha MaJbiX PACCTOSHMAX.
Crosb CTpaHHoe ri0Be/ieHye KBapKOB Ka3aloch SarafoutbiM.

OueBH/HO, UTO BCe STU TPY/HOCTH MOPOK/IGHbE CAOKHON MMHAMUKOH Ciib-
HbIX B3aUMO/IEHCTBHH, 1, CIENOBATEIBHO, HX MOXHO YCTPAHUTD, TOILKO npoc'rpo-
B TeOpuio B3aumMofieficTeuA 5Toro Tuna. Takum o6pasom, BCe 3aBUCHT OT To-
T0, KaK B3aumMofieficTBYOT Mex/y coboit anponbl. 3ameuaTe bHbil (kT alpos-
HO/t QUBMKM COCTOUT B TOM, UTO, HECMOTPA Ha pasHoobpasue a,upoaos (BB:HTI:

Hanpumep, Macehl Me30HOR T 1 K ), B3aumofelicTBre MeX Ay numMy (KOHCTAHTE
..... MCTBUE MEXAY HUMM (KOHCTAHTHI

cB’;l':M ¥ CEUeHMT PACcCeAHUs 1P BbICOKUX SHEPrMsiX, MPK KOTOPBIX MOXHO fpe-
HeOpeyb pasHOCTAMM Macce) He 3aBUCUT OT apoMaros. ITO 03HAYAET, YTO, KaKo-
Bbi Obi Hy Oblymt epeHocunKy B3auMozeiicTBii Mex 1y KBApKaMM, OHU IQDKHbI
O/yHaKOBO J1efiCTBOBATb Ha KBAPKH BCEX apOMAaToB.

Tewm ppemenem Nremoy, Baftubepr, Cadawm, YopA i Gpyrue aBTopbl NOCT-
PONJIL ©[JMHY 10 TIepEHOPMIPY €MYI0 TeOpHIO CAabhbiX i DeKTPOMATHUTHbIX B3aUMO-
neitcTeuil. Kak nokasam BalinGepr [257] u Hanonyaoc [207], uto6bi nzbexars
KaTaCTPOPIYECKOT0 HAPYIIeHNA YeTHOCTH YXe B IePBOM NOPAIKE [0 KOHCTAHTe
CBA3M a, CUJibHbie B3aUMOAEHCTBYS fo/KHbi feficTBOBATD He HA apoMaT, a Ha
HEKOTOPOe /IPyroe KBAHTOBOE YKGJO0. IT0 ObiI0 OHOA U3 NIPUUMH, 3ACTABMBIIMX
uBMKOB BbIABMHY T THIOTE3Y O ToM, 4T0 "CcxueuBalolye" KBapKit YaCTILb! (210-
0%tl) BIAUMOZEHCTBYIOT TIBKO C LBETOM,  KOTOPOTO GAabbie # VIeKTPOMArHUTHbIE
B3aMMOfCHCTBYA He pazamualoT (cp. ¢ (1.6)). Bepyres Bocemb BEKTODHbIX [JE00-
HoB BY, a =1, ..., 8, B npucoemmentom npeficraBienuy rpynmsi SU, (3),
BBaMMOILSMCTByIOIlmX O[MHAKOBO C KBapKamy Jio6oro apomara. Tenepb KBapK-
PJIOOHHDIA Jarpanxuan npuobpeTaeT BUL

Li=Lo+ g; %7"(xmr;;q*(x>ar(x>; (1.9)

O6wwue ceeaeHuA

. a_
snech sarpanxua £ onpenenen dpopmyaoit (1.7), a 1% =A%/2, rpe A
marpuint [esns-Manna. floclemme renepupyior GdynaamenTalbHoe npeuc:‘)ame—
ume rpynnbi S U, (3) u Y[OBISTBOPAIOT KOMMYTAIMOHHHM COOTHOMIEHNAM

[I”,Ib] = I-Z f"b‘tc. (1.10)

TaKoik LIBETOBOA ¥ BEKTOPHBIH XapakTep II00HOB MMeeT ellie 1 TO NPeUMyLIEeCTBO,
4TO OH T03BOJSIET OOLICHATD paculernieHue Mace pe3oHaHca A, ; U HYKJOHOB
[89].

Yrobbi MpOABKHYTHCA AaJbllie, HYXHO NOHATD, UTO B neabeneBoit kambpo-
BOUHOM TEOpHH C 623Macco6bi Hu BEKTOPHHIMU NOLAMU (npepnoxennoit furom
¥ Muduicom [276]) mmetoTcst ckpbiThie MHQPAKPACHDIE CHHTY IAPHOCTH, KOTOPbie
MOTYT HpEnsTCTEOBATS MOARACHKIO CBOGO/IHBIX KBADKOD i I I00HOB. Taxum 06-
pasoM, MOXHO,HAKOHELI, COT1aCoBaThb YCI0BUA (1.1) u (1.4). Cobopnbie KBapku
He HabMOAITCH OTOMY, YTO OHM HE MOTYT PACXOMMTHCA Ha GOJbiling paccTod-
HURt BoJeCTBHE B3auMOIeiiCTBHUS, a He K3-3a Ooabiloli Macchl. 3To Tak HadbiBa-
emadl runoTe3a Konaiinmenta (yAepxanus). MoaduipyeM Jarpamxuan (1.9),

BBe/iA B HEr0 YWieH, onuchmpawmuit rmoonEnie noas:

fQCD =2 - El ZGW(X)G@»(X)’
L (1.11)

G} =03"B) — B} + g3 [ BLB.-

faeT OfHO [OToAHHTEAbHOE ApenMylt . % neabeleBbX Kambpo
BOUHbIX TEOpHAX KOHCT@HTa CBA3M g GBTOMATHIECKH MoJyuaercs yHMBepCaJlb—
woit. Buipaxenne (1.11) npeacrasser coGoit ofniunnbiil narpamkias KXZ, ¢ ko-
TOpOro HauHeTCH MBIOXeHKe B Gleayouell riase.

Jlo cux nop BCe NOCTpoenus Gbiu B Kakoi-T0 mepe markumi. Onu cocTos-

A maameI Y AnaAna A0 TUNra Dhinaxe B qJQpMy-

Jn u3 Hduupa npeAnioA0K eHitt, ACCTHI X CBOCIO NOAROIG BEIpame
e (1.11), kax/0e U3 KOTOPbiX YBO/MJIO HAC BCe [albilie OT PealbHOro Mupa ( -
OHOB, IPOTOHOB ¥ T.[.) B BooBpaxaemylo obiacTb (xBapKoB ¥ TVIIOOHOB) G Habo-
POM npefickasauil, e/iBa U YHCJISHHO PEBOCXOAIM KOMMYECTBO Npeoioke-
nuit. OfHAKO CHTYaUys paiMKaibHO ¥3MEHHIach B HAYgle CeMu/IeCAThIX ro/IoB.

B s1o Bpemst " Xo¢T (HeonyGamkopaunast pabora), [lomruep [218] u nesaBucH
Mo oT Hux I'poce 1 Buabuex [160 — 1621 nokasaiu, uTo B TEOPUAX C JarpaHxua-
oM Tuna (1.11) addexTuBHAA KOHCTAHTA CBHA3M HA MAJbIX PACCTOSHUAX CTpe-
MHUTCH K HYJIO { acuMnmomuueckas c60600a), a Ha Goybumx pacrer. Taxum ofpa-

B: LlBeTOBHe WH-

=

”Teopemm-rpynnoeue CooT! B np
neKcH Mbl 3anucbiBaem NPoM3BONLHO B Buae BerMMX WIH HWKHHX HHAEKCOB: f

=Jape » ‘a “xk “T.A.
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30M, OHHM O[HOBPEMEHHO OGBACHUIM yCNeXu alrebpbl TOKOB i MapTOHHON MOze-
1M, a Takke AOKa3a BO3MOXHOCTh BO3HUKHOBeHHS KokpaliumenTa. Kpome To-
0, 0Ka3alloch BO3MOXHBIM BHIUMCJIUTD TIONPABKM K PACYETaM, NPOBEJCHHBIM B
npubmixeHnu CBODOAHBIX KBApKOB. PesybTaThl, yUuThIBAOIME Takie nonpas-
KM, CHCTEMaTHUECKH COrJIacyloTCsl C 9KCNIePUMEHTAIbHBIMM AAHHbIMU B Ipejie-
J1aX TOYHOCTH BbIYUGISHHMA (M CAMMX SKCIIEPUMEHTANbHBIX AaHHbIX). B 0Gmem
BecbMa BepoaTHO, 4To KX/l ajexBarso omuchiBaer nmpoliecchl, IpoucXoadmme
TIpY CUJbHBIX B3auModeficTBuax yactuy *).

Jpyrum  Baxmbim, colfictBom KX /I, koTopoe, noxaayil, HeocTaTouno nog-
UePKMBACTCH TIPH M3IOKEHHI XPOMO/MHAMUKY, ABJSCTCH A0Kalvnvidl Tapaxmep
K)i,ll KaK meopuu nOA%, UTO NPUBOAMT (N0 Kpadinel Mepe, ecam KoudaiiuMent
ASHCTBATEbHO MMEET MECTO) K JOKaJbHbIM HaboflaeMbiM. TouHee KapTyha Ta-
KoBa. [lous, ABAIOMMECS TOUHBIMA PelernaMy ypaBHernii IBIKesns, COOTBET-
crByioumx narparxuany (1.11), onpesesensi B ruabbeprosom npoctpatcTse

AN~y COCTOLIOM U KDANKOARET T4 FUNENATIST Tur mawsmoses ae
QCph» COcTodlieM U3 KBapKOBLIX ¥ IJICOHEDIX BEKTOpPOB G

TOAHWHA, U CTPO-
ATCH, HaNpUMep, O Teopuu Bo3Mymenuil. KBapku u riioonbl npefcTanienbl 10-
KaJbHbIMK TIOMAMH ¢(x) 1 B (x). Ecam runoresa koubaitumenta clipaBemBa,
TO CymeCTBYeT NOANPOCTPAHCTBO %Ph » KOTOpOe cofepXuT dusuueckue cocro-
sitst, IHBIMIK CJI0BaMM, €/ TOYNO PemuTb ypaBHenns TEOpUH, TO COXPAHATCH

QIbKQ CHHTJIETHBIE N0 HBOTY ONenaTonbl. K Hithi omuocsmas maws miie
a raeTHble o UBeTy OnepaTophl. K HilM OTHOCATCHA MoKy THNA

-

¥ Aipyrue COCTaBHble ONEpaTopbl: OnepaTophl A1 W-Me30Ha UM A NpOTOoHa
>uysd’, > eyl gk

uT.A. ﬂeﬂo B TOM, 4TO 3TH OonepaTopbl JOKaJbHbI, XOTS OHM U COCTaBHble, eCau

Moflellb Bepia, TO Haliojaemble ONEPATOPhl B GUINIECKOM [WILOEPTOROM MPOCT-
pactBe X py, ToXe Joxadnbi. ITo cyw

'BEHHO DK BhInone 2) BoaY cmamnanm.
e 3 SHHO NIy BHIBOZE ©) BCeX cTamiapT
HBIX PE3Y.IbTATOB ~CTApOMOAHON" a/pOnHON QU3MKK — AMCTIepCHOHHBIX COOTHO-
wienmi npy GukcHpoBaHKOM ¢, orpannuetit THna bpyaccapoBcKoro npefeaa u
T.A., KOTOpble, GyNyun NPOBEPEHbl IKCIEPUMEHTANLHO, IPUBEIH K BIEYATAI0-
MM ycnexam.

Omveriv ewe oo npeumymectro KX/, xorst 0Ho  Hocur Gostee YMO3pHTEb
HbIM XapaKTep, YeM ynomsauyThle Bbime. KX/| fonyckaer ecTectentoe 0606me-
HHe 20 Teopuu Bemmkoro obwemuenns. Tockaapky SU,_ (3) — Goaee mupoxast
pynra, 4em CTaHRapTHad 3JekTpocaabas rpymia S U(2) x U(1), npu neKoTopom

Al
CkenTudeckan Touka 3peHuA COREPKUTCA B padors [ 220].

2)
Cwm. pabottt [ 44, 111], B Kooy
. , PbIX MOXHO HalTH CCbINKK Ha COOT!
rirepaTyyy. BeTCTBYIOWYI0

O6wme caeaeHnA

MacmTabe 3nepruii BCe KOHCTAHTBI CBA3M MOI'YT CTaTh PaBHbIMM MO BEJMIMHE.
floka sToT MacmTab snepruii (1074 I'aB) HaMuOro Bbilie IKCIEPUMEHTANBHBIX
BO3MOXHOCTe!, M NpeAckasanus Mofeell Bemikoro obbeauHenus He NPOTUBO-
pedar CywecTByOmUM SKCIEpPUMEHTaIbHBIM pe3yIbTaraM.

§ 2. Teopun Bo3myuenud, S -mMaTpula u byHKuun 'puna; Teopema Buka

B aTom naparpade ouerb KPaTKO pacCMaTpUBAIOTCS OCHOBHBIE BOMPOCH pe:
JATUBHCTCKON Teopu Noas. KoHeuHO, H3MOKMTD TEOPHIO NOAA CKOJBKO-HUOYAb
[eTajbHO B CTOJb MaloM 00beme HeBO3MOXHO- [loaTomy macTosuwui naparpag
GAYXWUT TIaBHBIM  00pa3om. AJA TOrO, YToObl BBECTH HeobxomMble 00603HAUeRHs 1
HAMETATDb B OGWMX YepTax Kpyr' BOIPOCOB, 3HAKOMCTBO C KOTOPBIMHM HEOOX0IMMO
A7 IOHMMAHUA MaTepuala, uaaaraemoro nuxe. [lonpobroe u3AokeHue TEOpHH
ax 1x nofell coflepkurcs, nanpumep, B xuurax | 40, 45, 1721,

Teopua N0 OnpefielAeTcs 3a/ainem COOTBETCTBYIOWEro Jarpatxuaia.
Ecm ®; — noas, Gpurypupyouue B TEOpuM, TO Jarpaskial ABReTcH Pynxiuelt
oT Toaelt O; ¥ Mx NPOCTPAHCTBEHHO-BPEMEHHBIX IPOU3BOMMBIX J®; . Jaupanu-
an £ (8 peficrBuremsuoctu £ npencrasaser cobolt 1IOTHOCTH JarpanxeBoi
Gysxip) TpUuaTO panbunath na 8A CIArAEMBIX &, w &, ,;npuorom unen £,

Py it}
OMUCHIBAET IMHAMAKY CBOGOMHBIX o6l (oH moAydaeTca u3 Aarpamxmasa £,
CCIUA TPUEATB BCe BaUMOASHCTBA panHbiMK Y W), a uier £, , KoTopbii ope-
neasercs kax pasuocs £, = £ - &, , omucpiBaer B3aumoeltcTBIA Mexay
nonsmut. Hanpumep, B KBaHTOBOW XpOMO/MHAMHKE TIOHbI JArparkMan Bbpaka=
au croBOIHBIX MoJjell 3anMChiBaeTcs B CJe[y ImeM

erca B Buge (1.11), a narpamxu

BuUfje:

Zo= I8 = mp)g(x) ~ § 3 (*BI(x) = YBL()

X (a”Bm,(x) - G,Ba“(x)).
Kpome 0CHOBHbIX, W 2JIEMEHTapHbIX , oAeH O, , PUrypupyOuiix 5 Teopint
(B cyuae KX/ 570 Mo g [t KBAPKOB i B 1A [/I00HOB), YaCTo BCTpedaloT-
A cocmasusie onepamopyi (KaK MPaBWIO, STO JoKabhble KOMOMHAMY MQJell
®; ), T.e. KOMOMHALUM, COflEpXAlE NPOMIBEACHUT KOHEUHLOL0 UMCIA noJeit
®; ¥ ux IpOM3BOYbIX, BIATHIX B _gm{ov“l u Toii xe Touke x . Hanpumep, B KX/|
CIIQb3YI0TCH ONEepaTophl mox0s g (x )y Hg’(x ). Koneuro, u cam Jarpasxuan
e (x) ABAfETCH COCTABHbIM JOKABbHBIM ONepaTopoM.

W3 J0KaAbHBIX ToJell i U3 JOKAIbHbIX ONEPATOPOB (3JEMEHTAPHBIX uiu
COCTaBHbIX) MOXHO 06pa30BaTh HOBblE JOKaJbHble onepaTopsl. Camblit npocToi
CNOCOD 3aKM0UAeTCs B 0GbIMHOM epeMHEoXenmu onepaTopos. Ho umelorcs ABa
ApyruX Tuna npou3Befienuil, KoTopble Oy Ay T HEO/HOKPATHO paccMaTpuBaThCA B
HaibHeleM, — 64K06CK0E U TPOKOAOIUYLCKOE NPOUIE OEHUR JOKATBHBIX ONepa-
TopoB. Jnst cBOGOAHEIX 0N} 6uK06CKOE, WM HOPMALDHOE, IPOUSBE/CHNE Of-
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peflenfeTcs caelyouum obpasom. Pasnoxum noas ®; no onepaTopam poxje-
HUA U YHUUTOXeHus. Pe3yabTar umeer Bua

&(x) = 2 CM(x)a,+ F TP 0z

T/le oneparopbt @ # @ MOLYT COBNAAATh MJM HE COBHANaTh. Hanpumep, ecim
10/ @ OTOXAECTBUTD C KBAPKOBBIMU MOJAMMU ¢ , TO UX pasjoxeHne uMeeT BUA

-1 P s
100~ 5 5n 2 [ 355 (e 7 up.ya(po) + €70 p,0)a* (pay),

TAe u M v — OGbIMHbIC [MPAKOBCKUE CIUHOPHL, A a +(at)
vacTull (anTudacTuu). BuxoBckoe npoussefenne : G

TIepeCTaHOBKON! BCEX ONEPATOPOB POX/ECHHT JieBee B(‘)
uust. [lpu nepecranos:

— ONEpATOPbl POXACHUS
(24)®, (x, ): nasyuaeres
€X OMePaTOPOB YHUUTO)e-
aX YUMTBIBAIOTCA KOMMY TALMOHHEbIE (SHTHKOMMYTaL

" THKOMMY TalHOH-
HblE) COOTHOWEHUS MEX/ly BO3OHHBIMM (q)epMMOlleIMM) oneparopamu. B pesyn-
Tare NoAyuaeTes ‘

{Cix ) C§(xy)a,a, + T

o

C

+C(x ) C§ N x0)a ey + (51)

V()T (3 0

3nech & = 1 aast hepmmonoB i & = 0 g9 5030HOB.
06061enne OrNpeeNeHns BUKOBCKOTO npou3Beiennsd Ha DOALmes ux

MHOKUTENeH: D) (%4) ... D, (%, ): W Ha BUKOBCKOE Mpou3BeeHHe OT APYTHX
DU ANV I AT A Tozevefs o o [ . A 1 A A n PN - N

BHEKOBCKIAX NpOHSBSACHHN Tl 1 ( : By (xy ) Dy (x,)1) (1 Dg(x5)Dy(x,):): npous-
BO/MTCA HeflocpeAcTBenno. Peuent cocrout B crefyomem: noas pasaaramor no
ONepaTopaM pOX/IEHNHI M YHUITOKEHHUS ¥, YIUTHIBAT KOMMYTAIMOHHBIE COOTHO-
LWEHHs , NePEMMChbIBAIOT BhIDAXEHNe Tak, YTOOb! OMepaTophl POXJEHHS CTOSIM

Bee onepaTopoB YHUUTOXEHUS . *

HeTpymo no uyrs

TITPY A0 NPOBSPUTD, UTO BKOBCKO® NMPOMSBE/CHNE JOKAMbHBIX ONepaTo-
POB, B3ATBIX B OJHOA ¥ TOl e TOUKe, Toxe AoKambuo'!, T. e, ecum OfepaTopb
U1 sy Oy JOKQIbHBI, TO U BUKOBCKOE NIPOM3BE/ICHAE ITUX ONEPATOPOB
D0y (x)... 0,(x): ToxambHO.

-

Lme OAHUM B @&XKHbIM GBOﬁCTBOM BUKOBCKOIO npousBedenus ABASETCH ero
peryJsipnocTb. MubiMu caosamu, Aast mobbIX cocTosumuil a u b MaTpHyHbie 3Je-
MEHTbl OT BUKOBCKOTO I : :

poussefienus < al: O, (x,)... 0, (x,,): |b> fBasioTCa
pery AApHbIMI QYHKIMAMIA TIepeMerHbix Xy geey X0

Xponororuueckoe npouseedenue, umn T-npousgedenue, NOKAIbHBIX (31eMeH-

TAPHBIX UM COCTaBHBIX) Oneparopos O, (%4) -+ O, (x,,) onpefleasiercs caesyio-

Je-

B .

’Onepa'rop Oy (%) HA3LIBAETCA NOKANLHLIM, ECNM MPH NPecbpa3oBakkAX Myankape
O npecbpasyercA no hopmyne U(a,A)O, (x)U ™ (a, A)=Z P .(A) O (Ax +a)
¥ KOMMYTUpYET caMm C CO60M B pasnbiX NpOCTpaH CTBEHHbIX TOUKaX.

O6wme ceeneHna 17

UM 00pasom:
TO\(x)) . Ou(x) = T{O(x)) - - - O0,(x)}=(— 1)50,-‘(x,-|) o 0, (%)

B npaBoif 4acTi 9TOro BbIpaXeHus OnepaTophbi pacilONOXeHbl B TaKo# nocJae10Ba-
j
TEJbHOCTH, YTO UX BPEMEHHbie apryMeHTbi yIOBJIETBOPAIOT YCIOBHIO x191 >
>,acf’2 ... »x? , anapaveTp 8§ paBeH WicJy MepeCTaHOBOK MH/IEKCOB, COOT-
n :
BETCTBYIONHX (PEPMIOHHBIM ONEPATOPaM, 'KOTOpbIE HEOGXOMMMO BBIIONHATD, YTO0bI U3 HCXO/:
HOW MOCJENOBATENLHOCTY 1, « .\, 7 COCTABUTD MOGHEOBATENLHOCTD fyeee, t,. Vinaue roso-
pil, XpoHoaoruueckoe npou3sefenie TO, (x,). .. 0, (x,) MOXHO MONYIMTH, nepec-
;
TaBAAs OMeparopbi TaK, YTOGBl KX BpEMEHHbIE apryMeHTbi 0Gpa30BbIBAIM HEBO3-

VHEMLIN AT mon SMone RONAFUmSTITEnT
ThiBad fipH 3TOM KOMMYTALMC

pac ,
KOMMyTallOHuble) COOTHOMLISHNHS s GO30HHBIX ((pepMIUOHHEIX) OMepaTOpoB.
Hanpimep, 11 IBYX COMHOXMTeNeH 4, (x ) 1 g, (y) nalydaem

=
D

Tgy(x)4x(¥) = 0(x" = y9)qu(0)g2( ) = 8(¥° = x)q2()qu(x)

e
Wani

Tq,(x)By(y) = 8(x° =

Y)a1(x)Bo(y) + 8(y° = x*)Ba(y)g:(x)

CuaellyeT MOMHATD, yTo D030HHbIe ¥ QlepMIOHHDBIE ONepaTopbi BCEraa KOMMY TH-
PYIOT ¥ XPOHOJNOTMYECKOE NMPOUBBE/ICHHE OMEepPaTOpOB PEJA TUBHCTCKY MEBApH-

aHTHO.

S -MaTpulia npecTaBser coboil oneparop, nepeBojd Ui BEKTOPb, oTBeYa-
e cBoDOIHbIM COCTOSHUAM CUCTEMBI B MOMEHT BPEMEHH { = — oo, B BEKTOpPHI,
oTBevae cBOOOHbIM COCTORHUAM STO!l CHCTEMbI B MOMEHT BPEMEHH ¢ = + oo,
S$-Marpulia MoxeT ObiTh MOJydyeHa U3 Jarpamxuana B3auMogeficTBus npu nomo-

v dyanaey mer M
1 OOpMYy.Jibt M

§ = Texp i)ra”’x _z”ir;'“(x). (2.1 a)
3pech fl‘;"m (x) ~ Jarpamxuax B3auMOAeACTBNS, BbIPAXKEHHbIA Yepe3 HOPMAJIbHO
yROPAOYEHHble IPOU3BEICHNA [0Jefl, ¥ 10BIeTBOPAIOWMX TeM XK€ KOMMYTalMOH-
HBIM COOTHOIICHUSIM, 4TO U ¢60000%bie MOM. XpOHOJOrUUeCKast SKCHOHEeHTA
npefcTastieT coboi GopmMaibHOe BbipaxeHue, GakTHICCKU OnpejelsemMoe pas-
JoXKenueM B pAa:

S= Texpifd‘x_/',%.(x)

1+ ifd“x_/f,’“(x) +oe
# D fdt T ) L) (2.10)

YacTo BMeCTO MATPHUHBIX 9JEMEHTOB S -MaTpulibl Oy lyT paccmaTpuBaThcst Mar-
DHUHBIC SJEMEHTbl TOKOB (1JM [IPO/3BE/IeHHl TOKOB), @ TaKXe MaTpPUUHLIC 2.ic
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MEHTbl COCTaBHbIX OnepaTopoB 6osee obuiero Buja. Vix Moxuo MoJyYuTh, BBeJsd
it [

B Jarpatxyad B3auMoAeUCTBus £ int BCHOl:lOI‘aTeJIbele YJEeHbl. l'lpeunonox(mm,

Hanpyumep, 4TO pacCMaTpPUBaeTCH MarpuyHbii 3JeMeHT Buia

al TI(x)T3(p)|b), (2.2)

rjeJ — caabble Uy JeKTPOMArHNTHbe TOKK (cM. dopmyay (1.6)). [as storo
samet sarpankuan £, crenyiomum eipaketnen:

Zh= L+ T, (X)D1(X) + Ty (x)(x), (2.3)

B KOTOPOM MQJist ¢ HBASIOTCH ¢ -UMCJIOBBIMY BCIIOMOraTe bHbIMY nodsamu. Pasaa-
ras B paJ, noayyaem

= <elby + ol [ 009+ SIE0r (0| 165
R +;;_';<a[fd‘x1...d“}c,,T
X {f},’,,(xl) + ghﬂ(x;)w‘(h)} X
X r-lﬂi%t(xn) + zj,".i,-,";\(x,,)@"(x,,)}lb) +eee
Tpeanooxum, uro nos ® OeckoHeuHo MaJmi, u coxpasum B

Haetibl nopaka O (¢) u O(q2). Mocaeaume umesor Bij e el
F <aUrd‘ix1 .. d“x"%: TLUx) - [Z8)] ...

X[Zax)] ... _/i?“(xn).]f’"(x,),]g(xj)}b»{‘(xi)ﬁ()g,);
Bech cumpoa [£] osmavaer, uro wgen,

ChIBASI MOJA ¢ B Byje %, (x)
&, U €, MI‘IOJ[aFa.ﬂs, =g

3aKMOueHHbIR B ckoOku, omyuwen. 3anu-

=e;,8(x ~y;), anddepentnpys no nepeMeHHbIM
2 = 0, nanysaem ypasuenve Mena-Manna — Jloy

AP = g5 s
X {a|Texpi d“z{fx?n(z) + E-’.g(l)tﬁ,)‘(z)} 5>
N go ;—’;<a|fd‘x, e d%, TN ()

X LR P W) B> (2.4

Obume caeaeHun 19

Jas Toro uTobbl NPUPaBHATD NPaByl0 4acTh (2.4) maTpuuHoMy 3JemenTy (2.2),
Jyenobaopana GopMy.aa (dokasannas Boronobopbm u llupkoBbivM [45], cM. Tak-
xe § 39 u 42; onpeledenye QyRKIMOHAIBHOK npouzBopuofi Jaxo B MpuioXemmy 3)

82s,
—_— = TI{(x)W3(p)- 2.5
5o (9862, FEE0) (2.5)
=0
PaceMOTpHM BOMPOC ¢ PEATUBHCTCKO MHBAPUAHTHOCTY 1 YHUTAPHOCTH S-mar-
puupt. Ecu onepaTop U(a ,A) 0CYIIeCTBAeT HEKOTOPOS npeobpa3osanue u3
rpynmst [lyankape, To IQLKHO BHIIQIHATBCH COOTHOLIEHNE

(e \Y=S (2.6)
(&, )= 23,

M3 KOTOPOro ClefyeT, 4To S-maTpulia npefCTaBideT COGOM pes TUBHCT CKH
MHBADUAHTHBIA onepaTop. S-Marpulia ABAAETCA TAKXKEe YHUTEPHbIM OmepaTopom:

rae MarpuyHble SJeMeHThl <a ! fT! bh> npejcTaR NS0T CcoBOil Tak HABKIBACMVIO

y
aMIIMTYly Tepexofia CUCTeMbl U3 COCTOAHUA |a> B cocTofHue | b >, moayunm
u3 (2.7) coorHowene 1 oneparopa J

Im¢al 7S = L S (ol T 165 el T o> e, (2.8)
] [l d N\ 1% /7N i \

2 g

alle

OTHOIEHNIO K obpauienu:o Bpemeu.) [Ipyu pasioxenuy Jepoii u npasoil yacrei
(2.6) u (2.8) no CTeleHAM KOHCTAHTbI CBA3Y g B KaX/IoM IODifIKE TEOpHH BO3-
MyIlieHuii BO3HMKAIOT onpefeieHHble COOTHOWEHUA. B culy Jmueitnocty ypasre-
Hue (2.6) coxpausier cBoi Buj B KaXJA0M MOPSJIKE Pa3A0XKEHUs] N0 KOHCTaHTe
cesisy g . HesmuedtnocTs xe ypasHenus (2.8) mpuBOIMT K CMelKBAHMIO UEGHOB
PasHOro mopsfxa MalocTy M0 KOHCTaHTe cBsi3u. Hanpumep, ec/m HanucaTb

o«
T =83 8T,
n=0
TO, OrpaHM‘lMBBHCb YJeHamMmu BTOpOrO nopﬂm(a ManocTy no g, umeeM

3 S (el bl "

+ (| T a|b>{c| T ol a>* . (2.9)

INQAArajach WHBADUAHTHOCTD S -MaTPUIbI

Im{ a7 |b) =

+<e| T\ |bX el T lad*}
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3aBepunm KpaTKuii 0630p OCHOBHBIX BONPOCOB TEOPUM, N0 BBEJIEHEM P ¢-
OYXYuouHoLT coomuouenuti. PACCMOTPUM aMIIMTYZly pacCesHud, Hanpumep Aas
npoueccaa +b »a +b’,riea na” — 6O30HLI, ONUCBIBAEMbIE TSI MK
9, M9, . AMIIMTYAY paccesinus MOXHO 3alKCaTh B BuAe

(a',b'|S|a,by = lim {a’,b',t'|a,b,t).
>+
> -0

Ecan uepes p; 0603HaUMTDH UMIYJILC YACTHIB i # UCHOJb30BATD dopmy.ay
(MopoGHbIA BHIBOJ PEAYKIMOHHBIX COOTHOMIERUH COAEPXUTCH, HalpuMep, B KHUre
Boépkena u /lpeaaa [ 40])

Tios i (= —in
1

at(py= lim n.”\
a (pa)= tm —leaxe o0 * (%),

X (92 + m)a', be; (x)]®).

Mui ve 6ynem ebiBOaMTDL PENyKUMOHHDIX COOTHOLIEHNI Wi BbIMCHIBATD MX TOHBI
TafRan s o8
HaO0P, KOTOpb MOXHO HallTH B KyuUre [ 401, o TIpUBEJEM , JlMII.Ib HECKOJbKO TH-
THYHBIX NIPUMEPOB MX UCTIOAb30Banks. Ecum kpoMe 6030Ha a "penymposarb”

TaKkxe 6030H a °, TO noayuaerca cooTyomenne
. . ‘. .
ST = L =L [ty
@ny’? Qam)? Yjaye

X (8 + md) (3 + mXE| To, (9o (x)|b).

B pesy.ibrare npuvenennst pe/yKIMORRBIX COOTHOWEHMI B KOHEYHOM cueTe Mo-
Jyuaem Qypbe-o0pas OT BaKyYMHOrO cpegsero T-npousBe ieHus YeThipex ome-
ParopoB moJeit

01 Tou ()b (2)es" (X)5™ (w)[0.

Obobuierne sTolt mpoueaypst Ha cJlydait CIMHOPHBIX yJm BeKTOprI;( noned
TpOX3BOAMTCA BeCbMa NPocTo. Hanpumep, samenss ckaiipuyio 4acTuuy 4 Ha
bepMuoH ¢ umIy Ibcom D, ¥ CIMHOM O ¥ 0003HaYaA COOTBETCTBYIOLEE emy
noJie OYKBO# y , MoJyyaem

a',b'|S|(pa,0),b) = (277—‘)3/2 f d*x(a, b1 ()| bY(18 + m, Yu( p,aye =P~

Haxoner, nepersem k Teopeme Buka. Boipaxenust tuna (2.16) no3soustior
BBIYHCJMTD B KaX/AOM NOPAZKe TEOpHn BO3MYLIEHMH IJeMeHTHI S -MaTpuilb!

O6wme caeaerun 21

(MM MarpuyHble 3JeMEHTHl TOKOB i I'PHHOBCKHE byukimu). [1pn sT0M HCTOAB-
3yercs Teopema Buka. PaCCMOTpuM XPOHOJIOrMUECKOe NPOU3BE/JeHne ABYX CBO-

XUTh M0 ONEPATOpam
Gogubix noaelt TO 9 (x,)q; (x, ). Tlona ®; MOXHO Pa3JIOXy 0 Ofeparop:
POX/ICHNA 1 YHM‘-ITO)KeHMH TaKoe pas3foxKeHue uvMeeT BUA

1 (dk
i(x) = @r )3/2 2%°

x 3 {e7* ¢, (ko)a, (ko) + e* *¢_(k,a)at(k,a)},

rzie o 0603HAYAET CIUHOBOE COCTOSHKE, §, — COOTBETCTBYWIlie BOJHORbIE
bynkipm, @ a, u a} — oneparopbi POXACHUA M YHHUTOKEHUT yacTul (+) #
anTmuacTan (—). KoMMyTallioHHbIe COOTHOLEHUS MEX [y Omeparopamu {ciim-

son[ , 1 s bepMUOHOB JOJKEH UHTEPNPETUPOBATHCH Kak AHTHKOMMYTaTop)
BOM:

UMEWT Byl

[a. (ko) ai(k,a)] =28,k (k k),
[a,,aZ]=0;

0-
OHM MOryT ObiTb UCIOJb30BaHb! 144 NPOBEPKY TOrO, YTO pa3HOCTb MEeXIy Xp

HOJOI'MYECKUM U HOpMaJlebIM npOMBBe,ELeHmLMM Ulll:‘pd.lUyUD
DY(x )P (xz) — Y (x )P (x,): = (l)(xl)‘l’g(h)

npeacraseT coboit ¢ -uncao, HasbiBaeMoe c6epmxoii. Otciona BUIHO, 4TO
CBEPTKa COBNajaeT ¢ BaKyyMHbiM Cpefuum oT T-TpousBesienns (nponaamopox):

Bi(x)P3(xz) = <O TRY(x))BY(x){0) = THY(x)BY(x2)Do -

TopTopsis 5Ty MPOUE/YPY MHOrOKPATHO, CKAXeM /LI BhipaxeHus (2 1), moay-
4#M, YTO XPOHOJOrMYECKOe NPOUBBECHHE Tf o ntooo f;’nl MOXHO 3amucarb B
Bu/e KOMOMHAlMK CBEPTOK, YMHOXEHHbIX Ha HOpMaJ[bHO YTOPAOUYEHHbIE NPOU3-
Be/leHyst OnepaTopoB. 310 yTBepX/IeHME i COCTABJAET COMIePXaRue Teopembi
Buka. MarpuuHbie 9JeMeHTbI OT 9TUX BbipaXeHuit Jerko BbUUCIAITCH, M i
Kak JOT0 WIeHa PazIoKeHus S -Marpulibl o Teopun BO3MY lieHHi oy daeTcs
BIIOJIHE Onpe/eJennbiii pesyabrar. PeliuManoBckue npaBuia marpamMmuoi Tex-
HMKH aBTOMATHYECKM YUMTHIBAIOT BCE YIIOMAHY Thie Bbile TPeBOBaHKA 1 MO3RO-
JAI0T OPAMO 10 COOTBETCTBYIOWMM (efiHMaHoBCKMM rpaduxaM 3amucarb OKoH-
daresbubiil pe3yJbTar. IIpaBuia puarpaMmuoit TeXHUKK 4JS KBaAHTOBO XpOMO-
AMHAMUKK TpUBEAenbl B npuioxernu I' (cM. rakxke § 42, B KOTOPOM HexOTOpbIE
U3 HUX BBIBOASITCH).



I'naBa II

KBAHTOBAA XPOMOAVIHAMUKA
KAK TEOPVA TM10OJ4

§ 3. Kanu6poBouHan HHBapHaHTHOCTL

PaccMoTpum noas, Beefennble B ni. I npu noctpoenmn KX/, a umenno
LUBETOBO! TpUnJeT KBApKOBBIX Mojell g (x) A1 KBapka Kaxjoro apoMara u
OKTeT IJ0oHoB B (x ). KBapkosbie 105 06pasyloT QyHAaMeHTa bHOe IPeACTaB-
Jenme rpynibl SU(3), T.e. ecom U — YHATapHAA yHUMOJYAApHAA MaTpulla pas-

enuoctu 3 % 3, To noas nl nneofnanvioTed no rhnnM\l ne
MEpHOCTH & X ¢, TO QM npeolpasy0TCH 1o PV

U d(x)=> S U, a%(x)

q (.X)"zkd ujk k)()

JIiobyio Matputly U rpynmbl S U(3) MOXHO 3anucaTh, UCXOAA U3 BOCbMM reHepa-
TOpoB aJrebpbl Jlut? (MaTpuipl t? npuBefexbl B puaoxenuu B), B Buge

Tle 8, — napameTpel FPyNmbl, a MHOXHTeNb ¢ BBeleH s ynobcrsa. lipen-
CTaBIAS TPMILIET ¢/ B BH[IE TPEXKOMIOHEHTHOrO CTQAGNA, M0JyYaeM cleyIOlyo
Gbopmyay npeoGpasoBanmnd:

9(0)> Y (x)

[Jast noneit 15 . . «cuedunensoe (pasmeprOCTH 8) npeicTagJe-
HMe Tpymibl SUE). 1 ump.uopmm pynibl N U(d) Ha 3ToM npe,uc’raaﬂel-mu 6yayT
arpuiiel G @, MarpUUuHble SXEMEHTbl KOTOPBIX MMEIOT BUj c? be = —ifape (3HAYS-

HUA KOHCTAHT f,p . TPUBE/IGHDI B IPUTOKEHAY B). loas B npeobpasyiorcs 1o
dopmyae
B*(x)—> e B2UCBr(x),

EcJu napaMeTpsl TPYMIbl 6, 1pe/iCTaBJAI0T OO0/ KOHCTAHTHI, He 3aBUCA-
mue oT npoc'rpaucmeuuo-spemeunon TOYKM X, TO Jarpamkuas KBaHTOBOA XpOMO-

[IMHAMMKM, BHIIMCARRBIA B 1. I, oka3blBaeTCd MHBAPUAHTHBIM MO OTHOMSHHUIO K
1 =
1206 abnbiM npeobpasoBanmuam rpymibl SU( 3)1?. Oauako, KaK Mbl SHaeM U3 KBaH

1) [1peo6pasoBaniA Ha3bIBaloT FMOGENLHBIMA, €CMM onp LME MX napameTpbl
pYANBI NPEACTABNAIDT COGON KOHCTAHTS, HE SBBUCALIME OT MPOCTPEHCTBEHHO-BpeMeH-

HOW TOUKM x . — [TpUM. nepes.
.
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roBolt snexrpommamvyxu  (KI/1), 31 npeobpasoBaHus oIeHO 06oBuMTb Ha Cay-
uajf, KOrfia iapamMeTpbl Ipymmnbl 8, (x ) 3aBUCAT OT NPOCTPAHCTBOHHO-BPEMEHHON
TouKu x. Tlpu 9ToM (n0KaNbHEIE) KaAUOPOGOUNDLE npeobpasosanus ONPeneIIIOTCS
B BUJle

g(x)—> e B (x), (3.1a)

Ananornyso obobuatorcs obblunbie npeobpasoanmi K3/ aus kambposounbix
nqaei:

B*(x)—> e“‘xm'(")caB"(x) — 3% (x), (3.16)

WM B Gayuae unQUEMTESUMANbEBIX NpeobpasoBaHuil 6

a/(x\—>q x)— ,gz‘:ga/x)tquk<x)’
B () BE(3) + 8 L) BE(x) = 94, (x), (3.18)

B namueifwem 6y feT npenonararbcst MEBAPMAHTHOCTD darpanxuana KX o1-

HOCUTebHO npeobpasosanuii (3.1) (s neﬁcTBu'reJleocm Jarpanxuan (1.11)
ofaanaeT oTHM cBOACTBOM 10 NoCTPoeHNio). JT0 TpeGUBAHME NPUBOMAT K TOMY,
UTO NGAS B NarpankuaHe NOSRIAIOTCA B CTPOrO ONpefieNeHHbiX KOMOUHALMSAX.
U3 nqcneqyomero paccMoTpenns craseT scHo, yTo Aarpamkman (1.11) spaser-
cs hakTuyecku Haubonee obumm narpankuanoM, MHBADHANTHHM HO OTHOIICHUIO
K npeobpasoBanmusim (3.1) 1 ne conep)l(aluum KOHCTAHT Pa3MEpHOCTH MaCChi B
ompuuameAbR oL CTeneki (Cp. ¢ § 38 u Gaefylowumy 3a BUM naparpadamu).

PacemoTpum, Kak 1pu kambpoBounbix npeobpasopanmix nipeobpasy 0T cst
TPOU3BO/IHbIE OT N0JIel, HanpuMep pousBoakas IH g (x ). U3 (3.18) BhTekaer
caefylommil 3aKoH Mpeobpazoranus npoussoHof:

Me1 BumM, uTo ona npeoBpasyeTca unaue, yem camu noasi . T peboBanue uHBa-
PUAHTHOCTH JArpaHKMaHa 10 OTHOWEHMIO K KaGpPOBOUHBIM NpeodpasoBanmm
ApUBOUT K TOMY, YTO BCE NIPOU3BOJHBIE OT 1QuEH JOJKHBI OSBASATLCH TQILKO
B KOBapMaHTHbIX KOMOMH almsiX:

Dt/ (x) E% {«Sjka" - igg B:(X)’fl}q‘(X): 3.2)

3pech DM — TaK HasbiBaeMas (KaMGPOBOUHAR) X06apUaNMKGR npoussoduas. Jler-
KO [loKa3aTh KOBAPUMAHTHBIA XapakTep npou3soAnoil D M. C ucrnoabzoBanueM Mar-
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puunbIX 06o3HaueHuii npeobpa3oBanue Ans KOBapUaHTHO! mpou3BoAuoit DHg (x)
umeeT BUA .
DHq(x) > drq(x) — ig 2 1%B.(x)34q(x) — ig 217 (30, (x))q(x)

— g7 3 BE(x)1tBy(x)q(x) — ig L B(x)1°q(x)

=i 3 furet By (¥) BE(X)q (%) + ig 3 (8"0,(x))e g (x). (3.3a)

Yuurbisas paBeHcTBa
1P =10 (10, 08] [0 =0T

NpaBy10 uacTh Bbipaxemus (3.3a) 3amimem B BUfE

IBAET KOBApHaHTHbIA XapaKTe,

OK
DHg (x). AHalOTHUHO K06 apu anmuvli

(D" X B*), =G =03*B} — #B* + ¢S [,

Teneps moxuno 3amucars narpanxuan (1.11) B

aHXuan (1.

¢opme. Onyckas mmél(c KX/Jl, i narpamxuana £ nqn;;qaém B;:Ii)él);;e;l;;ev
< =S {i@(x)Pq(x) = mg(x)q(x)} = 3 (D X BY. (3.5)

Ynet ¢ (D x B)? mpefcTaBiser co6oil COKpalEHnYI0 3aMiCh JarpaHXuana & a.uu6-
DOGOUNDLEL ANL-MUALCO6 CHUT TIONEH:

(DX BY'=G*=3 GG

> e fYME——%(DxB)Z.

BaxuocTb cBoiicTBa KamOpoBoUHO/ MHBADUAHTHOCTH  3AKIOUAESTCS B CJSAYI0-
meM. Bo-nepBhIX, KaK CHO U3 [0Ka3aTeJbeTBa cooTHowenus (3.3), ono Tpedyer
YHUBEPCAJBLHOCTY KOHCTAHTH! B3aUMOJEH CTBUS, T.e. OJHA U TA Xe KOHCTAHTa
CBSI3M g ONMCHIBAST B3aUMOJIefiCTBHE KBApKOB C [IOOHAMM 1 CaMOfeiicTBuE TOC-
nemmx. Bo-Bropbix, Kak nokasai T XodT [ 2481, neabeena Teopus nepeHOpMuUpy-
ema TOJIbKO B TOM CJlyuae, ecJu oHa KaimOpoBouHO-uHBapuanTHa. Hakowuell,
p-rpersux, Koyumen u I'poce [ 73] nokasam, uto mossxo neabesena Teopus
Moxer 06JafaTh CBORCTBOM acHMIITOTHYECKON cBOGOIDI.

Ha nepBbiit B3N KaXeTcs, 4TO Bblpaxenue (3.5) MoxHo cdopmympoBarb
HA KBQHTOBOM 53bIKe, HENIOCPEICTBEHHO UHTEPNPETUPYS KAACCUIECKUE TIOIS
Kak KBanToBble. OIHaKO U3 KBAHTOBO JJIEKTPO/MHAMUKY USBECTHO, 9TO 3TO

1
) Ouesupna ananoruR Tensopa GHY ¢ TEH30POM HANPRKEHHOCTH SMEKTPOMArHUT-
HOro nonR FHY = gH AV « gvVak.
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e Tak. KambpoBouHas MHBADUAHTHOCTb TPUBOMMAT K TOMY, TO 1O/ B onpe-
[eJeHbl He OfIHO3HAUHO, TAK KaK MOXHO BBINOQJHUTD npeobpa3oBanus THIia Tpe-
obpasosauuit (3.1), KOTOpble MEHIOT BUJ KOMMYTAIHOHHEIX COOTHOLIEHUH.

370 NPOUCXOIUT NOTOMY, YTO UACTULR!, COOTBETCTBY I0LE MM B, oGnajas
HyJeBOil Maccoit, UMEIOT TOJbKO /IBe CTeletu ¢B06OIpl, TOM/Aa Kak camu 1ot
BY uMeIT ueTblpe He3aBUCUMble KOMIIOHEHTDI. Jlast Toro uToObl BHINOJIHUTD
KBaHTOBaHWe, HyXHO BbIGpaTh onpe/ieeHtble NpeCTaBeHys Kaxioro Kaamo-
poBouHOro KJacca (furcuposams %a1u6posxy), UTO SBHO HAPyWaAET KamOpo-
BOUHYI0 WHBAPUAHTHOCTb Teopuu. Tlo cpaBHenuio ¢ abeseBbIMU TEOPUAMYU, B KO-
TOpbIX KBAHTH! Ka/MOpOBOUHOro MOJA He B3aumopelicTBYI0T Mexay coboit, camo-
NelicTBME TIIOOHOB MPUBOAUT K JONOJHUTEIbHbIM TPYAHOCTAM. Tax, Hanpumep,
JOpEHI-KOBapUaHTHBIE KaMOpOBKU TPeOyI0T BBE/IEHUs BCIOMOraTe bHbIX Hebu-
auueckux nofeit!) (0y£08), KOTOpble BOCCTaHABIMBAIOT KaJMOpOBOUHY 10 KHBapU-
mrapuocth. C fpyroil cTOPOHbI, MOXHO BbIGDPATh KaaOpOBKHU, CBO-

cualbhble KalMOpOBKK), HO NP STOM ABHO HapyllaeTcs

BHTHOCTL ¥ YHUT
!

Gogmble OT AyXoB (aK
JIOpEHL-YHBAPU AHTHO!
TIpexX/ie YeM paccMaTpuBaTh KBAHTOBY! TEOPUIO, sl OMHOTBI HIOKEHUS
BIMMLIEM YPABHEHUS IBIKEHUS Il KJIACCUIECKUX TIOJER, COOTBETCTBYLNME
zarpamxuany (3.5). Vpapuenud JIBuxenus Jitnepa — Jlarpamxa am noust O orn-

PeIeSIOTCA W3 YGJOBUS CTAIMOKAPHOCTH Oedcmeud @ = fd*x£(x), koTopoe
3amMchIBaeTCd B BUJE

g 3L _3ZL.
h AR By Ad
33,9 9@
W, CICLOBATEbHO, B CJyuae Jarpanxuata (3.5) NpuBOMMT K CJEAYIOLMM ypaBte-
HUSM JBVOKEHus [Jis 1oJei g u B:

—~—————

I Fm) =0, (B -myg(x) =

<

>

G! (X\‘i' £ n w

A N YW ~ s 0o oy
2 Jabe Bpu(X) G (x) = 0. (3.6)

e

§ 4. KaHoHHueCKOe KBaHTOBaHKHe, PuKCaUHA KanuOpOBKH, KOBapHaHTHbIE
KanuGpoBKu

TMonbiTaeMes NPOKBAHTOBATD £60600nble D IIOOHHbIE n0JA. Jlarpamkuan
(SHI-MUJJICOBCKHI) st cBOBOAHOMO [IOOHHOTO 10JS UMeeT BU/

L= -5 SCPGY,

G =3"BY — ¥BX ; UR)

n Cneuduueckue KanubpoBKiu C RYXaMW MOXHO NOCTPOUTL W ANR abenesbix TeOpUN.
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37ech nuaexc 0 oBo3nayaer cBobozble moasl. Bhipaxenue (4.1) aHagoruuno Jau
pamxuaHy, omMchiBaloniemy Bocemb HeB3aMMOEHCTBYOWMX 3JeK TPOMArHUTHBIX
noJeit. Ono MHBAPMaHTHO OTHOCUTEJLHO £606001bI% KaIuGPOBOUHBIX Npeobpaso-
panuit:

B> B — 34, (4.2)

PaccMoTpiM TpobJieMbl i IPeUMylecTBa, CBA3AHHDIE C KaIuGpOBOUHON UHBapH-
AHTHOCTBIO. B citaly Toro uto moss B ompefieJetbl HEOJHOSHAUHO, HEBOSMOXHO
HENMOCpeICTBEHHO IPOKBAHTOBATD JarpatkuaH (4.1). B camom feste, npefLoo-
KM, 4TO iR STOPG NPMMCHAETCH CTaHAADTHAR MPOUSYDA KAHOHMYECKOrO KBaH-
ToBamis. Onpeie M MMILY AbChl, KAHOHKYECKH COTPSKEHHbIEe MM B_: . Onyc-
xas unpgexcbi 0, 0bo3nayaomue cBoboarbie NV, AJS UMIYIHCOB T MOJIYYaeM Bbi-

(4.3)

13 KOTOpHIX BUJHO, ©TO HYJeBble KOMIOHEHTbI HMIYIbCOB w2 (x) TOXaECTBEHHO
o aer ot parara AOTACLID G IOMOS

paBibl HyJo. Kanonutecnue noMMYmaioNivie COOROHEHtR SATACHEAIOTOR
B Bume

[m2(x), By (p)]8(x° = y°) = — ibug8™8(x = y)- (4.4)

HyJieBbie KOMIOHEHTbI noueit B2 (x) KOMMYTHPYIOT CO BCEMH ONEpATopamMu U,
TakuMm 06pasom, ABAKIOTCS ¢ -YHCIaMU.

B sTom cAyyae #MelTes [1Be BO3MOXHOCTH. [lepsast cocTouT B BHibOpE Ta-
Kol Ka1bGPoBKU, B KOTOPOH OTCYTCTBOBAIM bl Hedu3MUECKHe cTemenn cBoGo-
1. Ho mpy 5TOM SIBHO HApYWAETCH JOpEeHI-iHBapiHaiTHOCTD Bropast BO3MOX-
HOCTb 3aKJIOYAETCA B TOM, YTOGb BCe KOMIIOHenTb! moaeli BH paccmarpusath
emoo0pasto. [Tocxonbky npi I70M COXpAHSIOTCS HetuaMuecKue cTenety CBobobl,
BO3HMKAET HeobXoauMMoCTh BBeIeH!sl IPOCTPAHCTBa C nugeuHuTHOA MeTPUKOH.
Ors0xiM o6cyxaenme Qusndecknx KamOpoBOK 10 caedyiouero naparpada u
DPACCMOTPUM KOBaPUaHTHbIE KaMMOPOBKIL-

Kax U3BecTHO U3 SJNEKTPOMHaMUKy (Ha JaHHOM YPOBHE U3J0XKEHUs pas -
upit mexy KX u K3/1 ser), Heab3st HAAOKUTD JOPSHLSBY Ka/uOpoBKy Bulla
6,BY = 0 ¥t COXpaHUTDb MPU 9TOM KOBAPUAHTHLIE KOMMYTALMOMIILIE COOTHOWSHHUH.
TTo9TOMy IPUXOFUTCH OTKA3ATLCS OT PACCMOTDEHUS COOTHOUCHUS 9B = 0 xaK
oneparopHoro ypasuenws. Beliem npocmparcms o T'ynmot — Baednepa Xgp - B
KoTopom cooTHowexye (4.4) MPUHUMAETCs B IPUBE/ICHHOM Bblllle BUAC. Tokaxem,
UTO 9TO MPUBOMUT K BOSHUKHOBEHUIO B IPOCTPAHCTBE A ;g nunedunmutHOA Met-
puict. Hasoem qMauueckumy  BexTopbl, YAOBJIETBOPIIOMUC YGJIOBHIO

(P[0, B (x)| > = 0. (4.5)
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EcJu Tellepb IPUPABHATE APYT APYrY BEKTOpH!, pa3/mualouyecs Ha BEKTop
nyJesoit HopMofi, T. € IPYHATD
B>~ Do = P> + [, (4.6)

rae < ©© @ 0> = 0, To Mbl MOJYIMM [POCTPAHCTBO PUBMYECKIX BEKTOPOB L.
Yrobbl cOXpasuTh COOTHOWEHIE (4.4), neobxommo MoubuuMpoBaTh Jar-
pamkuaH (4.1), nobasuB K HEMYy YaeH —(A/2)Z, (9, BY )? (Purcupyrouud Kanub-

poswy). Terepb BbIpaxeHme A7 rarpamxuaHa MpUHUMaeT BAL

L= — LS 6r6,,- 2 50,8 A7
4 o

Takas Mofubuxalys ne npuseeT X duauueckum GJIeCTBUAM, 10 Kpaiiue#t Me-
pe B caydae cBoGofmbIx nofel, TaK Kak MaTpUiHbe 9JIeMeHThl 100aBJISHHOr 0
afnamamrmoa o

yieHa o PUBMIECKUM BEKTOPAM B CHIY YCH0BUA {4.5) oSpauaioTes B 1yab.
VAMITY ThChi, KAHOHWYECKU-CONPSIKERHbIC N0IAM B, Tenepb MMeloT Bitll

af,(x) = G!°(x) — Ag"%3, B} (x), (4.8)

Vi HM OJIHA 3 MX KOMIIOHEHT He o0pamaeTcs B Hyb. CleloBATENHHO, MOXHO COX-
panuth cootnomenue (4.4) 6e3 n3menenuit. Ho Tpy 9T0M BOGHUKAET MHACUNHITHAS
MeTpuKa. PacecmoTpiiM, Hanp#Mep, coornomenue (4.4) npu p = 0:

Ala m N mrronlas N - . "
A9, B (x), By (1) ]0(X0 ~ Vo) = i8,580,84(% — ¥)- (4.9)
10 COOTHOUEHUE OKA3bIBAETCS 3HAKOHEONpeleJeHHbIM. Y106b1 yOe mTLCH B

s7oM, HepelileM B UMITY IbCHOE NIPOCTPAHCTBO. onoxumM KambpoBOYHbI napa-
meTp A = 1 1 BBEeM KaHOHIUECKUe TeTpafbl ¢ (P (k), cBDaHHbIE C HEKOTOPbIM

. CBETOMOJODHbBIM BEKTOPOM A

(0) — .
‘#)—6::0’

; A k= - ™ = 1 .
n=0, €72-k=0 i=12, ¢ ‘p"u‘%’

; (4.10)
DePr=—§,, i, j=123
KommonenTthl € {¥! (i = 1, 2) CoOTBETCTBYIOT Gu3NUECKUM YACTULAM C Hy,ieBo#
maccoft, e 3) pefcTaBiser co6oi MPONOJLHYIO KOMIOHEHTY, & KOMIOHEeHTa
£10) cOOTBETCTBYET OGLEKTY CO CTIMHOM HYJb - [1011 B MOXHO PA3MOKUTh MO Ofe-
paTopam poxzenus 1 yuuutoxenus. Takoe pagioxenne umeet Buj

- 1 _d_ki — ik xe(PYR( K b,k
8000 = oo f gy 3 (7 OUOD

+e* XePr(k)y*ar (b,k)). (4.11)
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Wcnodb3yst COOTHOWEHHA (4.4), nonyuaem cJejyiomue KOMMYTaloHHble COOTHO-
\weHus [Js OliepaTopoB ¢ ua™:

[a,(5,k), 3,7 (B, k)] = — g Op 2k 8 (K = &), (4.12)

3 KOTOpBIX BUJJHO, YTO BakyymHoe cpeduee < 0 lay(kYa} (k)|0> B paccmar-
puBaemMoil Hamy KaMuOpoBKke OTpullaTeIbHO.

Vicxona ns cootromennit (4.12), MOXHO BHUUGIMTD NIPONAraTop kamopo-
BouHOro noast B. Beeps oGo3Hauene

(TRE(BY(ONS, = DM (3
{TBH By (0o = Dl (x),
rmooHHulil IpONAraTop NpU NPOUZBOILHOM BHAUSHUM HADamMeTDa A MOXHO 3amy-

D (xy= b8, —1— [d¥%e %> -
@ amytY K+ 0

(4.13 a)

Allﬂ BaKyyMHOI'0 MaTpUYHOr0 3JEMEeHTa UCIQJIb30BaHO COKpameHHoe 0603Ha-
YyeHue

fg =<0z ... h0),

)
KoTOpoe GyfeT HeOHOKPATHO BCTpeuaTbCs U B JalibHefimem . Bbipaxenue A
nponararopa D MOXHO ynpocTuTb, BBeis obossavenne 1 — 1/ = €. B ummyabc-
HOM HpOCTpaHCTBe Bhlpa}KeHVle [Js npornararopa TJIIOOHHOI'O NOJIA UMeeT BUL
~g" + k[ (K + i0)
K2+ i0 '

Ocobenno mpoctoit arasierc xambposxa epmuu ~ Deinmana, KOTOpast CooT-
BeTCTBYeT 3HaueHylo napamerpa € = 0. MHoraa okaswiBaercs yaobuoi nonepey-
#naa xarubposna, nim % amubposna Janday, orBeuaomas 3Hauemio € = 1.

B peflcTuTenbrocTn Ann cayuas A £ 1 soipaxenme (4.13) no/kHO GbITH ro-
Jy4eHO HECKQJbKO MHbIM CIIOCOOOM, TaK Kak A4 Qu3MUecKnX 6e3MaccoBbIX
TJI00HOB e kM kV,/ k2 obpamaeTcsi B 6eCKOHEUHOCTD. ITy TPYAHOCTb MOKHO
00ofiTH, NpUIUCHIBAs [IOOHAM HEKOTOpYIO $uxTuBHyi0 maccy M. Torpa B um-

Ty JbCHOM TMPOCTPAHCTBE NpONnararop onuCbiBaeTCA BhipaXeHueM

—g"+ (1 =AYk J(KP = X7 'M + i0)

DY (kM=
b (kM) - M+i0 g

ab »

13 Koroporo B npegene M » 0 greayer sbipaxetne (4.13).
B KBaHTOBOM} 9J€KTpojMHaMMKe QOTOHB! HEe UCIBITHIBAIOT camofeiicTeus,
03TOMY B PaMKax 9Toil Teopuu MCIOJIb30BaHNe KOBapHAHTHBIX KauOPOBOK He
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GONPSAXEHO C AOMOMHATENbHBIMHU TPYAHOCTAMM W NPOBOUTCS HA OTMMCAHHOM BbI-
we yposHe. Ho B cayuae KBAHT OBOJl XPOMOJMHAMUKY CaMofieficTBHe TI100H0B
TPUBOAKT K gaibHeMM YCIOXKHEHM AM. 3T0My BOTIPOCY MOCBHAMEH Clenyomu i
naparpad.

§5. YHUTapHOCTb, NOpPeHUeBbl KanuGpoBiu, AYXH, hu3nYecKHe KanuGpoBKH
1. KoBapHaHTHble KanubpoBKu

CJeflyeT OMHHTD, YTO NPUCYTCTBHE B IPOCTPAHCTBE COCTOsHiM, B KOTOPOM
onpefeeHbi [0, HEPHEMUECKIX BOKTOPOD —MOMET NpUBECTY X HepYWIeHI0 COOTHO-
wenms yruraprocTn- Y closue (2.7) uan (2.8), Boipaxaionee YHUTapHOCTD f—
MaTpHIBl, ClipaBeAMBO TOIBKO B NPOCTPAHCTBE PUIMUECKUX COCTOAHUA - Ulni-

pejie i POEKTOPH! HA QU3UUECKHE COCTONHUS P COOTHOMEHMAMY

i

= 2_p+ =
P$ss=% P’=P*=P, (5.1)
venanua vmmaneaome (D7) wre (D Q) aiow s nanucarTs Bo BCEeM TNOOTRAUCTEE
yaaosus yrwrapuocty (2.7) uam (2.8) MOXHO 3amvcaTh Bo BCEM HPOCTAHCTBE
B Buje
.
(PSP)(PSP)* = P. (5.2)

Ec/u Jarpasxuad 9PMUTOB, TO S -MATPULA YHUTAPHA B POCTPAHCTBE 5((;3 , 0
3ToMy ycaosue (5.2) GyfieT BHINOIHEHO TOJBKO B ToM cliyuae, KOrja § -mMarputia
koMMyTUDYeT C onepaTopom P. B omucannbix B npesbiiyuiem naparpade kam6-
POBKaX 5TO COOTHOUIeH}e CNIPaBe/IMBO [i KBAHTOBOH 9JIeK TPOMHAMUKY 1 He
cnpasepmBo Al KX/, Tak Kax, 3a nckiwuenien qiyuadi g = 8, kambposounbie
npeoBpasoanus B KX/| MPUBOAAT K CamMofieliCTBHIO MI0OHOB. 3TO 03HAUAET, YTO
Jarpamxnan

£4=3 (ighg — mGq) — (DX B~ 2eBy, g=1-1/ (5.3)
q

IoMyueHH [06aRJeHMeM K BEIpaxenuio (3.5) diena, pukcupyioliero KaJMOPOBKY,
He T0JIOH, U ero CleflyeT U3MEeH!Tb.

Jlnst TOro UTOBbI MOHATDH, Kakue YJeHbl HeOGXOAMMO ellie BBECTH B Jarpanxu-
an (5.3), mpocJiem, KaK HapymaeTca COOTHOWEHKE (5.2) B uacTHOM GJayvae
Kammbpokn Pepmu — Peiinmana. Pacemorpum npotlece pacceAnys KBapka u
aHTHKBApKa BO BTOPOM MOpH/Ke Teopu BO3MYylLEHHH.

DefiyManOBCKHE [MArPAaMMBl, falowie BKJAa B 9TOT NPOUECC, NpUBeeHb
Ha puc. 1. Boluncienne auarpamm puc. 1, 6 6 HEGIOXHO; TDPYAHOCTH BO3HMK-
KaloT b npy 06paboTke marpaMMbl puc. 1, @ . Bofuciuv Marpavmy prc- l,a
B pocTpaHcTBe pasmepHocTH D (cM- §7), a 3arem nepelifem K dusnuecko-

My npegpedy D ~ 4. CooTseTcTByiomas aMnmTysa (CM. HanpasJeHUd UMIYAbCOB
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a
P
¢
Tl >
8
k+q
a, /’)\\ alu
q q
k
2 [

Puc. 1. Odnarpammbl gg-paccenrua (a8 — B), FMICOHHAA NETNA () U FNIOOHHBIA "ronosac~
TUK" (8).

Ha puc. 1, a)umee'r s 1)

—i ig”
T o= o )2 - Soue =2, qg oy, 0 E5(P; = Py), (5.43)
roe {
Mz(g)= —E 5 pompeee [ A% L
(L'n') K (K + q)
X {[~(@k+9)8p + (k — 98k + (29 + &) )a 8]
X[ - 2k + q)'g*F + (k— g)fg" + (29 + k)¢’ ”]} (5.4 6)

n J]uarpaMma puc. 1, g, vacto nHa3blBaeMan ri10OHHbIM "ronosacTMKoOM™, He faet

D, 2 -1
BKnafla 8 aMNIWTYAY PacCefnuA, TaK Kak 8 pasmepHoi perynfpusaLmy fd k(k“+i0)

=0(cMm.§7).
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Wcnoab3ys cooTHomenue Sff = 544 C, (cM. npuioxene B) u nponssess crau-

‘qapTHble BHIKJIA/IKH, NoJyyaeM M Tensopa T147# caeflyioulee BhlpaxeH#ne:

1l Q-

i_ ~1 2 _ [ _ 2‘1 2w
=3 Jodx(llx 11x + 5)log(—x(1 — x)q )qu

(3
Uy + 2 (Tax(=10x2+ 10x + 2
[ N+ 2 - [lax(=10x + 105 +2)

3
oonl e -
x10g\ x(1 x)q Jqq {9.5)
N.=2-y;+logdn, e=4- D0,

Ono pacxofurcs B npefiee e » 0, 1o nac celtuac 6ecroKouT He 9Ta pacXolMMOCTD,
CoOoTHOWEHHe YHHTAPHOCTH TpebyeT BuinoJnenus paseHctsa Im J= (1/2)FG+.
Ho Im J nodyuaercs u3 blpaxenud (5.4) 3amenoil Tensopa IMHa ero MummyIo
yacTb Im T1, KoTopasd, coriacuo (5.5), umeer Bug

22

ImII}(q) = q g,w 2

%0 Ca 55 29(‘1 (- % Car ), (5.6)

¥ KoHeuHa gaxe npy D = 4. Ona fookua ObITh paBHa BeJnuKHe (1/2)z, ousTle
Pus><c, ¢ous | g+, T.e. KBagpary aMImMTy bl ipoliecca 99 » BB ¢ gﬁusu’resc- ’
XuMy raoonamu BB (puc. 2). Menoansys npapuia Peiiumana, Jerko Bugers, uro
BblpaXenue [/ TaKo# aMILIATY/bl aHaI0MMYHO Bhipaxennio 1 Im J'c 3amenoit
MHMMO# YacTH MoJAPU3ALMOHHOTO OllepaTopa Imﬂ 22 (g ) Ha KOMGHHAIKIO

8.C. N oAtk k. cwm m \SRL L .o PPN
A e e %25 MH ) (R Ry 5, Th), (5.7 a)
kitky=q
i a 73
NG yd By B

PUC. 2. MAHMaRA 4acTb BENHUMHLL J .
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rlie napamerp 1 = + 1 ofosuauaer usKUECKye SHAUCHUs ChupalbHOCTeR NI0o-

HOB, a QyHKIMK @u UMEIOT BUJ

(g + k), g + (k2= kl)”gaﬁle;‘(k‘ syl (ke am).
(5.76)

3nech €, — BeKTOD MOJAPK3ALY MCIYIUEHHOrO hUBHUECKOrO NIIOOHA, 3afiaHHbiR

Bmpa)«eﬂuem

(k ,7) ‘/5 {i(l)a(k)_i_ me‘z)"‘(k)}

_ J -
At =[(k +q), &

conepxauum TeTpai € (), onpejiensieMble aHAIOTHYRO Bhipaxexmin (4.10).
J\ast p¥3Mueckoro TII0OHa BEINOMHIETCA  yCloBMe NONEPETHOCTH kyeplhon) =0,
%2 = 0,nooToMy BRIpaXenie (5.76) MoXxHo 3amMCaTb B BULe (HanoquM, uog =k, +k,)

Jlerko y0emTbos B CIPaBEMBOCTY PABEHCTBA qua/ &= 0. OueBK/HO, YTO YCJIO-
BWIO yHYTapHOCTH B IPOCTPAHCTBE COCTONHMH DU3MUECKUX DIIOOHOB Y[IOBIETBO-
puTh HeJb3R. B camom fiede, u3 ¢ opmy. bl (5.6) caenyer

q.115(q) # 0.

Koneuso, IPOTHBOpeuke BOSHKKIO U3-3a TOr0, YTO Jarpamxuan i’fm nepeBo-
IMT QU3MUECKUE COCTORHNWA B HeQuanueckue. Ha 9710 Bnepeble 00paTH/M BHMMAHKE
Jle Burr [ 94] n ®efiuman; pelenye npoGiembl ISl HEKOTOPbIX YACTHbIX ClyuaeB
6110 npeadoxeno Peitumanom [118], a ans obuwero cayuas — Paaneessim 1 [lono-
pbim [ 113]. Uges 3akaiouaeTcd B Glefyomem. HyXHO BBECTV [ONQIHNTEILHBIS
nedusMIecKme acTUlbl (0fry ), obpauaiye B HYIb HEQUINUECKUE COCTORHM,

Mble JArDaHkuaHoM . Taxum 06pasom, Mbl MommbuliMpyem Jarpan-

J-‘KOﬁaBJlﬁﬁ B HEro qJIeHbl oTBevalue lwxaM B pesyJbraTe Yero noj-

aeT BUA

ayp P

Lhi= L4 T (3,8,(0))(as0" = gfape BE(X))p(X)s (5.8)

rie Jarpankuan £€ oupeneen Gopmy.oi (5.3). o & % w, obrajas nyJe-
BbIM CIMHOM, NomUMHAKTCH cTatucTuke Pepmn — [upaka ). 31 noJist HE NOAB-
JAKTCA B HAUAJbHBIX
Yeckye), 109TOMy HECOOTBETCTBUE UX CIIMHA M CTATHCTHKU He [0JKHO BbI3bIBATDL
fecnokoifcTea .

i KOHSUHLIX COCTORHMAX (Mo npesnoroxXenuio ony Hedu3u-

1) Uuorna ynobHo, XOTA u He OﬁﬂaaTeanO cUMTaTh NONA © U & B3aUMHO
conpAxenHbiMy. Banee noApobHo Bonpoc O nyxax o6cyxnaerch B § 41, 42,
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Puc. 3. Netna ny'xos.

[lpofaiXum paccMOTpenue CBOHCTBA yHuTapHoc'rn S- Ma’l‘pmu;l BBeld B
Jarpanxuan YleH, onvcbipalonuii BKIaA AyXoB. Tak kak uyxu p3anmMofeficTBYIOT
AVIIb C TJIOOHAMM, OHM U3MEHSIOT TQJIbKO [Uarpammy puc- i, a, xoTopas npu-
‘BOMMIA K HAPYLWeHUIO y HITApHOCTY. Boipaxenue Aus Tensopa [T npuoGperaer
BO3HMKAIOWYIO 38 CueT AyXOB no6aBKy, AJg KOTOPO# NOGJe NPOCTBIX BbIUuGIe-

ey 9\ ATy,

HAR \p'n . 3) noayuaeM q.qem'mmgu pesyabTar:

de . k"(k + q)
@m® Kk +q)

to2
n("(’}host)aa’ = aua’CA Ig

6na’g2 1 1 i 2 2
P C, {[ 3 N, + 3 J[‘; dx - x(1- x)log(—x(l - x)q )}q g+

_l_ 1N+ 2J;idx < x(1 = x)log(—x(1 - x)qz)]q“q’}~

Cymmupy$ BKJabl NIOOHOB U Ayxos ¥ MCTQJb3Ys (HOPMYJIbl MHTErpupoBann s,
TpVBeJeHHble B MpuoKews B, Haxomm [Js NQAAPU3alMOHHOT0 onepaTopa n
OKOHUaTeJbHOE BHpaKeHne

2

o BCa . o w10, _ 62, 104,02
Hf‘:}l)aa’=b¢a’;;r?(—grq +499 )1 _3_‘ “9 T ?!“5{‘1 }}’ (5.9)
KoTOpoOe, OUEeBUHO, yﬂOBJIETBOpﬁeT ycJIoBUIO nonepevyHocT
qﬂn(“:“)aa' = qvnr:ll)aa‘ =0. (5'10)

HUTAPHOCTY Mbl ocTaBasieM yuTaTelw B KayecTBe NMpoCTO-

PKY yHUTApHOC

ro ynpaxﬂeuu llanee B TeKcre uuaekc all Mbl onyckaem u paccMaTpuBaem

| SAmyCaHHbI # B KOBapuauTHON Innpnuuﬂnml\ l(qnuﬁnnRKF T.€.

anTHOH A0

Zbeo= 3 (19Pq ~ m7a} - 1(oxBy- 2@By

+ 3 (0,8.) (80" — &unc B Y, E=1-1/M (5.11)

2-206
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Hauunas co caefyioulero pasfena, B 0003HaueHni ‘Jlar‘pamxuana‘f ungekc KX/
Mbl Takxe OyaeM OnycKarb.

TlosBIenMe IyX0B BHBBAHO TEM, UTO ONEpPATOp NPOSKIMH Ha (i3uuecKue coc-
TofiuuA P He XoMMyTHpyeT ¢ Jarpatmxuasom KX/I, sanucanmbiv B JopenieBoi Ka-
JnbpoBKke. MoXeT 0Ka3aTbCs, uTO Tako# mpo6aembl He BOSHUKHET, eGau BHIOpaTh
KamGpoBKy, B KOTOpOS BCE IIOOHHME COCTOSHHA COOTBETCTBYIOT PU3NUECKUM,
TaK 4To BCe I'MAbGepTOBO NPOCTPaHCTBO noJel ABdeTca Qusnueckum. UspecTHo,
4TO yXe Ha YPOBHE KBaHTOBON 3JEKTPO/MHAMUKYM HEBOSMOXHO OJHOBPEMEHHO
YIOBJETBOPUTD YCJOBUAM NOJOXHTEIbHON SHEPIUH, JOKAILHOCTH ¥ ABHON JOpeHil-

uHBRApUAHTHOCTH. [103TOMY BO3HKKaET HeobXOMMOCTb UCTOJIb30BaHNs HEKOBApHAHT-

Holt Kaambposku. Omuoit 3 Hel(OBapMal-lTHHX KamOpoBoK SRJAETCH KyJIOHOBCKas
Kamoposka'?, 0fHAKO OHa TOXe He CBOGOAHA OT Ay%0B. HeoSXomiMooTh BEEACHIE
JIyXOB CUE3aeT, eGJy NoTpeGoBaTh BbINOIHEHUS COOTHOmEHNH

n-B=0, n*<0. (5.12)
Cayuali npocTpascTBenHONOAVGHOrO BekTopa n{n? < 0) cooTBeTCTBYeT aKCU-
anvidin xarubposxan?!, a ciyual cerTonosobHoro BekTopa n(n? = 0) — ceemono-

do6uoi xambposxe®!. Tak KaKk BeKTop n ARJAETCA N0 OTHOWEHKIO K 3a/aUe BHEUIHM

ero BBe/leHMe Hapymaer SABHY 0 JOPeHI-MHBapHaHTHOCTb NPOMEXYTOYHBIX BbIUKGJE-

Huﬁ, XOT$, KOHEYHO, KaJlMﬁpOBO‘-lHaﬂ MHBApPUAHTHOCTDb obecneunBaeT HE3aBUCHMOCTD

OKOHUATeJbHBIX Pe3yJbTaroB i fusuyeckus BeJMuuH OT BEKTOpa n, a CJle0Ba-
TeJbHO, ¥ UX JIOPEHI-HHBAPHAHTHOCTD.

HauteM ¢ paccMOTpenust akcHalbHOH KaamGposku. Jlarpanxsan, SanucaHbii
B aKcuaJbHO# KaiMbpoBKe, uMeeT BUJL

_ - = 1 2_ 1 2 3
Zn=2{iqPq — miq} — 7 (DX By = 55(n" B)- (5.13)
7 P
B. a5 muemeM IO NanaMeTny R noMna’lvMenaeTed nnelelLELiE nenava n
- DaAbHeHeM T nnapaMeTpy g AVApaSy MUS TR IPEAGIALHDIN TIEPEX0] p - U,

TaK uto ycJoske (5.12) npesicTanaser cobolt onepaTopHoe COOTHOmERME, BhI-
noJHentOe Ha BCeM MYIbGepToBOM NpocTpatcTse. [Iponaratop, coorsercrsyio-
mmit Jarpawxuaty (5.13), 3amMcriBaetcs B Buae

| T8Y — ki (n* + BkA)/(k - n’ + (n"k” + n’k*)(n - k)"
K+i0

(5.14

[0

<=

1) Bonee Toro, KYNOHOBCKAR KAaNWGPOBKa BHOCHT AONQNHUTENLHbIE YCNOKHEHHA.
DopmynupoBka KXl B KynoHoBCKoHR kanuGpoBKe U3noXexa B cTaTbe [69].

2} Axcuansrble KanuGpoBKM 06CYXKARIOTCA B paSore [ 185]. Cm. Takxke UnTHpye-
MYi0O Tam nuTeparypy.

3} Cm., nanpumep, paboty [ 247] u wiTHpyBMYI0 Tam nuTepaTypy.
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p npefete p - 0 on npusuMaer Buj
—g¥ — ni(k*k” (k- ny’) + (n*k” + n’k*) flk - n)
k% +i0

0606uenme Teopuy Ha aKCHAJbHbIe KamOpOBKH HETPUBHAIbHO; AeTalbHOe
M3J0XeHMe STOR NpoNeAypyl SanETepecopannslit mraTan nallzer s pabore
[185]. Bce BbluscIenust B akCHabHbIX KaMMGpoBKaX Mbl Gy ileM NpOBOMTDH TOJb-
KO Ha@ OJHONMETJeBOM ypOBHE, Ha KOTOpOM TPYAHOCT el He BOSHUKAET. '

Tlpn paceMoTpelny CBETONOAOBHBIX KaMOPOBOK y/I06HO BBECTH TaK Hasbl-

paeMsle "HyJieBble" KOOpMHATHI, ONpefieieMble 4ad Ji06oro BeKkTOpa v B Buie

(5.15)

2

+ 1 (] 3
v-=— (v X 0v),
ﬁ( ) .

[ ol Y .
2=( ); v¥’=0* wm o (i=12).

MeTpika onpefieseTcs caeflylolyum oGpasom:

g+-=8-+=1 g++=8--=0,

&=-98, ij=12
OTMeTHM, UTO BHIOMHAIOTCA COOTHOWEHHUT
vw=o,w_+o_w, —pow=y,u

Ans cBeTonofo6HOro BekTOpa u "HyJeBble" KOOp/MHATBl MOXHO BBIGpaTh B Bufe

u=0,u_ =0, u, = 1. Torga pononuuTenshoe ycJosKe u - B = 0 MoxHo 3anu-
caTb B Bufie
B (x)=0. (5.16)
MponaraTop B cBerononobuoH KamOpoBKe ONpefleieTCs COOTHOMEHRNEM
iP“’(k,u) _ L TEMH(uk + wkhy/(u k) °

ko K+ 10 ’ 10

KoTOpoe npe)lc'raame'r cobolt uacTubiit cayual Gopmyast (5.15) ¢ BEKTOpOM
n=u,u?=0.B nyJesbix koopiunarax sbipaxetie (5.17) MoXHo nepenucaTs B
Clellyioniem suje:

peB -gf+ (82 kE + 8% k*)/k_

2 Kk + 10

CBeTONONODHOW AUOPOBKU DACCMOTDUM

rmoouﬂuﬁ nponara'rop BO BTOpOM nopﬂm(e TEopHn Boamymeuu . B HasBaHHo

‘\WMUWUM: OH WMEET BU
e — ig*Cabap (4% . 1
ST T ) 2o Kk+ g)
x[-@k+ Q)8 + (k — q)'g" + (29 + k) g*?| P, (k)

X [ —QRk+qYg”+(k—q)g”+(2q+ k)'g" |Pop(k + g-4)-
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Bypem paccmarpusaTb TOJALKO PACXO[HIYIOCH Jorapndmuyeckylo yacti. 310
3HauuTeJbHO ynpomaeT BbIUMCJIEHUSA, B pe3yJbTare KOTOpbIX [1QJyYyaem

11 CAg ab 2 }
=45 2 wr Y — log(— + NOCTOSIHHBlE YJIEHDI } +
1%, (9) = 2 (—q%g" + 9*q") (N~ log(—¢") . :
3 X l6 2 1O\
{9418}
bmmo, YTO 9TO BLIPAKEHHE IGSPEUHO. 11pit STOM HET HeobX0oAMMOCTY BBOUTH

Lyxu. VIETEpecHO OTMETHUTD, YTO Npoararop npu ycaoeuu (5.18) ynosaersopier

TpaHCUEH/IGHTHOMY Y PAaBHEHUIO

P U PB"(q,u) P¥(q,u)
———(q ){ Tt Qulp) = = (5.19)
'1 1 1

§ 6. Mpeobpasosanun Betaun — Poyeta — Cropa

B npeflyiieM iiaparpade Obijo MOKa3aHo, YTO ec/y B Jarpaiiane KX,
3amMcaHHoM B JopeHlieBof kamOpoBKe, He yuecTb BKAAa LYXOB, TO 9TO NPUBOIMT
K HapylIeHMIO YRUTAPHOCTH S -MaTPUIBbl B NPOCTPAHCTBE PUIMUECKUX COCTOSHMHA.
Ho B cuJiy kaammOpoBOUHOM MHBApUAHTHOCTH TeOpUH CBOMCTBO YHUTAPHOCTH S -MaT-
YIB! OJDKHO BBITOJHATBCS B Ji0G0f kamGpoBke. OyeBnjHo, YTO JaHHOE Hapylie-
HVle CBA33HO C BBefemteM QUKCUPYOLero KaMOPOBKY uJeHa, KOTopuli He 00.aa-
naer cBOACTBOM KaJMODOBOYHON! MHBADMAHTHOCTH. B Ta.KOM cJlyyae MOXHO 3a-
IaTh BONPOC: HEJIb3S JY MHTEPNPETUPOBATh BBEfeHne JyX0B KaK cIiocol BOCCTa-
HOBUTb HapyUIeHHYI0 KIMOPOBOUHYI0 HHBAPHAHTHOCTD Jarpanxuada? Jokasa-
TEJbCTBO CIPABe/IMBOCTY JAHHOIO YTBEPXKAEHUS COCTAaBJAET COAepXKakne Ha-
crosuwero naparpada.

Hauwem ¢ paccMeTpemst KBanToBoi sJexrpopmammku! ! . Jlarpamxuan,
3amMcauBblii B KOBapHaHTHO! KaiubpoBke, UMeeT BUA

f6=$(ip—m)¢—lF F""———(a A*)?, (6.1)
' Jle TeH30p Fuv Y KOBapMaHTHad IPOU3BOJHas Du onpefesiorcs Gopmyaamu
=03%4" — "4+, =3m+ jed¥

KamOposounas MHBapMaHTHOCTL Jarpanxuana HapyuiaeTcd 4ueHoM —(A/2)(dA) 2.

OHAKO ee MOXHO BOGCTaHOBUTD CJELYIOmUAM CHOCOBOM. Mobasnm B Jarpanxu-
aH (6.1)4uen Buga

“ (6.2)

') B yanoxenun Mbl cneayem paboTam [ 221, 222].
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co0TBeTCTBY ol cBOGOHOMY Ge3MaccoBoMy MOJI0 w. 0600mmM Kambposoy-
ghie TipeobpasoBanyusl Takum o6pa3’oM, YTOObI BKIOUATD 11015 w. Ecam onpere-
AMTH 1aDamMeTpbl MHOMHUT e3MMAJbHBIX IIpeobpasopannii B Bue 6(x) = ew(x),
T0 D0JH, BXOAAIME B Jarpanxuad, npeobpasyiorcs 1o Gopmyiam

(x) >Y(x) + teew(x)w(x),

AP(x)> AF(X) — €8¥w(x),
(6.3)

Toria ¢ TOUHOCTBIO [0 4-IMBepreHIpm .'larpaH)KMaH 3JeKTPOMMHAMUKN, Tipel-
cramasoupii codoli cymvy narpanxuanos £ & £
Lleo=L+ 2, (6.4)
MHBapHaHTeH npy npeobpasoBarmiax (6.3). Meron BoccTaHOBeHNS KaMOpOBoY-
HOfl MHBAPMAHTHOCTH AAS PaccMaTpPUBaEMOro cayuas AOBOJbHO npoct. Baaropa-
pA TOMY uTO 10As A He 3apMKeHbi M He B3aMMOZENACTBYIOT MeXay coboi, rmoast
@ MOXHO BhIGpaTh B Bifie CBOOOAHBIX AefiCTBATeAbHBIX HoJel. Ofpako mpocTora
Jarpanxyana f@ #e 03navaem OTCY TCTBUA DIyGOKMX PUBMUECKuX caencrsuil ero
BBezews. B camoM fiedie, MOXHO NOKa3aTh, YTo NpeobpasoBanus (6.3) nopoxaa-
10T Bée TOXJeCTBa Y opAia KBAHTOBOH 9JEKTPOMHAMUKY, KOTOpbie, B YaCTHOCTY,
00yC/0B/MBAICT TOT (akKT, UTO JNEKTPOMArHNTHOE B3aumoaeicTeye He 11€peBo-
ur dusnueckue cocTosuus B Hedusnueckue. Hanpumep, Gyner nokasano, kak
13 cooTHomermi (6.3) n (6.4) MOXHO NOJYUNTH yGJIOBHE NONEPEUHOCTH GHOTOHHO-
ro nponararopa. (KoHeuHo, ero MOXHO NpOBEPUTH U nyTew’i NpsAMOro BbluxcJe-
HUA BaKyyMHO! MOJNAPU3AIINH. )

PaccmoTpuM Bemunuy < TAu (x)(0)>,. MTposens o6obumentoe kaMOGpOBOY-
HOe mpeo0pa3oBanye, B IepBOM IOPAJKe 110 IapAMETpY e II0JayYaem

A(TA,(x)(3,4"(0))> = {T(3,0(x))w(0)>,

1A UMeeT BUA

Jatcetr=(Tar(x)0,47 0),

= ig, [ e CTAX(x)4" 0= 16,0 (g)

q
¢ +i0 (6.5)
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TlocleAee paBEHCTBO CIPABEAMMBO B CUJIY TOro, YTO NQMA cBoGoubie, H,
cJefioBaTeJbHO, MX TponiaraTop MMeeT BUA nponaraTopa cBobomubix noseit, Ta-
KuM 00pa3som, 0Ka3aHo, YTO €CJH nponaraTop DWWV 3anucaTb B BUAie CyMMbl
TonepeuHoii ¥ NPoACJIbHOA COCTaBITOWUX

D¥(g) = (- g5 + 94Dl @) + L D(4). (6.6)
TO HOCJeHsAs UMeeT BULL

| N S S (6.7)
Di(9) A g+

aHaJIOTMYHbl TipofioJbHoM YacTy nponararopa cBoGojEbIX noJefi. Hanomunm,

caobomnIY nollel nunawaeTed B BUlle
CBOU P Csl B BUfe

—om £ (1 — A" Ngka? /(2% + i0)
g v TN 99N\ T

D (g)=i
C)] q2 + 10

Jipyrumu cJI0BaMM, eCJ NPONAraTop D padioxuTb B PAA NO CTENEHTM KOHCTH-

TH B3aUMOZEACTBHA

D¥(q)=DOM(q)+ - DP¥(+ ...,

To Bce Beuuninl D {#YHY (g ) yoBIeTBOPAIOT yCJOBHIO NOMEPEeYHOCTH:

D" (q)=0, n=24,...,
KOTOpOe SKBMBAJeHTHO cooTxoweryio (5.10).
0606menMem KamGpoBOUHbIX npeobpasoBamdi  (6.3) na cJyuali neaGeseBolt

Teopint SBATOTCS TaK ¥ ua’:l.lnnnulhln nnanﬁnn"mnanuﬂ Bexmu —~ Poyera — Cropa
(BPC) [32, 33]. Ipu 5TOM noaA [yX08, Kax # BCe fipyTue noJ, no;mepraxo'rca
K3JubpOBOYHBIM npeodpa3oBanHKsiM, B peayibTaTe Uero {C TOUHOCTDIO A0 4-fn-
Beprexlyy) NOJEbIA JarpamxuaH KBaHTOBOA XpOMOMMHAMUKY (5. 11) cranosurca
Kambposouno-uxBapuanTHoiM. Taxue npeobpa3opanis NPUBOMT K moxwdecms an
Caasnosa [232] — Teiiaopa [ 244], npeacrapasiommum coGoil aHalor ToxAecTs
Yopia B KBaHTOBOI 9JekTponamiuxe. [lpeanonaraetcs, 4To napaMeTp MHDUHK-
TeauMalbHbiX npeobpasopannii BPC e npeAcTapaser coboil He 3aBuCALYO OT
IPOCTPAHCTBEHHO- BPEMEHHOM  TOUKM x ¢ ~UMCIOBYI0 BEJMUUHY, AHTUKOMMYTHPY -

1yio (koMmyTHpYIoILy10) ¢ hepmuonnbIMM (Go30HHBIMMU) nosavu?? . Undrmnresn-

1'l'lpw aromel=0,cc0=~ wE, £ = ~ge, € B = Be u T:A. Cneayer noMuuTh, 410
NONA « ABNAICTCA (PEPMHOHHLIMA U NOAMMHAITCA cTaTucTuke Depmy — Mupaxa, Tak
Y4To cnp ) COOTH

wa‘)c =-wcwbu

DE(q) =
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Malbhble npeobpasoBanus BPC onpepesioTcs B BUfie

Bt-» B} — €, {8,50" — & fabe BE Y5 »

g — ieg > t%w,q

00— 5 B2 fare s (6.8)

®, @, + €A, BY.

a
1

Menoab3ys 5Ty npeodpa3oBaHud TOUHO TaK Xe, Kak 9To AeJaeTcs B cJlyyae,
KBaHTOBOM 2JIeKTPOMHAMMUKM, JErKO NOJYYNTb Pe3yAbTaT, aHaJornunbii ¢op-

My (8.7). Ecmt 3amucars IpONArarop B BUAS CYMMB! nponoibHoll 1 nonepey-

\B- WILHOH ¥ NONepe

Ho#t qaCTeﬁ

8u(=8"0 + ¢'4")D, + 8, LL D, , (6.9)
TO AJad ﬂpO]lOJle()ﬁ 4acTu umMeeM
1 i
Dp=—~=0 = 6.10
RN (6.10)

Pa3noxum nponararop D B PAA 0 CTENEHAM KOHCTaHTH B3aumogeiicTeus g2

D = 3 Lz () pv
ab 2 47 Dnb .

n=0
Hpumem BO BHMMaHie COOTHOWEHUe

Dg)w‘ - ZD(O)M# H(2g (?,)”
(no,

AOnuAnttanrs i amanaman (2
A-SIpH3allioHHbin OfiepaTop 1

) B3AT BO BTOPOM Ii
U3 geyx nocieannx cooTHowenui noJyyaem cJle/iyoumi

g 1P = 0.

PAAKE TEOPHHA BO3MY WEHMHA ).
pesyJbrar:

CnpaBemBocTb 9TOro paBeHCTBA KaK pas u nipoBepsiJach B ypaBuenuax (5.9)
u (5.10).
HeolGxommo oTMeTuTh, 4To Bee NpoBefieHHble Bbllle BHIKAAAKH BHITQJHEHb!

cro Gopmanbubiv 06pasom. Tax, nanpumep, B npoliecCe BHIYUCICHNHA MbI Ha-
MEpeHHO 3axpblBaJM IJasa Ha To, YTO Nponararophl npe/iCTaBAIOT coboll cym-
Py.aipable QyRKLM. ITO6HI KOPPEKTHO YCTAHOBUTL DABEHCTBA MEXIY BeJyuMHA-

YCTaHOBUTH ABEeHCTRA BgauuuHa.

M, HeoGXozyMO MPOBEPUTD, YTO K HUM MOXHO NPUMEHATb NPOLe/ypy NepeHop-
Miposok (cm. § 7 — 9). B camom flesie, HekoTophie QopMabHble paBeHCTBa Ty
3TOM HapywaioTCs; IpUMep TAKoro Hapywenns npuBesex B § 33. Omsaxo faxe

COXpaHsioumecs [p1 NpoLielype NePeHOPMUPOBOK PABEHCTBA MHOTAA NPUXOMMTCS
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KHTEpNpETHPOBATh [I0-KOBOMY. JTO OTHOCUTCH , HANPAMEP, K YPABHEHHIO (6.10),
TaK KaK hurypupyicumii B Hem kaauOpoBOUHbI/ MapamMeTp 3aMEeHAEeTCS Ha [EPEeHop-
MUpOBaHHDI, B PE3YJBTATE YETO CMBICG] €r0 HECKQIBKO UIMEHALTCH.

Kax Mnl BUICI B IpUMepe, MPUBEJEHHOM B § 5, HExoTophle U3 aMIIuTy/ pac-
Cestuusl OKA3HIBAIOTCH PACXOMILMMUCA. ITO POUCXOMUT U3-3a CUHTYIHAPHOrO Xa-
pakTepa MoJeBbix oneparopos. Jlerko naliTi, 4T0 PACXORUMOCTD HHTErpala 1o
dk B (5.46) np# GoJbIUX UMIYAbCAX k- 06YCIOBJEHA T€M, YTO B KOOD/MHATHOM
TIPOCTpAHCTBe B HETO BXOJAT MPOUBBE/ICHBAs TI0CEbIX ONepaTopoE, BIATHIX B opHol
“IPOCTDPAHCTEEHHO-BpEMErHON Touke. [ToaTomy, urolh 06CyXAaTh KBaK-
TOBYIO XpoMopuHaMuky (i J06YI0 APYTYI0 JOKAIbHYI0 PeATUBHCTCKY IO TE0
Dui0 n0As), BeoBGXOMMMO TIORBISIOMMMCH TIPY BHIYMCICHMUK GbefinMaHOBCKUX Mar:
pPaMM MHTErpaJaM NpuiaTb MareMaruiecKu crporuii cMbIGa. JTa npoliefiypa Ho-
CUT HA3BAHME PEIYAAPLIAYUY U CBOAUTCH K 3aMeHe Jarpanxkuana £ peryaspu-
30BARHBIM JarpaiXuanom fe , IPUBOASIIMM DU BBIUKGIEHMH §eAAHMAHOBCKYX
[MarpavMM K KOHEUKHEIM OTBeTaM U B npefete ¢ ~ 0 nepeXoafim B HEKOTOPOM
CcMbicJie B MCXOAHbIH Jarpamkual L , T.e. £ ¢ » £. U kraccuueckux pador
Bopa n Pozentdeanna [ 46, 47] n3pecTHO, UTO NQJeBble OnepaTophl no cBoeit npu-
DOJe CHHIYJApHH, U, CJe/IoBATEIbRO, NioDas upolieypa pery JApu3allky ¢ Heus- ’
DexHoCTbIO HApyllaeT KeKoTOpble PU3NUECKUEe OCODEHHOCTH TEOPHH. Hanpumep,
perysipusauus [laym ~ Buanapca B cayvae reabeneBolt Teopuu Hapyuwiaer
cBoiiCTBA 9PMUTOBOCTH ¥ KaJMOPOBOUHON MHBAPUAHTHOCTH, PEMETOUHAs pery. 14
pu3alMs HapyllaeT MHBAPUAHTHOCTD MO OTHOWEHHUIO K npeobpasosanusim [lyan-
kape u T.J. Koneuno, B npefiele ¢ » 0 sty cBolicTBa BoccTaHaBMBaioTcH (ec-
¥ MbI GblLIM 10CTaTOuHO 0CTopoxHb!). CBoiicTBa KambpoBouHOi U JOPERLL Uit
Bt By-

BapuaHTHOCTH 0CODEHHO BaXubi B Ciyuyae KX/, nostomy B Aatbuefimem
€M UCHOJb30BaTh PasMepHyio perysipu3alMio, Hapyuaiouyo mub macurab-

Hy!0 MHBAPHAHTHOCTb. JTOT MeTO/, T0ApoGHO passurhiii 8 paborax 1’ Xodra U
Bearmana [253] (cM. Takxe [48]), cesi3an c Tak HasbBaeMoi aHAMTHUYECKO
peryaspu3aiuei [ 49, 233]. O cocrowt B TOM, YTO BCE BbIYACIGHUS NPOBOAAT

B IIPOCTpAHCTBE pasmMepHocTy D = 4 ~ ¢, B KOHEUHOM XK€ OTBETE MEPEXOJAT K
dusnueckomy mpeaey npu ¢ ~ 0. Ilpu 9Tom pacxoauMoCTH NpOSBATIOTCA B BUjC
ro olipese-
Jenust o6beKTa B IPOCTPAHCTBE IPOU3BOJIbHOA pa3meproCTH D HE CyleCTByer,
KpOMe cJyyasi, KOr/la OHa paBHa NQIOXUTEIbHOMY LETOMY UiCy - Ho 9roMy ne
caenyeT NPUIARATE CIMIIKOM 60JbIIOro 3HAYEHUH; HAaM HecOXoMMBl Iulb UHTEp-
noJstyoRHble GopMyJst, ofajaiume CBOACTBOM KaJMBpOBOUHO# U MyaHKape-
WHBAPUAHTHOCTH ¥ IPUro/Hble AR BHluMCIeRus (eHMAHOBCKUX UHTerpalos. Ta
Ki#e MHTepHoJALMonHble HopMyJibl MOXHO NOJYYMTD 0STANHO. PaccmoTpum cHa-

ugJa cxopfumiics murerpaa suma (2m)P fdPkf(k2),rie Gynxipd f, KaK npaBk-

)
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o, umeer Bull f (k2) = (k 2)T (k2 —~a2) =™ C LUeJOYUCICHHBIMI 3HAUCHUAMY Na-
pameTpoB 7 um, a seauuntb d Pk u k2 onpefiestiorcs soipaxennivu dPk =
_dkOdR' ... dkD=1, k2= (K92~ (R')2 - ... - (kD =12, Tak xax dynk-
st f AHAIMTHYEA B TIOCKOCTY KOMILIGKCHOIO MEPEMEHHOr o k°, KOHTYp UHTEr-
<51 MOXHO NOBeDpHYTh Ha 90° u nepeiiTi OT KOHTYPA (= oo , + ) K KOH-

id MOXHO INOBEPHY nep

pupoB
TYPY (=i 0, + i00), T.€&. COBEPUIUTD TaK HasbiBaeMbii éuxoécxuli nosopom. 3a-
7eM MOXHO BOCCTAHOBUTb MHTErpupoBaiye 1o [PAMON (= oo, + oo}, ONPEAGIHB HO-
ByK0 IEPEMEHHY I kO~ kD =ik 0 Takum obpasom, notyyaem ofbIYHbIHA eBKIu-
0B UHTErpajl B MPOCTPAHCTBE Pa3MEPHOCTH D

. f+ » dk!

i _— ...

o 27

+o0 gD
f—oo Ff(‘ké)’ kéz(kl)z_‘_ e +(kD)ZE|kE|2-

EcJam 2Jement o6beMa B D-MepHOM mpOCTPAHCTBE o6o3naunrb uepes d P kg =
=dk%.. dk D, T0, BBOAS MOJADHbIE KQOPJMHATB!, M0 MOXHO 3alucaTb B Bu/ie
dPkg =d|kp|- |kg|P~"1dQp. Ucnomssys dopmyay fdQp = 2wP/2/T(D/2),
nQAy4aeM HaKoHel|
a’k i
f

@m?’" @n)?r(D/2) fomd|kf|' Vegl = f(—1ksl?)-

Bce npuse/ienHbie Bbllle BbIKAaKyM CPaBeINHBbl TOJIbKO [J LEbIX NOAOKATEAD-
HbIX 3Hauenuit pasmepnoctu D. Ho nocaegnioo opmyay MOXHO HCIOIb30BATH
[ onpedefenus METErpala [0 MPOCTPAHCTBY MPOM3BOJbHOA (naxe KOMILIeKCHOR)
pasmeprocT! D % NPOMSBOJBbHBIX SHAUEHUH napaMeTpoB r um.

PaccMoTpiM Aajee KHTErpPasl OT NQIMHOMUAIBHOTO 1O KOMIOHERTAM UMITY.Jb-
ca k™ BHIpaXeHud, yMHOKEHHOTO Ha PYRKIMIO f (k 2); 9TOT HHTErpaJ MOXHO CBECTH
K panee M3yueHHOMY Clyuaio, 3anucHiBasi ero, Hanpumep, B Bulle

glw £ Dy £33 12
5 ) 4% JUC)R.

Haxone, unrerpan obuiero Bufia CBOAKTCH K TOJBKO UTO H3yYEHHbIM MHTer-
paJsam pa3joxeHueM NOAbIHTErPaJIbHOrO BHpaXeHud B pAfl 10 CTENEHSM apry-
Menra kM. Takum cnocobom MOXHO BHIUKGHMTL MHTErDaJbl, NPUBE/EHHbIE B NpYJI0-
xemnu B (a rakxe MHOMME Jpyrite), B npocTPaHCTBe Npou3BAIbEOA pasMepHoCTH
D. Hanpumep, nerpyano y6eauThest B cpaseMBOCTH pesyJbrata

{d% () _.C Iy ™" T(r+D/)I(m-r-D/2)
@m® @—ay  @mP”  D/yImya) .

Ecan nepas yacth 9Toro paBescTBa pacXoMUTCA, CKaXeM B GU3MMECKOM Caydae
D = 4, yro u npoucxoaut npu m =1 ~D/2 < 0, 310 OTpaxaeTcd B NOABICHUM
TIQAKCOB B NpaBoit yacTy PABEHCTBA, CBABAHHDIX C MOJIOCAMU ramMma-QyHKImu
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[ (m -1 — D/2). OueBuaHO, YTO STOT METO/ COLIEPXHT B cele HEKOTOpbl# pou3-
BOJ, 4 UMEHHO MPaBYI0 YacTb PABEHCTBA MOXHO YMHOXUTb Ha J0GYI0 BYHKUMIO
(D) npy yCaOBKMY, YTO OHA AHANMTHYHA 10 D U Y/IOBJETBOPSET YGIOBKIO ¢ (4)=
= 1. Takas cBo6oga B BbiGope dynxm ¢ (D) OKasbiBaeTCs BeCbMa NONE3H0H (cm.

cJepy aparpad)-

TlocMOTpUM Tefepb, Kakine YGIOXHEHUs BOSHMKAIT B clyuae, KOrja B3aumMo-
neficTBYIOMME YACTHIb 00JAAI0T OTIMYHDIM OT HYJ CIUHOM . BreliiHie # BHYT-
pennye Juuny GeHMAHOBCKUX Marpamm clieflyeT pazmuathb. Huxe 6y get no-
KasaHo, UTo NogJe NepeHopMupoBKy Gysxiyy I'puna ¢ oTGpOWEHHbIMA BHEIHUMK
JMHMSIMJ B PAMKaX TeODUM BOSMYMEHUH OKa3biBAIOTCH KOHEUHbIMY B Tpe/ieie
D - 4. TlockQJbKy CIMHOBbI€ MHOXMTEIM Ha BHEIHIX JUHUAX (T.€. MHOXUTEIM
U, U, U, Uye™; CM. IPUIOKeHNS ') KOHEHUHb! B IPOCTPAHCTBE PaSMEPHOCTH D=4,
JIX MOXHO CPa3Y 3AMCHIBETD B [IPOCTPAHCTBE (MIIecKoidl PasMEPHOCTH. Uro xe
KacaeTCi CIMHOBBIX MHOXuTEJeH Ha BHYTDEHHNMX JUHUAX, TO HYXHO AoONpefe.iTh
Ten3op ¢®P B npocTpascTBe pasMepHocTH D rakum 06pasoM, uToGbl, Hanpu-
Mep, BBIIQJHSAJOCh COOTHOLIEHNE g%P Cop = D # T.4. AH3JOrnyHO HEeo6X0MMO
paccmarpusatb D r:atpult lupaka y % vy, ...,y D=1 Ecm peiicrBoarb
0CJe[I0BATEIbHO, TO NPUXOUTCH [OMYCTUTb, YTO MATPHIBI vy, MPeACTABJAIOT
coGoit MaTpuipi pasmeptocti 2242 x 2P/2 (pasHoii pasMepHOCTH COOTBETCT-
Bylomeit anre6psl Kmddopaa). Ho sto ne obs3arenbro. KambpoBounas uHBapu-
GHTHOCTD BIIQJHE COBMECTHMA CO GJydYaeM, KOI'/la MaTpulisl y, WMeloT pa3mep-
HocTh 4 x 4, Tak o Try M yV = 4gHV ; WMEHHO 9Ta CUTYalsl paccMaTpuBaeTCH
3gech. (MeToa, ces3aHuHbiH ¢ pasmepHoit peryJspu3aupeit, Ha3blBaeTCH pasMep-
HOH pepyKuMelt; AoMoJEHTebHYI0 nEGOpMallio o Hell unTaTelb MOXeT Haiitn B
pabore [231].)

Taxum 06pa30M, 0000IeHe HHTErPaloB 1 aireGpbl MaTpul [upaka Ha cJay-
yat POMSBOMLHOM Pa3MepHOCTH MPOCTPaHCTBA D MpoK3BOWMTCH BECbMA MPOCTO-
CBoaxa Gopmy.J, BCTPEYAIOMMXCS IPH MPAK THIECKHX BBIYACIEHUSIX, TPUBOMTCH
B npuJioxennix A u B. Heckaabxo BqJiee CJCXKHBIM OKa3hiBaeTCd TOJHKO BRe/le-
Hue MaTpuill y, B D-MepHoM MpocTpascTBe. Harnpumep, € MATPULY yg Onpe-
HeJUTb B BUIE yg =8y Y 'Y Y 3, TO QUEBM/HO, UTO ITO BHIpAXEHNHE HE Onpele-
JieHo B POCTpaHCTBe pasmepuocT D < 4. Moxuo noka3arb, 4TO onpe/ieleHne
MaTpuilbl y, B BHAC Y g =iy 0,.. y D=1 ue coBMecTHMO ¢ KaaMBpOBOYHOH MHBA-
PHAHTHOCTBIO (cM. § 33, B. YACTHOCTH TEKCT MEXJY yPaBHEeHUIMH (33.17) n (33.20)).
Hoaxoaaumm ABJETCS, NO-BUAMMOMY , Cleyioiee onpefeienue:

o
Lot

5= g7 Gone V'Y YY",

rie Teusop ¢ 0 coBmajaeT ¢ OGLIYHBIM aHTUCMMMETPUUHBIM TEH30POM TQIBLKO B
el m TE v cr TRV AN O

cayuyae D = 4. Ha Tensop ¢ P He HakJafgpiBaeTcH Kakux-aibo AaJbHelinnX Orpany
yeHuit, kpome TpeboBanus BHITQIHEHUS [l n1060it pasmepHoCTH D yCJoBMH

vi=1, Trysyy#=0.
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(oM. TIpHJOXeHue A). Takum oGpasom, npollefypa pa3MepHoii pery Apu3alyu nol-
pocThio onpefieiena. Jlo Tex mop, NoKa pa3MepHOCTb NPOCTPAHCTEA, B KOTOPOM
NpOBOMMTCS BLIUMCIEHHE (eitimanoBckux rpaduKoB, He paBHa LQJIOMY UMCIY, BCE
BOBHUKAIOUIAE DY BLIMHCAEHHAX HHTErPAbl OKa3LBAIOTCA KOHEUHbIMIL: B rakom
[0AXofe COXpaHAeTcH KaJubpoBoYHAs ) My aHKape-MHBaPUAHTHOCTb TEODPHH, HO
HapymasTeh MaciiTabuas MHBApUaHTHOCTD.

Cawmpiit npocToit cnocob npocJe UTh 3a HapylWeHHeM MacuTabHoll uHBapu-
AHTHOCTH COCTOMT B GrezylomeM. ITpn pa3MepHOi peryiapu3alym delimanonc-
il yrrerpaa Tuna (5.40) u3menseTcs:

d% _, (4%
Jemt Y @n®

[ipu sTOM pa3MepHOCTH nojeil ¥ KOHCTAHT CBA3M, BXOAAMMX B NOABIHTErPaab-
poe BblpaXeHue, OTIMYAIOTCSH OT KaHOHWYECKHUX. Ho 1xX MOXHO COXpaHUTb KaHOHK-
YyeCKUMH, eCJy BOCNOJb30BaTbCi CAEeAYomHUM pellenToM:

d s [ dPkvg=P
J‘m‘*fdbkffw—, D=4-¢ (7.1a)
ris
k= vd/P~ k" /20, (7.16)

Tlpu 9Tom BBOANTCS Hapymaommil MacwTallylo HHBAPKAHTHOCTD npoussom;ﬂblﬁ
napameTp v, , #Melommit Pa3MEpHOCTb MacChl.
B xauecTBe nepsoro npumepa NpUMEHEHHS TOIO MeTOfia BLIYAGVM NpOMa-

ra:(;% KBApKa B UMITYJbCHOM MPOCTPAHCTBE BO BTOPOM NOPA/IKE TEOPHH BO3MY-
HIeHWH:

SU(p) = [d'x " (Tq (7 Oo- r.2)

CoorsercTayomme Auarpammbl npuBe/ierbl Ha puc. 4. B npoussoabHoil KamMbpos-

Ke B npoctpascTBe pasMepHocTH D = 4
= 4 — ¢ 8 nponararopa S uMeeM B -
HHKe BiJia P ’ npeKe

SHf o\ = 8 i - L _ 29,050 i
PR TS Y —"m+i0 p-m+i0 8 f;'t"'t”_""(’") F—m+i0
+ YJieHbl BLICUIAX NMOPAJKOB, (7.3 a)
FZe BBefeHo obo3HaueHne
2p) = ~ifaog WIEEEIY | —g" + /K0
P+ = 2 . (7.3 6)
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k a 3pecb BBEJEHO obosnauenue N, = 2/e = YE *+ log 4.
B pa3mepHOit perymxpusalmu BCE I0JI0Ch noﬁnm&o'rca MMEHHO B TaKo# KoM-
.
+ - {j\ Gunatyu. Vcnoapsys pasenctso 2 ¢f; = Cp§; ; (oM. npunoxenue B),
{ p J ip PRl pJ pupaxemys (7.4) MOXHO NOACTABHTS B CbopMley (1. 3;’14 TOJYUHTh KBAPKOBbIA
a ponara'rop B BUAe
Spp) = i{F—m+gCrE?) (7.5 a)
S _./.:;\_\_ _&&_ 1= Cog?d 2
+ + Spl(p) =1 8 ;‘(p ) —_ + WleHb! BHICIVX NI0PAKOB-
—m{1 — Ceg"Bp(p
| F-m{ (P} (1.5 6)
4+
n B [eiicTBUTEAPHOCTH HETPYIHO ybeauTbes, uTo dopmyaa {7 .5a) TOYHO YU TbiBaeT
n r,-~\ ;’M\s + BKAAT BCEeX OMarpamM puc. 4 ¥ npu 3amene 3 {2} g S exact npe/icTaBseT co-
) P 6oii naubosee obuee BHIpaXeHue AU nponararopa S . Us Bblpa)KeHMﬁ (7.56) Bug-
v HO, 9TO PACXOMAMOCTH BOSHAKGIOT OT CACAYIOUMUY 4 eHOB:
Puc. 4. Keapkossifl nponaratop (a) u urepauua (6) 2
1-C.—2_(1-§N, (conepxmurcs B Ape) (7.6)
F16a? be
Ucnoab3ys ToXAeCTBO
L L ) 2 g o (Ha HEro yMHOXaeTcs cBobofEbifl ponararop S) u
Hp+k+my=(p+ky—-m’ —(p°—m)—(F—-m)- & , 2 .
[/ MACCOBOTG OnepaTopa NoNyyaeM Bhpaxenue 1+3Ce 3 g,,,l N, (coaepxurcs B BD§) . (7.7
D-2)(p+k)— Dm—§p—m
Eg)e( py=—i [ a4k ( )(2’ - k) 5 5 (pF—m) (Ha Hero yMHOXaeTCs# Macca kBapka m). Ho 0ba 9TH MHOXMTE/A KOHeUHb! pH
k [(P+k) -m ] yoaomwi e £ 0.
¥ 3aBepiMm AaHHbIA Naparpad 3ameuankeM oD uHPPaKpacHblX pacXofMMOCTAX.
—§(p*—m) PP B 970il KHATe MBI PaCCMaTpHBaeM TJaBHbIM 0GPa3oM yAbmpafiuosemossie pacro-
[(p y-m ] duMoCmy, TOARJAIOMKECS B npejede k » « ¥ Jaloume 0coBeHHOCTH B BUAE N10J0-
Mocae cTannapTHbIX npegSpasoBanmii (Ipenedperas uneHaMy, KCIE3AIOWKEMK - con ramma-hyukivu I (g,/2). Ho npotleypa pa3sMepHOil peryJpu3all N03B0J5ET
npefesie & - 0) NPUXOMMM K OKOHYATebHOMY OTBETY TaKXe BblJeJATh NQJACH, OTBEYalmue uugipaxpaouou PacTOOuMocmy ¥ CBi-
) ) s " 3aHHbie ¢ 00JACTbIO Malbix SHAUEHHH HMIIY.AbCE & » 0. Misdpaxpacubie pacxom-
QU p) = (F—m)Ap(p*) + mBp(P*); (.42) MOCTH IpOSIBATIOTCA B BHIUMCACHUAX KaK 0CODEHHOCTH ramma-GyHKIMK [(~e./2).

JeranbHoe obcyxaenke 9TOro BONpOca MOXHO HaliTh B pabote [134].

2 2
1 1 xm®— x(1 —x
Ape=—— (1—5)N‘—1—f abc[z(l~x)-g]|og_._.(2 »
0 vy § 8. O6wmHe cBefeHUA 0 Npoueype NepeH OpMHPOBOK
. l Paccmorpum caefyoumit npotiecc. $oTon COyAapAeTCH C u-KBapKOM NpPOTO-
—gpp-m) [ dx—E— (7:46)  na - i
(7 i w7 | ,a aa'reM u-KBapK 3a cueT ¢JAaboro B3aumoelicTBuA pacnafaercs 1o cxeme
. u+d+et+v (puc. b). B HM3mem nopsiake no KOHCTAHTaM CBA3K JJeKTpomar-
3N+ 142 de(l + o 20 =P
—3N . +1+ fo x (1 + x)log 2 HbIX B3auMopeiicTeiit g B pacCMaTPUBaeMbiik poliece JaeT BKAAA TOABKO Auar-
Pamma puc. 5, a. Bo3MoXHble NUICOHHbIe NONPABKYM OMUCHIBAITCH AMarpamMa-
R x M DHC. 5, 6 — 2. ApryMeHTOM KBapKoBoro nponararopa S (p), gurypupymoumero
-§p*— )fo dx m . (1.4 8) B BBIDaXeHMA /1% aMIIMTY/Abl paccesiHui, ABAAETCA KOMOMHAIMA p = P, + .,

HUTHOrG ¥ gAaboro s3auMofieficTeull ¥ B HyJeBOM nopa/iKe N0 KOHCTAHTE CHJb-
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Puc. 5. Mpouecc pacceAHuA y + u - vetd u rnooHnbie NONPaaku K HeMmy.

(obo3Hauenus OUeBMAHBI); CJeloBaTEbHO, BhipaXenue A aMIUMTY bl pacces-
HUA OKA3bIBAETCH PAcXOfAIMKMCH, U HUKAKMX BbIBOJOB O ee NOBE/IeHMH, 110 Kpaii-
el Mepe B paMKax TEOpUM BO3MYylleHni, clelarh HeAb3H.

B peiicTBuTenbrOCTH 9T0 He Tak. [Ipu nocTpoenun Teopuyu Oblia AonyleHA

HEKOTOopas HeTOUH
HEKOT

pMM nng' nnnr"rnm PKHMn“(\P R4 Mﬂl'lpﬁ

BYIa W‘% rie note GeamaccoBoe. .-ﬂarpanxuan, ormcuaalomnﬁ cHcTeMy B3au-
Mo,[lencTBylumux noJel, iMeeT B

£ = (i~ m)y + $3,60"6 + g9 (@.1)
Kak yxe rosopuaoch sbime, S -MaTpuua OnpelesseTcs BbipaxenueM
S = Texpi f d*% £0(x)

|4_(‘ i" e d4. T 20
= -7 “u A ... i
"el n! J 1 a

rfe BXOMmue B Jarpamxuna a~ ¢ (%) moJs pacemaTpuBaioTCA Kax cBoGoMbIE
M 3aMMchiBaOTCH B HOPMalbHO ynopxnoqeﬂaoﬁ tdopme. Yaen £°t cognaﬂae,r c

TpuunefinbivM Yaenom Boipaxenns (8.1) mocae 3amensl y - ¢, 990
L00= g TN 8.3)

KBanToBaR XPOMOANT

a7

Ho sTa Tpouesypa HexoppekTra. QuesyiHo, UTO moad, durypupyoume B Bhipaxe-
un (8.1), He aBasOTCA CBOGOMHbIMY, @ UX MAcCa m He COBNAJaeT ¢ Maccol, Ko-

'ropylo JMMeeT TigJe y B OTCYTCTBUE B3auMopelicTsuil. 310 BMOHO U3 BbIpAXEHUs

(1.5) A1A KBapKOBOTO NPONAraTopa, B KOTOpOM Macca KBapKa 3aMeHEeHa Ha KOM-

Guawno Buga m il - 4 g?Bp 1, a uucuTens ymuOXen Ha BRIDAXeHUe

1 4 ngD
]

B culy cBolicTBa MHBADUAHTHOCTH TEOPMM IO OTHOLIEHMIO K npeoGpa3oBaHu-
M Tpynn BHYTperned u NPOCTPaHCTBEHHO! CHMMETPUH JONYCTHMDL JMIllb CAEfyio-
1pe 3MeHeHus nodell i napaMeTpos, GUrypUpyOINX B JArPAHKUAHS: HIMEHeH!

My’:'ib“m NUKATUBRHONO TUNIA

Vo Z7 A, 927, g Zg moZym, (8.4)
¥ W3MEHEHHH , Bbi3BaHAbLIC ﬂv"é@&.‘!ﬁﬂ!’!QM B JarpaHxuan eKOTODle [ONQJAHUTE b~

HBIX Y1eH0B. MOXHO NOKa3aTh, UTO B PACCMATPUBAEMOM CJyUae CKaAAPHOrO B3au-
MoAclicTBus Wy HeodXomMo eme 100aBuTH B Aarpamxua YieH Bua A(e)*.
Ho MBI oKa 2Tv yJeHoM npenedpexem. Taxum obpasom, NPHAUMAT BO BHUMAHME
ToibKo (8.4), u3 Q)opmymﬂ (8.1) nosyuaem BbipaxeHue A TaK Ha3HBAEMOro "ne-

peﬂcp.‘v‘.}i?(‘lﬁ‘:‘"““"“ JarpaHxuana

LR = 2], — 2 2+ 2510, 88%,
"'z, gl 8.5
+ Zgz\p ]Z¢ 172 utpu‘Pu ’ ( )

OTKyAa 3aKJ0uaeM, YTO JarpaHxuan B3aumopeiicreud, olpe/leaseMbiil Kak pas-
moors £, = € ~&;, .. , B neficTBUTEALHOCTH HMEET BU

LR =gl + (272,217 — 1) gl
+(Z,7' = )iy — (2, 'Z,, — )ymy]
+(2,7 = 1)9,900490 1, (8.6)

Thew? y 99 — c60600usie MO, YNIOBJETBOPAOILME KAHOHMIECKUM KOMMY Tl OH-
HEIM cooTromenuaM. Unenbt, cogepxamme Maoxutem (Z oo — 1), HASHIBAIOTCH
xoumpunenamy. OueBUTHO, UTO PAZIOKBHIME ITUX YJEHOB B PA/ MO CTENEeH M
KOHCTEHTDL! CBASH g ACAKHOC HRYMHATLCH C efMuuibl, TaK Kax npy sHadeHmy
& = 0 Bce nepenopmupoBounbie MEOXHTeMM Z paBHHE emuuule. [TosTomy nepe-
HOPMUPOBOUHble MHOXHTEM MOXHO NPE/ICTABUTD B BUfle piAa

n

2
=1+ S c<">( £ ) ®.7)
n=1
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rie kosgduiments! C 7! umeloT KoHeuHOE PaIOKeHue B PAA Jlopana B oKpecT-
HocTi Touky € = 0 (T.e. umelT BUA S _qa 7 k4 0(e)). CymecTByer u Apy-
oii cocob MPOGJAeMTh 32 BOSHUKHOBEHUEM KOHTPYICHOB [ 45]. U3 Boipaxenus
(8.2) aaa S -MaTpulibl BUAHO, UTO BCIEACTBIE CMHTYJIDHOI'O XapaKTepa BXOAd-
LAY B HErO I

WX B H 10J1eil XPOHQJOrUYECKOe IPOU3BE/IeHHe

(8.8 a)

He ONpe/leJIeHo [P COBMAJAomyX apryMeHTax X; = X ;. CaenoBarebHO, K KaX-
NIOMY YJEHYy PazJOXeHUA (8.2), umenwemy sun (8.8a), moxno n00aBuTH POU3-
BOJbHOe ¢JaraeMoe BUa

p@)8(x1—x3) ... 8(x

cn

—x) . B(Xes1 ™ Xa) {8.8 6)
[Jle CHMBOJ p 0603HAYaeT BhIpAXerue, NOIMEOMUAIbHOE IO oneparopy midde-
penippoBania. OTCIONa BUAHO, UTO YJICHb! (8.86) cOOTBETCTRYIOT KOHTDUJEHAM.

HackqJbKO NPOU3BOJIbHbI SnaueHns KodpPumentos Z ? Oauo u3 ycaosuil,
onpefie AWM KX BEJHUMHY , COCTOUT B TpeOOBaHMH, urobel aarpanxman £ R
IpYBOIMIL K KOHeuHbIM OTBeTaM Aaxe B mpefede e » 0. Ho 9T0 He noaHOCTHI0
duxcupyer Ko3pduimenTs G (l?" B seipaxenuu (8.66). UToGHI 0AHO3HAUHBIM OG-
Pa30M KOHKDETUIUDORATE BCE NEPEROPMUPOSOUNbLE KN OKUmEIU Z , Gurypupyio-
1i%e B TeOpKH, HEOBXOMMO PacCMOTPETb CTOJIBKO HE3aBUCHMBIX aMILITY], CKO-
JIbKO TapaMeTpoB AQJKHO GbiTh ONPEAGASHO.

Bepuemctt k Jarpamxuasy KX/I. KsauToBas XpoMo/uuaMiKa fABAETCH KaJub-
posouHOli Teopueil Mo, ¥, Kak Mbl BUACH, Ka/MOpOBOYHAA MHBAPHAHTHOCTD
npencTasaser coboii reobxommoe YC0BUe TOTO, yTOObI 3Ta TEOpUs MMeda
cMbicl. Ycuosue KamMOPOBOUHO! MHBAPUAHTHOCTH HAKJ2/bIBAET KECTKHE Orpath-
Yenust Ha JOMYCTHMYIO CTPYKTYPY KOHTDUJCHOB: OHY [OJKHbI GbITh KAIMOPOBOY-
HO-MHBapUanTHbIMy. VI3 BolpaXenusi Aus JarpaHxuana fécn u Boipaxems (5.11)"
BUIHO, YTO e[MHCTBEHHBIMI JIONY CTUMBIMI USMEHEHUAMY ABJAITCH 3amenbl '}

q'(x) > Z7 qi(x)s
BE(x) > Z5 '/*Bla(x),

w0 () > Z; Pwa(x),  Be(X) Z5V %0 (%),

(8.9)
g>Ze
m,—>Z, m,

A ZA.

1) OrMmeTHM, UTO HE BCE MHOXUTENN Z He3aBuCuMbi. Hanpumep, u3 ToxaecTs
Cnamosa — Teinopa cneyeT papaicteo * Zy = Zg (oM. § 9).
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KeamOpoBouHast MHBADUBHTHOCTb PUBOMT K TOMY, UTO BCE KBAPKOBbIE IEPEHOPMHPO-
gouHble MHOXuTe M Z PaBHbl OfHOM 1 TOH Xe BeanHe Z ;. Ananoruunoe yr-
BepX/IeHUE CPABE/IIMBO % AN DIIOOHHLIX EPeHOPMUPOBOUHbIX MHOXMTEJEH, Kax-
il U3 KOTOPBIX PABeH Z . Kpome TOr0, NeperopMupoBOUHbIe MHOXUTEM [
mepuuH 99 B, BBB, BBBB u wwB, KoTopble, Bo0GmE roBopsi, MOrJm Gbi GbITh
pasHbIMM, GJISAYeT 3aMEHUTH 00HUX TIePeHOPMMPOBOUHBIM MHONKHUTENEM Z . Ta-
Koro chetpduueckoro nabopa nepeHOPMUPOBOUHBIX MHOXUTENEH OKa3biBaeTCs
BHOJHE 0CTATOUHO, YTOOb! 0BECHeunTd KOHeUHOCTD ¢ynxupi ['puna. 3o a8~
JSeTcA CIe[ICTBUEM TOXECTB (8 cyuae abeneBbX KaJMGpPOBOUHBIX Teopuil Ha-
anBacMBIX TOXeCTBaMu YOPAa, a B Glydae HeabeJeBbix TeOpHit — TOXAeCTBA-
wu CaasroBa — Teitaopa), KOTOPbIM B CHIY KaJuOpOBOUHOR MHBaAPUAHTHOCTH [0J-
Xu y[I0BIETROPATS GyHKIMK I'puna. Kak yxe orMeuanoch, ST TOX/ECTsa "
BOSHMKAIT B pesyabrare npeobpasosanuit BPC. Hixe OyAyT npuBefierbl HEKOTO-
prpie U3 Haiboiiee Baxubix ToxAecTs Caasuosa — Tefiaopa.

B 3axJiouenye 3Toro naparpada efieM Hexoropbie oGosHauenns. Ecam
B MCXORHOM Jarpamxuate IpoBecT 3aMensl (8.9), TO Mbl noJyduMM Bhipaxe-
Hye IJA neperopMupos annot0 Jarpanxuaia

£k =3 (b5 -1} - § O x )= 3 0B

n

+ 2 (8,8)54a,

™

rfie THIb[a Haji CHMBQJIOM O3HAYAET, UTO [aHHas BeJUUMHA COJEPXUT COOTBET-
CTBYIOLMA MHOXUTEIb Z , HANPUMED
d= ZF_‘/zqu, m=2Z,m,...,

Dj=@—igtB)g,... ut.A (8.106)

€
Taxum 00pa3oM, Jarpasxuas ER $opMaJIbHO COBNA/IaeT C HenepeHOpPMIpOBaH-
Y « X <R 5
HbIM Jal'paiXuaiom 25 ps 3aMeHe BCeX BXOAfiiiX B HOTO HEMSPSHOpMMPOBai-
HBIX BeJMYKH Ha NepeHopMupoBanible. [lepeHopMUpOBaNHbIA Jarpamxua £
MOXHO IPE[ICTABUTDL B BUME CyMMbI

Lh=Lh+ L, - @®.112)
T e yJleH
-f.f =5 (i — T _ l z_ A 2

D qu {i9.Pq, — m3,q,} 4 (D, X B,) b (E)Bu)

+ (3,w,)D%,, (8.116)

1
! Deranshoe uccnenoBanue ToxaecTs Yopaa u Cnasiosa — T8HNOpa MOXHO
Hafity B Kuurax [ 114, 189].
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COJIePXUT HENePEeHOPMUpOBaHHble, Wi "rabie” , 04, 3apafbl ¥ Macchl, a YIeH
L =Lh 2L

=(z7'- 1)i2q‘7uaqu

+(27'25'°Z, - 1) g Bt 0Bl -

ONUCHIBAET BKJA KOHTPYJIEHOB .
Mit BH/IMM, UTO B paMKaX Teopuy Bo3Mymenuit B3auMonelicTeue omuchiBaeT-
Al HE TOMbKO JeHamu g = 40 Yy tq? B:"“ , ..., HO # ydenamu i(Z 3 — 1) x

(8.11 )

xZq274q2 u u.p. Npu s70M noas a2, BY , 0 ynoieTBOPAIOT KAHOHMIECKUM
KOMMYTAIMOHHBIM COOTHOWEHUAM [l CBOGOMHBIX nonelt u nopoxpator rabop deits-
MaHOBCKHX NDABHJ IMarpaMMEoll TeXHUKY, KOTOpble npuBefienbl B npuioxeruy I'.
Clrefyet oTmMeT!TD, 4TO 00a yjieHa Jarpaixiaia gJD i 3‘35! D TpebyoT pery-
Jspu3alkm; Bo3HuKalouye npi SToM 6eCKOHEUHOCTH JO/DKHBI COKpamaThes Tak,
urofpl Jarpamxuan £ ; npu nepexofe K gusnveckoMy npefiedy D -+ 4 npuBoau

K KOHEUHEM BbipaxenusiM. [lajieko He OUEBUIHO, UTO CYWECTBYIOT NEPEHOPMUPO-
BOUHble MHOXHTe M Z, YAOBJETBOpsIoNe 9ToMy TpeGoBaHuIo, 1 eficTBUTEIbHO
(no xpafineit Mepe B pamKax Teopuu Bo3mymenu#t) AajeKo He BCe TEOPUM MOJA
061aa10T CBOCTBOM NepeHopmuUpyemocTy. [oKa3aTe bCTBO NEPEHOPMUPY EMOCTH
HeabeJeBbiX KaIMOpOBOUHBIX TeOpuit, B UaCTHOCTH KB&HTOBO! XPOMOJMHAMMKY ,
Brnepable 6blao npoefieno T’ Xobrom [248] 1. B oroit kuure neperopMupyemMocTb
KXJ ne NokasbizaeTcd; MBl Juilb yOemumes, YTo Jarpamxuan £ ; B HY3WHUX N0-
PAIKaX TEOpUM BO3MymeHuil PUBOIMT K KOHEUHbIM PesybTaTam.

B pamkax u3naraeMoit 3/ieCb Teopuyt NepeHOPMUPOBOK, ocHoBbIBaomelics
r.iaBHbM 00pasom Ha Monorpadus BoromoGosa # lupkosa [ 45], koreunsie
(nepenopmuposannsic) Gynxmm T'puna BRIpAXalOTCH Yepe3 BaKyyMHbIE Cpefmue
BUAA

TG, (x) -+ By -+~ @z} ... 10,

A% BHIUMCAEHUS KOTOPHIX 110 Teopus BO3Mymenuit ucnoubsyercs noaxsii (cofep-
Xalui 1 KOHTPyJIeHbl) narpamxuas B3aumopeiteTsudt (8.11). Ofmaxo My AbTUImMKE-
THBHbI XapaKTep NEPEHOPMUPOBOK JIONYCKaeT uHOA MOAXoA K paccmarpuBaemoit
npo6ieme. MoxHo npereGpeyub KOHTPyJeHaMU ¥ NIPOCTO NEPEONPEACUTD MO U
KOHCTaHTHI CB3#, Gurypupyomue B Gyskimax 'pusa B cooTBeTCTBAN C (opmyia-
My (8.9). Boaee noapobHO 9T0 U3JA0XKEHO B NOCAEAYOWUX naparpadax. Cieayer
TEKKE OTMETHTb, YTC NPOBOAMMEIS 31eCh Npolie/yph! NePEHOPMUPOBOK BRINOHA-
0TCA B paMKaX meopuu 603Myuewuii. IT0 o3HAYAET, UTO BCE BHIMHCACHUS
S

1) G, TaKxe padoty [ 190}. Manoxenue coapemeHHoro coCToRHWA npoGnemsl nepe-
HopmupoBox a KXI Moxno wafiTu & padote [114].
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mmxnu' TPOBOMTHCA CAMOCOTJIACOBAHHO B OTHOM ¥ TOM Xe NMOpAJKe N0 KOHC-
raiTe B3aUMOAIeHCTBIA KaK B NEPBOHAYQJbHbIX YeHaX p3aumoielicTBud, TaK
B KOHTpYJeHaX.

§9. Mepenopmuposka B KXA (onHonetnesoe npubnmwkenue)

1. u-nepesopmuposka

PaccMOTPUM NIEPEHOpMUPOBaHHbI Jarpamkual KBaHToBOA XpOMOMMHAMIKY .
Jlas TOro HeoOX0AMMO 3a1aTh 3HAUEHNS NePEHOPMIPOBOUHbIX muoxutedel Z.
Hausem ¢ onpe/leJeHusl HelepeHoOPMUPOBAHHBIX ynxumii I'pusa

Gup (X1 -+ > Xxy)s

KOTOpble BHUACISIOTCS 10 HeNepeHopMUPOBAHHOMY Jarpaxiaty 535 . Qynxups

G npeficTaBJjser co6oit BakyyMHOe cpefiHee OT NMpou3Be/eHns noJgeit

{T®(x)) .- Dy(xn)Do=G(Xps- - Xn)s (9.1)
/

rfie CUMBOAH ) COOTBETCTBYIOT NQJSM KBApKOB ¢, , YX0B o, , N0OHOB B,

WM B oblem CIyuae coepXalM X JOKabHbiM onepaTopam. Menoapsys teo-

pito RoaMymery, dynxiuy T'puna MOXHO NPefiCTABATL B BAJIE CJEYIOWero

papa:
o0 n
— 1 4, 4,
Gup(Xps - -+ » Xy) ,2-0_—"! fd 2, ... d%,

X (TR (x)) - - - BY(xn)Lhoim(21) - - + Libpind Za)Do-
9.2)

Boobme rosops, HenepexopmupoBanutie ynkimy 'puna G5, pacxopires
B dusmieckom npefieae D ~ 4. TlepenopmupoBannbie GyHK iy pusa onpeses-
10Tcs B Bufie

Gr(xy ..., xy) = i i';fd“z, ... d,
2!

X (T®Yx)) - - - B%(xx )L Rie(21) - - - LRio(Za)0-
9.3)

'}Ol‘peﬁyem, uTOOH! nepeHOpMupoBarHast QYHKIWA G  Gblaa KOHEUHOH, T.e. uTo-
OBl KOHTpYJiennl, CoflepXanmecs B Bhipaxery (9.3), CoKpalaiM CHHTY IEPHOCTH,
npucyreryloupe B dopmyde (9.2). B clyuae KBasTOBOR XPOMOAMHAMUKN HMEET-
CHl WeCTh pa3MuHBIX NEPEeHOPMUPOBOUHBIX MHOKUTENeHR. [t MX O/HO3HAUHOrO
oOlpefieienus JOCTATOYHO PAcCMOTpPETH WecTh HesaBucumbix Gynkiyii I'puna.
HesasucumocTs pesy.abrara or BbiGopa konkpeTHbX ynkuuit puna, 1o Koro-
PBIM GHKCHpYl0TCS NEPEHOPMUPOBOYHBIE MHOXATEM, ABIAETCH CIE/ICTBUEM TOX-
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nects Yopaa — CiaBHOBa — Teisopa, KOTOPBIM STH GYHK MM TTOMUHAIOTCSH . Jan-
Hoe yTBepKfere TIpeficTaBldeT Gobofi HeTpUBHAIBHYIO YaCTb 11€PEHOPMHUPOBOY-
HoM mpoueypsl. 3Aech Mbl AMA onpegfeHHoCTH Bhibepem KOHKpeTHbifl Habop qyHk-
uuit 'puna, HEOGXOMMMBEIX A8 (uKcaluy nepeHOPMUPOBOUHBIX mHoXuTeell. Bee
BhuMCJeHns GysieM NPOBOMMTD B UMITYJIHCHOM npocrpaicTBe. Haudem ¢ nponara-
TOpa KBapKOB

Sed(p) = i{p-m+Z(p)} " (9.4 a)

2 2
2(p) = (F —m)A(p") + mB(p").
Bribepem TPOCTPaHCTBEHHONOAOCHIf UMY JIbC b, ynoBJeTBopaioumi yCI0BHIO
32 < 01}, Torpa MOKHO onpefie T 3HaueHH BeJUUKH

Agn (7%, Br(P) (9.4 6)

flepBad U3 KOTOPHIX MO3BQAAET ($UKCHPOBATD MHOXHTE D Zg, a BrOpad —
KomGuuamuio u3 MEoxurene Zp, Z, u Z,. 3aTeM 06paTuMcs K pacCMOTPEHHIO
TJIOOHHOTO TpornaraTopa

DE(q) = (— 9’8" + 4"0")Pru(9) + 8" Dre(9)- (9.5 )
Jlas IPOCTOTH paceMoTpum cayualt g =, Pukcupys 3HaueHnd
Dgy(P),  Drp(P) . (9.5 6)

N0/Ay4KM BbIp@KeHnst AN [IGOHHOIO NepeHOPMUPOBOUHONO MHOXHTE L Zy
v aas kombunaumu Z 5 u Z, . PaccMOTpuym nponarartop /yxos 2

Gr(p) = [d'xe™ P *(Tu(x)B(O))- (9.6 a)
Buibupas p = 1-: U 3ajiaBas BeJMUYMHY
Gr(P) (9.6 6)

QuKCHpyeM 3HaueHHe NePeHOPMUPOBOUHOTO MHOXUTEA nyxoB Z,. Paccmor-
petie noGoli u3 Bepuue gg B, BB B, -BB BB W %o B 103BQIAeT PUKCHPO-
BaTh 3apf[OBLIHl IePeHOPMAPOROUHEIH MHOXUTEM Z 2 BuiGepem pis 3roit
Tlea nepeyio 13 HuX, Ecau "yceuennyio” Bepmuuy V onpeeauts Gopmynoft

fd“x diye v e (g (y)BL(0)gd(%)o

=2 D:vb(l’z - P-)Sé‘if(m) Vigas(Pis Pz)sz'a(Pl), (9.7 a)

1370 noasqnAeT H36EXaTL PACXOAMMOCTEN dYHKLMA T pHHE, BOSHHKAIOWWX NPH
BPEeMEHHNOROGHBIX uWMnynscax £ , YAOBNETBOPAIOWHX YCNOoBHIO p2 > m2,
2) B panbHeliem Beape, rAe 3TO HE MOXeT Abi3BaTy HENOPA3YMeHHA, HHAeKC U
mbl 6yaem OnycKartb.
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. b,
yibig = WYt

70 MOXHO OTpefieUTh Bepmuty V mpu p2 == u2, p2> 0:

Vrdpimpi=(pr—pp?=—n* (9.7 6)

Kax yXe OTMeuanoch, BHIOMHEHKE IepeHOPMUPOBOYHON TIPOLe/lyphbl B 3HAUUTEb-
sofl Mepe 0GJIeryaeTcs TeMm, YTo NepeHOPMUPOBAHHbIA JArPAHKHaH £ » MOXHO
HOAYUHTD 3 "3aTpaBouHOro” JarpaHxuaHa fs p » NIPOBOZH 3ameny Qurypupyio-
X B HeM naJeft no popmysiam (8.9). [last Toro 4ToGHl BHUKCIUTH JIOGYI0 QyHK-
1o T'puHa, 3anullieM e B UMIYTbCHOM TPELICTABICHHM U OMCEUEH BCE BHEUIHNE
auv. TIpH 5TOM QAYUMM BerMHY [ (Dy,ees, Dy_y'5 ms &5 A), ONPEAEIieMyI0
opmyaoit

Tpo- o7

= Ki(p;) .- Ky(Pn)

1im 8N p

rrN—1

™M

—

dx, ... d%y e =% P X (TO (X)) - .. Pp(xn)Dos

9.8

rAe K, - obpaTnbie TIpONAraTopt; AL depmuonnbix nonedt iK (p)=SF (p(), )
Ans roonnbX nodiell i K(p) = DR'(p) u 7.a. 1) Boluncium HerepeHOPMUPOBAH-
Hy10 ynxiyio I'puna
Two(prs---sPn-15m, &N,
n‘cnqnbayﬁ mia 3TOro ,ﬁarpaﬂxuan .E“";)' int (euipaxenne (9.2)). Toraa neperop-
MipOBaHHaA PYHKIMA ['puna Iy mojyuaeTcd U3 HelmepeHOPMUPOBaHHON QyHKM
Ppuna [, p,
Ta(pis - - ospv-13m 8:N)

=Z5' 25 Tup(ps - - (9.9)

Iro Bripaxenye npuobperaer Galee NPO3payHblil CMBIGJ, €CJM BBECTH Cliefyio-
mye 0603Hauenus [ 3aTPAROUHBIX napaMerpor 2}

sPN-13Zym, Zog, Z)N).  (99)

Myp = Zpym,,  Np=2Z)A, & =Z,g (9.10) (9.10)
Torza shipaxenue (9.9) npunumaeT BuA
Ca(pi -5 py-rsm, g, X)
- Z“,l/z e Z",:ZI‘“D(pl, e s PN=13Myp > 8up s Nup)- (9.11)
e v ————
"n".u.“.m ¥

nunnht yoTpenaer © HimM nonoca Gefinmence-

OKux uarpamm. Tak Kak nponaratopsl Sp u Dp NepeHopmupoBansl, GyHKuMA Mpua
IBONNT MHONUTONL Z7" iR K@KACTC W3 nonef W MHOWWTENb Z g, ANA KaXhoh Be-

:"“'NN K? , TRK 4TO AnA Kaxaoh nonesoi dyHKiuK O Bo3HHKaeT SPPeKTUBHBIA MHC-
HTeRL

2)
“" Macctl u kenH6pOBOUHBIH napameTp MHOrAa YAOGHO PACCMETPHBATL KK HeKOTo-
Pbie kocTanTw canan.
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Jlast Toro 4T0GH NPOKJUIIOCTPUPOBATDH, KaK paGoTaet onucaHHas npou%nypa,
PacCMOTpHM TPONAraTop KBapKa. Coraacko obmeMy pelienty, C yueToM 0003~
Havenms « . = g2./(4™) moxHO 3anucars CJeflylomee COOTHOMEHMe MeX/Y ne-

€=

DPEHOPMUDOBAHHEIM i HEOPOHOPMHUPOBAHHRIM nponararopami:

_ 71/271/2 < Z g, Z,m,Z,\).
Si{Ps gr g X) = ZF Z?Sup(P3 258 Zm )

Bee BuuncJeHud GyAyT NpoBoMTECH BO BTOPOM NOpsAKe TEOPUH BO3MYmEHMi.
TosTomy MEOKKTEM Z P Z ) MOXHO 3aMeHUTD Ha eMHKIY, TAK KaK BO3HMKaIO-
IMe TIpY STOM TIOPABKA Gymyr uveTb Goee BbiCOKuH IOPATOK MAJOCTH 10 KOHCTaHTe
casou o, Vienonbays GopMyasl {1.4), (1.5), noyuaem pbpaxeHye A1l nponaraTopa

5

sapka
KBap oo ; o 1- CngADE(PZ)
Sa(Pi g:m®) = 28 =z, m) ~ 7 = z,m(1 = Ceg'Bod )

Kax 0TMeuaoch Bille, AU Toro uToOH onpeAetuTh NepeHOPMHUPOBOYHbIA MHO-
xuTeab Z , HyKHO 3a/laTh 3HaUeKHe KBApKoBOoro nponaraTopa Sg MpH HeKOTO-
pPOM 3aJaHHOM 4-ymnyasce p = p. Tlorpebyem, yToGbi B 3TOR TOUKE MEepeHOpMM-
poBaHHbIA nponararop Sk coBnagal ¢ nponararopoM cBoGoauolt yacTHIb

I ] 0 1
! i (5.12)

-m

Sp(Ps gma) = =
) 4

Taxum 0BpasoM, HaXOMM, 4TO npu p2 = - p? NePeHOPMUPOBOYHbI MHOXHTED
zZ F MMeeT BUA

Zp = Zhy (#%m?)
1
=1 l!;{l_.N__l_f‘a.xrz,.l_x\_e'l
= _CFTW'i( £) € JO L( ) 1

xm? + x(1— x)p? _— ! x
- s d s
»2 +£(”'+m)foxm2+y.2x

X log
(9.13)
Zp = Z( 0% m?)
a | . _,‘- . xm2+x(l-x)p.2
=1- CpﬁfN‘ -1- ZJodx(l + x)iog 2
1
24 m?) [dx —= . 9.14
+E(p+m)](; e (9.14)

A
[
o
I
-1
)
g
X
2
]
B
s
3
o
2
s
z
ol
x
o
z
-
F
]
T
s
3
Fl
=
3
]
5]
4]

HyXHO MO/T4ePKHY TH cJelylommit Baxubiit GaxkT: B TO BpeMd Kak pacxofsumaica
4aCTh NePeHOPMUPOBOUHOIO MHOXHUTEA Z ; 3aBUCHT OT KaAOPOBKM, pacCXops-
masics 4acTb MHOXKTeH Z,, X3 mOpPOBOYHO-HE3ABUCHMA, XOTA B paMKax [iat-
Hofi CXeMbl KOHEUHas YacTb NepPeHOPMUPOAOUHOrO MHOKHTEA Z,, Bce ele 3a-
BUCHT OT KauBposku. KambpoBouHas 3aBUCHMOCTb MHOXHTEN! Z O3HAuaeT,
4TO MOXHO BHIODATh TaKylo KamOpOBKY, B KOTOPO#l 9TOT MHOXUTEJb KOHEUEH.
145 supaxesus (9.13) Buano; uTO BO BTOPOM NOPALKE TEOPUHU BO3MYmERHUt dep-
MHOHHBIH TIeDEHOPMUDOBOUHEIA MEOXHTeMb Zf KOHeUeH B KaauOposKe Jannay,
xorga § = 1,

B KBaHTOBON 3JEKTPOAMHAMIKE CYWECTBYET eCTeCTBEeHHa NepeHopMUPOBOY-
Has cXema; B Hejl 2JeKTPOHH U QOTOHb! BhIGMpAlOTCA Ha MaccoBoil NOBEpPXHOCTH
(T.e. 3neKTPOHHKIL npornararop § sajaeTcd B TOUKE b2 = m2, a Gorormslii D -
upu g 2 = 0). Mockaasky B KX/l, no-BuaMmMomy, IpOMCXOIUT YiepKaHue KBapKoB
M TJHOOHOB, B Hell He CYiieCTBYeT CTOMb Xe eCTeCTBeHHOro cnocoba ruibopa
cXeMBl iepeHopMupoBKi. Cre/ioBaTelbHO, HMeeTCs onpe/eJerHbli MpoOu3B0a B
BHIGOpE [IePEeHOPMUPOBOYHON CXeMbl KOTOpbI MOXeT BbiTh HCNQAB3OBAH AL TO-
10, 4TO6bl MAKCUMAJAbHO YNPOCTUTH BHIUMGSHHS . Jrum TpeGOBaHUAM Y/IOBJAETBO-
pfieT CXeMa MUHMMAJbHOrO BHIMTAHMA, K 00CY X AeHHIO KOTOpOJ Mbl lepexoiyum.

2. CxeMa MWHWMENbHOTO BbidnTaHW A

Kak 3ameTia v"Xodr [249], npocTeiimmii cnocob UCKIOUEHH PaCXOAUMOC-
Telt u3 Gynkmwsit ["puna cocTouT B OTOpPaCHBaHHK M10JI0COB N0 NapameTpy 1/e,
NOSBJSIONMXCS B PA3MEDHOSi pery pisaliin (KunuMasbioe soiumanue MS).
Brocaegcrsum 66110 noxasano [29], uTo 9T nooca Bcer/aa nosApJfioTCA B KOM-
Gunanyy

N,= % —yg + logdn. : (9.15)

Caef0BaTebEO, €U OTOPOCHTDH TAJIBKO 4JeH %4/ ¢, TO OCTAIOTCS TPaHCLeHACHT-
Hble BeJMumbl vy , log 4. Hanomrim, 4To 3T BEINUMHD! BOSHUKAIOT B pe3yib-
TaTe 060GieHIA MPOBOMMBIX  BHIUNGACHMI Ha cayualt npocTpascTBa NpOU3BOALHOR
pasmeprocTH D = 4 — €, 4TO HAaXO[UT CBOE OTPaXeHue B YJeHaX Bula

(@n)"*I(e/2) = N, + O(e).

Kaxeres nonme ecrecTReHHbIM 0TODOCHTE M STH TPaHCUEHAEHTHble. Claraemble.

910 TpeGoBanme NPHBOMT K HoOuPuyuposannoll cLreMe MUNUMAIONOLO SHYNUMGHYA

Y Y TR R —— n wamanatt wsrrawn
{p Aaibnelimiem oGo3HadaeMok MS ), B KoTopo#t MuOXuTEAs N¢ MCKMCUaeTCHE nol-

") Kanu6poeka MNaxaay yRoGHa & Teopuu, OnuCHIaakel Gasmaccoabia YacTus. B
3ToM Kanubpoaxa Ha TONLKO NEPEHOPMHPOBOUHLIA MHOXUTENb Zr  KOHEUeH, HO U MacCo-
abift onepatop = (2) pasen Hynio.



56 asa Il

Hoctbio 1. B paMkax 3Toit cXembl HaxouM cJiefiyiomyie BEIDKEHUs [ nepexop-
MYPOBOYHbIX MHOXUTEJed:

—_ 44

Zy=1-Crg (1- 9N, ' (9.16)

Z,=1-C 5N, (617
g N

Mot GyfieM noJb30BaThCA B OCHOBHOM cxemoit MS , no3ToMy uepTy Haj nepe-
HOPMUPOBOYHBIMI MHOXUTE MU Z, OTHOCAWMMUCA K 3TOi CXeMme, B naJpHed-
mem 6yaeM onyCcKarb. (B cxeme MS wmHOXuTEJb Z,, He 3aBUCHT OT KaMOpOB-
k. B gsyxner.ienoM npiGmoKeruy 5T nposepeno 8 pabore [242], Ho pesyb-
TaT, NO-BUAMMOMY, ClIpaBelJMB BO BCeX nOpiAKax Teophu BO3MyLeHHit BGaeCT-
Bie Kas6poBOUHOM HE3aBKCUMOCTH MACCOBOro YJeHa mgq -) Vi3 Bolpaxexwi
(9.16) u (9.17) BuAKO, uTO, ONpPEEMB kooddutiment ¢ BoipaxenneM C = ¢ Ne,
MOXHO Hanucarb

o= - Cp(1 - §), - (9.18)
M= —3C,. 9.19)

R — Y]}
i BbluCIeHs OblJK NpoBefieHbl U BO BTOPOM TOpsi/IKe TeOpuii BOSMY ewiH =
Briuyc/mm TeneDb B cxeme MS apyrue epPeHopMUPOBOYHble KOHCTAHTHI.

DBIHGAANM

Hausem ¢ rJI00HHOT'0 nponararopa. [onepeunas 4acThb NJIOOHHOrO nponararo-
pa 3anMchbiBaeTcs B BUJIE
2

.8 +d'q/q

Dvﬁ,;;ab(q’ 8u s My ’Xu) =1 ——qz_'_ 6,,b
, o
—g" +4'"/q "

+ 2 —T‘— 6ﬂdlnfl/v'6b'b

1

(9.20

w7

. , N
X ;M ...
> +
q
B 9TOM BbipaXeHuy BO BTOPOM MODs/IKe TEOPHK BoSMyulenuil He TpebyeTcs npo-

Be/leHHA TIePEHOPMUPOBKI KOHCTAHTH! CBA3H, KalMOPOBOUHOr0 napamerpa nwim
macesi. YacTh noaspu3aluonHoro oneparopa 1, 06ycJ0B JleHHast BKJIaAaMu

= R -
¥ Cxema MS mMoxeT 6biTs CBefiena K cXeme MS 3amenofl Bhipakenua dDk=v§=D*

xd Dk /(2m)Pna suipaxenne d Uk = {vg‘D/ (em)Pi /i (4m)#=Di‘2r@3-ps2).

2) Briuycnens Gbinu nposenexs Haxonynocom u Poccom [2081; Tappay [242]

Epceepun WX ¥ UCMPABUN TPUBNANBHYIO OWHUOKY, RONYILEHHYIO B opuruHanbHod pabote
208].
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m%* o
q q g ~__~ 9
a
ki
Ay qvb
k+q,j
6

s @+~ OO

Puc. 6. M0oHHbIA nponaraTop.

Tt

AYX0B U r0OHOB {puc- 6, @), BblukGieHa Bbille (Bhpaxetue (5.9) ). YacTsb one-
paropa T1, Bo3HMKalomas OT BKJajla KBapKoBoi neTm (puc. 6, 6 ), 114 xBapka
Kax7oro apomara f 3alUChiBAeTCs B BUJe

. n v
_ ing!;‘ftj?Jf deD ,4-D Tr(k+m)y"(E+qg+m)y"

—~ v 2 )

7 2m) (k2 = m?)[(k + q)* — m}]
Bhiuycaenue aToro Bbipaxkenys npoBOAUTCS CTaHAAPTHHIMK MeTofamMu- 3a UCK-
AiodeHneM mpoxuteas Tre4t? pesyJbTaT COBNAJaeT C XOPOMO U3BECTHBIM U3

K3/1 Buipaxenuem A GOTOHHOrO MO PU3AUMOHHOTO onepaTopa. Ecm uepes
B 0603HAUNTD TQJHOE YUCJO APOMATOB KBAPKOB, TO pesyJbTaT UMEeT BUJ

II,

a =4,
all quarks;ab — Yab

¥2TFg2 2
—167—(—3‘"‘1 +4'q")

2

n 2 (1= x)a?
X{%Nzn,—4r|dx-x(l-x)$flogw——)((—xml.
(U /0 T 3 ]

(9.21)

H Buipaxenve (5.9) nonydeHo 6e3 yueta MHOXWTeNnR vg"D . Ecnu yvecTts ero,
TO euHCTBEHHOE U3MeHeHUe 3aKniowaeTch B 3amene log(— g 2) nalog (—g3/v2).
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i 0CYMMMpOBATh BCE [Marpammbi
Bo BTOpOM NOPsi/ike TEOpUHt Bo3MyLieHIH MOXHO MPOCYMMHP ; rarpan
puc. 6, 6, Tlie KpyXKami 0B03HauEHbl IETIM KBAPKOB, TI0OHOB WM I
. 2 b
fJeadst W3, 051 pyu3aikoHHore oneparopa TeH30pHYI CTPYKTYPY BUMA

Ty = —8,u(— """ + 4" (9.22 2)

noJyyaeM aHajor BhIpaXEHUA (7.5)
-g”+q'9’/

D::r:ab(q) =il T2

(1-myg*

(9.22 6)

BgefieM 3amuchb
div
=& N bInAKEHUAX L) BeJm-
23 e s T U TOHE _ R BbID:
KO3 PUIPEHTDI nipu YaeHe Ng B BRIDD
KoTopaf O3Hauaer, 4To > " awarop D e
§t nJIOOHHDBIN TIPOIL p D san
uuu f U g PaBHBI. Torpa nepeuopmuposauﬂbl

yuH

csi B BUJie

= Z-\pw
stlr;ab_zﬂ Dulr;ab' .

Ws ypasuenuit (5.9), (9-20). # (9.21) caeniyeT paBeHCTBO

QT m
1+

-

€

div gz -lOCA
1-0= 1+—32ﬂ2{ .

CiepioBaTebHo, B paMKaX Cxembl MS B xaimbposke Pepmu — Deltamana AL
népeuopmupoaoquoro MHOXUTEJS TI0JydYaeM Boipakeuue

o { 10C, Si;rnf}N '

(9.23)

€

(9.24)

o-
Onyckas BHIUNGIEHNS, TIPUBENeM LI KOHEYHELH pesybTar A TIepeHOpMHp
BounOro MuOXKTeLt Z,' ) o
0= cf (9.25)
P = cgl.

eTAeBOM
CuefilyeT OTMETUTD, YTO B xambposke Jlanfay napameTp € B OfHONET, o 6
n‘puﬁnmkeﬂuu He nepeﬁopmﬁyye'rm. B neficTBUTEbHOCTH, KaK NoKasal ,

1) C M., Hanpumep, paboTy [222) u uATMPYEMYIO TaM NUTEPaTYPY- ToxgecTBa Cna-
BHOBA — T;ﬁnopa Aoka3aHHbie B § 6, obecneunBaloT BLINONHeHne paBeHcTBa Zp = 7)
Bo BCeX NOpAAKEX Teopuu Bo3MylweHni.

KBaHTOBSR XPOMOANHAMUKAE KBK TeopuA nona

9, Q

2 M a

I‘f;:/ \k: q:c p+k, ! K"ﬁ"f""

m / ko '\\
'i,p j,pl i,

g Lp'

Puc. 7. BepiuwnHa KBapK-rniOOHHOIr0o B3aHMOABACTBHA.

toxaecta Caasnopa — Teiinopa obecneunsalnT ClpapefMBOCTb ITOMO Y TBEPX-
IeHuA BO BCEX TOPHAJKaX TeOpHM BO3MY merui .

B sak/ouenne TOro naparpada BEYUCIM NEPeHOPMUPOBOUHDbIA MHOXUTE
z g Jas sToro ucnoJb3yeM Bepumey gg B. Bribupas obo3uauenns 4-ummny.b-
COB B COOTBETCTBHM C PUC. T, MOXHO 3amcarhb BulpaxeHue A 9Toll BepumHbi
BO BTOPOM TIOpA/iKe Teopuu Bo3MymeHuit B Buge (cp- ¢ (9.7))

5.‘
\1!
®
[]
o
&y
+
=
o
=
¥
P
(33
[ ]
<R
]
8

TQ%(p, p) = (T® + T}, . (9.26 6)

Baamumn 1 &) n il : #c. 7, 6 4 6 COOT-
BeTcTBenno. [marpamma puc. 7, ¢ NPUBOIMT K NepsoMy UleHy igyt B Gopmy-
Jie.(9.26a). M3 paccMoTpeHHbIX Bhille IPUMEPOB OYEBMHO, YTO MacChi KBApKOB
HE UrpaloT posm B BHIpAKEHUAX JIIA NepeHOpMUPOBOUHbIX MHOXMTENel Z (3a uc-
KAlOUeHyeM, KOHEUHO, MHOXUTeM Z ), I09TOMY MOXHO YIIPOCTHTb BLIUMCJe-

HYA, nonoxus m= 0. [Ipu 3TOM CJeAyeT yuuThiBaTb TOALKO PACXOAMIMECH YacTH

Bepumy I' . Toraa B xambposke Pepmu — Pefinmana Ans paccMaTpuBaemoit
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BepUIMHbI UMeeM

ol fd"k Y[k = )5 — (K + @)t + 29— k) EE| (P +Y*
e [(p + k) + i0][ (k= g)* + i0](k* + i0) y
dgi"C" wlim (224 p22-D)/D-2 A NG u (9.27 2)
ST a0l (kz_h,)2 ® eéx 2 Y

3pech ucnoab3oBanbl 0603HAYEHMUS

dﬂk_. d k y“D

@n®
Ci=-g zt becfebe = %g[ b’tc]jifbcn
2i0 403

=g 5Cl =§it;gz.

Ipu BbIBOZE MOCAEHET0 BHIPaXeH!A UCIQIb30BAHO CBOKCTBO aHTHCHMMETPUU
KOHCTAHTBI f IO OTHOH.IeHmO K rlepecTaHOBKe m.uexcoa Guarofaps KoTopomy
MOXHO 3a8MEHHUTD i , t ©]. AHBJIOrMYHO NoJyyaem
Bblpaxenue AJf BKJaJa, BO3HUKAKWILEro OT AMarpaMmbl puc. 7, 6:

M
el _ 2 (pp V(P + )Y (F + D)v.g™

uij,a ig|aw ~ra

[(p+ )"+ i0][(p" + k)’ + i0] (K> + 10) <

div N,
= jg —S. yEC . 10 97 &y
° 1672 i {Je2i O)
3nech
L) cpaey o2
Ci=g Z(t 1), = g é}([r‘,t“]:f)iﬁ gz(t"ztctc)
< ,;,'
1
=gk { 2cphcl,}. (9.27 )
Ilpu BeIRONE 9TOrO BRIpAXEHUS UCTONLIOBAHE! DOPMYILE mpuaoxenna B. Taxim
00pa3omM, OKOHUATEbHOE BBIpaxenue [ BepuMHbl [ umeeT BUj
3
r2yudiv Ng —~ 2 o on
luya=—] ﬂzi‘m"“*r}"ﬂ (9.28)
B nepeHopmupoBKe BepLIMHbL YUACTBYIOT MHOXHTEIM Zg_. ZpuZlp:
— 1l —1/2
Via=Z7 'Z5'?Z, V8, . (9.29)
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+ |, Kpoce™ duazpamms

SN

Pyc. 8. TpexrmooHHaA BBDWHHA.

Mcnom3ys ToJyYenHble BbIlE BbIPaXeHHs [Jf IePeHOPMUpOBOUHBIX MHOXUTEeH

Zz uZg ¥ TOIbKO YTO BHYHCJCHHOE SHAUEHNE pacxopsuefcs YacTH BepMHB!
s D

[ 2}, nonjuaenm caefyouit pe3yJbTaT [AA 3apAA0BOr0 ePEHOPMUPOBOYHOr0
MHOXHMTEJAA

a (11C, 2 (9.30)
zg=]—2_7;{ 3 3T,,.an R

Takum 0bpazom,

e (1T

s -T2 73

VHTepecHo IPOGIeMTD 3a COKpallleHHeM YJEHOB, MPONOPUMOHANBHBIX MHOXHTE-
J0 (‘ . Takoe cokpallleiue 0083aTelbHO [OJDKHO UMETb MECTO B Cilly TOro,
4TO aapx,uosb[ﬁ nepeﬂopMMpOBoqﬂblﬁ MHOXUTeJb Z g MOXHO BHIYMCIUTD B pam-
Kax YACTol TJIOOMHAMMKY, HE CoflepXaleit Q)epMuOHoB (cm. Huxe). OueBuaHO,
4To TaKoe COKpaileHye NpoucxouT 6Jaroaapst kamOpoBouHol CTPyKType Teo-
puw, cm. Boipaxenne (9.278). B caenyiomenm nopsiixe Teopui BO3MYIEHHH Gynk-
st B BbluMciena B pabotax [64, 179] . Boluucenus kodhduimenta ¢ ‘;' 6bl-
. npoepenst ['poccom u Buabuexonm [160] u Mommepom [218], koropbie BMec-



KOe BbIUMCJIEHNEe CBA3aHO C PAaCCMOTPEHUEM uarpamm puc. 8. ,[er STHX Xe He-
Jell MOXHO MCIONb30BaTh BEpIMHY B3auMOJEHCTBUA TJII0OHOB U AyxoB ®wB.
KOHe‘lHO. BCe Crnocobsni nacl_‘MQTnemﬁ nnu.gop‘m X OTHOMY U TOMY Xe nesvnb'ra'rv
UTO ABASETCH CE[CTBHEM KalOpOBQUHON MHBADUAHTHOCTH TEOPHU.

ClleflyeT OTMeTHTh, UTO BO BCeX 8X TOpAAKax Teopuu BO3MYIeHUi KO3 Duim-

©HTbI c‘;" BbIUMCJeHHbIE B CXeMe MS , Kalubposouro-uHBapuanTHb! [ 65]..

§10. MCnoGanbible cuMMeTpun narpanxuana KXJ; COXPaHAIOLIMECH TOKK

B aToM naparpade Mui paccMoTpinv 12068864 ¢ CHMMETPYM Jarpawxuana
KX/, Tiockoabky npolle/lypa nepesHOpMUPOBOK He MeHAET CTPYKTYPbi Jalpamxu-
Ha, MOXHO NpeHeGPeus PasuMeM MexX/ly 3aTPABOUHBIM M NEPEHOPMUPOBaH-
HbIM JlarpaHXuaHamMu.

\.r)"it:DHJ.mU, YTO JdarpanAnad MHBADUAHTEH [0 OTHOWEHMI0 K npeoépaaosa—
HuAM U3 rpynnsi Ilyaskape x - A x +a. Toku, COOTBETCTBYO1ME JOPEHeBbiM

npeobpa3opanmiM A (ABJAOMUMCH MeHepPATOPaMH NQJHOrO CIMHA CUCTeMH),
0 H: e NpeJicTaRAS 0T 60,

unreneca. Cornacus Teoneme Uaman
AnsTpTLa. LAULvauny 180pCMEe llt}lUl), HH~

BapUAHTHOCTb JIaI'DaHKUaHa OTHOCUTENbHO NPOCTPAHCTBEHHO-BPEMEHHBIX ClBH-
0B [PUBOMT K CJe/lylolieMy BhIDAXEHUIO A MERI0PE 4 EDIUL-U MRYAbCa.

w_ Y 9.7 ayﬁ;_ l—"_[”
Fpe)°TES

(10.1)

I'Jie CyMMUpOBaHie no { NPOBOAUTCH MO BeeM AOMAM, GUTYpPUpY OmUM B Jarpau-
xuane KX/. Via TEeH30pa SHEPrUM-UMIY,JIbCa MOXHO MOCTPOUTH TOKHM,

yZioBJeT-
BOPAIOIME YCIOBUIO COXpaHeHHS

9,0 =0,

Yo e

¥ COUTBEICTRYOIMe STUM TOKaM coXpaHslumecs "sapsan", npecTasmomye
CoBO# KOMINOHeHTs! 4-uMmy.abca

* = [dz60%x).

flBHoe BLIpaxenue [ Tensopa SHEPrii-UMITYIbCa B KBAHTOBO! XpOMOAMHAMIKe
umeeT sup '

n Mpu keaxT TEeopuu np CKHX rioned cnefyet 3aMeHWTb
Ha HODMANBHO YNIOPAAOUSHHOS NP OBcymneHie BONPOCE © HEORHOSHAHOCTH
onp TEH30DE SHEPIUM=UMTYNIbCE CM, & paboTax (60, 74].
TeHn3op aHepr: ynbca onp TCA Heop 0. B peAcTBuTENbHOCTH M3
P {10.1) k poBoY ap THOMO BbIP ANA TEH30p& SHepruHeUM=

nynsca nONyunTe He yAaeTcA. Buipi nou 2a oBLiunLIX

e 10.2) T npu
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or = i; Fy*D’q~ g“”@ gPq+ g””;mqt?q

— 8.4G*G GRS 1 g""G2 + YJieHbi, PUKCUPYOLIMe KAIMGPOBKY + BKJAL A\;XOB-
(10.2)

Hanee, cy 'I‘RV]O'I‘ TOKU U BHY\HTTN CRABaHHbIe C BDANIEHUAMU R IIBETOROM
npOOTpaHCTBe- BbIBO.El DopMy.a LI COXPAHAIOUMXCA TOKOB, OTBEYAIONMX I06a-
IbHOW BHyTpeHHel cummeTpuu Jarpanxuana KX/I, Mel ocTaBasieM uuTaTENO B
KavuecTBe ynpaxHeHus. ITOT BbIBOJ npeficTaBMteT coboll yacTHbil cayuait usero-
BBIX KanuOpOBOUHBIX npeobpasoBaHmii (C MOCTOAHHLIMIU K3 MOPOBOYHBIMU Napa-
MeTpamy) U MPUBOAMUT K HAaOOpY TOKOB, #é C6AIanKbx C B3anmofelicTBieM KBap-
KOB ¥ T'JIOOHOB.

EcJM Macchl BCEX KBapKOB paBHBI HYJIO0, TO Jarpamxuan £ unpapuanten
OTHOCUTEIbHO MpeobpasoBanyii Buia

Nlanee, cym

ny n
,._>V xSV o 10N
1y f' ij‘lf qr 7 /'41[ Yvsde s \2Ves

NpH yCJOBUYM, UTO Ma'rpumx Un pe,llCTa_BJLﬁlOT coGoli yHuTapHbie MaTPUUbi

deMepHle.l nf X n’ U 51U

Vi) =g (x), Afy(x) = G54’ (%) (10.4)
coxpansioTes Kax bl B 0T/edbHoCTH. ECam Teneps B Jarpanxuate £ yuects
MaccoBbie WIeHbI, TO COXPaHieTCd TOJbKO AMArOHAJbHbIA TOK Vql; ; OCTaJibHble
TOKM NIPY STOM SBJIAIOTCS K6 ASUCOTPAKAVUUMUCA, T.€. VX UBEPreH MM Nponop-
IMOHAJBHBI MaccaM KBapkoB. Boiuncienue ABepreHIMi 9TUX TOKOB He mpel-
cranpmsieT 6QJbION GJOXHOCTH; NOCKOAbKY npeodpasopanus (10.3) kommyTupyloT
¢ yienamy Aarpaixuana £, omcHBamUMI B3auMOnelicTBIE KBAPKOB U LI00-
HOB, BbIUUCJEHUSA MOXHO MPOBOAMTD B TepMUHax cBoboaHbix noJeil. B aTom
cJyuae UcnoJb30Batie ypasuenus Jupaka igq = mgq TPMBOJUT K Cllenyio-

MMM BBIpEXEHNAM:
. _ . . -
3Vl =i(m,— my)iq'; 3, AL =i(m,+ mp)jvsq (10.5)
O/HAKO HMeeTCH OfJHA TOHKOCTH, KACAIOWAACH PACXOMMOCTA aKCURILHBIX TOKOB.
Boipaxenue (10.5) cnpaseMBO B Glydae HefMaroHalbHbIX nepexonoa (a¢a’):
koueunbrit KRapky cOBNAAAT (g = aq ) TO €ro cjelayer

GAbHLIM 1 KOoHeuHbiM KBRapKU

sory we wouanLHLii U
eGJH K& Had

NPON3BOMHBIX HA KOBAPHEHTHbIE. UNK, HHaue, KANHOPOBOUHO-UHBApHAHTHO® Bbipakenue
ANA TEH30pa SHEPrUU-UMMYNbCa MOXHO NONYUHTb U3 Bbip (10.1 ). C sohA Iia_-
MGPOBOUHBIE MPEOGPa3OBaHHA OJHOBPEMEHHO C NPOCTPaHCTS TP

wAamn xH 5B + P . Hanpumep, ecnu 3anucatb npeoﬁpasosauue 'rpaucnnwn AMA N0~
owvoro nonA B & eupe B » BY + (¢, 0% By =D"¢, B§ + e, Gg" ), To nepoe cnara-
emoe B CKOGKax MOXHO YCTPaHHTb Kanuﬁpoaoqnblm npeoﬁpaaoanuuem, TaK YTO Mbl nony«
um BY » BY + (aG““ .
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3aMeHUTb CJe/yOuMM BhipaxeHuem AJd IUBepreHiy akCuaJbHOr o ToKa:

9,44 (x) = i(m, + m)F(x)ysq(x) + Fg e“""’G",(x)GW(x) (10.6)

9710 Tak HasbiBaemas TpeyroJbHas aHomamus Aanepa — Beana — [Ixakusa,
Koropas byfler paccmorpena B § 33, 37 u 38.

Takxe JerKo BbIUMGJIATb 00K06DeMennble KOMMYMAYUONNYLE COOMLOU ENUA
118 aKCHAJbHBIX A MM BeKTOPHHIX ¥ TOKOB u noJeit. Vcrioas3ys npeoGpasoBa-
mna (10.3), anst ceobombix rigei noayyaem

8(x° = YO Viar().4" ()] = = 8(x = y)og-q' (%),
30— Y[ A5 (x) 4" (P)] = = 8(x = ))Bprvsg™®  mTp. (10.7)
BekropHble u akcuaJbHble TOKK KOMMY TUPYIOT C 1OJAMYU TJIOOHOB U ,E[_V’XOB. On-

HOBpeMeHHble KOMMY TallMOHHbIe COOTHOLIEHUS MeXAy aKCuaJbHbIMY U BEKTOp-
HbIMY TOK&MM, MOCTPOEHHbIMU U3 CBOBO/HBIX 1QJEit, Tipoiie BCero 3anucarh,

BB/l MaTpulbi ['enn-Manna A%, feficTBywoume B HBETOBOM NPOCTPAHCTBE (CM.

npunoxetme B). Ecim - pacomatpusats  kBapku Tpex apomatos (f = 1,2,3) u on-
pellemTb BeKTOpHHe " aKCHaJlbHbie TOKY B BYje

MY rsgr () (10.8)

TO BOSHUKAIOT CJAe[yoilue KOMMYTAaIMOHHbIE COOTHOWEHMUS

3(x* = YO V(XN VE ()] = 2i8(x — y) 2oV (%)

8(x° = Y[ Ve (x). 4f ()] = 2i8(x — y)ZfupsAf (%),

3(x* = Y[ AdCRAF ()] = 208(x = ) Zfam VE (x)  wTn. (10.9)

Cootnomenus (10.7) u (10.9) nonyuenst 418 TOKOB, COCTABJEHHBIX U3 CBOGOIHBIX
KBapKoBbiX noJefi. Ofnako Gaaronaps HaMuMo S-PYHKIMM B MPABHX YaCTIX
{10.7) u (10.9) onv 2QHEKTUBHBI TOILKO JA MAJbIX pacc'résmuﬁ; cJeoBaTeNb
HO, B KBaHTOBOM XPOMOJMHAMUKE U3-3a CBONCTBA aCHMIITOTUYECKOR cBOGO/DI
OHM OCTAOTCS CHpaBejJMBEIMU B TAKOM BUJE AaXe NPy yueTe B3aumopehcTBuit

rrasy TG e e

MEXAY HoJAM]

KBADKOB 1 FAIOCHOB
KBApKOB  IWO0HOB.

Takxe Jerko BblYUCIUTh O/JHOBPEMEHHbIE KOMMYTAIMOHHbIE COOTHOWEHUS
JAs COXPaHAIOUMXCHA MIM KBASHCOXPAHSIONINXCA TOKOB C MaMUAbTOHUAHOM (1JM
‘ernamgmaﬂnm\ Ecm Tok JH COXPaHAeTCS, TO r‘nnme'rcrpgvmmvm emy 3apajn
Q; wumeer Buj
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On sBAseTCH MHTErpajoM JBVXEHUA U, GAEAOBATEIbHO, KON MMYTUPYET C raMilib-
TOHUAHOM:

3necs H — 1 amurvmonuan ([0 THOCTD YKy [ aMunbTona CUCTEMBI); OH CBf-

0, _
3aH ¢ TEH30POM IHEPIMH-MMIYibCA COOTHOUCHIEM H = @ °°. O6ozHauum Mac
coBbiit uaéH, Bxopsumit B raMuabTOHMAH K, uepes H”:

?/’=§q]mqq

Toraa, ecM TOK J ABAAETCH KBA3MCOXPAHAIUMMCS , TO CIPABEAIMBO COOT

#olleHne
[ @ (1):2°(1,5)] = BJ*(1: V)

Koneuko, 3apAi Q ; TO-TIPEXHEMY KOMMYTUPYET C OCTATbHbIMU CHAMH Mavib-
rounana X

§11. PeHopmanusaunonian rpynna

PaccmoTDuM, HalpuMep, TePeHOPMUPOBKY KBApKOBOI'O nponararopa. B xa-
nubposke Pepmu — definmana B pamKax |1 -CXembl

2
; - (4/3)g"4%" (P) \
S (ps gm)y =1 = /B (7)) , (t1.1a)
mil1—(3/2)8 PR \PJJ
rie
xn? + x(1 — x)p?
(w
AR” (p -—————"xmz T x)p2
24 x(l—x
BYW (p __(_)_" (111 6)
: -x(1- x)p
B pamkax ¢xembl m BipaXeHus s nporiararopa S u QyHKIi A u B umenT
BIA, _
) \ - (4/3)82‘411(1’2’ v)
S (p M) =1

g —m{1-(4/3)8'Ba(P"7)) '

m? = x(1 — x)p*
1= —2r‘dx(l —x)log-——l—x (2 ) H (11.2 a)
©oolem* ¢ 7o ]

1+2f dx(1+ x)log > (11.26)

]
>
]
,-—A— ———A——\

m? — x(1 - x)p*
vd ) :
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Bummo, 4To nepenopMuporounas npo Da BBOMMT B OVHKIDS Moila 3amici
? r r r MEVV P

MOCTb OT NPOU3BQJBLHOrO NapaMeTpa pa3MEepHOCTH MAacChl: STO
K 12 B p-CXeme MM WKaJa MacC v 2 B cXeme MS .
Hausiem ¢ paccMoTpenust p-cXeMbl niepesopMupoBK. [Ipeamonoxum, uro

TOYKa HOPMUPOBKM UBMEHHMJIACh ¥ BMECTO NpexHero 3Ha4eHUd pu B3STO HOBOe

[uausHue i
SHaueHHe u

g

TOYKA HOPMHUPOB-

Foms uomam nanams oy

- e MCnob30BaTh Mnlib Bhipaxenus (11.16), B xorophix napa-
MeTp u 3aMeteH Ha u”, TO BbipaXenue 1 KBapKOBOro nponararopa § (4 )
Gynet oTmuarbes ot npexuero. Ho Mbl XoTuM nocTponTs Teopuio, xom%ax 038
Ja 6Bl onpe/ieieHa O/HOSHAUHO; CAEOBATEbHO, HEOGXOMMO CKOMREHCHPOBATD
U3MeHenye KBapKoBOro nponaratopa. IToro MoXHo AOGMTLCS, €GJM IpHESITD,
9TO MAacca KBapKa TOXe 3aBUCHT OT TOYKH HODMMPOBKY i .

Toaromy nepenmwenm pbipaxenue (11.1a) pas nponaraTopa B Bije
1-4/3)84 (p)

Pm(i{1-(4/3)gB ()}

CymecTBOBaMIe 3uBUCUMOCTY MACChi KBapKa OT TOUKH HOPMMUPOBKM GYEBM/IHO

U3 BBIpaXeHU /15 1epeHOPMUPOBARHOrO APONAraTopa S p , SAMMCAHHOro Yepes
HenepeHopMUpoBanuwil nponararop:

SKM(p; gm(w)) =i (1L.3)

S§9 (23 &m(1) = Z5 ' (B)Sup (P5 & Mup)s

My = Z,(p)m(p). (11.4)

[osTomy pust oBecneuenus HE3aBUCUMOCTH KBAPKOBOrO nponaraTopa 0T TOYKM
HOPMMUPOBKY p AOCTATOUHO n:n}omnmm obpagom BbifpaTh 3aBUCUMOCTH nepe-
HOPMitpOBOHHDIX MHOKUT®AGH 2 £ u Z | oT 9To#l Toukyu. dpyrumu cropamu,
€GJ U3BECTHO BbipaXeHue A nponaraTopa S ”j‘t) npu (p; g, m(n)), To MOX-
HO BBIYHCJUTD €10 SHAYEHue U npu (r=u; g, m{u)). Mocae sToro onpeleinm
nponiararop S (% ), popmuposannbIf B Touke p 7, B Bige

P Y A
ORTES (B

[oTpebopas pasencrsa Bhipaxeriii A1 NPONAraTOPOB NPK b = 1~ , MOXHO onpe-
femTb QyHKIym m (") u Zgin )/ Z ¢ (u). B pesyabrare, nanpumep, noJy-
4aeM cJe/lyloliee BhipaxXeHue pIt QyHKIm m {y):

_xm+x(1— x)y'z]

(1 x\a
GX(1 T XjiOg

xm+ x(1 - x)p? |

B pamkax cxemst MS paccyxnenvie okasuBaercs 6a/iee IpocThIM, HO BMeC-
Te ¢ TeM ¥ Bose S N S PO

M OQACE TOHKWM ° . 110GJE TipOBeleHus peryJsapu3alyy BO BceX Bbl-
1 —_
'Mcnonbzyemaﬁ 3AeCb NepeHopMUPOBOUYHAA CXema MS HecKonbKo OTNMYaeTcA ot
CTaHaapTHOW cXembi MS | XOTA NO CYWECTBY nONHOCTLI0 aif 3KBMBaNSHTH

SRS HTHA.

5

8%
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BOTL Mac-

PAKEHMSIX BOSHUKGET TpOM3BObHBIHA NapameTp v, , UMeoiiHi pasMeprOCTb Mac
cbi. Ecau Mbi XoTuM noayuuth Qysxim ['pusa, He 3aBuCHIle OT 3STOr0 NpoU3-

BOJBHOTO NIapaMeTpa v, , TO STOM0 MOXHO AOOUTHCH, oTGpOCHB B BOSHUKAIOWMX

. €
e o mo e e (AV\E /2T (¢ /2) a Rech WIeH Mn)f/zr((‘/z)vn .
BbIp@XEHWAX HE TUJADRO {377/ i \€./4), 2 BE 1. { } o

EmucTBeRHbI cocob A0CTHYL TOr0 COCTOUT BO BBeAeHKMuHOBOSS‘ :[f?fxmiwpa
v PasMepHOCTH Macchl, TaK YTO Tenepb NepeHOPMUPOBOYHBIN MEOKHTETD - &
3amensiercd Ha komMbunawo Z (v) = (vy, /v )€ Z; KOTOpasi COKPaTHTCH C MHO-
xutedem N W1 = 2/¢ — yg +log4m + logv,. TepenopmupoBanmble QYRKIL
"puna OypyT 3aBHCETD OT iiapaneTpa v, HO HO SyZyT yXe 38BuceThb OT v, .
TIpe/INOoKUM, UTO MBI XOTUM M3MEHHTD SHAUeHHe NapaMeTpa v , HO Tax, 4To-
6bl ps STOM He BOSHUKJIO (QU3HUECKIX IDPEeKTOB. [Jlast aTOro A0CTaTOYHO BBEC-
T3 JAEMCHMOCTL OT napameTpa v B KOHCTAHTY CBSI3M g, Maccy KBapkam M Ka-

uGpoBouHbLA napamMerp € (B AONOJHeHKE K 3aBUCUMOCTH OT v IepEHOPMUPOBOY-
woro Muoxutest Z ). [Ina dynxipm [puna I' ¢ OTCEUEHHHIMY BHEWHUMM JMHHUS-

MH [I0Jy4aeM
Tr(Prs - - - Pn-15 8(7):m(¥):E(¥): )

= Z:;,/z(") ce Z';,/,z(”)ruD(Ph e s PN=15 8up > Mup €up )5 (1L.5)
8 = Z(ME(),  mup = Zy(r)m(¥),
Mo = Zy(PA(),  E=1-A71 (11.6)

Jlerko BUIETb, Kakas TpebyeTcs 3aBUCUMOCTD OT flapameTpa v. Hanomuum,
4TO NapaMeTp v, BXOOMI BO BCe BHIPAKEHUT B KOMOMHAIMM
d’k_ _a-p
£ 0877,
2m)

TaK YTO 3aBUCHMOCTb OT v, MMeeTCs TQJBKO B pacXo[Anmxcs YacTaX MHTErpa-

dPk =

10B
/20, 02
T(2/€)(4m) (uo) R
C.fe[10BaTe IbHO, BCe IEPEHOPMUPOBOYHbIE MHOXUTeM Z (v ) UMeIoT BUA
2
- (yy & ..
Z() =1+ GOE) =+

{ ~
2 i
¢ ()= c}”{ < — s +logdn +log

-
il
=1
=
:
-1
=

K aabdomasmis manan ugonoM bev? ¢ TOUHOCTBIO 10 3HAKA COBNALAKT C paHee
Kosdbumpents nepel wieHoM log

BbIUMCACHHbIMU KOIPOULMEHTAMY ¢ ‘;’ . B an3mmx nopAakax Teopuu Bo3MyeHMH
JIerKo TNIOKa3aTh, YTO B p-CXeMe NepeHOpMUPOBKM STO yTBEPXAEHUE CrpaBel-

MBO U B OTHOWEHMY KOIQHUIMEHTOB nepes YieHoM log uz
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Tpeobpa3oBanus BuAa u » u mmy »v ) 00pasyIor penop MamL3 auLounyw
1pynny 1}, BrepBbie BBe/leHHY0 B paccMorpenne llTioxemsbeprom u lerepmasom
[237] (cm. Takxe [45, 140]). MuBapuanTHOCTb PUIMUECKUX BEJMYMH MO OTHOWIE-
HMIO K 3TO# rpynne npeobpa3oBanmit MOXHO UCIIOAb30BATL (CM. § 20) aas usy-
YeHus acUMITOTHUECKOro noBeflenns Pynximit Mpuna. Ipdextusuee Bcero ato

Mown oA TATL  HOTATLAVG Unapuanua naMvuarmna Ko mmaraas FTBEOY v Caencneami s
b, Y8 ypPaBHCHNE, NQAYUCHHOC NaJIaHOM L ov) M UHMaH3m-

kom [239), xoTopoe paccmaTpuBaeTcsl B caeflylomem naparpade.

§12. YpaBHenne Kannava — CumaHsuka

Ypasuenune Kaanana — Cumansuxa (KC) npouwe Bcero noayuuTs, 3ameTus,
YTO HelnepeHOpMUPOBaHHbIE BeJMUMHbL ru 1 8ys My Eu He BaBUCHAT OT 3Have-
HUS napameTpa v (CKaxem, B nepeHOpMUpOBaHHOA cxeme MS ). Ucxoas uz atoro,
na ocuosaru ¢popmy (11.5) u (11.6) HemenneHHo noayyaem ypasHeHue

Tup(Pis -+ - PN=15 Bup s Mup »Aup) =0,

T.€.
[0 400 4 1_zpsd 3 |
| T8 L ax"&’”q’"'qam Ty
XTr(prs - py—13 8(2),m(),A(#);7) = 0. (12.1)

3nech BBelleHbl yHUBEpCalbHbie QYHKIMM B, Yy U8, onpejiesieMbie COOTHOLe-
HUSIMU

p—‘,’; 2(») = g(»)8,

m(¥) = M (¥)¥mq» (12.2)
d
VE)\(V) = {1 =X\»)}8,
u
Z“—Z'/2 .z, ZF‘V%ZF=YY. (12,3)

QyBKIM B, y 1 5 MOKHO BBIUMCIUTD, €CJIM KCIOAb30BATH ypasuenue (9.10) i
Y4€CTb, UTO BEIMUMHDl g, , m, U §, He 3aBMCAT OT napameTpa v '

]
™
—_
~
-
X

B=-—-2Z" , 4 AN I S R o d i
P (1 dy BV Ymg = Tl () L (v), 8= —Z,\(r)vd—VZ)\ »)-

(12.4)

1) B fefcTBUTENbHOCTH rpYNNOBaA CTPYKTYpPa BO3HWKAET TONbKO B pamMKaX 3afjaH-
HOM NepeHOPMUPOBOYHOM cXembl. ECIU BKNIOUMTL B pacCMOTpeHHe npeoGpasoBaHuA BuGa
T (R, - R), U3MeHAOLIMECA NpU Nepexofie oT ORHOA CXeMbl K fipyrofi, To B pe3ynbTaTe
BO3HWKaET PaccnoeHHoe NpoCTPaHCTBO.
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Vpaeuenne (12.1) » npupeneHHOM Bblllle BUe HEYNOGHO, TAaK KAK COGPKUT
yacTHYI0 NpOU3BOAHYI No napamerpy vd/dv. Ho ero moxso npeacraputs B
Gosee yiobHol dopme, ecau UCNONL3OBATH COOBPAXEHUS PA3MEPHOCTH. H‘peuno-
JIOXUM, UTO Pa3MEPHOCTb BeIUuMHbl [p paBHa pr ; TOT/lA BEIMYMHE v
sBIAETCA Ge3paszMepoii!?, MoaTOMy oHa MOXeT 3aBUCETH TOMbKO OT Gespasmep-
HEIX ngomeHMM Das3sMeDHhIX MapaMeTpoRn. V[’zMeHMM MacuTad UMNYILCOB,; SBNs-
omuxes aprymenramu Gysximn I'puna, B A pas: P; > Ap;s B pesyabrare noay-
YyiM

v P TNy, - AP g,m,a";v)
=F\p/vs. ... Moy 1/ vs g,m/v,a").

Y1o6ni OTMMYATL MaciTal n3meHeHus MMl‘llebCOB A OT KaJMBPOBOYHOrO Iapamer-

pa, nocaeuui 0003HauMM Yepes a = - Tenepn, 3amensis yacTHy0 nPoM3BOL-

HyI0 vd,/dv HaA NPOU3BOJHYI0 — A ./ 67\ noJjyyaem ypasHenue Kannana — Cu-
MaH3MKa

8 _
{ S + 5P 3 g @)
XTr(Apys - - "APNVI;g’m’E;p)=0' (12.5)

YroGe! peumTh 910 ypaBHetue, BBefieM P dexTusHbie, wn "Gerymue", napameTpsi,
onpefiesieMbie COOTHOWEHUAMM

g am(h) AN e

 (Ymg = 1) Bimq +pr— Yr]

dlogx ~EMA(EN)  Frx =g igex =7

(12,6 a)
n yLLOBJleTBomeLL[Me T'paHnyHbiM yGﬂOBKﬁM
Bha1=8(»),  Fhar=m(»),  dho,=a(v). (12,6 6)

Toraa pewenue ypasuenns Kairana — Cumansuka MOXHO 3anucars B Buje
I‘R(Aplx BN )‘pN—l ; g(p),m(y),{(y); V)
=MTr(py - Pr-rs BN EN) ')
logA o BN TN A
Xexp[—fo"“ dlogNyr( Z(N), (V) a(N) ‘)}. (12.7)

" PasmepHocTs none#, onnﬁu{ux B onpepenenne PyHkuMu Mpuna, nerko Bbluuc-
AUTB, €cnu yuecTs, uTo peiictene (1 fd“xi (x) 6e3pasmepno OTciona cnenyer, 4To
pasmepocts Keapkobix nonef [ g1 = [ #1372, none ayxos [w] = [M], rnioonnbix no-
nei[Bl=[mi. Pa3mepHoCcTh xe QYHKM ["puHa BbipaxaeTCA Yepes pasmMepHOCTH no-
ne#, Gurypupylowux B ee onpefienexuu. Hanpumep, PasMepHOCTb PepMUOHHOro Npona-
ratopapg =— 1 (cnaraemble 3/2 + 3/2 Be )T U3 p >cTe noned kBapkoB, a
4 — U3 3neMeHTa O6beMa YeTbIPEXMEPHOro npoc'rpanc‘raa d4x )
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TOHHN KMIVALESE

eHUS BUHO, npu ¥ T MMOYAbCOB B A pas by HKius
P'puna Ty ne ymmoxaerca mpocto Ha B JAYKHY A PT" ax sroro GASHOBAJIO OXy-
AaTb #3 pa3MEpHOr0 aHAM3a, a NPHOOPeTaeT AONQIHUTEALHEIA MHOXHTEDb (SKC-
TIOHEHTY, CTORWY0 B npaBoit uacty (12.7)). Vimenno nosTomy remmuusy Yr 00biu-
HO Ha3BIBAIOT axoMawvol pasmeprocmern GyHKkiyu Ipuna g Co70d ToUKN 3pe-
HUS PEHOPMABI3AIMOHHYI0 MPYINY MOKHO HHTEPHPETUPOBATD Kak CIOCOD 06ec-
Tleyennus: MacliTabHO! UHBAPUAHTHOCTH B KBAHTOBOH TeOpUH KaluGpOBOYHBIX HO-
At V). MacmTabHas WHBApHAHTHOCTD TaKuX Teopuil HeTpUBHalbHa BBALY Gec-
KOHEUHOro XapakTepa NMPOBOIMMEIX IEPEHOPMUPOEOK, B XOfe KOTOPHIX BBO
BHeIIHui 1o OTHOWIEHKIO K 3ajade MacmTab macc.

Crnenyer oT™MeTHTD, uTo Bhipaxenue (12.7) cipaBemmBo Beeraa 6e3oTHoCH-
TeAbHO K TEOPUH BOSMYIlleHui; OJIHAKO HA NIPAKTAKE /I TOJYIEHNs peaibibiX

Pe3sybTaToB HEOGXOMMO HCIOIb30BATD TEOPUIO BO3MYIEHIH .

ATCH

biX oneparopos

Jast usyuenns crpykTypoi 2/IpOHOB KCTIOJb3YIOT BHElHMe JJeKTPOMArHuT-
Hble 1 gaabble TOKH, TO3TOMy HeobXoauMo pPaccMoTpeTh He TOJbKO GYHKIyK T pu-
Ha, HO ¥ MATPAYHbIE SEMENTb! Pa3MUHBIX COCTABHRIX OlepaTopoB. Ity onepa-
TOpbl MOXHO pa3buth Ha [Be I'pyINbl: COXPAHAIOMMXCH MM YACTUIHO COXpaHsIG-
HWKUXCS ONepaTOpOB ¥ HECOXPAHSIONMXCS OlIEPATOPOB.

CoXDAHGIONIMMCS SR ISOTCH . HamnuMan  Granaman « &
DAHAIOUIUMCS 4] BJCTCH, HallpiMep, OnepaTop 3

a onepatophl ¥y uMeioT caesylounii Bug:
Vi(x) =:G(xyy*q(x): ;

¥ BO BCeX NOpHIKAX TeOpUM BOIMYIleHNH y [IOBIETBOPSIOT yCJIOBHAM COXpaHeHus
9, VEx)=0.
]
(13,1 a)
B xauecTBe npuMepa YaCTUUHO COXPAHSIOWETOCS TOKA MOXHO IPUBECTH clabblit
aKCHaJbHbIA TOK

AL (X) =:3(x)y"ysg (x):

Ucnonbsys ypasnenus mpuxenns (3.6), nerko ybemurbes, uto aKCHabHbIA TOK
yHOBJETBOPAET COOTHOWEHUIM

OuAgq(x) = i(my + moMo(x),  J5(x) =:4(x)rsq'(%): (13.16)
3 KOTOPBIX BH/IHO, UTO B NpefeJe 60MbINX SHepruil, Korda MOXHO npeHebpeub

MACCaMU KBANKOR O 00 raamos oo

mactami Rbapkos, OH ABAASTCH COXpaHtiommmes .

" Tako# n

[60, 74] ORXOR K BONPOCY 0 PHOPManK3aLMOHHOA rpynne paseuT B paboTax

KsaHT0BaA XPOMOANHAMMKAE KaK TEOPUA NONA ral

Boobie MoBopsi, MaTpuuHble SJeMeHTbl JI0G0ro COCTaBHOro oflepaTopa
ApecTaBIIOT coboit pacxolsmuecs BeJmuutbl. Ho ecim yuecTb KOHTpUJEHH,
pxontume B aarpakuan KX/1, To MaTpuutble S1eMEHTbl COXPAHSIOUMXCH ¥ Yac-

" pMUHO COXDEHIOWMXCA TOKOB OKa3bIBAIOTCA KOHEUHBIMH 1), @y3yuecku 3TO OUe-

Samae, hopMaibHOe Xe 0KA3aTelbCTBO STOr0 YTBepX/AeHU ﬁyne'r npuBe/IeHO
BRAHC, POPMS s * - *

HUXKE-
Hecoxpausiomuecs onepaTopbl, Kax npasuio, TpeGyloT NpoBe/jetis neperop-
mupoBkH#. YTo6bl yOequTbesl B 5TOM, paCCMOTPUM B KauecTBe MPOCTOro mpume-
pa oneparop Z; 17t (x)qi(x): = M(x). Kak yxe obcyxaanoch B § 8ul,
MOXHO paboTaTh 60 C HeNepeHOPMUPOBaHHO BeJuuuHol g, g, ¥ NPOBOAUTD
BBIUMCAEHUS, YUTHIBAS KOHTpYJeHbl, 160 UCTI0Ib30BaTH NepeHOPMHUPOBAHHYIO
=7 =Z 5l KOHCT@HTHL
BeJMUHHY ZF 9,4, - TpoBoAt TO/ICTAHOBKH g > &, = Lg g Ax
cBASM K m,, >m, = Z, m 18 Macchl u npeneGperas KOHTpYIeHaMH. Tem ne
Menee, Boobie FOBOPS, STOT0 OKa3bIBAETCH HEJOCTATOUHO, UTo0h! BemuMHa
M 6bii5 KOHeuHOM. Jlist TOro yToObl NMOJAYYHTh KOHEUHbIE BHIDAXEHNUA [Js MAT-
DUUHBIX 9JIeMEHTOB onieparopa M , HeoGXo MO YMHOXHTD ero Ha JOTOMHUTEb-
Hbit MHOXHTEb Z,), HASbIBAEMBI nepenopMuposoOuNsL M MitoXumeLeN onepa-
nopa:

My (x) = ZyM(%). (13.2)

Yrobbl floka3aTh 9TO yTBEPXIEHue, UCIOIb3yeM dopmysl § 3. [Ipu 3ToM moas,
OTMeuenHble BEPXHUAM UM HIKHAM HAekcoM 0, ARJAIOTCS cBoGOHbBIMY, Ha-
npuvep g .= a0 uwm B, = BY. B Tepmunax cBoboubix noaeii oneparop M p
BanﬂcblB;eT(}ﬂuB BH/le

Mp(x) = Zu T :o(x)go(x): expi [ d2-L R(2).

B Hu3mem nopsiAke TeopuM BO3MYIIEHKH [0 KOHCTAHTE CBA3Y g STO BhIpaXeHue
NpUHUMAET BUJ

My (x) = ZyyZ7 " :Go(X)q0(%):
- g—;zuz J’ 42,02, T :3,(X)90(%): Fo(2) N go(2,):
X :Go(22)t ", 90(22): Bba(21)Bob(22)- (13.3)

TockonbKy nepeHopMUpOBOUHbI MHOXKTE/Ib onepaTopa nmeeT Bu Zy, = 1+ 0(g?),
MHOXHTeJeM Zy, BO BTODOM GJAraeMoM npasoit yacTy (13.3) MoxHo mpene-

1) OTMeTHM, UTO MBI paGOTaBM B HM3WEM NOPARKeE TeopHH Bo3MYueHHA no cnabomy
W 3NEKTPOMArHHTHOMY B3aHMOASACTBUAM. B NPOTHBHOM CNy4ae BO3HUKAET HeobXom-
MooTE Buniouenul B Gopmynbl cnabbiX ¥ 3NeKTPOMArHUTHLIX NEDEHODMUDOBOUHLIX MHO-

Xuteneh z;’, z“F'" RE N
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Gpeub. PaccMoTpuM faiee PaCXOJIALIMECs MATPUUHBIC JIeMEHTbI, 2 UMEHHO mar-
puuHbie 3JeMentbl M p 1O KBApKOBbIM COCTOSHUAM C PaBHbIM UMIYJbCOM D5
HeTpy/HO BUfeTb, UTO XapakTep PacXomMOocTH B paccMaTpuBaeMoM npuMepe
O[MHAKOB KaK [Jf AMarcHaleHeX, TaK U HeMArOHAJbHbIX MaTPUUHbIX 9J€-
MenTos. 0603HAUMM MArOHAJbHbIE MATPUUHbIE 9IEMEHTb! onepaTopos Mu Mg
COOTBETCTBEHHO uepe3 < M >, u < Mp>p . Tora s kaambposke Pepmu ~ Peitn-
MaHa T0Ge TIPOCTHIX BbiuuC ey 13 BHPAaXeHUR (13.3) past 9TMX MATPUUHBIX
9JEMEHTOB NOJy4YUM

{Mg>,= ZMZF_I<M0>P
~ =Y p+
+ i\ Moy, 8°C [ 47Kk Y WFTARE T (”2 ltd TR
k*(p + k)
rie (13.4)
My= :goqo: -

+S.(p)+ SAp)p

CooTBeTcTByOUME QelHManOBCKUEe MarpaMmbl npusefienst na puc. 9. Ilepsoe
caaraemoe npasofl uactu (13.4) coorseTcTByeT AMarpaMme puc. 9, ¢, iBa noc-
JeHUX cJaraeMbiX — [MarpamMme pUc. 9,6, a uETerpaJ COOTBETCTBYET AMarpam-
Me puc. 9, ¢. Boluncienns npoBe/ierbl B npub/mKeniu 6e3MaccoBbIX KBaPKOB.
Jlerko yGemrbcsi B TOM, UTO npenebpexenue Maccoll KBAPKOB He BAMAET Ha Xa-
paxkTep pacxommocTedi. OueBMRO, YTO PACXOAAWAACH YACTb OHOrO M3 KBAPKO-
BbIX PONAraTopos S, B npasoil 4acTu (13.4) ToUHO COKpaWaAeTCH ¢ PepMIOHHbIM
[lepeHOPMUPOBOUHBIM MHOKUTEIEM Z 5 Taxum 06pa3oM, ocTaeTCH TOIBKO pac-
XOIMMOGTh, CBA3AHHAN G MHTErPaloM:

D, aw 42°C B
—iCpg? (4’ VQ*D_AJL: = fL’TFI‘(e/Z)(MT) 72pg.
J @m? K(p+ky® 167
Nobapass BKJIaJ OT PAaCXOMMOCTH, 06yG108.1erHON BTOPbIM KBApKOBbIM MpoTa-
raropoM S, nojyiaem

3CF41 2
yi L { < + logdm — v —logvz/v(l,}.

Zy(ry=1- (13.5)

BolumcJenue NeperopMUPOBOYHOr0 MHOXKUTES Zy mpoBefieHo B KkambpoBKe
®epvu — Peiinmana, HO HOTPY/HO y6emTbCs , UTO OH ABJACTCH BeMMuuHoOl, HE
3aBucsulell OT KalMOPOBKU-

EcJy 6bl Mbl NpoBeJy BbUACICHUA He L5 BeJMHMHbL §q, 8, CKaxem, i
pomuun dy"d  wm Ey“ys q”, To moJyuuau Gbl, 4TO AHOMAJbHDBIE pasMepHOC-
TV 9THX ONeEpaTopOB PaBHbi HYJIC. Kax yxe CoBOpia0Ch, 3T0 yTBepA enue A8
JSeTCS YacTHpIM CaydaeM ofuwero pesyapTara, K [0Ka3aTelbCTBY KOTOPOro Mbl

]

KBaHTOBaR XPOMOAWHAMUKA KAK TEOPUA NonAa

~
w

p.i pi pi pi
é
qq
[i24)
p+k ptk
Ve P
/ k,a AN
pi pi

' 8

Puc. 9. Mepexopmuposka onepatopa 4q.

nepexomm. Tlyctb Tok J* mpencTasaseT cobolt kBasucoxpansiowmiics onepa-

TOp, T.€. B Npefede, KOT/la Macchl YacTUll CTPEMATCH K HYJO, OH Y A0BJeTBOPS-
eT yaaoBuio ¢ j * {x) = 8. PacomoTpum Kaxoe-BuSyab X
Bejenue NPOM3BOJbHBIX nodell ®; u Toka J*

TIH)®(P1) - - - Bu(In)-

S P—— "
16y ib XpOHGACTHYECKOS NPoHa-

[s]
Torna, enaisays cootromenmue d,8(x° -y °) =8 (x° ~ » ©), Moxno nosyunte
TOXAECTBO Yopaa

3,TIH(x)®i(y1) - - - Pn(w)
= TEJ*(x)®\(31) - - - n(n)

* kgls(x" TITR() - (%), (2] - - Ou(yn). (13.6)
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I'lyc'rb Crnpase/mMBO paBeHCTBO

8(x° = PO[I°0x) @ule) | = PP (x ~ yi)s

TOr/A, €CAN MHOXUTEIU Z T Z;, TpefcTaBJAIoT coboi aHOMabHble pasmep-

HOCTHU TOK

Ka J¥ u ero auBepreximu 3 TU goom

o ey SO M
#ere psepredint o) j© o

CTBEHHO, & MHOKHTE !

Y; M yp SBJSIOTCS KOIQPUIMEHTAMU Nlepes] YJEHOM — (g2/16m2) N, B BHI-

paxennsax ani Z, u Zp, To, IPUMERsia K Jesolt v npasoit yacTam (13.6) onepa-
parop vd./dv , ioydaem

Y0, TTH(x)®i(yy) - - - Dy(yn)
= T{ Srmmso 47 |80 - BuOn)
+vp TR, J*(x)2(11) - - - Bul(Fw)- (13.7)

Ypasuenue (13.7) MoxeT BHIOJHATLCA TQABKO B TOM GJydae, eCu y ; =0, a
MHOXHUTEJM Yy, M y,, YAOBAETBOPSIOT yCJIOBHIO

d
Ypd,JH = —ZYMmmE)“J“. (13.8)

Vpasuenne (13.8) MoXHO mpoBepUThb AJA YacTHOro CJAy4Yad, xorga Tok JH sanm-
coiBaercs B Buae J * =dy P a *. Tlp# 3TOM UCNIQAb3YEM NQJYUEHHOE Bbille BbI-
paXenne Al [MBEPrEeHIVH TOKA

0,/ =i(m~ m’)qq,

a TakXe ABHbI Bujy aHOMaJbHO! PA3MEPHOCTH y,, , KOTOpad BhluMcIeHa B § 14.
Wan xe MoxHO yuecTb coorromtenus (9.17) u (11.6), urobel ybeaurbes B TOM,
4TO BO BTOPOM NOPSA/JKE TEOpUM BO3MYIeHuH BHIOJHAITCS DABEHCTBa

5 (39)up= M2 Zom(§9)up= MaZus (§9)up= Ma(§9) 2>

C NepeHOPMHUPOBOUHBIM MHOXHTeJNeM Z,,, , PABHBIM TQJBKO YTO BHIUUCIEHHOMY
MHOXHTENO Zy, .

§14. Beryman KOHCTaHTa caA3n u Gerywan macca B KXJ1; acumntoT-
- Yeckan csobopa
Bepuemcst K ypaBuenvam (12.6) u (12.7). Urobbl pemuts ypasuenue (12.6),
NPeAnQJOXNM, UTO NpH HEKOTOPOM 3HAUEHMH NapaMerpa v NMepeHOPMUPOBaHHAA
KOHCTAHTA CBSI3M [OCTATOMHO Mala [UIfl Toro, uToObl Pynkim P, y, & MOXHO 6blI0

g
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167 167 )
0&® , o £® \
vm=vmw+v,,.(16"2)+---, (14.1)
5=8(0)P_2(_1’_) +5(1)/g_2(2\2
1672 k 1672 }

3uauenne Ko3hduIEHTA By MOXHO MOJYUUTE U3
Bo“%“CA —4n Ty} =1(33 - 2nf). (14.2 a)

Wcnoab3ys pesybTaT BeIYACJEHUHA 1EDEHOPMUPOBOYHOIO MHOXMTENA Z BO BTO--

pipaxenuit (9.30) u (12.4):

‘pom [64, 179]'n B Tperbem [241] nopsiaxax Teopun BosMy memuit, s Ko3hdumy-

©HTOB B, ¥ B, moJjyyaeM Caefyloliue Bblpax eHus ":

A M2 0 Al — i
=5l TLalpny — 4Cplpne = 102 —

By=4CF — WsCiT,m,
+ 3 C Tin? — %2 C CrTen + 4 CpTin? + 2CH Ty,
=3 - n +En}. (14.2 6)

Brluncmm spdexrusryo KOHCTAHTY g B HM3lleM TIOpA/IKe Teopun BO3MYILeHuii.

Brenem cranpaprroe o6o3nauenne ag = g2/4w. Ypasuenne (12.6a) B msmenm

nops/ike Teopuu Bo3Mymenuit umeer Bz

3 g

=—-R L _
dlogh " 16n?’

unpn A2 = Q 2/v 2 npuBomT K GAeAyomeMy pesyabTaTy aaf sdhexTMBHOM KOH-
CTaHTHI CBA3H:

a,(Qz)a'_O:; _ _—Tﬁ_g r(l/2)log Qz/yzdlog)\'. (14.3)
Ja(v) o <7 Jo
%(v)
o(Q%) = >

1+ ag(v)Bo(log Qz/uz)/41f

1) 3nauenun koIPPULMEHTOB By W By HE 3ABUCAT OT NEPEHOPMUPOBOUHON CXembl;
Bhipaxexue nnA xoadhbuuventa §32 BbinUCAHO ONA cnyyam cXembl MS .
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ocaennee Bhipaxerue yAoOHO 3amucarhb yepe3 nHBapuanTHblil napameTp A, Bbl-
Gupast ero Takum obpasomM, yTOGbl OHO NMPUHAIO BUA
TN 47 . A2 = plo 47/ Bo(®) (1449
= =3
Blog Q*/A

TloficTaB/sis Bblpaxenue Al KoSQhuiMenTa B, , Nodyuaem GieAylouyo ¢opmyay,
OIMCHIBAIOLLY!0 3aBUCUMOCTb KOHCTAHTEI CBA3K &g OT NepejiaHHoro 4-umiymbea Q:

0 (@)= — 2 _____. (14.4 6)
(29 (33 — 2np)log Q%/N?

Ecai y4ecTb 4jieHbl BTOPOIy NIOPAAKE MEJIOCTH IO KOHOTAHTe OBASY &, B pad-
JOKEHHHM [II5 PEHOPMIPYNNOBOiL B -yHKIMy (dnen~ (g2 (v)/16mw2)2 B ( 14.1)), To
AJs Geryutelt KOHCTAHTbI CBA3M MOAYUMM
a?(Q?) = 127 1-3 153 — 19n, _loglog Q%/A?

(33— 2ny)log Q*/ A’ (33-2n)®  ilog Q%/A?

(14.4 B)

Msl BuamM, uTO & (Z)'(Q %j/a (Q2) »1uoba BblpB)KeHMﬁ (14.46) u (14.48) 5o~
r Zipmpmn\{cunu CTPeMATCH K HYJiiO B fipejgiie S{ 25010, B stom COCTONT
IposiBJieHre 3aMeuaTebHOr0 CBOACTBA KBAHTOBOH XPOMOJMHAMMKY — SIBJAEHUA
acuxunmomudecxoii c60600v, KoTopoe Brepsble 0bcyxkaanoch B paborax I'pocca
u Bunsuexa [160) u Tomuruepa [218). C yuertom Boipaxenus (12.7) ouo o3ua-
uaeT, UTo Npu GOJBLIMX IPOCTPAHCTBEHHOMOAOOHBIX UMY IbCaX Ap;~q, g2 =

= — 2 KBaHTOBasA XpOMo/HaMMKa NpecTaBseT coboii cBoOOMHYH KBaHTOBO-
QJIeBY10 TEOPUIO ¢ TOYHOCTBIO A0 JorapupMudeckux nonpasok. Bonee Toro, B
npefetie Q2 » o KOHCTAHTa CBA3M a ¢ - 0. ClieoBaTEIbHO, 3TH MOMPABKA MOX-
HO BBIUMCJHMTD B Bi/e PAJa Teopusu Baamymem:‘.“. fio Majioll KOHCTaHTe CBASH .
- MoxHO Takxke BbluMcIMTD Oeryuyio maccy. B musmewm nopske Teopuyu BO3-
Mymermit notpedyem Bbinojnenns cootHomenuit (12.2), (12.6) u (9.14). Torpa

NOJAyYuM

— 0
1. dm _ 0 & _ Y%
m dlogA ™ 1672 23010gx '
”ﬂpu YCNoBWM, 4TO YMCNO BPOMATOB ne < 16.3T0 OrpaHuieHue QOCTATONHO Cné-
6oe v nerko 0©. p TansHo noka obHapyXeHbl KBapky NATH apoMaros.

CoBpBMeHHAA TEOpHA NPENCKA3bIBaeT CYIeCTBOBAHHE WeCTOro, TaK Ha3biBaeMoro ¢ -KkBap-
Ka. (YKasaHWA Ha 3KCNepUMEeHTanbHoe 06K apyXeHHe ¢t -kBapka nonyuexbt B aanu3e af-
POHHBIX CTpy# Ha pp-Konnafnepe. — [TpuM. nepes.)

KBaHTOBaA xpomoanHaMuKa Kak TEopnA NonA 77

Uenonbsys bipaketne (14.4a), nosaras bogQ 2./A2 = 2log A u BBOAS KOHCTaH-
Ty UHTErpUpoBaHuA m (KOTOpast pejcTaBasier coGoll analor napamMerpaA), no-
JyuaeM BblpaxeHHe A SPPeKTUBHOA maccbl

Q%) = ———F 7',". —wn W =-3C. (14.5 a)
(3iog 0%/A%)
MNoacrasaaa 3uauenns xosdduimenton Bo M ¥,,, OKOHUATEIbHO MMEEM
50N = i __ 12
( T (145 6)

(4log 02/ N)™

rje KOS(IQUIMENT d,, MHOr/a HASHLIBAIOT KOMAIBHON Pa3 MEPKOCMYY MACCHL.
AHZTIOTHYHO MOXHO BbIUMCIMTDb Beryumii kambpopounbiii mapamerp. Top-
pobHOe BhlUMCIeHne MOKHO HaliTu B paGore [209]. Tipusesem ammp pesyabrar

-1
oY= 1 [1+ S . 1
( ) X(%log QZ/AZ)dg 39—4nf X(log Qz/Az)d( >
| ¥-dn
43 ToI

B 3akuouenme storo naparpada npuBesieM pesyibTaT BbIYnCIeHus 3¢ exTus-
HO/ Maccbl in B ByXmeTIeBoM npubmkemm [ 242}:

¢

ﬁ(z)(Q2)= m {1 _'Y,(no)Bl . loglog QZ/A2
(4log 02/ A%)™ B 2log Q%/A?
(w05 1
+ [y _ L@ F 1
2‘@} Y, Ym Ve A2 a0 (2
\ Foydog §°/A° |
(14.5 B)
o=zl 1\2+9, nio1 Sm(n2-1)
m 27 -
( 2n, ) 6 4 3n, ’

raen; = 3 (uncio useros). B xauecTse npumepa nenodp3oBamms pasBuTol 3neCH
TEXHNKU NPUBEJIeM BBIBOJ MMITYIbCHON 3aBUCHMOCTH KBapKOBOrO Nponararopa
B fpejede 60ablMx uMmyibcop Q2 >>A2

~

Se(pg(@)m(»).&);v),  pP=-0’»

P
a3MepHOCTD. E'Bapfosoro nponaratopa S, pasia pg = — 1. ClefloBaTe bHO,
JaMedas, UT0 Z = Z (B nponararope S corpanens eneunue aunuu: "yceden-
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ublil" nponarartop S, Gbia Gbi mpocTo pasen S ), MpU YGAOBIHA p=An,
n? = —A2 u3 ypasHenus (12.7) noayyaem

-1/2

Sk (p» 8(#),m(¥),£():) = Sz (n Q). Q). EN); y)(%)

X exp{ -—Lh’g Q/Adlogk’ 1= (}\’)}

B penyumem npuGmOKeHMy 110 & ¢ BhIpAXeHye [l KBApKOBOT0 NPOnaraTopa npu-
HUMaeT BUA

Se(m EA),TA) )3 %) o 5 .

Ucnonbiys dopmyay
NOAb3YA Popmy.Ty

(14.4a), oxonyareJnHO NOJyYaeM

1 (14.6 a)

Se(p 8()mE)E)Y) =, - W’

(Q2 =-p?), rie aHOMaJbHAT PA3MEPHOCTD KBapKOBOI0 110/ 3aMMChiBaeTCA
B BUie
3 (I -§)Cr 1-¢

=3. = 14.6 6
dre= 3 11C, —4Tn, 233—2n,‘ { )

scenin s aBwanone woanwaouit onaraTon S n pnenese B0asMMY
Takuinv 06pa3oM, KBapKOBHIX nponararTop S, s npedgie 0OAbLM

TOYHOCTBIO 0 Jorapudmudeckux nonpasok (log Q ./ A) ~Ipe pemer oeﬁa ana-
JIOrMYHO NponaraTopy cBoGOAHOr0 KBApKOBOro noJA. OTMeTUM, YTO aHOMaJb-
Hasl pa3MepHOCTb KBAPKOBOrO MO dyg , KAK M OXMIAJOCh, 32BUCUT OT Kalu-
GpoBoUHOr NapaMeTpa 1 paBHa HyLo B kamobpopke Jlangay, B KOTOpO# KBapKo-

Bbl npornaraTop umMeeT KaHOHMUYECKYH0 pa3sMepHOCTD.

Aoy 2

55543 30 000

N

I G
28 e TN

A

o e . X A

T ey AR L i

G AR A ra A S

g .

vy vy v v v s Fn T Yy

I'zasa 111

TTDNTITTDAMNAANLTYT TNTVEN/NALIDUUVITDUVTNATMN
119V LUUDL 1J1V DUNUIIL 110191V
PACCEAHWUA

§15. ¢+ e ~-aHHUrUNAUMA B BAPOHBI
Jlarpauxuan, omvchiBaionyii CHIbHOE 1 SJeKTPOMAarHUTHOe B3aumMogeicTaus
KBapKOB, MOXHO Nnpe/icTaBUTb B BUlE
N 1.~ ~2
—mgqp - 4 (DX E)
1
4 F,F¥, (15.1)

rie Q — 3apafl KBapka ¢ B eMHULAX 3apafia NpoToHa e. B rbopmy.ng: (15.1)
onymellbl 4Jenbl, Gukcupyiomme KamOpoBKy M OmMChIBalonme BKAAH AyXOB.

N ravmoeuranoumooii mor XBanKon BaBRgn
JACKTPOMargiTHEY TOK KBAPKOB paben

JE= ; Qq 1gy¥q: .

PaccmoTpum Hekoropoe afipontoe coctosune I . Ceuenne aHHUCHIAUMM HenoJsi-
PU30BAHHBIX 2JEKTPOHA ¢ ~ Y MO3UTPOHA ¢ * B a/JIPOHBI OMpe/ieieTcs KaK yc-
Pe/HEeHHad N0 CIMHAM HayaJbHbIX 3JEeKTPOHA M MO3UTPOHA CyMMa 10 BCeM BO3-
MOXHBIM KOHEYHbIM COCTOSHMAM aJpOHHO! CUCTEMBI, BOSHUKalOWel B pesy.ipTa-
Te nipoilecca € e~ » I [lni Toro uTo6e! BHIUKCIUTD STy CymMmY, paceMoTpum
MaTpuuHbIf SJeMeHT

CTISqep-renle*e™>
= (T|Texpi f d% (L, qen(X) + Loy en(X) )€ e D

lIpoBoast BbiuMC.IeHUs B HUSWEM NODHKe TeOpHU BO3MY LeHUH 0 KOHCTAHTe
SJeKTPOMArHUTHOrO B3auMOozeicTus, noayyaem

<I‘,sQCD+=mle+e_> = —2_;,-<r‘fd4x IT‘/nl.em(xl)-[i(r)u,em(xl)

X exp ifd‘x.f,-‘,’,l, aco(*)le*e ).

Uenoabsys npasuia Mrarpammuoit texuuky Pefiumana s KBaHTOBOM 3JeKTPO-
AMHAMMKM U yuuTbiBat 0003Hauenus puc. 10, a, aMImmMTyly MHTEpecylomero Hac
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a

9 -4 d
—(O—

8

14

Fe— .
Puc. 10. [uarpamMmsl, ONUCHIBAIOWME NPOLECC ¢ ¢ - appoHbl

npoliecca MOXHO BbIpa3uTh B tdopme

Fe*e—T)= 2722 5 py 0y, (P2 02)CTI* (0)[0)-
q

te<- WA
CymMHpys 10 KOHEUHBIM a/IpOHHLIM COCTOAHMAM, [Js ceueHns ¢ © e~ -aHHuT
1 B aApOHbl MOJYYAEM

0,(s) = ;a(e"e' —

4,505 (p+ pa= PO OO

it 3anMcarhb B BUAE
Ec./u npereGpeub Maccoii 31eKTpoHa, T0 Ten30p I\, MOXHO

Mpoueccel rny6oKoHeynpyroro pacceAHUA 81

U3 npuBepieHnbiX GOPMY.J BUHO, YTO HETPUBMAJbHAA YaCTh BbIpAXEHUs A ce-
YeHus ¢ * e~ -aHHMrUIALMY B aIPOHB! CBSI3aHA C TEH30pPOM

o= ; (27)*8(p1 + p2 — pr)<OIT*(O) XTI *(0)[0).

Wcnoab3ys noJIHOTY aJpOHHBIX COCTOSHMM, B CYJy KOTOPOi cpaBeiIMBO COOTHO-

eHne Zr |r> <r'| = 1, Bblpaxenne 418 TeH3opa AMY MOXHO mepenucarb B Bujie

—fd et ([T4(x),7(0)]),- (15.3)

Hpu BbiBoge 3T0# QOpPMYJIB! HCMONB30BAH 38KOH COXPAHEH!S SHEPrMM-MMMYIbCa,
GJaroaps KOTOPOMy cJjaraemple, OTBEYale NEPeCcTaBIeHHbIM TOKaM J , pas-
Hbl gyJ10. Y 106HO onpefeautsd Tens0p MUY BbipaxenueM

¥(q) = ifd“xe"""(TJ"(x)J'(O))O, (15.4 a)

The p, + p, = 4 ; HETPY/HO yOSMMTBCH B CPABE/IMROCTA COOTHOMEHNS AFY =

=2ImTTHV 1) ceuenne e*e ™ -aHMMrYIALMM B a/IpoHbl CBABAHO C MHUMOM uac-
ThI0 POTOHHOrO NMOAPM3ALYMOHHOTO ONEPATOpa.

HeGolibume yCAOKHEHNS BOSHUKAIOT U3-3a MHTEePPEepeHIyM CHIAbHBIX 1 IJNEKT-
POMarHnTHbIX B3anmofelicTaui. IToCKOMbKY mosspu3alyoHEbifl oneparop THY
BblUNC/ETCA BO BTOPOM NOpSAke Teopny BO3MYIIEHHHA N0 KOHCTaHTe SJeKTpoMar-

HUTHOrO BRaumolefic TR 2, HeoBXOMUMO YUXTHIBATL

HEOUXOMMMC YyUMTHIBATE niep

HCPEHOPMHPOBKY SAEKTpui-
4ecKoro 3apf/ia, omMChiBaeMylo Bymsi marpamMmamu puc. 10, 6. IpocTefimee
pellenye 3TOr0 BONPOCa 3aKJ0uaeTcs B PACCMOTPEHMM TeCHO CBA3AHHON ¢ Hab-
JI0/laeMbIMM X aDAK TEPUCTUKAMY MDPOLECCa MHUMOM UacTyu noispu3alMoNEoro

A QAADUIATMOHHOTO

onepaTopa Im M4V, 1ust KOTOpo# OAOGHBIX YCJAOKHEHU!A HE BOBHUKAET.
JnexTpoMarauTHbIE TOKY ABJAIOTCA COXPAHAKIMIUCH, IOSTOMY MX aHOMAJb-
Hble PA3MEpHOCTH PaBHbl HYO. Ecm u3 Bolpaxenust A8 noAspu3alMOHHOTO ome-
paropa IV BblAe nTD TEH3OPHYIO CTPYKTYPY —g"V g2 + q¥gV:
1*(q) = (- g"4" + ¢"¢")1I(g), (15.4 6)

TO B COOTBETCTBMM C OOWMMM NONOKEHUIMU TEeopun AJst MHUMOI YacTu noJsipu3a-
LIMOHHOrO OnepaTopa MOXHO HANMCaTb COOTHOWEHue

ImITz(g; m(v), g(v);v) = Im Tz (vm; 7 ( @%), E(Q%); »), (15.5)
Q=-g*=s, n’*=1

M rosoTof, Ho HECKONBKG FOOMOSAKNYE SROCOS YEEMiTHOR B STOM COCTORT B Ny
0CT0!, HO C TP

n YO8 TeCR 8 3TOM COCTOWT B Nphme
HEeHUH coorn WweHnt YHMTapHOCTH (2.8) n (2.9) K npoleccy paccefHHA Ha Hyneso#t yron
e*e™ 5 ete™ Bo BTOPOM NOPARKE TEOPHM BOSMYWEHUA NO KOHCTEHTE INeEKTpPOMArHHT-
HOro B3auMopencTanA.
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np rny ynpyroro a3
T ; . FERY £ v A W
‘\‘ Takum 06pa3oM, Hafl0 BHIYUCITD muwp BemuuHy ImTlp (qu(n (3; )), % \;;,,n v éom .
, L) :
| npousBecTH B Hel 3aventi ¢ = v, m(v) »m (QaM)‘;: (\;ll -*]f(l) pi +
‘ Topsi/iKe TeOpUu BO3MYllleHMA BOSHMKAET Axarp oMMa B.,m, . ,n e .
fIpereGperai MacaMM KBapKoB, IPUBOALINMH K ONpaBian FOPEARE T4 4!: :I
‘ noayvyaem : + ; '
Co memmaeM e ] et
‘ © = _L 3% 0? (15.6) f': 7 ¥ “M‘-tﬁ*m
\“ ImHR T Tor = ! . ' | |
Lo 05 2,0 2,5
®opmya (15.6) nOATBEPXKAAET PE3YALTAT crapoii mapTonHo# MozieM [ 58, 120, 2 .
d B KOTOpOi KBapKu CUXTAMCD cB0GombiMHU. [To3TOMY NIpUHATO PACCMATPUBATD Vs
4 -
OTHOWEHKS ceueHud ANAUMUIAINY B aJPOHbI 0, K ceyeHuio npoliecca e " € -
“‘ S pty T, BHIUKGAEHHOMY B HU3WEM nopsAKe TEOPuH BO3MYmieHUi N0 3JEeKTPO- R
| . X
I MarHATHOMY B3aiMO/IeUCTBHIO: "
. ; | |,
__) (15.7) ¢
R(s)= —- ?’“ %** * } .
| % 4.1 L &r _
A i':_f.___}__ + -+ 1» 7 4&"‘ 1'.+ 4
|
| , - o R ik
I 2 !
I RO(s)=33 0f. I
i =1
“ [TonpaBku cJefyionero nopsiixa npecTaBJeHb juarpaMMami puc- 10, 2. C Tou- . i
i 0HA IJICOHOM M yUeTa TeOPeTHKO-I'PyINoBOro MHOXHUTE | | | : | ;
: Hwa“;nousaMst(poim [BAarpaMMbl AHAJOTHUHDI COCTBETCTEYIOLIM Marpam- 5 0 75 20 25 >
" S o thtl = i
L DLLALS R JeT Hasaj B paboTe
! T aMMKY, BBIUMCJIEHHDIM MHOTO .
g MaM KBaHTOBO# 3J1eKTPO/H , s 0T ) E
I [180]. BocnaIb30BaBIINCH STHM PE3YILTATOM, TIOJY ,
I 2 Puc. 11. 3aBucuMOCTb BBNMUMHL R OT s . WTpHXoBo# NuHMBR nokasano (Bedyiuee) npeficka-
! iy 2w g2 14 22D (15.9) sanus KXO ann R [268].
| N \y)=2 L L4 | S .
| ) A f \ T J
! Heobxoaumo paccMoTpeTb elie BONPOC 0 TOM, CKOJIbKO apOMaTOB KBAPKOB
‘ TlonpasKu BTOpOro TOpH/AKE BEUMCIEHb! B paGoTax [67, 951. B nepenopmMupoBOY- Gr6on yeTamate. S10n Dolos 20eno, cotamt o TS Aol consot Lo
“‘} uoll oxene MS po BTOPOM TIOPEAKe TEOPHE poamymenl Ecm macca xsapka M o YROBJETBODAET YCJOBUIO 5 >> mg , TO BOSHMKAIOT [o-
‘ ny J (0% (Y 21 npais; a0 (m2 /s ). B npegesie S+ o OHM NpeHeBPEXUMO MATE! N0 CPABHEHMI0
R (2){5) =3 2 Qf2 1+ 2=/ ,rJ s _\ g C nonpaBKamy JI00oro nopajka no napameTpy a . CoeplleHHO #Has cHTyamms
=1 T \ 7 ) J BOSHMKBET, KOIfla m2 >> s ¥ niepefiaBaeMoll SHepruy HefOCTATOUHO AN poxge-  *
HUS JIONQAHYTEIbHbIX KBapK-BHTUKBAPKOBbIX Niap. ITOT BONPOC 6yaeT noapoGHo
“ " =[ %§(3) - }l ]"f + % — 11§(3)=~2.0 - 0.12n,. (15.10) PacCcMOTPeH HECKQJbKO HUXe; 3iech Xe Mbi NpUMeM 9BPUCTHUECKUH pelienT, coc-
13 275 24 . TOsHUA B TOM, UTO CyMMbI TI0 apoMaTam KBApKOB CJlefyeT PachpocTpaHiTh Ha
. apoMaThi TOJIbKO TeX KBADKOB, MaCChl KOTOPbIX yAOBJIETBOPAKXT YCJOBUIO m 2 .
\ 3nech { — n3era-Gynxipist Puvana, a A KOHCTAHTEI CHJLHbIX B3aumosieficTauit P o PKOB, phIX Y1 DSIOT YCIOBMIO m 2 << s

I q

% 9TOM TOPOr POXAEHUS HOBOro 2
QACAYST MCIQIL30BATH BHiDAXeHNe BTOPOr0 NOpAAKa Teopuu BO3MYmieHui. P por p 1 oro apomara 4m ¢ =S, B OKPECTHOCTH KOTOPO-
< GlellyeT MCIQib30BaT D it

TS MOIYT BOSHEKATL CAGKEDIE SBGEkTh . DACCMETOHBATLAR He SvneT. Moxuo ro
+U MUY T BUSORRELD UAOAHDIE SPPERTh, patlMaTpnbaTbli HE OyAET. mOXHO No-
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KasaThb, 4TO B 9TOH 061acTy Teopusi Bo3MyleHnit KX /i sernocpe/ICTBEHHO He Tpit-

MeHUMa.-

C yueToM 5Tux 3aMedanl TeopeTAUECKIe NpeficKasanis XOpOIIO COracy-
(OTCA © SKCIEPUMEHTATBHBIMI JAHHbIMI, KaK BU/HO Ha puc. 11, rhe npuBenens
pe3yabTaThl Nepsos SKCTIEpHMEHTAIbHO TTPOBEPKL KX/ *?. Onuaxo n3-3a Goab-
JIMX CHCTEMATHIECKUX OUIMGOK IKCTIePHMEHTAILHBIX [aHHBIX TIpY TAKO} mpoBep-

Ke TpYAHO BBHIITH 33 paMKH Be[lyuero nopfaaka Teopu! poamymennit KX,

§16. 3aBHCHMOCTL NapameTpos TEOPHH H Buluucnenuit oT seibopa
NepeHORMHPOBOUYHOA CXeMbl

B xBanToBO! 9JeKTPOMHAMIKE CYUIECTBYeT ecTecTBeHHal epeHopMUpO-
pounasi cxema, 3aflaBaemas TeM QakToM, YTo (OTOH 1 3NEKTPOH HaXOAATCH Ha
MacCoBol IOBEpXHOCTH. [IpenMyiiecTso paxoll cxeMHl clieflyeT u3 TeopeMbl
Tuppuura [245], coraacko KxoTOpOfi NpH HyJeBOH SHEPTU ¢oTona amnaMTyAa
KOMIITOHOBCKOT'0 pacCestysi (BO BCEX NOpAJKaX MO KOHCTAHTE &) TOUHO JaeTcH
Kaaccuyeckoi doprysoit. Taxum ofipa3som, a5 onpelleJienus GyniaMeHTaIbHbIX
TapaMeTpoB TEOPH o W M, MOXHO [10Jb30BATHCA KJACCHUECKUMU BB paX eHi-
samu. B KBaHTOBO! XpOMO/MHAMMUKE TaKoil BbiEJeHHON CXeMbl, ocHoBbiBalomelt-
¢ Ha $uomueckux coobpaxenusx, HeT. Takum 06pa3oM, HeobXoIumo obcymTb
BONpOC 00 M3MEHeHNAX, BOSHUKAUHX NP1 Tepexofie OT OfHON NepeHoPMUPOBOY-
woll cxembi K Apyrofi. [lpenebpexem maccamit KBapkos 1 kaaMOpOBOUHBIMM T1a-
pameTpaMit; UX BBEJIeHNe HE BHECET KaKyx-1M6o [OTOJHUTEIbHBIX NpodJem, oT-
JMuEBIX OT 00CyXAaeMbiX 3[eCh.

PaccMOTpHUM HEKOTOPYI0 U3HIECKH nabaionaeMyio Beliuuty -F. OueBunHo,
oua He [OJKHA 3aBUCETb OT IepeHOPMHUPOBOYHON CXeMbl, MCIoJb30BaHHOM B
npollecce BblunCICHUH. Omako eciy STy BeJMUMEy TIpe/iCTABUTH B BUAE pila o
cTerieHsM KOHCTAHTbl CBS3U

P =3 C(R)a(R)]

10 xoopduilenTs C, # KOHCTaHTa cBA3y o ¢ GyayT 3aBuceTh Or MCTIOb3Y e~
MOl cXeMbl TiepeHopMuposk# R . Ecam nepefitu K HOBoJ nepeHOpMupoBouHoﬁ
cxeme R”, T0 cBf3p Mexiy cTapol u HOBOM cXeMamy MOXHO HalTH CJe/yo-
v o6pason. Pagioxum BeuuHy P, BHUMCIEHHYIO B paMKax HOBOJ NepeHop-
MUpOBOUHOI CXeMbl, B PR/l IO CTEMEHTM KOHCTaHTH! CBA3M & ¢ (R):

n
»

(16.1)

P= ‘
); gcn(.lz\

[« (R')]'t (16.2)

JL=s

1} Bonice STPOroe PACCMOTPEHHE 3TOO BONPOCa fiaHO B CTaTbe [29] u a uaTnpoBan-
HblIX Tam paboTax.
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Noacrasaas B opmyay (16.2) Boipaxenue Aas o ((R”), sanucasHoe B BUJe paja
10 KOHCTaHTe o ( R ), # NpUpaBHABas YJeHbl O[HAKOBOrO nopsiaka B (16.2) u
(16.1),-“Haﬁ)1em CBA3b MeXy KodddUIMeHTaMy, BLIUUCIACHHBIMI B UCXOHON U

B HOBO# NEpPEHOPMMPOBOYHBIX CXeMax. Pa3iokeHie KOHCTanTH ¢ (R ') 0o cre-
TNeHAM KOHCTAHTH & ¢ (R ) MOXHO 3anucaTh B Buie *

a(R)=a,(R){1+a,(R,R)a(R)+ - ).

(B)qesmmlo, YTO MepBbIM YJIEHOM DA3JOXeH!UA SBJEeTCS eMHULA, TaK KaK B HyJe-
OM NIOpAJKE Teo! - o y
psifike TeOpun BO3MYierni o= gﬁl/(zhr ) He 3aBycuT OT BbilOpa cXeMbl.

I70 o3HauaeT, yTo C =
; 0,1 (R) CO,, 1 (R ”). Ho Bce ocTaubHble KOB(;)Q)VIIMGHTH
Tpy nepexojie OT OfHOU NePEeHOPMUPOBOUHON CXeMbl B APYroH MU3MeHAITCH:

Cy(R) = Cy(R") + ay(R', R)C,(R"Y 1 7. i

CCMOTDUM, HanpuMep, Beanuny R

IMEP, BeJMUH! BR A P Ry

R, BBefiennyo B npelblfyiiesM naparpape’!
. Ryiiem naparpage’’.
/M e BBIYMGIMTD B CXeMe MUHMMEJIbHOTO BbIuyTaHMs (B KOTOPOil yCTpansioTes

TOMbKO ToNi0ca 2/ ¢, a He BCA KomOuta: i
B ms Ne = -
7o dopmy st (15.10) nonyuum €= /e = vp +logim. Tomvec

"y
Rrgzs) =3 2 as,ms( QZ) a 2,2
() /gn 0/ I+T+r2ms(\' er ))L

33— 2n,
T (16.3)

Bripaxenye s KOHGTaHTH! CBS3Y &
Ono umeer By

Fyms = ry + (logdm — Ye)
s, ms Takke OTIMyaeTes or hopmymi (1 4.48)

“J.ms( Qz) = %
(33-2n)0

153 —
X {1 — 3& loglog Q2/A?  logdn — v
{ : log Q%/A? - E]-

n\ A 2
1) 2108 /A iog Q*/Az)

Moxso cox,
panTb Gopmyay (14.48) nis kou
4 . CTaHTbl CBA3YM « _, eclu
HOBBIH napameTp ofpesanus s orpenety

edanus A _ creny .
v ms yiouum ofpasom:

clellynom

Afm = g¥e—logdu p2

(16.5)

—_—

1
Moapobroe obcyxgel
YXAeHUe 3TOrO BOonpoca ANA NPOLECCOB rNy6OKoHeYNPYroro pac-

CSRHNA MOXHO HaWTH B cTaTwe | 27].
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|
H §17. Kunematuka npoueccos rny6okoneynpyroro .
§ I y ynpy pacceAHUA; NapTOH|
N Torja BHpaXeHue (16.4) sanmmercd B Bue S ; NapToHHaA
- 2 2
| an_ 127 _ 153 = 197 loglog Q /A 1, Pacomorpum npottece ! +h » 1+ all ,rae I u ! — Jentonby, h—apormas
Q, = p) 2 '} ~
: smsl ) (33 - 2m))log @7/ Ans | (33- 2nf)2 ilog 0%/ A% ) MIlieHD, @ CivBox all 0G03HEMAET CYMMIDOBAHHE TI0 BCEM BOBMOKHbM KOHBUHBIM COC-
. (166) TOARKAM I (puc. 12, a). -Ecnu HaUaAbHbI M KOHEUHbI JeNITOHb! COBRAAIOT, T.e-
: l-ﬁ(l)i;t = ¢ (3.JeKTPOoH) UMK u (MIOOH), (puc. 12, 6) To 9TOT Npoliece NPeACTaBIFeT
| cobolt nccepoBan
‘ ¢ TouHocTbIo 10 Yaenos nopiaka O([a 13). , AiOBaHMe aipoHa h B HUSLEM MOPS/Ke Teopuy BOBMYMERH N0 IJeKT-
K coxadennio, yacto 3abmpaior 06 9 pocToM (baxTe: NapamMeTpl TeopHHt POMaE‘H“THOW B??Moneﬁcmmo, a COOTBEeTCTBY0IMM OllepaTOpPOM ABISeTCH
MOXHO TIOJNYUATH TOJbKO BO BTOPOM NOpSIKE TEOPUHA Bo3Myllesmil; B HM3lEM Xe nopii- 9JeKTPOMATHUTHBIM TOK
M 9TOM Py
Ke mapaMeTphl A M A, ¢ B3aNMOIaMEHAEMb, TaK Kax BO3HMKawWad mp JE =3 0.9v"; Liopem= eIl A, .
‘ ounibka BTOpOro nopasKa MaJocTs. Kpome TOro, Koria NPUBOJIAT 3HAUCHNE, Ha- 7

Tpumep Beduuvmbl A (TO Xe cnpaBejMBO ¥ AJs o dexTHBHOA Macchl m), Hago
yKadbiBarb, B paMKax xaxolt IepeHOpMupoBOUHOH cXeMbl l;I\Ole‘IeH() 3TO 3HAYEHHE.
Kax napametp obpe3samust A , Tak # SddexTHBHAR Macca m SBAFOTCH peHOpMUH- /Ir'
~ BapUaHTHbIMI BEJMUMHAMH, HO OHM MEHIOTCH IIpH Mepexofie OT OfHOA CXeMbl K A

I Apyro#. B 970l KHyre B OCHOBHOM MCNOJb3YeTCA NepeHopMHpOBOYHA CXeMa -
o MS BcaegcTBUe ee TpocToTsl. B Hell He BOSHMKAET TpAHCLEH/ISHTHBIX Bbipaxe-

| nuit (tnma — yg + log 4m). K TomMy xe 9Ta cxeMa, BoOOIIe MOBOPS, IPHBOMMT K a »

\H\ MaJbIM [ONpaBKaM BO BTOPOM TIOpSfKe TeopuH poamymenuii. Hanpimep, B cXe- r .
il

i Me MUHMMAJIBHOrO BbIUMTAHKSA AJSl BEJMUUHDL 75 o UMESM h A

il

h
ms = 7,4~ 0'447‘[,'

I

obpe3anus paBHO
I + 0,07
I A = 0,13 'sB.
I

- -0,05

9o coorBercrByer suavemiio A, o = 0,05 T'sB. 3uauenus 2QdeKTUBHBIX KBAD- 8
KOBBIX Macc PaBHbl

N

A

5 5 MoB, 203m, %10 MoB, 400 iy 3 200 MoB.

1035
U

YycenHoe SHAYEHKE NapaMeTpa o6pesaHus A MOXHO Gbiao Obi najiTh, cpas-
| HUBAS BHIUMCICHHOE TEOPETHUECKH SHAuGHNHE Bl R C M3MEDEHHBIM SHATE:

i H{EM, HO TOYHOCTDb SKCIEepHMEHTaJbHEIX AaHHBIX AOBOJbHO MAla (puc. 11). Amt
“ ' 5O lie M MOXHO MCIIOIb30BaTh Apyrie Mpolecchl, HanpuMep Npoiecchl ray6oko- e
H HeYIpyrors pacCestus 2IeKTPOHOB um HeliTpUHO MJM paclia/ibl KBAPKOHMEB
\ "

\

Puc. 12. Ouarpamme!, onuckIBaiowmMe Npouecc rny6

p HEYNpYroro p .
Y. Onpefieienne 5¢deKTHBEBX Macc KBapKOB paccMarpiBaeTcs B § 32. Y
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,

For o tweliromio), @ 17 = u (meson) (puc. 12, 6 ), To mpoliecc 00yclioB-
Bem { = v, (HSATPUHO;, 22 uf ) (I
Jed CJlaﬁblM Bapﬂ)l(eHHbIM TOKOM

~

1 n .
=— ngWW H
23 :

JE=ay (1= v + Sy (L= ¥s)se o0 L

-2 - Bo30Ha
= 1,027 m Goorow M, — macca BekTOpHoro 603o0ua, a

= —dsinf + scosfc.

Ecm [ =1 =v, (nefiTpuno), To IpoLecc BbI3BaH caabbiv HeliTPaJbHbIM TOKOM
e 12 4): mor 1a B CTAHAAPTHON Teopun SiekTpocabbix B3aumopelicTBU
{puc. 12, 2); Tor pa B CTAHAAL r

nmeem

gyt + {— + 28“3119w )J‘l"d

w1 1
2=\32 377 W2

BZ,

e
Lz = 2cosb,sind,

rpe sin?8,, = 0,22.
BBefem ObepkeHOBCKIE NepeMeHHble
= 2 2
v=p-gq x=0/2;
caTb B
3aMeTHM, YTO Beayunuy S B ObepKeHOBCKUX [IepeMeHHbIX MOKHO 32l
Buze

s=pi= —Q2+m}+20=21’{\+m;3/2”—x}‘

Tpenen rilyGokoHEyHpyroro PAaCcCesHus, U 6bepxenos oxul npeden, COOTBET-

~a o A2 o Ao k- ()2 /2, Ucnodb3ys
CTBYeT 3HayeHusam &=, v >> A° 0pi PUKCAPOBAHHOM X =3¢/ 2V Y
CTaHfapTHble NpaBuJa AarpaMMHON TeXHUKU, aMILIMTY/ly PacCesHus, Hanpu
Mep, I cllyuas e /4 MOXHO 3amicarTb B BUfe

T erhoerr™= i%a(k',o‘)ywk,a)

XN pt a—
X (27y8{p+

(PN (17.1)
P70 '

2
aumofelicTRUS g YIOBJAETBOPAET COOTHOUIEHUIO g /M f] =

CNuKY u

H
8HnA SHeprum-umnynsca BKnag BTOpOro cnarael

Mpouecce rny6GoKokeynpyroro pacceAHua

3aech g (0 ) — cvEDl Mafalomero (paccesHoro) S5eKTPoHa, a T — Cui afipo-

pa-miern k. OTMeTUM KOBapuanTHbli XapakTep HOPMUPOBKY BEKTOPOB COCTOS-
mwi (cm. npuioxenne X):

[lss HenoJsIPU30BAHHbIX YACTUL CeleRye Tponecca € + i » e + all BbipaxaeTcs

yepes JenToHHbI [PV ¥ aJipoHubiii WHY Tensopbl (Maccamy JAeNTOHOB Mbi BCIO-
ny npeneGperaem) ' ’

LP = % Sa(k,o'yy'u(k, o) @K', o)y "u(k,0)|*

(17.2 a)

Koneuno, 3pMUTOBO-CONpsXKeHHbIf 3JeKTpoMarHuTHbi Tok JV+ yloBJeTBOpsieT
pasercTBY JV* = JV, o Mbl 3anucam Bbipaxerme (17.2a)

BEJMBOM U NI MNOIeCCOR, 0BVCIOB Tonusiy omafur s
I polleccoB, O0YCAOBJASHUBIX CAabuivu

B ofuem Bufie, cnpa-

(17.2a) moxHo 3amucatn B npyrom Bupe 2

(17.26)

F'lle noapasymepaeTcs ycpeHeHue o CHWHY afipOHa-MULIEHU T .

Pacemorpum obumit cayyait caabix wm 3JeKTPOMArHUTHBIX ToKOB. Oblee
Bbipaxenve ans Tensopa WMV, samicanioe B TEPMAHAX HHBAPUAHTOB, XapaKTepu-
Sylumx npouecc paccesinns, umeeT BUA

WE(pg) = (=g + g%g" /e, + L (pr — vgt oV p* — pov 1 VW
1=(-¢ SRLha1C et L e L pLe
Pa9p
+ ig#ef W. 173
2m? 3 (17.3)

0
MuoxuTenu 172 B dopmynax (17.2) BOSHMKAIOT B pesynbTaTe YCpeRHeHUA no

8 CXORHOIO HYKroHa 1 "cnupanbHoCTH"™ BUPTYansHOro oToHa.

CYMmyB SKBUBANGHTHOCTH TAKOM 3anWck MOXHO YGERWTLCA, BCTABUB B thopmyny (17.26)

NO nonHoMy Habany cocToauuill S Ir >< i
Py cocToAmmM 2 1T >< | 4 Zai

B Cuily 3aKoHa CoXpa-
MOrO paBeH HYsIo.



90 Fnasa OI

v '
[pyrue BO3MOXHbE YJEHb! MPY CBEPTKE C e ToHHbIM TensopoM LMY obpamaioT
cd B HyJb. COOTBETCTRYOIME CEYeHNs Paccednis B nabopatopuoil cucreme OT-

oronolt amon k noxoutes) umewnT ua M

CueTa \B KOTOpOH a4pCi / ouTC

dof _ o (pecosd 4 2wsin? 9, (17.42)
A0dK; ~ Amykisin’(8/2) \ 2 2]
B 0 +
do*”? _ G;‘%ko2 I Wi’:coszg + 2W.”"sin2§ F .’it‘_k wi* }, (17.4 6)
= w3 3 ' 2 2m, f

20°m, \

Fu R’ do; B dopmyae (17.46)
rfie 8 — yroa Mex[y ‘BeKTopamu k 1 k7, dQ=dcosbdg; pMY,
v(v), G p — nocrounas Pepmu, kOTOPY1

MOXHO BHIpa3uThb Yepe3 KOHCTAHTy CBA3U U Mmaccy W-6o30Ha:

Gp= 2 &3/ 8M,..
Gy W, SBITIOTCH UHBapUAHTaMU 1 3aBUCAT OT NepeMennblx Q2 U v «
11
¥ noGHo onpefieMTb cmpyxmyproie Hynryuu 2)

2
%y = 2xWi x, Q) =L w; fi(x, 0%) = 2w, 5
fi(x Q) =2xWi,  fi(x, W3, o

ny,
rjie uH/ekc @ o6o3HauaeT npoleccsl (e/wh,vh, vh). ViHOrIa BMECTO CTPYK-
TypHO# dyrKIpm f ¢ MCHOABIYETCS NPOAQBHAT CTPYKTYpHAH PyHKIMA
fo(x @) = f5(x, 09 = fi(x @) (17.6)
dopmyay (17.3) ynioGHo mepemicaTh B TEPMUHAX CTPYKTYPHbIX Pymxuh 2, npes

Hebperas uMmybcamu g4 M 4% (koTOpBiE NpU CBEPTKE C JENTOHHHIM TEH30POM

3).
ap) 3
L ,, o6pamaoTcs B By )

i i . 9P,
Loy fatzen ULIIE) L O]lp> = 2 g%+ LT fr it 22 £
’ . wap 3eP8 :
=_K§;ﬁ+($gw+-p7’p)ff+1£”ﬂ-—q?ﬁ. (17.7)

1) Boe hopMynbl OTHOCATCA K NPOLIECCEM PaCCEeAHHA 2MeKTPOHOB. Dopmynbl AnA
PACCeAHMA 1-ME@30HOB aHanoruuHbl. [INA cny4an pacceAHnA HeATpuHo Mbl 6yaem pac-
CMaTpuBaTh TONLKO Mp! .

ap! M4 TOKaM#.

2) OnpepeneHHbie TakuM 06pasoM GYHKUAM f; HECKONBKO OTWNEIOTCA OT CTaHAEpT-
HBIX PYHKUMA F, 8 uMenHo fg = 2XFy ,f = F, , f3 = xF5. Taxo#l cnoco6 BBepennh
CTPYKTYDHbIX DYHKUAR YnpowaeT YpaBHeHna KX, kotopble GyayT BbiNnWCaHbl HuKe. (QYHK-
WM f HASLIBAIOTCA CTPYKTYPHBIMH, TaK KaK B CHCTEME GeCKOHEUHOrO HMRYMNLCa OHW Ofk-
CbiBaloT BEpOATHOCTL OBHAPYXeHHA B afipoHe napToHa ¢ AoneH uMnyneca x . — 1pum.
nepes.)

3} 8 atom naparpae 4-BeKTOp B KOODAMHATHOM NPOCTPaHCTBE 000SHaken GYKBOR z
B OTNHYUE OT GbePKEHOBCKOA NEpeMEHHON X .
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B-cayyae e * e~ -aHNUIMIsAIMN YAOOHO PACCMATPHB AT,
JieEne afipOHHBIX TOKOB

T2 (p.q) = i) [d's =PI TIEE)" T2 O)lp>- (11.82)
Ecsm Tensop THY samicaTs B Bufle

7= % g Ti(x 07 + 27 15(x, 0%

+iems 228 Ta(x, 02, (17.86)
q

TO, KaK TOKa3aro Ha puc. 12, 0, e,

fo= % Im7°. (17.8 8)
PaccMoTpiM GbepKesoBCKMil Ipefed B TaK HasHBaeMON cucmeme 6eckoKesnoto
UMY I6Ca:
p=(p"0,0, p%; q=(v/2p0,\'/Q2 ,o;y/zrn"); P50, (17.9)

33.1'“/[083 Tipou3Be/ieHue q « z B BUJIE
] , ,
4 2= 5( = N+ )+ 3+ ) - 2) - g,

BU ,UTo cayuait z « g = 0 p DKOHOBOKOM me e e (o
MBI BUIUM y q B PKCHOBCKOM Mpefigiie COOTBETCTBYET NpH-
.GM)KEHHHM COOTHOLIEHN M

L1/ a2

Vinbivu caopamu 22 » 017,

W3 xopowo ussectHoro caoficTea dypbe-npeobpasoBaHus cieyeT, YTo npu
@MKCMpOiiH!‘{’(;h\A SHaYeHWM NepeMenHoil x nosesienne Py pbe-06pasa KoMMyTaTopa
AURUB B 1 (.40} WM XPOHQJAOTMYECKOI'0 Npou3Be/ieHud B (17.6a) npy GoJblux 3Ha-
YeHusix nepeMeHHO! g ompefiesiercs o6aacTbio z2 = O (1/q 2), usbiMy CaoBaMy,
TOBe/IEHUeM KOMMYTATOpa UJM XPOHONOIMYECKOrO NPOUSBE/ISHMUS apOHHBIX TOKOB

[T*@" @] 1w

Ha CBETOBOM KOHycCe.

TI*(2)"J*(0). (17.10)

g REACTBATENLHOCTH KOMNOHEHTY Z, MOXHO CAeNaTh CKOMb YroAHO GoMbiuof. Op-
HaKo 3ToMy cooTBeTcTBYeT 22 < 0. [pH STOM B CHNY NOKANLHOrO XAPAKTEPE TEOPUH KOM-
myTatop [ 7 (z), 7 (0)] paBen Hynio; HeHyneBoR Bknag BosHMKaeT TOMbKO B Cpyuae

2 5
z5~z5 , T.e. Npu z “~ 0.
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[\5)

e (X)

VuuThiBas ABJeHAe aCHMITOTHYECKOA CBOGOBI, GJe/yeT OXHAATh, YTO ITH
KOMMYTATOPbl # XPCHOJIOrHIECKHE IPOMIBE/ICHHS MOXHO BHIUUCIUTD C TOUHOCTBI0
1o JorapudMuuecKkiX nonpas ok, npenebperas B3auMofeiicTBMEM KBapKOB ¥ pac-
cMaTpuBast aJpOHHYI0 MUIIEHb KK COBOKYNHOCTb cBoboubix kBapkoB. Takas
MoeJib, HASBAHHAS NApMONN0l Kodervi0, Oblia NPETOKeHa @elinmanom [119].
YTk MOHATH HEKOTOPble CJe/CTBUS STOH MOJeJM, PaCCMOTPHM MpOLeCe ryyBoKo-
Heynpyroro ep-paccestus. O5osnaunM yepes g (x ) BEpOATHOCTDb OOHapy¥.eHus
B ajlpone KBapka apomara f, obaagaouero AoJjelt umnyabca x . Toraa nomoe
ceuenye peakluu € + p ~ € + all noJiyuaeTcsi HeKOIe€PEeHTHbIM CYMMMPOBB:HHeM
(KBapKM CUNTAIOTCH CBOGOMHBIMM) B3BEIIEHHIX MHOXHKTEJEM g (x ) CoueHMipo-
HeccoB e +f ~ € +f (puc. 13), BbluMcIenue KOTOPbIX He NMpeACTaBJser TpyA-
HocTeii. Otciofa Hemepenno Haxomm fSP (x, Q2)=f¢P (x, Q%) u

(x 27) o XEf 0/g(%)- (17.11)

CreflyeT 3aMeTHTb, UTO CyMMa IO MHJeKCY f pacnpoCcTpaniercs Takxe Ha aHTH-
KBapKM, TaK KaK OXMAaeTCs, YTO BepOATHOCTD 06HapyXeHus BHYTPU MPOTOHA aH-
THKBapKa He paBHa HyJi0. HeCKObKO HiKe Mbl TIepeluilieM Bhipaxetie (17.11)
B BoJee noapoOHOi GopMe, KOHKPETUIMPYS HEKOTOpbIe CBORCTEE pasmidHbiX NAOT-
HOCTell pacnpefeerns KBapKoB 4 (x). . e
3ameyaTebHOA 0COBEHHOCTBIO BhipaXerus ( BJACTCH CKELIUNT. Keii-
& peamy Peaneamon 3071 amws 1o BoRuMKHOBEHUS NMaDTOHHOM MOle-
JuEr OblJ NPeACKa3dad DbepKEeHOM L ov ) SIS AV BUSHARRUEEEEE ap Jil

—
o)
—
—
£
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1, KOTOpas, Mo cyuecTsy. Oblia BBeleHa Anf ero ofsacuenus. Cxeflauur o3naya-
5 it Y y ! obeacuenus. Ckelfauur o3naua

e, 4To B npefede Q2 - o CTPYKTypHble dyHKIy f (%, Q?)cranoBarcs He 3asy-
csuyMM OT NepeMenHolt Q 2 :

FxQ) = f (17.12)
npu Q2 + oo ¥ PUKCHDOBAHHOM X .

Kax Gyner mokasano mxe, KX/ noarsepxnaer namuue ckeflmura B ToM
CMbIGJIe, UTO B PaMKaX KBAHTOBO! XPOMOMHAMMKM NPEACKasSbIBAeTCH er'0 CymecT-
BOBaH}E C TOYHOCTbIO [0 JorapudMudeckux nomnpasok (log Q 2,/ A?)4. Bosee To-
r0, ST MONPABKH MOXHO BHIYUGINTD, i NOAYYeHHble Pesy bTaThl I0ATBEPK AAKT-
sl IKCTIOPUMEHTAIbHBIMY H3MEPEHUAMY HapYIeHns CKelunra.

§ 18. OneparTopHoe pasnoxenue

[las cTPOroro asa M3a NPOUBBEJSHUS ONEeDATONOR, BASTLIX B mOUKAY. had e
/ T L 1 DaTOPOB, BIITHIX B TOUKaX, pasie-

JIEHHBIX MaJbIM UJM CBETOMOA00HbIM MHTEpBaJIOM, CJYXUT Memod onepamoproro

pasaomenus (operator product expansion — OPE)!). OGcyxaenve:sToro metona
HAUHeM C MpOCTelliero cuyyas XpoHOMOrUUYeCKoro NPOMBBEJIEHNS [ABYX CBOOOTHbIX He3vao-
COBBIX CKaIAPHLIX notelt T (x o (¥). B npeene x +y 310 nponssenemme aarymspro. Ho
CHHT'YJSIPHOCTb TpeJCTaBJsieT coboll mpocTo ¢ -uuciao. Ee MoXHO BbAGMTD 13
T-npoussejeryst, 3aAMCAB ero B BUIe

To(x)p(y) = A(x = p)L + :9(x)$(»):s

rae 1 — eMEKYEBIA onepaTop, a A — MPONMaraTop CKaJsipHOro MoJs

_ 1 4y —ik-x 1 _ 1 1
A(x)—(z—w)—‘jdke TR T

B npepesne x » 4 oneparop e
Peleie x » oneparcp i g

JAOTCS peryJApHbIMU BeIHUNHAMHU .

B obuem cayune npousBesieHne JOKAJbHBIX (3JeMEHTaPHbIX WM COCTABHbIX)
onepatopos A 1 B, B3ATBIX B TOUKAX & U ¥ , DA30CAEHNOL MAILM UNMEDSALON,
MOXHO 3amucaTh B BUAE 6UAbCOK06CK0L0 PAIIOKENUA

TA(x)B(y) = ZC,(x = INi(% y), (18.1)

) 1 Mevor OnepaTOpHOro pasnoXenuA 6bin npenoxen Bunbcorom [ 268], a satem pas-
BUT ANA cnyyan ManbiX paccToAnud B paotax [ 270, 281] u pp. Cnyuait onepatopos, Bas-
ThIX Ha CBETOBOM KOHYCe, pacCCMOTPBH B paboTax [s1, 128]. Ona pacyeToB npoueccos
NYGOKOHBYNPYroro pacceAHHA 3TOT MeToR 6bin npumeen B paboTe [ 70]; ucnonb3osanme
onepatopHoro paanoxenus B KX o6cywpaerca B crateax [ 142, 161, 162].
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rje 6uAbCOR060KLE xoagPuyuenms C, B obuem caydae npeJCcTaBJRIOT CO00i cuir
ryJspHbIe ¢ -4MCJO0BbIe QYHKIMH PASHOCTH X =Y aN,(x,y) — OWOKaJbHbIe Orepa-
TOpbI, peryJApHbie B Npefiese x -~ ys [MocaenHme 0603HAYEHD! Gyksoft N, 4T0Ob!
noaqepxuy'rb,'q'ro OHM ABJSIOTCS COCTABHBIMM HOPMBJbHO YTIOPSA0SHRbINM Ofie-
paTopamu. Pazioxenue BUla (18.1) sBJsieTcs HEe yeM MHBIM, TakK obobmennem
pasioXerus B clydae ¢BoGoHbIX noaelt. 3amauem T -npoussefenye AByX onepa-
Topos 4(x ) B(y) B BUHOE

TAMB) =3 b [drn o dnTAC) ) L)

3nech uegekc 0 03HAYAET, YTO COOTBETCTBYONIME BEJAMUMHD! CTPOATCA U3 CBO-
Sombix noJeBbix QyHxiMf. [Ipumensis K STomy BbIPaKEHHIO Teopemy Buxa, npu-
XO[MM K Pa3JoKeHHIO (18.1). Ho Heo6XomMoCTb 3alicH NPUBEACHHOrO Bhipa-
xemud B obem BHE BOSHMKAET OBOJBHO pefiko. Eciu Hac METepecyeT nosee-
Hye IPOM3BE/IeHHs ONepaTopoB B npejele x -~ y, TO MOXHO npuberayTh K 60-
Jlee mpocToMy cmoco0y. A MMEHHO AOCTATOYHO PacCMOTpeTh 6asuc, obpasoBan-
Hbift Bcemy onepaTopamy, 00JafAI0UMMI TeMH Ke KBAHTOBBIMU WMCIaMM 1 TatC-
GopmalMOHHbIMA CBOWCTBAM, 4TO i HCXOAHOS npoucBefenye 4 B (B vacTrocTy,
ec/w onepaTopsl A u B cxalsAprble # KaluGpOBOUHO-HHBAPUAHTHEIE, TO P NIOCT-
poermu 6aduca JI0JKEb ObITh PACCMOTPEHBI TOILKO cKaJspHEbIe ¥ KaJMOpOBOYHO-

MHBapHaHTHbie ofiepaTopsi). B 9Tom cliyuae wumeem onepaTopbl

1:g(5)q()s AE)BGYs - - -+ H(FEIDN) 5 -5 1GERG) o
(18,2)

T.e. 6ecKOHeuHy 10 MOCJAE0BATEIbHOCTD 0NepaTopoB. Ho B npepene x -y Tpeby-
JOTCA TOJBKO HEKOTOpbie M3 HUX (MHOr/a AN BHIACHEHUS JUMpYIOWero moseje-
HUSL I0CTATOYHO OLHOMO). ITO MOXHO N0KA3aTh CAe/yimum 06pasom. TMycrs pas-
MepHOCTb onepaTopa N paBHa p y ; TOr/a Cpelli OnepaTopos (18.2) uusweit pa3-
MEePHOCTbIO 061afialoT ONepaTopb .

[

_
<)

H(pgg =3 irﬁq;tn ; 4y

\Pgpq Zip ,=4)

1 [

EcJu npe/noioX1Th, YTO Pa3SMEPHOCTb KaxX/I0ro u3 oneparopos A v B pasra 3,
To npocToit mofcueT pasmepHocTel N03BQAAET 3aKMOUHTD, 4TO PpasMepHOCTD
BUJIbCOHOBCKOro Koa(duenra C, pasxa 6, koo(duiment CE UMeeT pasMepHOCTb
3, a pasmMepHOCTDb K03 HuIMEeHTOB C-D u C 2 paBHa 2. Cnepoparenbho, SBHO
BBIAEJA Maccy U3 KopduiueHTa CEq , oaydaem

£SY]

Cx—y)~(x=y)"%  Culx—yymmx-y7% (18.3)

Co(x — y)~(x -y
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rie x ® osnavaer (x - x)3, x =2 osmauaer 1/x2 u 1.1, OueBMAHO, 4TO STH CO-
OTHOUEHNs TOUHO BBIIQJHSOTCA MUb B CAyyae cBoOOHbIX MoJefl. ACHMITOTH-
!jec}(aﬂ csoboga KX/l rapanTupyer, uro nonpaskyu K coorrowenusam (18.3) moryr
ObiTb TQIBKO JOrapUPMUYECKUMIU. ITH NIONPABKM He BHOCAT CYWECTBEHHbIX
M3MEHeHHi BO Bce NMPoBouMbIe paccyXAeHHd .

KosddulnenTs! npu Apyrux oneparopax B npefiesie x - 0 0ka3bBAIOTCS KO-

He'lﬂ(bll;d);.) Eciu Teneps B3 kakofi-uubyab MaTprubili 31eMent or pasioxe-
HUsA d)

Q@ITA(R)BON = Ci(x)<®|¥)+ Gy (x)X(BI:3(O)g(0)¥>

+ Gopg (x)<P1:3(0) Bg (0):[¥)

+ Coa(x)P|: GX(O):[¥> + - - -, (18.4)
TO H3 PEryAAPHOCTH ONEpaTopoB N, caefyer, 4To B npefede x ~ 0 noBegenye

Jepoli uacTu (18.4) onpefieaseTcs BUALCOHOBCKMMHU KOIDdUIMERTaMH, YMHOXEH"
HbIMJ HA KOHEYHbI
Hble KorCTanTsl <@ [N, | >. Takum obpasom, B Ipegede x - 0

_____ Oee nopene! BOKOND TRauAn crveer
i il IOrMIeCKore npousBeaeHus oneparopos TA{x )B{0)

:g:;gﬁ:ﬁemﬂ KO%@"WBHTOM Cy(x), a cTapuie noNpaBKy KOHTPOIAPYOTCS
eH - -
LHeHTamM1 7a° Cqﬂq uCeg2.

Bepremes x paznoxemuio (18.1). Tax xax oneparopst N, (x,5) peryas
tepatoptt N, (x,5) peryaspsui,

X MOXHO Pa3/IOKMTD 110 CTENleHAM PasHOCTH x —y . [pu y 0 nQJ[y:aeiq i

N(x,0)= qul .. x‘,ﬂN,(")“' 1 #(0,0).

n

Hanpumep, nas nosedt g(x ) u g(x ) umeem

G0V (— x): = (_l)n .

3(0)q(—x): gxu, Cee Xy, T 1(0)3 .. g (0): (18.5)

B cnyuae kam6posounoit Teopu, Takoit kax KX/, obtiumsie MPOU3BOHbIe, (u
, by

rypupyomue B (18.5), cremyer 3amennTb
.5), KOBapuaHTHbIMM TIpOU3B N
Torga noJyJaem i o

TA(x)B(O)xfoC'(x)l+ Caq(x)gxm cox, (—ml)"

X:g0)p# ... Dtg0y: + - -+ (18.6)

-_

i UuTyuTue on
HO 3T0 AcHO. PopmanbHoe et
“ T" ROKA3aTeNLCTBO MOXHO
'TO onepatop 7 (0)g (~x ) HB ABNAGTCA KanuG aH " y“m: e
- e o p HO- PUaHTHBIM. K POBONHARA
BapuanTHOC CT TCA Npu 3KC anbH MH or
Pexpf®, s.apu r o wwommenn
Pi dy &t &, . Tm., nanpumep, pabory {269] u Npunoxaxkue K.
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B npenedie x » 0 uienbt, cojepxaume TNpoU3BOAHBIE, B (18.6) B obmem cay-

qae HpGHCTaBJlﬂK)T coBoii mMaJbie 1onpaBKu, TaK Kax Oy CORepXarT DonoHUTE b

sbte crenemy x - Ho Takoe yTBEPX/ICHHE #é6 epro LA pasaoNenuA Ha 06 emogom
xonyce. B 9TOM CJyuae HAC UHTEpeCyeT noseenue B npeaete x 2 » 0, koropsiit
OTHIOMb HE O3HAYAET, UTO Kax/iad U3 KOMIOHEHT X - 0. TlooToMy TIpU pasioxe-
HUA HA CBETOBOM KOHyCe BCE NPOUSBOJHBIE B npapoit uacu (18.6) paior ofmHa-
KOBble BKJabl.

TIpumentm Tenepb ONepaTopHoe pasJoxenie K XpOHOJOrUUECKOMY NpOu3Be-
[ieHUI0 a/POHHbIX TOKOB, MOKBJIBIMXCA B (opMy iaX [ifl POIeCccoB TiayboKo-

Heynpyroro pdCb&fi'riﬁﬁ- Topepcuue 3T TOKOB HAa CBETOBOM KOHYyC€ onpefes-

e B GbepKeHOBCKOM npefielie CTPYKTYpHbIe DyHKIMA KBapKOB Tpexpe uem npu-
ACCMOTDHM

CTYMMTS K pacueram, BBEAeM HOKOTOpble 0Bo3HaueHWA. DHAYAAE PACCMOTPHM
moneie W aKCMATbible TOKY, omicanubie B § 17. Vx moxHo samicard B Bufie

BEKTOpHbIe U akKCU4.

KOM6V[H31M" U3 BOCEMHAALATH TOKOB:

VE(x) =% (G (NG HGp(%)5

4700 = 3 ATV () (18.1)
Vi(x) = 2 1G(x)Y g (X)5

A4(x) = 2 G () Ysg(*): -
f GXHC NDUAATH nnu}moﬁnaa}{blﬁ Bup, noaaras 7\ff = Sff “ Y CUMTas,

KaM MOXBC IPH L eIMHOO

470 MHAEKC @ npoberaeT 3HAUEHHT 0,1, ..., 8. Hanpumep, 5 JeKTPOMarHATHbIA

TOK KBApKOB 3alUCHIBAETCH B BUAS

Jh = { Vi+ Tf: V{} (18.8)
3

OrmeTM, 4TO MATPULE A AeflcTBYIOT B npoCTPaHCTBE ApOMaTOB- Mbi BKJAKOUaeM

B PACcCMOTpeHUe KBApKU TpeX COpToB: 4y = u, 4, = d 1 g, = s ; yueT ocTalbibIX’

COpTOB KBApKoB HE npefcTaBiieT pr,HHOCTiri. EcrtectBeHHo, BO BeeX CbODMVJTaX

ﬂnﬂna3VMPBaeTGH OvMMMpOBaHMe no LBEeTOBbIM MHAEKCaM-

| o WO

Hausem ¢ paccMOTpeHus cBo6oanbIX nodeit. Vicnoab3ys Teopemy Dikd,
T-nponspefielne ByX BEKTOPHbIX TOKOB MOXHO 3amMcarb B BUAe

vEVe) =27 :qia(x)ki‘ivé‘quﬁ(n: 1G5 (N5 91 P):

220 ',74(22 - iU)
< L A " — a
+ 3 (ifape + dase Y7808 (* = )6 TN G,L(Y)

MNpoueccs ray6oKoHeyNpyroro pacceAwunA a7

+ 2(_l:l;zbr + dabc)‘/;ﬁsm - x)y‘;:,
X (YG(x): + -, (18.9)

roezZ =% =Y, N, — YUCIO IBETOB (paBHroe 3), a MHOroTouye obo3HauAET Ye-
THPEXKBAPKOBbIe onepa'ropbx Gqqq : . Kak o0bsiCHANOCH BhIIle, B Cly4ae pas-
JioXemus Ha CBETOBOM KOHYCe Takue OflepaTops! AT NONPasku K OCHOBHBHIM
gaenaM. Mbl 110K OrpaHuYUMCH PACCMOTPEHHEM TOJbKO OCHOBHBIX sddeKToB.
Tpw nosyyery Hopmy.ibi (18.9) ncroab30BaHbl COOTHOWEHNE

T ()G (¥) = — 8 (¥)4p (%) + Sgs (x — »)>

I458

5 cooftoTsa Marpull A ¥ y (npunoxemus A u B). 3ameHum nponararop S Bbipa-
XeHueM, onpenenalomum €0 nnopefleHye Ha cBeTOBOM KOHyce: :

2iz
S R~
©.% @mi(* - i0)

KOTOpOE JIerKO MOJIYuuTb U3 POopMyJbi s Nponararopa
p+tm

—ip-z___ £ T
pr—m?+i0

S =

(npuaoxenve E). TTocde HeKOTOPHIX BbiUnCAEHMH C y-MATpUliaMH (MPUIOXEHHE A)
dopmyay (18.9) MOXEO mpuBecTH K By

TVE(x) VY (y) =

;z:oziZ(iﬁzbc + dabc)[ st 2 FAONY9();

(2’”) (Z i0)
ik —— G yvsa(7):
Qay(2? - io) .
+(x©y, a0 b, po>y) + NOCTOAHHBIA WieH. (18.10)

Mocrosiunpiit 4ien
@ (Z 10)

He Bbimy
el CaH B BHOM Blifle, TaK KaK OH He JaeT, BKJala B KOMMYTAaTop, QuUrypu-
PYWusth B Bripakenii AiA aApOHHOTO TEH30pa WHY (B ApyruX CJAyuasX, Hampu-
Mep fipu Bhuycaemm < TV Vb > spyion

M , 9TOT YJieH MOXET OKa3aTh

Tloxar Csl JUIMPY IOIUM) .
ast 3aTem y = 0 u pasiaras pGFleﬂprle ofepaTophbl : g .

-+ 4: B piip no
4206
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efIeRIM nepeMeﬂHoﬁ z, floJyyaeMm cdepyounee paGJlO)KeHMe Xpono,mr‘mecxor‘o

npowssenenust TV (z) V' (0) #a cBeToBOM KOHyCe:

cT

- z

TVrEWVEO) = —i > duS™" R
“ b3 0 nueqeﬂ:bc 'rrz(zz - i())2 n!
X:G (0 ygD* . .. D*q(0):
z, Z, -2
+i 2 fnbc‘Wﬂ : n! -

nHeuveTH

(22— i0)’
X :g (O ygysD* - - - D*q(0):

+ TMOCTOSHHKbIN YJeH + IPa/MEHTHble YIEHb +
+ HEYETHbIE NI0 IBPECTaHOBKaM (i == v, & <= b) YjeHsl.

(18.11)

Buipaxenue (18.11) npusepeno x Takomy Buly, 4TO BCE burypupynoumue B
HeM NpOM3BOJHbIE efCTBYIOT HA (QyHKUuK, cTOSmUE CNpaBa OT HUX. Yrobr 106u-
THCA 3TOrO, B CJyYae HeoOXOAMMOCTH A00aBIIeHb! rpaMeHTHbIe Y ICHD! . HeyeT-
Hble OTHOCHTEJBHO NePECTAaHOBOK (p e v, @+ b) uJNeHbl ABHO He BbIMMCAHBL. pn
No/ICTaHOBKE MX B BbIpaKEHie Add WUV pce ouy oBpamaloTeH B HYJb, Tak Kak Mbl
paccMaTpUBaeM MAroHalbHble MaTPUUHbIe SNeMeNThl < p \TJ7 o>

B soipaxemm (18.11) nosesno npou3BecTi HEKOTOpY 0 Tiepel
uor. Mbl ne GyieM paccMaTpUBaTh 3fiect oBumit cayyait, a MpOCTO NPOAEMOHCTPH-
PyeM STOT MeTOl Ha fipUMepe NpOU3BeeHHH AByX 3]eKTPOMArHUTHbIX TOKOB. B
st1oM caydae (18.8) u (18.11) npuBonAT K cJeAyiomemMy BHIPaXEHHIO (3mech omy-
\leHbl [Pa/MeHTHblE, IOCTORHHbIE i HEYETHDIE 110 NEPECTAHOBKE v qJEHB, 8
TaKKe MHEKC em):

T]H(,)]"(()): -z z z
. v o Bt T .
- spord o T 5(0) QgD . DR (0):
z2 ., () nHeueTH m(z° — i0) N
rfie @, — onepaTop SAeKTpHUecKoroe 3apusa, feficteyiomuli B NPOCTPAHOTEE
apoMaToB:
2/3 0 1 1
0.- —1/3 =i(>\3+—‘/3:)\8).
0 -1/3

Janee paaoﬁbeM 3To BhlpaXeHue Ha [Ba yJeHa, OyH U3 KOTOpbIX NponoplyMoHa-
Jen Tensopy g*V (B mambeliuem OH GyZieT OTOXAECTBJEH CO CTPYKTYPHO! GyHk-

1) InA npoueccos, B pacuerax KoTopbix PurypupyioT HepuaronanoHbie marpuuHbie
SneMeHTb!, HEOGXORUMO YHHTHIBATL TPEAMSHTHBIS HRSHb!. Mpumep TaKOW CUTYAUMM NpHBE-

pen 8§27, n.3.

n ray fnpyroro p 99

el 7, ), & Apyroft He 3aBUCHT OT Here (on npuBoAHT K GYHKIMK f,). ITO Jerko
cpenaTh, HCMoIb3Yy s sBbIA B Tensopos S WEVP | Tlocie HekoTopbIX nepeo6o3-
sayeHnil MHIIEKCOB nOJydaem

T (0)
1 1
cilgr— 1 S
2250 { Wz(zz_ iO)z wiey M *(n—1)!

X:§(0)QX*D* . .. D*q(0):

—1 <

+ —— z z 1
20%(2% — i0) nileTH * n!

X [:Q(O)Q“n, rpm qu(()):+(,u—>v)]}, (18.12)
rfe (B0 BTOpOM Wiene B NIPaBoil 4acTH) UCTOAb30BAHO PABEHCTBO 25,/ (22 = i0)2=
- _;, 9, (= 2 _ 0)~', npu nomouu KOTOPOro nelicTBie npou3BoaHONA 9, mepeHo-

2
CcuTCs Ha NEPEeMEHHYI0 2 - Haxonell, pasoGbem Ter30p Q7 Ha KOMIIOHEHTY, fIpo-

TOPUMOHAJLHYIO e/MHUUHON MaTpulle (ABJAAIMIYIOCH CHHIIETOM IO OTHOLEHHIO K
npeobpa3oBanyusiM I'PyNbl apomaTa SUg (3)), ¥ KOMINOHEHTY , NPONOPLUMOHABHY 0
gnepal'o{,\y Q e u, cleNORATEJIbHO, HEeCHHI'JJIETHY 10 11O OTHOIUEHHKIO K npeoépaaosa—
HUAM Tpy1nbl apoMaTa:
. 1,3 1 48,2
Q¢2=cthQt+c¢F= N+ =2+ 55
6 63 9

Cor =2/9. (18.13)

cns=1/3

OKOHYATebHO 0yuaeM BbIpaXeHne [Jf XPOHOIOrHYECKOro Npou3BefleRus fByX
9JIEKTPOMArHUTHBIX TOKOB B BUAE

T 0)= g —— S 2 Z iy
) (2t - io)z nigtH =1
x!}_}"’{,?g- (0 + 1 N (?5' B0 + 2N__‘)!‘l-~-l‘n((_)\l
ls , 6 . )T gl N
i in—1
+ 2, 2,0

27%(2> — i0) n detw
1 ar(eprm .. 1 e, .- -
x (LN m @ + NGO

\

+%N}f>w'---h(0)+(,u—n)}, (18.14 2)
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r'je BBeJeHbl 0603Hauenns
in=1 o e s
(-t = —— 1 > g (V)YyH D" ...
N =2 %,Q/( )Y

Y . b

D*h;q0):

sn—1 - , .
N,(,-‘)"""""= (T':E)_' szqj(o)Yqu e Dhqf(o)' >
a=1,...,8 (18.145)

B sapepuelne 9roro naparpada Mol BbBEJEM BHOBb SBJIESHNE ckeiMHra, MCnos-
3ysl OnepaTOPHOe pasJoXeHue Ha CBETOBOM KOHyCe B Glyuae CBOBOMHBIX 1106t

(o mecerrutn srnrane) o vaaanna nonawenua (18 12) u (18.14) . PaceMoTnuM Ten-
{MapToHHYIO MOLSJb), @ MMEHHG BHDAXECHNT 22.24) N { ) D

30p T4 (cp. c (17.18))

T‘é‘,’,.(P; qr) =
1 — gk . iz, ...iz
2| A fatens 5 o
[t nueTH (2% —i0)(n—1)

*(p)

iz, ...iz
~ 5 AT S S LA+ (wv)]}’ R

rje uagexc Bj o3nauaeT, UTO JaHHOE DaBEHCTBO CHPaBEMIMBO B GbepKeHOBCKOM
npefeJe, a

= 1 .5
A (p) = Pl =y 17(0) Q" D* . .. Dq(0):|p)-
Beawunnb! A MOXHO 3anucaTh, UCXOAS U3 MHBADUAHTOB, XapakTepyu3yommx usy-
yaemblil npotecc: ’

Apm(p)=—iph..

UneHbt co cBepTKamMu N0 [IBYM UMY AbCHBIM MHAEGKCAM (COAEpXallue TeH30pbl
g"i¥i) nalor BKIambl, NPONOPLOHAIbHBIE p 2, U, CAE[0BATEILHO, 3AECh MOTYT
He yuntsiBarbed. [lpu 9ToM TeHsop THY npuHuMaeT BUA

(18.156)

. p'a, +4JeHbl CO CBepTKamiu.

B ( ow )
T#(p,q) =i(2-n)3i £ (a%er:—1_— S (iz-p)q,—]
em a? j (2% - iO)z nlioTh n—1
+P’§ fd‘zeiq" 2] -

w 2= i0 nyeth

(iz .P)"all+2}'

Cpasuusas 910 Bripaxenue c (17.86), noayyaem

i a2 (27)° )
rmee, ) 2L EL favers— L S (iopy

a’l
(;2 — ,'())2 nUeTH -1’

n

B . (27)° "
Tsm(x, 07) = ivgf)fd‘ze'q"—:l— S (iz-p)a,.,.
7t z* leTH ’

— 10 xdetn

(18.16)
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Hoctennsas GopMyJia, KOTOpas Ham NOHAK0OUTCH, MMeeT BUA

. P 8_Y'
_8_2_ el "'9"'(ﬁ) +4leHBl CO CBepTKami . (18.17)
b o 1Y

Hcnoab3ys ee A 3aMeHbl lepeMeHH 0it iz, j Ha npoussoanyio d /9 q g Bbipa-
xerniax (18.16), sammumem ux B Buge

3
5. ¢4° (27m) 2’a, "
Ti™(x, Q%) =i~ ) p ryuu TR W ‘P“"(Lz)
dq
x (a4 —222
. ey
2-2w33_222"“" 8 )", 1ogg?
e LS 2 (35) s
(n—2)!a,
=2027)’3 - {(x)/x, (18.18 a)
r5o(s, 03 L @y’ Saresny( 2\ a4 £
2 4 = n v a2 =
7 S (L) fau £
Bj n "
= - 427’3 (20 a,,+2(—3—2) L
3q°/ ¢
nla,
=202m’E = Ti(x 0)). (18.18 5)
Tps nonyuerym orux BolpakeHull ucnaabaoanm dypre-npecbpa3osanys, npHse-
AelHble B npuaoxennu E, u BBe/leHO 0003HaueHne
Hx) = 3 1
(x) =2(2m) zn:n!a“zF . (18.18 &)

iﬁ?yh:{ﬂume UacT STUX BbIpaXenull, Mbl NPUXOMIM K GbepPKEHOBCKOMY cefk

iy KOT([;:BOZH;pT;‘B;’OCprKT);pHHX bynximit £, (x) = fa(x). Hoene;meez COOTHOWE-

e AUT K OOPAWGHUIO B HY.Jb NIPOLIOABHOM CTPYKTYPHOR (yHKIMM,

peoomHO Howenye Kasnana — I'pocca [62] (eu. Taxxe [41]). Jpyroit

Ha;yu:;{ :: :Bomporo fCHO, UTO Be.wuMHa f, (x)/x uMeeT CMbIC Bepos THOCTH 06-

Horg g apK ¢ Jlodell x MOMHOro UMY Abca p B CUCTeMe OTCHeTa Geck
yJbca, cofepxuTcs B pabore [ 157].
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menenMe ONEpaTODHOro PasMONEHHA K npoueccam
rny 60KOHeYNpY roro pacceRHHA; MOMEHTbI

B § 18 He KOHKpeTH3UPOBAIACH TEOPUs noJsi, B paMKax KoTopoli npuMeHs-

JOCh OMEepaTopHOe PasJoXeHHe. Tlpefnonaraioch ToJbKO, UTO 970 TEOpUs CBO-
Gommix moJeit. [lepelinem Tenepb K peabHOl (uouuecKoll CHTY A 1 yuTeM
B3anMofeicTBiE MEX]Y MOMIMA.

PaccMOTPHM CHOBA XPOHOJIOrHYECKoe npoudBefienye TOKOB

TIH(x) T, () (19.1)

e uHAeKc p obo3HauaeT M0G0 TOK KJM KOMOUHAINIO TOKOB U3 TEX, KOTOpHIe
coiepkarci B (18. 7). Ho Tenepb Mbi XOTHM yuecTh B prauMozeficTBue MEXTY TI0-
JiMM, #3 KOTOPHIX MOCTPOEHB! STH TOKH- ﬂo—npe)KHemy 6yAeM npexebperaTh
qJlenaMy, TTOAAB IIeMbIMI CTENERIM OTHOWEHHA M2/ Q2 rie M — sexoropat
Macca. OnepaToproe Pa3ioXeHHe MOXHO NpOBECTH no 6asucy, cofepxaueMy
orneparopbl, AAIIE Befyumi o cremensm M 2/(Q2 pxiap B cayuae cBOOOAHbIX nonekh.
Tlpu 5TOM B pamKax KX/l BOSHHKAIOT JMIb JONOJHUTEILHbIE Jorapudmuueckue
nonpasku. Ecm KJaccuUIMpoBaTh ONepaTophi Mo TBHCTY T, onpefiesieMoMY
GOOTHOWEHAEM T = p = § , T/ie p — PasMepHOCTD oneparopa, NOCTPOSHHOT0 13
cBoSoaIbX nokelt, a § — CIMH oneparopa, TO, MCXOAs U3 pasMEepHOro aHg/M3a,
Jerko BUETH, UTO Befyunii BKIaj BOIHUKAET OT ofepaTopoB ¢ T = 2v BKaamm
oneparTopoB ¢ T =27 + 3 MOHRBJAIOTCH B OTHOWESHMH { (M2/Q?)" no cpaBHEHMIO
¢ BKJanami onepaTopoB C T = 2.

EMHCTBEHHBIMM ONEpaTOpaMy C T = 2, KOTOpble MOXHO CBA3ATH © {
spasoTes oneparopsi '

1 _i"! = o,
Nisast =5 (_n’»._—_Z)—!f GOAY*(1 £ y5)D* .. D*q(0):,

a=1,...,8

n—1

Npyt= % i1 GONYR( E v D DR O): 3

(n

DG, {0), (19.2)

Npt= A Tr:GHe(0)D# . ..

2)1

rpe / obosHauaeT CHMMETpU3aIMIo, T.C. Sa;
B3sTHE cleja MPOM3BOJUTCH no 11BETOBHIM MHIEKCaM, 8 KoBa-

Ot (igyennsin )’
puaﬂ'maannpouaaonm D onpepeasercs 1o gopmyne
0,65 =3 (3,0 + £ 1*B; } 68

1) Yupexcst F( V) obosHaualoT CHHIIIBTHEIS onepaTep!, NOCTPOEHHbBI® U3 none# dep-

MHOHOB (BEKTOpHbIX 6O30HOB).

= (I/n!) 24 nepecravoskam
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C nepBbiMi IByMA THIamu onepaTopos (19.2) Mbi yxe Berpevamch (cM. (18.14)).
fipn 570M oncpaTop N © onpeieisics B Bufe CyMMEL N ° =N + 4+ N~ Ouesugso
470 HEHyJleBble IPOEKIM KBAPKOBbIX TOKOB HA UMCTO TJIOOHHbE OnepaTophi M':).)I‘(’-
HO MOJYYATH TOJABKO B TOM CJYyuae, eCJi yUecTh B3aUMOASACTBUE MEX/Y TJ0o-
pamy 1 KBapkami. VIMeHHO Mo3ToMy Tenepb Bo3uMK oneparop N, B (19.2).

EcJm Mbl paboTaeM B KambpoBke, Tpebyoteli BBeerms zwgl(os TO KpoMe
onepaTopoB (19.2) HeoGXOAMMO YUHTHIBAThL TAKXe ONepaTophi, cocrz;BJlethle
w3 noaeit ayxos. Ho MoXHO foxasaTh, uTo Gaarofapst TpeyroMBHOMY BUAY MATPU-
bl cMemuBanus (oM., Hanpumep, [97, 183]) npu pacemoTpernu onepamopos cp
v = 2 IfXaMi MOXHO TIOJHOCTIO npeHeOpeus. K sromy Bonpocy mbi Bep:eMGﬂ
HECKOJBKO HIXe. 3anuileM onepaToOPHOe pasnoxenne Boipaxerus (19.1) B Biuge

TJ:(Z)"’J;(O)" EC I(Z )gl"’z n=ly 2y z“N,-""“"'-([))
_ %C_'{'”(zz)in—lzm oLz NP B(0)

+ jznc;”(zz)cwﬁi"—zzpzm oLz NPwo (D), (19.3)

rfie MHAEKC j OTHOCHTCS K TeM onepaTopaM u3 (19.2), KoTophie HMEIT KBaHTO-

Bble YKCJa, coBrHafailiine ¢ KBaHTOBbiM#i UiWGAaMi MCXOGHOTO MPOM3BEACHHA

I3 14/x 3pech celyeT OTMETHTD, uTo B3anmopeicTeua KX/ ve HapymaioT cum-
MeTpHH 10 apOMATaM KBapKOB K, CJieloBaTeJbHO, BCE BRIUACJCHUS C MATpUila-
My A, TefcTBYIOUMMK B IPOCTDAHCTBE apOMaTOB, MOXHO MPOBOMTh TaK Xe, KaK
B qunge cBoBopubix noxel. Hanpumep, gt xpoao.normecr;oro npousseﬂem;a
ABYX 9JIEKTPOMATHMTHBIX TOKOB Bhipaxenue (19.3) npunumaer Bup

iTJ m(z)"em(o)

=& { 2 Cuvs [ Niss: “’(0)+$N’V‘S ""(0)}

nug

+ ._" 22 1 ywpy

s |G gm0+ o ve )]
+3Cr@Nem om0 } i"
+{e Z, negmr o

+ 3 cwrzlm

n HQTN

g‘;m""“"(o)}i"_lz" . Z,,, (19-4)

#i
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3ech MCNOIb30BAHH CHMMETPU30BaHHble BhpaXeHus /i onepaTopos N. 310
JOyCTMMO B IaHHOM ciiydae, TaK Kak Heoﬁxommm TOJbKO [MAaroHaibHble MaT-
puuHble 9JeMEHTHl, a YIeHaMy Topsifka m3,./ Q? npesebperaior (cp- ¢ (18.156),
(18 158)). Buipaxenma (19.3) u (19. 4) 3anMcanbl J0BQIbHO cxeMaTuuuo. I1py yue-
Te KBapK-JIOOHHbIX B3auMojeiicTeuil onepaTopsl, BXoAdiMe B (19.3) n (19.4),
TlofBepralTes nepeHopMupoBKe. HloMitMo npounx 3 deKTOB 3TO NPUBOMT K
[BYM BeChMa BXHbIM CeCTBHIM. Bo-nepBbiX nOCKQJbKY oneparopbl N; uNy obna
AT OIMHAKOBBIMY KBAHTOBBIMM UMCIaMY (OHU ABASIOTCS CUHIJIETamM 1O Ipyi-
fle apoMara), BelpaXeHus /s NepPeHOPMUPOBAHHBIX OilepaTopoB Ng Ny, npei
crapasoT cobolt komOunalu, coaepxaiine HeﬂeDEHODMMDOBaHHble oneparopb!
oboux TMROB. 3roro He TIPOUCXOMUT. A oneparopos NNS , KOTOpble 1pu npose-
eHuy Npolie/ypPbl NEPEHOPMIPOBOK OKASHBAIOTCH BHIDAXCHILIMU Ueped cebs xe.
Bo-BTOpHIX, N0GJe IePEHOPMUPOBKY OABAAETCH 3aBUCHMOCTD Koa(qumaemos
C u onepaTopoB N OT pa3sMepHOro napameTpa, KOTOpBIf Mbl BpeMEeHHO 0003HAYMM
GyKBOii | , 4TOOH He MyTaTh €ro ¢ GbepKeHoBCKo/ nepeMeHHO v = p - g

Toxu ], umelomue Bujl
JE(x) = aV*(x)+ bA*(x), (19.5)

He TpebYIOT NIPOBE/eHN CrelluaibHoll NepeHopMUPOBKY, TaK Kak oneparopt V u 4
ABIAOTCA COXPAHAOIIAMACS iin KBasucoxpanaoupnica (oM. § 13). Ho onepare-
psl N ¥ BuIBCOHOBCKME Kod(duimenTH pasnoxerna C TpebyioT NepeHopMupos-
K, 32 MCKJIIOUEHHEeM HEKOTOPbIX 0CODbIX CliydaeB.

TlepenopMupoRKa HecHHr

ISPCHOPMUDOBKA HECUH

4epe3 camux cels, cBomMTCA

NEeTHHX ONEePATOPOR, BRIDAX AMUXCA DU ITOM

K 100aBieHuio epeHOPMUPOBOUHOro MHoXuTe ! ) :
by = + ity
Niisai's = Zi5( )N - (19.6 a)
B [1eficTBUTEIbHOCTY MHOXHTe b Z HEe 3aBUCUT OT a *.
Jl78 CVEPJETHHX ONepaTopoB pesybTaT NpOBefieHMs NepeHopMupoBOYHOi
TIPOLE/ly Dbl 3AMUCHIBAETCA B MATPUIHOM BH/E:

ﬁ;»---m;-z CNB b (19.6 6)

37ech BBe/leHbl BeKTOp

- NF
N= (NV) (19.6 5)

1) 3ameTHM, YTO, TaK Xe Kak B § 13, KBAPKOBbI@ U FMIOCHHbIE NONA, BXOARWIME B one-
paropb! NNS u N, npelnonaralTcR N6peHOPMUPOBEHHLIMAU.

»
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 MaTpHiia
(Zer Zgy\ (19.6 )
= . 6r
z \Zw ZVV}

AHOMaJbHble Pa3MEPHOCTY ¥ MATPHLbl AHOMAJbHOH Pa3MepHOCTH Ajsi OnepaTo-
poB N onpe/iefierbl BblpaX eHHAMK

1 po
s (1 8) = —(Zu(1)) ™' 5= Za( W),
s ou (19.7)
v(n g) = —(Z u))'l Z o( 1)
KOTOpble MOXHO Pa3JiOXUTb B pibl MO CTENEeHAM KOHCTAHThl CBA3M:
. ) f—o‘ o / 2 \k+l
CYns(M 8) = 2. YW(”)\ £ )
k=0
(19.8)

)k+l

Mb! BepreMcst K 9TOMy BONPOCY HECKQJbKO HuXe, a cefiuac ofpaTumes K
dopmamuoMy annapaty teopuu. Pacevorpum

AN mapaty Teopun. PaccmoTpum

¥(n. ) = v‘*’(n)(

UMNVJLCHOS IDGCTDANCTRS, B KO-

Ny ALCHOS NpoCTpaicTBo, B KO-

TOPOM 3anuiieM claraeMble, QUrypupyiomme B onepaTOpHOM PazioKeHHu ¥ Jaio-
Iye HeHyJieBoj BKJIaJ B HECUHNIETHYIO YaCTh CTPYKTY pHoA (yHKIMH f, (re.B
4acTb CTPYKTYpHOH Qynkimu f, , cofepxauylo HeCHHLJeTHble onepaTopsl). Buiby-
past CoOTBeTCTBYOUME CAaraemble B Bolpaxenun (19.3), noaysaem

if d"ze"""TJ“(z)J"(O)|N;
= Efd '2e"CH, 'ws (29)8" 2, 2 NG9 (0), (19.9)

Eciu B3siT MaTpuunblil 9nemenT, Gurypupyommit B popmyiax s npoyeccos
rayBokoseynpyroro paccestud (Hanpumep, B (17.8a)), To noayunm

nhn? A £ s 2 .a PRGN
LL” Tons = (2w)’ZJ déze ‘C;Ns (29)i%2,, .. .z, {PINFE & (0) p)-

(19.10)
C TouHOCTBIO 10 4JIeHOB, COASPXKAlMX CBEPTKH, MATPUUHBI 9JeMeHT < p [Ny S[p)

MOXHO 3amucaTtb B Buje

KpINgg - ©0)py = p'p'p* . . . p*Aiis (19.11)
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¥ NPOU3BECTH CJe/yIoUly 0 3aMeHy:

PP 2 2V 3\
...z —i e = (28 =
2y, o (=9 aq“. aq“" ( ) 4u, qm\ aqz}
+ YJieHBl, coflepXallte CBEPTKM . (19.12)

Taxum 06pasoM, Bbipaxenue (19.10) npusvmaeT B

Tst(xs Q2§ 8 F)

- @eyr 3 285l ) fate G )

= ueTH \ dg
1o 3 o nontign {0 (a4, gz ) Fn (1,2 0.1
==@2n)y 2, (¢¥) Ans| 75 aze? " —LansZ7) (19.13)
2 nuETH \aq JJ i

WsBecTHO, UTO B cJydae cBOOOHBIX noJedl ko3 ulleHTH! Egns (2?) onapator
caeqyioumm nosefiennem (oM. § 18%:

1

iCroc(zD)ng = —————. (19.14

s (P)lg=0 =, 7}(z% — i0) )

[o3ToMy B MMIYJbCHOM NPOCTPAHCTBE BBE/IEM HOBble KOS(PHULIMEHTHI

n 27,2 2 _ n+1 " —

Cins (Q%/12, g /4n) =4(0?) ( ;2—2) fd"ze““% Civs (2). (19.15)

B pesynsTare nonyuuM crepyioniee OKOHUATEIRHOE BHIDAXeHue!

Tons (% Q% & 1) =22 x—,,lﬁA;'Jsci'Ns( Q/% g2 /4n);  A=(Qm) A
(19.16)

Kak GyZneT noka3aHo HiXe, aCUMITOTHUECKAs cBoboaa KX/ no3BosseT BbIUNCUTD
BUILCOHOBCKIE Kod(dmmenTht C, BXOSE B Bbj
k023G duMenTh! A NpeicTaBIAIoT CoB6oi HeM3BECTHbIe KOHCTAHTDl. YTO6bI MTOIyYnTh
3 Boipaxenud (19.16) gusuueckyio weopMatuio, HeobXOMMO UMEeTh BOBMOXHOCTD
Bbifie AT BKAAAH OTHGJLHLIX GAAraeMblX B 9TOM BbIDAXEHUN. JToro MOXHO A00K-
ThCH, MCNQb3yS 13BECTHDlE AHAIMTHYECKHe cBolicTBa BeuusHb T 1 3amicas e
nepouonnoe cooTHowenne ') Ans T, no nepemeoil v npu $uKCUPOBARHOM Sifa-

e (19.16). Ho B obmem cnyuae

g NPUHLKANE NPH 3ANUCH RUCNEPCHOHHBIX COOTHOWEHHA HEOBXOANMO BbiueCTh CO-
pepXawmuech B HUX PACXOAUMOCTH. OpHako, Kak nerko BuaeTb, Npn YCnoBuu CXOAMMOCTH
Bbipaxennn (18.18) 370 TpeboBariie He BHOCUT KAKUX-NUBO UBMEHEHUH B N3NOKEHHYI0
3neck cxemy. O AMCNEPCHOHHBIX COOTHOWEHNAX CM., Hanpumep, B KHUre [1041.

Np ray npyroro p 107
e Q2°

, o1 [ o @ v m (O 2. .\
sz_(x,g ’g’”')—;ng/zv'-v mlst\TyT:Z ,54*}

—02 dy 2
'f_:/ ,r—i—yIme(%,Q’: & u)] (19.17)

Y10 COOTHOWEKHE MOXHO CB3aThb C dusnuecKumu CTPYKTYPHBIMU QYHKIMAMH
TQALKO B TOM CJy4ae, ecJi OHO oinasaeT onpefeleHROl UeTHOCTBIO N0 OTHOWe-
HNMIO K 3aMeHe g -+ — 4, T.e. ABJIeTCH 6o yeTHOM, b0 HeveTHO! QyHKIMel
nepemelmoﬁ q . Taxum nosepenveM Bemunna T, ofaanaeT, Hanpumep, B mpoliec-
cax asexrpopoxienus. B sTom cllydae OHa ABJAETCH yeTHOH QynKIMell nepeMeH-
ot x, T.€. Ty (%, see) =Ty (%, ...) Tlpou3Boas 3ameHy [EPeMEHHBIX

v+ x°=0Q2/2v ", nepemmem coormomerme (19.17) B Biie

2. 1 dx’
Tons (%, 25 & B) ,,,f

——dX ___ ImTus(x, Q% & B)-
A x’(l—x'z/xz) 2ANS( 0% 8 »)

Pas/ioxvs B PAl 10 CTeNeniM X /% , NOJYIuM [

Tows (% 0% & W) =23 = bans (1 + 1. 0% & 1) (19.18)
N n

r'jie MOXMeRmbi 1 , ) c OTIPE/ieJ eHbl COOTHOWEHHMA MM

1 - ’
pans(n, 0% g 1Y) = J; dx’ 2" Yys (x> Q5 8¥) (19.19)

cpaBauBas kortopble ¢ (19.16), cpasy nosydaem Bbipaxenve [/ MOMEHTOB

pans (1, Q% g, 1) = AfsCins (Q2/ 2, g2/4m). (19.20)

Cae/lyeT noMEUTH, uTo Buipaxerus (19.19) u (19.20) nosyuensl B Npeauoo
XeHu yeTHocTy GyHKWu T ; B NPOTMBHOM Gaydae uHTerpad [ O dx’ Hembaf a-
menuTs urerpanom [ dx”. CliefioBaTe bHo, BHDAXeHWT a 9.19)  (19.20) crpa-
Be/LMBb TQJbKO /LIS UeTHbIX 3Havuenwil n, ecau Qynkima T yeTHad (kaK 3TO MMe-
T MecTo B GJyuae 2JeKTPOPOXJGHUS), My 4 HeUETHHIX SHAYEHUH n, eC QynK-
unst T weverHad (KaK, nanpumep, Qyuxius T, B opmyJiax, oMMCHIBAIOLKX Ipo-
Hecchl paccesiams Heltrpuro). CooTBETCTBY0MMe BHPAXEHUA AJs pyruX 3Have-
Bl . IpuXOMTCA NOJYYaTh METOOM aHAMMTHYECKOTo npofoixemma (Pexe —
Kapacona). Ita npoliesypa TpuBUANbHA, €CJM OTPAHUMMTLCA BHIMMCICHUAMYL TO-

JAbKO BejyliyX BKJa/J0B {cM. §2G), HO COAEPAUT pPaX TonkocTel npy nposelienun
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anua onolauuonTl

BBIYMCHMI BO BTOPOM TOPSAZKE Teopuy BOBMYLiSHiA . Eme ofHa ocoGersocThb
3aK104aeTCH B TOM, YTO, KaK yXe 0TMeuanoch BHIe, IPUXOMUTCH OrpaHuinBaTh:
CS TAKUMIY SHAUSHUSMIA 7 , TIPY KOTOPHIX BhIpaXeHue (19.19) cxomtres. Vicxons u3 Teopun
Pefixe, MOXHEO OXUTATH, UTO Takas CXOMMMOCTD MMeeT MEeCTo 1o kpalineli Mepe

npy Ren > 1 AJ% HECHHIIETHBIX BEJVMUUH 1 TP Ren > 2 AJs CHHTJIETHBIX BeJMYUH
(cM. Taxxe §23, n. 2).

§20. PenopmrpynnoBoi aHanu3; ypaBHeHHA KX anR MOMeHTOB
3anuiieM PEHOPMIPYINIOBbIe YpaBHEH!s /114 MOMEHTOB - Tak xaK MOMEHTHI

S N etk me pene i nomon Tanm

BHIPAXAKTCA B BU/e UHTEIPAJOB OT CTPYKTYPHBIX QyHKIFH, TO Offit HPEACTABARIOT
co6oit pusuyecku HaboaaeMble BEMUUHD 1, CAeI0BATEbHO, HE 3aBUCAT OT BHI-
6opa TouKy HOpMupoBKM. U5 ypapHenuii (19.6), (19.11) u (19.20) caepyer, uTo

ePEHOPMUPOBOYHAR KOHCTAHTA [ BYJIBCOHOBCKOIO koadduiyerTa C TOYHO pas-

Ha o6paTHoll BeJuuuEe NepeHoPMUPOBOUHON KOHCTAHTH Al ONepaTopos Ng. Ta-
KM 0BpasoM, Mbl TIOIyYaeM ypaprenne Kainana — Cumansmuka

(1 + B8 05 ~ws (81| Chis 07/, 7/4m) = 0, 20.1)
pellenne KOTOpOro uMeeT BuUll
Clvs (Q2/ 1, g2/4m) = e~ fodlos @ /mms(s( evmes o 1.a( 2%,

t=}log 0%/ p (20.2)

Jlasi cUHTJeTHBIX ONepaTopoB UMETCH HEKOTOpble NONQJHUTEe/bHbIe YCAOKHEe U ,

06y GA0BJeHHbIE TeM, YTO BOSHMKAET CHCTEMa CBASAHHbIX ypasrenmit, Heo6xommo
BBECTH [IONQIHUATEAbHYI0 CTPYKTYpEYI0 QYRKIMIO f, (%, Q 2), usnueckufi cMBiCa

KOTOpO#H COCTOUT B TOM, YTO OHA ONMCHIBAET paclipeleenue IJII00HOB B HYKJOHE.

Vicnoab3ys BEKTOpHbIe 0603HaueHNs

{r\ { n\
2 JF n Lr - 2 i n—2f 2
= s Ccr= B 3 =|d , ) 20.3
=(7) \ep)  Falm @)= [ dxx""Th(x €) (20)
anaJjor bipaxema (20.2) [ CHERJICTHOTO CAYyYas MOXHO 3anucaTh B BUTe
CHQ¥/ 12, g*/am) = Te~fod108( Q" /m¥(5( Q'Z)*")(:‘z"(],as( 0%). (20.4)

31ech oneparop T GopMalbRO CoBajaer C ONeparopoM ynopsAoueHus fo BpeMe:
M, 38 NCKJAIOYEHNEM TOIO, YTO OH JeficTByeT Ha NEPOeMEHHYI & = -32- log Q2 /u?.
(Tlonpobroe uaoxenue oM. B paborax [157, 162].) Acumnroruyeckas csoGoaa
KX /1 nosBoasier UCHOAL30BATH TEOPHIO BO3MYIeHMHE 1 U3 ypapuenuit (20.2) u (20.4)
BBIUKCIUTD BUIbCOHOBCKHME Ko dumenTsl. Ho Tak KaK BeauuuHbl A™ 1OKa Heu3-

BECTHBI, MOXHO PACCUHTATH JMiib TEPaRMED 3CEUCUMOCMY MOMEHTOB OT nepeMen-

Npoueccel rnyB6oKoHeyNPYroro pacceRHuA 109

* goft Q2. Uro0Hl yORAMTLCH B STOM, PACCMOTPHM ypaBHEHHE {20.2) B Hu3meM 1o~

panKe Teopuy Bosmylenuit. Pemenyte sToro ypasHenus umeer BUL

A

cr o log 22/A2\” (o051

NS\ Y 3 A2 B \4Us9)
log u?/A7 |

e aHOMaJlbHAsA Pa3MepPHOCTD d{n) onpeneanserca Gpopmyaoi

0)

d(n)= -2 (n)/28B,. (20.6 a)
n

Kog(i)(i)ulme}iTI:I—Cz vs (1,0) paBHbl IPOCTO BUJILCOHOBCKMM KO3 dullnenTam, mo-

JyueHHbIM B § 18 15 cayyasi cBoOoAHBIX noJiefi. Hen3BecTHble KOHCTAHTHI Any

u2 MOXHO UCKJIUATb, HOpMHUPYH Ha 3ajanHoe 3Hauenue Q 2, 10CTATOYHO GOME-

moe, YTOGB! KOHCTaHTa CBA3YM a ¢ (Q 2) Gblia Mauoi u GBI ONPaB JaHHO ipuMe-

woauwa maonuu BoMvVIienuil. B neny Ay
HeHHe Teopuy Bo3Mymemuit. B pesyabrare nodyyaeM ypasrewia KX/, omicbBaio-

mue B Belymem NOPAZIKe Teopuyt BO3MY menuii 3aBUCUMOCTD MOMEHTOB | OT fiepe-
2

mennol#t Q2. Onyckas HEKOTOPEIE MHAEKCH, HAXOMUM PEleHUs STUX Y PaBHEHUi:

AN HECHHJETHOrO CAydast

a(03) 1"
pys (m Q%) = «2) s (7 Q3) (20.6 6)
U 19 CHUHIJIEeTHOIO cayyas
- 2 [ a:( QOZ) ]D(")
= — 7 n 2y,
B 0)=| Sy |l 90
D(n) = —yO(n)/28, . (20.7)

Ocraercst b BHYMCHTH AHOMAAbHbE Pas! (o) (0 i~

Hala HYXHO BHBeCTH delluManoBCKUe rmasml: Lﬁi):zcm AR
3 it it MarpaMMHON TeXHUKY 1A onepa-

Topos N. Ony noAyyanwTcs npaMbIM BHUUCAErMeM (cM. § 42) u npuBe/ieHsl B n;;u—
JAoxemni . 3atem Hao BHYNGAATD EPEHOPMUPOBOYHbIE KOKCTAHTH A Olepa-
Topos N. PesyJbraT Alsl CUETIETHOrO cAydas MOXO Hafity B pabore [162].
9Iech Mbl pacCMOTPUM BHUMCEHME Beuun N #1°°* ¥ n | KOTOpEIM COOTBETCTBYIOT
Marpammel puc. 14. B definmanoBekoit kaimbpoBke muarpavma puc. 14, a gaer

u . -1
V= ,-sngdpk* YIRAA - k)" Ry (— g) S e
k*(k = p)* o
gﬂm TOr'0 YTOGH! BBIYUCUTD NIEPEHOPMUPOBOUHBI MHOXUTEb Z , IOCTATOYHO
aTh PACXOAAYCH YacTh Koshuimenta npyu Besmuae (A. p)™ =1 K. Byzem

ucnoan3osars ogoonauerue a iy

3
s
)
2
=3

a &b, KoTopoe O3Hay
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Puc. 14, Quarpammbl, WCNONb3yeMbie NPH BbIUUCIIBHUA KosduuenTa Z; S,

10T oMHAKOBbIe pacxojsmuecs yacty. IlocJe cTasfapTHBIX BBIKJAMIOK MoJiyyaem

in?

v
Y Aif

IRy
n—1
e rr xAF+ xp)v A (T + xp)]
1 D “7 M e ol dibad 3 ~ — .
- dbl
)(—[ dx(l X)J. {Iz+x(l_x)pz)3

AN

Pacxofamasics 4acTb WieHna, NPONopLyoHaabHOro pesnunsie (A - p)n 1 K, JIeTKO

BbifleleTCH W UMeeT BUA
dof
[12 +x(1 -~ )c)pz]3

eff 1
Vg = igzs,ijJ; dx(1— x)f
- Eyw”ﬁyﬂnx"“}ﬁ(&p)""

2
= -—g-—N(C,.-——l—(A - py" TS,

Bxaal iuarpammbl puc. 14, 6 omicbiBaeTca BbipaXenueM

(20.8)

ara{zizda - py[a- (p+ BT @+

") Kk + p)’
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Anacs TAKKE HEOOX0MMMO naiiTn KosdduimenT npu Beaumte (A - p)yn=1? A/
;;’;;opaaw Xe npolieflypy, noJydaem

! ”
Vg;f 2ig2CF8,,~Af0 dx fd”q

—2A L NITA L o
Si=olb-pyis-g

2
(£ +x(1—-x

a2

2 n—1
ch 5.(A-py"~" ld I
1672 Crdy(4p) A-J(; xlg‘x

2 n
- Tég? Nchs,.,( —22}2 ll)(A p) A (20.9)

JlnarpamMma puc- 14, ¢ npuBOMMT K OTBeTY, CoBnajaiuemy ¢ pe3ybTaToM 20.9)
AR mHarpasist prc. 14, 6. Juarpamma puc. 14, ¢ NpuBOIUT K pe3ybTaTaM,
9KBMBAJIEHTHbIM T1€PEHOPMI{POBOUHOMY kosddumenty Z, . Yrobbl BEIMMCIUTD
Tenepb aHOMaJbHble Pa3MepHOCTH Yy HeobXomumo [00aBHTD BKJaMi OT KOHTD-
yaeros, obecnieuuBaloilie KOHEUHOCTD Bbipaxenns Z, Z ‘F‘N. Takum 06pa3oM,
MenoAb3ys 3HaYeHue NepeHOPMIPOBOUHOTO MHOXMTEL Z ;, BeluncJienroe B § 9,
HaxX0uM

gz

ZMS =1+ 16’:; c {4S,(n) 3= GET } (20.10)
Syn)= é}i % , (20.11)
OTKY Aia Noly4aemM

1 (n) =2, {4810') -3- ,,(TZH—) } (20.12)
d(n)= —33%27] [ TﬁrTliT) +3 —s,(n)]. (20.13)

Thmee seceiom oo oo o me
MAR CHHJGTHOTO Clyyas aHafiOoridHbiM cnocofoM MOXHO NOJMYYUTE OTBET

ChiBaeMbift B MaTpUUHOM Bujie:

Bmy = 16
R P
33-2nfd(n E’ﬁ n+n+2
16 8 n(n+1)(n+2)
nan+2 B2y 9 1 1 _ '
| 2P -1y 796 +Z{n(n—1)+(n+1)(n+2) S'(")}

(20.14)
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ans Be (1) MOXHO aHAIMTHYECKY IPOJIOJIKUTH KA Gayyajt

KOMIIIGKCHBIX 3Hauemuil nepemennoli n . Coraacko Teopeme Kapacoxa (cM., Han-
FOARTY oo oonams ersan TNGIGIDKCHUE, OJS KOTODOr0 OCTAKT-

pumep, i246]), cywecTByeT eMMHCTBEHHOS HPOAGARSING, A= BUTHLTEH Fie

cs1 cnpasemBbivy ypasHenua (19.19), (20,3), (20.6) u (20.7) [ KOMIJEKCHBIX

3gauenuit z . OHO UMeeT BUA

sIna
BIDad

< 1
Sy(n) = nkgl Tk (20.15 a)

OTMeTHM, YTO C ONpe/ieJeHHbIM Takum o06pa3oM aHaMTYYECKUM HPOJIQLKEHUEM

Ha GJyvail KOMIJIEKCHBIX 3uauenmii nepeMeHHol n (KOTOpOE coBNafaeT G BhIpaxe-
N PR o

Huem (20.11) Ans NenouuceHHbIX 3HAYEHUH 72 ) BeMWHY S4(n) MOXHO npelcTa-

BUTH B BUlie

A (rg) =d(n+DN+v

~i TR 2] T VE>

_dlogI'(z) .

B paccMmaTpuBaemMOM MOPSJKe TeOpiy BOSMYIEHUA aHAMTHIECKHE NPOAQILKEHIA
@yuxim y () Ha 06JACTb KOMIIEKCHbIX 3HaueHwi nepemeHHol 7, HauMHalo-
uMecs ¢ YeTHBIX W1 HeYETHHIX SHauenult n, coBnazalor. MoaToMy HuKaxux npol-
Jlem, CBA3AHHBIX C UeTHOCTBIO W HEUETHOCTbIO CTPYKTYPHBIX QyHKIMiA MGo co
CIpaBe/JMBOCTBIO MCXO/IHBIX YDaBHEHMH NPy UETHBIX MM HEUETHBIX SHAUEHUIX
nepeMeHHoi n , He BOBHUKAET.

§21. Ypasnenud KXI1 gnAa MOMeHTOB BO BTOPOM NOPAAKE TCOPHH BO3MY-
weHnk

B § 20 mb! BuiBewt ypapHenna KX/1 a1 MOMeHTOB B Be/lylieM NOpsfxe Teo-
pwit Bo3Mymenuit. OBpaTumes Tenepb K nonpaBkaMm BTOPOro MopsiaKa.

Kax Buano u3 ypassnenuit (20.2) u (20.4), an8  Toro wToObl BBIUMCIUTD IONpaB-

KM BTOPOro IIODA/KA, HEOBXO/MMO PAcCMOTpeTh /Ba pa3munbix spdexrat). Iro,
Bo-mepebix, SthexT, cBA3ARNNIA ¢ yueToM aHOMANbHRIX pasmeprocTell y 1) (n)

¥y 1) (n) BO BTOpOM NOpAMKE TeOpUM BO3MYymeEHui. Bo-BTOPbIX, HEOOXOMMMO BbI-

PR )

YUCUTD CAefylonmid Yien pasioXeHus ByibCOHOBCKNX KOSPPHIEHTOB:

a. 2
Chs (Lay(Q%) = czs(1,0>{l s 2L1)

v 2
Y KOHEUHO, NOMUMO HCRONb30BaHKA BLIpaKeHWA ANA KOHCTanThl CBA3KM a  (Q ©) BO
BTOPOM NOpARKe Teopun BO3MYLEHHH (§ 14) u YHeTa KOHeUHbIX YacTedt nuarpaMm nepso-
ro nopAaka.
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BriuMcIeHie HOMANLHBIX PAa3MepHOCTell [/ HECHHTJIETHbIX ONepaTopoB
Nys Obl10 BRNQIHEHO B pabore [125], a aast cunraetnsix — B pabore [126]. ITo-
srsonuble DE3YJIbTAThI C@OpMy_JmenanhI R 60;1@.43. TDOCTOM AHAUT!

AYHORAEET P ey cEaE

M BUTS
M BUIeS

A HECHHTJIETHBIX ONEPATOPOB B CTaTbe {150] v gnst cumraeTHBIX — B CTaTbe
s o res 1211 ..

[151]. HeAaBHO OHYU UbLINM NPOBEPEHDI | 64, 1611, ¥ Wb A8 KOSPPUIMEHTA Npu
aHOMAJbHOJl PA3MEPHOCTH y },‘,’, (n) Oblao HaiileHo BbIpaXeHue, OTHUAMEecS OT
NOJYYEHHOI'0 panee') . [lycTb Beauuunbi Y “;t (n) oTHOCATCA K 4eTHbIM (HeueT-

HBIM) CTPYKTYDHbIM QyHkIMsaM. Toraa nveem

32 2n +1
W 0= i3 2 | s
L 7 74

- Q rgz(n) — 321(1,’2"' fzs (n) — 1 ]
91 2l n(n+l)j
128 [

—Ts"f(n)+33—zs‘z(n)[—_3 +Es3:(§)

— 28 — 16 151n* + 260> + 961> + 3n + 10

In’(n +1)°
+32 2 +2n+1 32
9 nn+ 1)} 27
AN U
x {6S(n)—10S(n)+ 34 ln’+5n -3 )
1 B 1 3 ni(n + 1y }, (2L2 a)
s (x/2)= S,(x/2), 87 (x/2) = Sl( X ; 1 )
(21.26)
S m=-3rm= 5 C0 g0
=-23)F 3 —— + x).
8 k=1 (k+x)2 e+ x)

C 1
Csonxy dopmyn ans Bemuun y (ii' (n) MoxHo Hajitu B pabore [194], rpe ana ano-
MabHoll pasmeproCTY y ‘;'V IDMHST pesyabTaT, nofyueHusifl B padore [1311.

puHa T pe3ylbTarl, nNehyueHnbsi B paboTe Lacl

O6parumcs Tenepb K BUILCOHOBCKUM Ko3b(ulenTaM. Tockonbky OHu npef-
CTAaBAAIOT COOOH KOHCTAHTBI, UX MOXHO BbIUKGIUTD, B3AB MaTpuuHble 9NEMEHThI
OT XpPOHQAOIHYECKOr0 npousBefieHus TJH JV Mex/ly npOU3BOAbHbBIMY COCTOSHMU-
fmu. Ity CBoGoJly B BoibOpe COCTOSHUA MOXHO HCIOAb30BaTh, YTOOHI MaKCHMaIb-
HO ynpocTuTs BhIuMGAeHNs . EcTecTBeHHO, yIOOHO BbIGPATH KBAPKOBBIE M [JI00H-
Hble cocTosiHnA. ClelyeT NOMHUTb, YTO B OTJHUAE OT HOMAJbHBIX pa3MepHoC-
Telt BUIBCOHOBCKME KOIPPUUMEHTH 3aBUCAT OT paccmaTpuBaemoro npoliecca u
\\

1 .
)Pesynurart pasore [ 131] nenasmo Getnm NpoBepeHbi HE3aBUCHMBIM 0BpasoM.
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GTPYKTYPHON QyHKIH. Cpoaxy sHauenmii’ ! KoSH@iipHenTos C ;‘b" (1,0) u
€™ 1" (1,0) moxeo Haiimy B paborax [ 27, 55). 3peck Mbl TpuBe/ieM TIpUMep. BEIMUCIS:
HUst IPOAOJBHON CTPYKTYPHO! QYHKIMH.

B pegymenm Dops/ixe Teopuu Bo3MylleHuit cTDYKTYPHEIE dynxwm f, u f, pap-
Hbl, %, CJe/I0BaTebHO, IpoJaibHas CTPYKTypHad ¢ysKuys f; paBHa HYIO- Aas
cJydas cBoGO/HBIX TI0JeH 3TO MOKA3aHo B § 18. Ho Tak kak nonpasku BeAywero
TOpAZIKA CBOJATCS TPOCTO K YMHOXEHHIO koa¢pdumentos C7 (1,0) na MHOXU-
e (log Q2/A2)3("), re § = d 1w § = D, BCe MOMEHTLL OT NPOAQILHO
CTPYKTypHO# QYHKIMHU f}.» KaK u yTBEPKAAJIOCH, B 9TOM TIOpsAfIKe PaBHbl HY.JIIO.
1o o3HayaeT, uTo Al TPOLOJIbHON CTPYKTYpHO}! QyHKIMA ¢dopmyia ,(21'1) npu-
HuMaeT BUJL

D10 - 1
cr(la) = CIOLO) - F . (2L3)
Jr0 BHpaKeHne onpeelsier cTenekb nepTyp6ATUBHOrO HAPYWEHUs COOTHOWEHUS

Kauuana — I'pocca. Ero yji0050 npeacTaBiTh B BUAS npousBe/lerns ABYX COMHO-
xureJeft

CpP(1,0) = & B[, (21.4)

OfHME ¥3 KOTOpHIX 3aBUCUT OT PACCMAaTpUBaeMOro npoliecca, a Apyroi He 3aBUCUT.
[pu 3TOM MHOXUTEIM 8p UMeIOT BU]
eN
[1 o

Spns =1
PNS —
(U

&, B fiF

1, Anst f;ila

(21.5)

Ser

rne wanekc N npuHuMaer 3Hadenus N = p (upoTos) Uau n (HeATPOH), a MBASKC 1
oBoanauaeT "M30CKANApHLIL" HyKJOK. PaccmoTpuM Teneps NPOAOAbEYI0 CTPYK-
TypHy 10 QYHKIHK | ’,i wie AT IpofioabHoll CTPYKTYPHOM GbyHKIMH 110
JAydaeTcs B pesyJbTaTe BHUNCACHUS JMarpaMm puc. 15, Tak Kak Bce pyrue ma-
rpaMmsl fRI0T JiB0 OfUHAKOBELE BKJIAb!, KOTOPHIe GOKpAIAiTC HpH BEIUHCIeHHY
DPasHOCTH f, — f, , WGO BKIAMH TOILKO B CHHTIETHYO yacTp?). Bojee Toro, NOC-
KOJbKY pa3JjoxeHne npoJoABLHOR CTPYKTYPHO#H QyHKIMM f;, HAUMHAGTCS C YJEHOB
TlepBOro NOPs/Ka N0 KOHCTaHTe CBAIY & g , HET HEOGX0IMMOCTH PAcCMaTpuBaTh

V) HekoTopble #3 Ko3hduuMenToB C Gbinu BuiuMCeNns! paHee B padorax [1, 13, 63,
90, 126, 168, 181, 164, 271, 279] v Ap. 3HaueHuA, npuBeReHH b B paGorax [27, 55], npo-
BepeHbl No Kpafxed Mepe nBYMA AbiMY BB N

2) ripy estuucnenuu cunrNeTHON YacTK CNefyeT yunTbiBaTh TaKxe anarpammel puc. 16.
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+ , Kpocc™duaepamma

Puc. 16. Onarp . BKnag 8
dynkumu f 1.

N@THYI0 YCTb NPORONLHONA CTPYKTYPHOH

BKJaji OT IePEHOPMUPOBOYHBIX MHOXHMTeJeil ouepaTopos N, KOTopbie B AaHHOM
cJAydae NPUBOJAT K nonpaBkam nopsaxka O (u§ ). Boluncaenns MoxHo eue Gojee
YHpOCTHTb, 3AMETHB, UTO eCJM B BLIp &eHyy Al Tetsopa TV coxpanuTs die-
HM, IPONOPIMOHAIbHbIE KOMIIOKEHTaM uMnybea g¥ u gV, TO NPofebHAA CTPYK-
Typian Qyuxkmusi GyjeT eZMHCTBEHHO! MHBAPUAHTHOA aMILATY IO, NPONOPIMOHATb-
nolt npoussenienyio g ¢V Hanpumep, B clyyae BeKTODHbIX TOKOB UMeeM

o o . 2 4 v,
T"-(g"’—q"q”/q‘)TL*(8"’—P'7»”q—+—’"Fq LPE s,
v v ) 2

1
fu=5;ImT,. (21.6)

B 00HeM cayuae BHUKGICHHS cJeflyeT NPOBOMMTL AL UMIYAbCoB p 2 < 0,
4To0n MOXHO 6biJi0 KOHTPOJMPOBATh MHbpakpackble pacxommocTy. Ho arto yc-
XOB}e He SRJAETCA HEOGXOMMBIM DU pacueTe

aoeHe f;, » KOTOpas B paccMaTpUBaeMoM
HOP#/IKe TeOpWi BOSMYIEH/H OCTaeT

rnBm reaTia o .
HOW B nipeheiie p© + V.

v VY

+ , xpocc™unens

B® BA

P
:If', 16. .l}luarpamma. flalowan BKRag B CHHIMETHYIO Y4aCTb NPOAONLHOMA CTPYKTYpPHOM
Pynkumm fy,
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AmrumTy A2, cooTBETCTBYOWAsn AparpaMme puc. 15, umeeT BUA

%'(2‘”)32fd4ze"'l"(p,u|TJ"(Z)Jv(0)lP*a>
W= - iCFS,-jgzi— Z'—‘(P"’)

Aol ks A N

» u(p:0)
X«rd g (p+ k)'(p + K+ ayk?

i

+ "kpocc”-yJen.

Sa(p,0)Au(p,0) =Tr(pH4 ),

BHIfelsis YaeH, poNopIMONAIbEbI pousBeneno ¢ g, 1 BBO delinmarosc-
K#e napaMeTpbl, HaxouM

(1 —w)u, .
[1 —uy— (1= (u +uw)/x)]"

s = 8 ¢ 8 (Yduol'dn
T em fxdo A

roe u.=«B Mu,=1—a.Pa3narad B paa no CTenexim 1/x w unTerpupys, no-
y 1 v -
nyyaem

g2 0 1 l )n
INS — JNE Sy p R I
[ 16,,24CFn§1 n+1 (x

TMepexpecTHblE AUArPaMMbl yBanBAIOT 3HaueHHd KO3PMUIMEHTOB NPy YSTHBIX
crenensx 1/ ¥ MpMBOMAT K GOKDAWEHHIO YJEHOB Pa3NOXeHnd, CONepKalmuX 1/x
B HeueTHOM crenem. Takum oBpasoM, OKOHYaTEbHbI pesyIbTaT MMEeT BRI

N5 l26g2~ ¢ __4.._(l)" (21.7)

L 7 adern AT 1NXJ

3anucHBasi aHajor BHIPRXeHH (19.18), naxopum

NS 4 -
B,’_" = Cp, n — YETHOE YKCJO,

NS

NS¢, N2
Mo ¥

5NS§’(Q2) ) Cr 41?{vs(n, QZ) (21.8)

\ —
)L T n+1
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NoranpHoe UAN0XKEHUEe BhIUKCAeHul Apyrux xoahdultenTor B MoXHG naf
Jleram c Iipy x03hdhuins

eHToB B MOXHO nadfiti B
cratbe [27]. 3fech MHL mMwb npuBesieM pesyabrarhi A rnporecca 31eKTpopox-
feHysl Ha NPOTOHKONA MumeHu:

cW®D(ny = C(n)
NS \"°J ro\"y

28y(n)

=C {2[S,(rg)]2 +38y(n) = 28y(n) - n(n+1)

(21.9 a)

c},‘)(n)=4Tan{—%+i+L— ~8,(n) n’+n+2
| " n 1) — e

'n(n+1)(n+2)]’

Y
it

Tlockaabky Mbl 0BbACHUIM 0Bmue MeTO/bI, MOXHO 3alMCATh B SBHOM BHle ypas-

nemssi KX/1 Anst MOMeHTOB BO BTOpOM nopsaake TeOpuK BosMylermit. lns necun-
CJETHOTO caydas uMeem

2
ks (m Q%) =[ fsf EZ\)

L %(e7 ]
1+ Cf
+ ¢

38 ()0, 0%/ dn [ 1+ Bray(0%)/4my "
(

d(n)

X

c

1
* “NS

N

M (03) /47 | T+ B 03) 4y |
X s (m, QF);

PO = 4 (KR (/B ~ %R (n)) o). (2110

ﬂ,M CHHIIETHOT'O GJIyuyas BO3HUKAIOT HU! Hb
\ HeKo
How SHETIETHOTO 1 TOpble JOMONHUTENbHBIE TPYIHOCTH.
JxHO Hadath ¢ onpeeenus marpulpl C (1 (n

), uMeomel MaTpuIHbL
_— : p € SleMeH-
Cu(")=c( ,:C(‘!'g’(n)=c‘}-"(n).-

N 21(n) D £ N
)= 21 _ Dy — Dyy(n
)= Doy W CE(m) = i + —T)MT)MC“’(”)'

E
o é}ov'm [PUHATDL Takoe Onpe/leNienne, TO MaTpuLbl
SHAYERUs « 15 x (Q?) ux

MOMenToB B cupraernom cay

51 C 1) u D xommyTHpyioT. Beenem
o A1 o, (QFf). Torga ypaeemns mus
Jae npuinManT ug [ 149)]

£ 0%) = C(m, a)Cn, a)M(rs ) i, 03, (21.11)

[
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i ides wpaxetns (21.10) 1 (21.11) npuvenmbl 411 MOMEHTOB CTPYKTYDHBIX (yHKIMl
e BBefieHbl 0003HaYeHus C; 1+CVa/(4%), Ufsy Uenoab3ys cootHomenust (21.8), npofioabiyto cTpyKTypHy o byHKIMIO f L
o — Og P1 o,

e £

) + A{n; o, o), MOXHO BHPasUTh 4epe3 PyHKIMO f, :

1 0 =i+ 1 (2115 a)
A(n;a,00) = :5,3- ’ %2 J‘rdr’e’:’lsy‘/IG[M(O)(n’ ”)] Y(l)(")M( )(n,r » 4o, r1 2
3 D(v: o ¥S(x, Q%) = ﬁf dy XS 155, 02, (21.156)
Q " x y
M(n; a,00) = (;0) R(n; o, o), e o )
2y — s X F 2
2 JnQ)——fdy—fz(y,Q ), (21.15 )
pe 16 10g %0 MO(n,r) = e - 3Ty
. e 0= 3 [ o (1-2) 0, 09 (2115 1)
caTh B IPYroM BUE, L (% = L = \1=S )2 Q%) Ior
VpaBHeEMe [isl MOMEHTOB B CUHIIETHOM CIIy¥ae MOXHO Neperit 3w LYY Y
522% y7I0GHOM B HEKOTOPBIX MPHJIOKEHHAX - Ilyctb MaTpulia S {z) mMarcsamayer
maTpuily D(n ): 0 rfie 1S Ipoliecca SIEKTPOPOXIESHNS Ha IPOTOHHON Mumenu
. d,(m) d, (n)>d_(n)
S“(n)D(n)S(n) = D(n) E( d s +( ) - : 3n,
0 4™ o= - (21.16)
Ee MOXHO BbIOpaTb Tak, 4Tobbi det S = §4y = 1; Torpma matpuna $ umeeT BUJ
1 ________Du(n) § 22. Metog A n
d_(n)—d,(n . nTapennu ~ MNapusu
SM=\ 4, (m-Du(n) d En; - D:n((n)) e Meron oneparopioro pasiioxeis b MpiMeReEIH K aHAIU3Y TPOTIECCOB Ty Go-
\ +( ,)\ ,u\" s KOHGYNPYTOro pacCefHis ABJAETCA JOCTATOYHO NMPOCTHIM ¥ BIIOHE cTporuM. Of-
I Dy() d_{my—4.(") | Haxo of, no-BUAMOMY , He omMpaeTcst Ha Gusuueckywo uaTYUIHO. B yacTHOCTH,
Onpefe/uM BeUHMUHY Y KaK PedyJbTaT npeobpalonatis MaTpuiipl y 7 non pefior He cobceM fAcHa ero CBA3b ¢ MapToHHol Moflebio. ITo sRteTcs omoli ¥3 npyuu,
BUEM MATPULB! S ) 90ycaosuBumX yenex metopa Anrapesm — Tlapusu ([12], om. Taxke [98]), B pam-
1y O(m)S(m) = F(n)- (21.13) KaxX KOTOpOro Takas CBA3b COXpaHTETCH HAa KaX[OM STane.
S (n)Y Tlpexae yem obcyxaars NIapTOHHY IO MHTEpNpeTalyio, NpoaHa/M3upyeM ele
Torga noIyunm . s Pa3 noyueHste ypasHenus. Jast onpefienensocTn Gynem PaccMaTpUBaTh HeCHH-
a:‘xn){l + .‘l.r(n)}s“(n)C_'("»a)P(”’ 29 TReTHYI0 4acTb CTPYKTYPHOH GYHKINM f, (x, Q2), @ MMeHHO cocpelloToumM BHK-
47 Malye Ha BKnale KBapka 3a/laHHOro apomaTa f B Bblpaxenus gas f NS
L g Neotone-ten g Vi, OF) 0. B o Bk o 0p0B0 s moe o e o x (P KON A5 F3'  ynKmn
- a(‘))(n)il + Tl (n)ja (i (%% 7 ql b DYPDASHIA TIAPTOROE \CM. (11.11)) QYHKIKS pacnpefefieHus
4 ' (91.14) 9y He sasuouT oT KBa/para 4-uMnyasca Q 2, Ho Npu yuere B3AUMOENCTBUS oHa
= b (n) (e 3aBucut ot Q). D “SR/T SaBUCHMOCTD npHobpeTaer. Eoay uepes u? 0603nauMTh HeKoTOpOE (iKcH-
3 pechb MCnOAb30BAHO obosnaverme ! P(Balmoe ¥apaxTepioe Bwimeﬂue Keafpata duvnyason NepeMeHHy 0 ¢
. Y1) peneaTb hopmy no ¢ = 2_105 (Q?/u?), To Bripaxenme (17.11) moxHo 0606-
- o e .
1 Tu(n) + 2B+ () G = (n) +1 WXTH caegyionpv oGpasom:
T(") = 55 = ' NS 2
=) 2B _—_Zi‘_(_'f)___ Fao(n) +2Bd- (1) 2 (% 0%) = EGJNqu,(x, t), (22.1)
d_(m—d,(m+1
—_— _ TRe kosdduimenTb 5f M3BECTHbI.

Ny KO TCA [NA NBYX 3HAYEHWA 12, ANA KOTOPBIX abinori™
H + -
< d1,_ (ny )+ 1 = 0. Mpw STOM NONpaaku Cneaywwero NOpAA

. ypaBael'ma KBAHTOBO! XPOMOJMHAMKUKH T103BOJSIOT BbIICHUTD L3 MeH eHILe MO-
OUMAn . o, o " - o
MEHTOB B 3uBUCHMOCTH OT TIepeMeHHOM ¢ . JanuiueM Bbipaxenue (20.6) A byuk-

GR COOTHOWISHY £ )"
Teopwn Bo3myLienui paBHbl HB O (g ), B 0(ag log o )-
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1% pacnpefelenyd ¢; B muddeperiMalbHOM Buie:
d5.(n, 0 "-’f’v‘os) (e, 1y . (22.2)
‘U:i J = 3 qj(n,l),
t

3jechb nenaibaopano Bripaxewne (14.3), B KOTOPOM napaMeTp v 3aMeHeH Ha
¥ BBEJIeHb! MOMEHThI

§(n1) =lexx”"qf(x,t). (22.3)

Koneuro, Boipaxenns (22.1) — (22.3) noiHoCTbI0 IKBUBAJCHTHE (20.6). BomoJmum
Tenepb npeodpasosanyue, obpaTHOe NpeobpasoBaHMIo Meamma (22.3). Ecam dynk-

erern DIOY /oy o e
T

10 eI MTh COOTHONIeHUeM
iR 17 o \ Z ) OTPEACH OO

[[lazzm PR (2) = YR (), (22.4 2)
0

70 %3 TeopeMbl O cBepTkax '} cleayer

dg(x.t) _ () (idy o po(x) ‘ 22.46)
W = [ Sa00ri(3) (

Y10 TaK HasbiBAEMOe ypaBHeRe Alrapenmy — Ilapu3u. kro MOKEO 3anHCaT

MHQUHATEIMMBILHOM BIHTIS
ig.(x,0) = ”d" rldz$/z" - x)g; (1)
oty + dag(0) = [ [ 428 = 9y
ag(t
X {8(2 -+ -i—(ﬂ—) PR (z)dt}. (22.5)

[ " -
Mbl BumM, uTo QyHKmo P (N.)S (z) MOXHO paccMaTpuBaTh KaK BEJUUUHY, ONpe/e

JSLIOULYI0 CKOPOCTD U3MEHEHNS Bepon’moc’x;n pacnpefieienus NapTOHOB C U3MeHe-
Hnem nepemennof ¢ . Ho Hike Mbl 1a/MM 0016€ MHTEPET
XApAaKTePUCTHKHU.

PaccMoTpum npoliece paccesuis npoGioit BUPTyanbHoil YacTHIb! (CKaKeM,
doTona) Ha napTone. B pamxax napTOoRHOA Mofleau NpeAnosaraeTcs, YTo KBapku
SBJAAIOTCA CBOGOMHBIMY YACTHLAMM U 00aafal0T onpe/ielleHHO/l BEPOATHOCTHIO
9% (x) uMeThb oAt X MOJHOrO UMNYJbCA NPOTOHA. [lpumem Tenepb, UTO 3Ta Be-
POSTHOCTb 3aBUCUT TAKXE OT nepeMeHHol ¢ . Takas 3asuciuMocTb 00y CJIOBIEHA

&
<]
@
<}
LS
Ly
g
=
=
=
a
T
=
T
[¢
G

- = U
1137y reopemy HETPYAHO AOKa3aTe, NpoBOAA 3AMEHY nepementoi z > log z S
o .a Mannaca. MOMHO TaKXe NDOUHTEr-
WCRONbL3YA TEOpEMY 0 CBEpTKax MiA npeobpasosania flanfaca. Mo r

pupoBath ypaBHenue (22.5) u nonyuuTs (22.2).
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},i
1\‘;’y‘\ AL Pr+q
P

8
&

Puc. 17. 3nemenTapHbie npoyeccst, nalowue BkNag B npouece y
Mble YacTuusl,

* +p > noBey

)
3

TeM, YTO KBaPK MOXET MCTyCKaTh rioos! (puc. 17). cnoap3osanye aKcualb-
HOM KaIMBPOBKIA CHABHO YNPOUIAET BHIYUCIGHNH, TAK KaK I
HaTb BKJajl TOIbKO Marpammel puc. 17, 6 (Toabko sta Imarpamma npuBOMT K
3aBUCHMOCTH o ¢). Bosiee TOr0, MOXHC Y4eCTb BCE ACHMITOTHUSCK caobofubie
nonpasky, ecat 3amenuts g 2./ (47) Beunnoi o 1) [losTomy mbl Gynem ucnoan-
30BaTh akcuatbuylo Kaambposky. ¢

B nusmenm nopsiaxe Teopun BO3MyieHyi 10 KOHCTaHTe CBABK
DETh TOALKO Muarnas s min
15 AVADAY aMdl yﬂ.lVl!V]_y pyll.;-

Peiiliem 8 cucremy Geckoneun

PH 3TOM HYXHO YUUThI-

" y g HYXHO pPaccMoT-
L7, a. Dyliem cuntaTh KBapku 6e3MaccoBbIMM 1 Me-

Oor'0 UMIlyJjibca, onpejeisemMyo COOTHOWEeHUAMH

1=00,-0),  p=5(1,09),

r, — & o
ne 0 HyJJeBOM BeKTOp, JexXaliyi B NI0CKOCTH Xy . CTpYKTYPHAA QYHK Ipst f,
@al('l‘uqecxu npefcraBiser coboii ceyenye 3Toro npouecca #, Kak noKa3aHo B
—_—

.
' .
— 3ro nerko NOHATL, BCNOMHUB BbIBOR BbipaXeHuA (5.18) u cpaBHuB er

0
(9.29) u (9.30): Becs BKNAR B NEPEHOPMUPOBOUNLIA MHOXUTEND Z,5p

C Bbipaxe-
. Cl
aemo|

'8 [} KanuGpoeke oGycnoBnes rniooHHLIM nponararopom.

ACCMATDU-
accmaTpu
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§ 17, Boipaxaercsi B Bufie CyMMbl ceuenuii paccesinust GoTOHA HA TOYEUHOM KBap-
Ke, B3BeUleHHbIX ¢ QYHKIMsiMu pacnpefeetus g , . 1IpoBOAS QUeBU/HBIE HIMe-
senust 0603nauenyil ¥ BBOJS BeWUMHY w, NPONOPINOHAIbHYI0 CeUeHNI0 pacces-

Hust POTOHA HA TOUEUHOM KBapke, MOJyuaeM

1 ¢ns, = s (1Y

T2 (x.0)= Zsfh J(; 7qf(y")wToueuu(P/’q)' (22.6)
[poucxox/ienne Kaxaoro wiena B (22.6) oueBunmno. [lepeMenHas y onpefie-

JieHa COOTHOWeHNeM p, = yp. Ho BBully 6e3MaccoBOCTH KBAPKOB UMEESM

(p; +9)?=0,2 GJIe[lOBATEBHO,

oo (P D) = (/X 1)

Kak ¥ Gae/0BaJ0 OXUAATb, TP STOM BOCHPOU3BOMMTCH pesyIbTar (22.1) pas
cTpyKTypHO# QYHKIVH f, . [lepemuiiem TOXACCTBEHHO YPABHEHAS (22.6) B Buze

g(x.1) =f0' %S(y/x ~ Dgy(x,1). (22.7)

Koneuno, ypasuerue (22.7) CripaBeiuBo TOJbKO B HYJIEBOM HOpAKe Teopun
SosMyIOIntl [0 KOHOTAHTE CRSEY g (MOIellh CBOGOMHHIX TIapTotoB). BeaepcTeue

BO3MymIEHMIE 110 KOHOTEH
B3auMoeiiCTB!S KBApKOB U [IO0HOB B 9TO YPaBHEH!E AOIKHBI ObITb BBEGHH
ronpasku. VX MOXHO pasfieiuTb Ha [BE TPYMmbl. Iepeyie rpynny COCTABIAIOT Da-
[MAIMOHKbE MONPaBKH K BepumHe B3auMoeHCTBHA dorona ¢ KBapKoM U K KBap-
KoBOMY mponararopy Ha puc. 17, a. I TonpaBKM OMUCHIBAIOTCH IMArpaMManmy
puc. 17, 6. Bropyio rpynmy COCTaBJROT NONPABKM, 00yC10BJIEHHbIE BO3MOXHOC~
THI0 UCHYCKAHUs KBApKoM PEaIbHOr0 riio0Ha (puc. 17, 6). PaccmoTpum crada-
Jia (ONpaBKH BTOPOro THNa. AMILIMTY A2 IPOLECCa H3yueHus KBApKOM peajibHo-

Fo raioona umeet sup '?

o= '(27r)'2ﬁ(p, - k+g,0)"

g a0}l (RN

CefloBaTebHO, BEPORTHOCTb 9TOrO POLECCA NPONopIMOHaibHa TeH30PY

N O S A Y S PP

2 2k0 2p’0 spins
=41 d*k(k°
3 3,3 Janoi)

X 8(k0(pf = K+ 4P (= K+ 9P ]+

1
) 370 BhipaXeHne HOPMUPOBAHO TaKUM 06PA3OM, UTo B TOM Cnyuae, ecnu 66l PoToH
y * Gbin peanbnbiv, GMINWTYRG PACCERHUA yRosneTecpAna 6k yenoeuo F (y f4g

»G+q7)=¢, @Y.

6

n rany
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ellle pas, YTO UCIYCKAETCs peabHblii [IIOOH, I03TOMY GAEAYET UCTIONb-
fonaTo COOTHOWEHYE

KA)E (KA) = = gug + Kato + gl

e(k:A)e (5 8ap k-n°

k, k,
o = [d%8, (k)8 [(p—k + ‘1)2](_&119 + —MBT:L‘)
o T = K)Y" (= K+ 4) Y @y = KyrPope
(7~ k! .

B cayuae Ge3MaccoBbIX KBApKOB ¥ [JI0OHOB Buipaxenus (22.8) okaswiBaoTes pac-
XOMMIMMKCS, ¥ UX GlelyeT peryaspusoBaTh. is 9TOro MOXHO UCHOJb30BATh
pa’mepwzlo Peryipy3ainio, Ho NPOIe CUMTATH HCXOHbLA KBAPK BUPTYalbHBIM:
p. = - 2. Brarogaps xomnaxtrocTs 08AacTy uHTerpupoBan

(22.8 o)

nnu AT
npy 3T

BOSHMKHY Th TOJbKO JorapudMuuecky pacxoiumiics yaeH, KoTopsli, Kak Gyner
HoKasaHo Huxe, uMeet BuA log (Q2./p f). Ha camoM fieJie, TOJbKO 9TOT JOra-
PudMutieckitit ieH Hac u UHTEpeCyeT; STO CYMECTBEHHO 0BlerYaeT BHUNGICHUN.

Tpexne Bcero B Brpaxenusix (22.8) Bciofy, 3a UCKIOUEHMEM SHAMEHATel,
MOXHO nosoxuTh p7 = 0; nonpasku GyayT umets Bemunty O( u?./ Q?). Taxim
0Bpasom, noyuaem

=~2p - k)z{Try"(pf— K+4)y"k+Toy*(p; — k+4)y"

x[(p-w@— k) +(p— k) “f+2k'l’f"]ﬁ }

Tak xak p,’ = k2 = 0, Boinommnercs paBeHCTBO 2 kp; = — (p; - k). Ciefiosa-

AMBHO . NOCTe Myl u on B o IVEAITET o)
0, NoGJeAruii 4JeH B NOAYSCHHOM ypaBuenuy nponopluonater (p, - k)4

|
_Aﬂe RaeT BKJajla B Jorapupmudeckuii wie. Mcnoabays 06o3HaveHus leo, xo-
— . .

YPOe 03Hauaer, 4To JorapudpmMuueckue UieHbl B JeBOA i 1paBoi 4acTiX ypasHe -
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Husd paBHBI, MOJyYaeM

o8 dic : 1
e B (A Sl P

Pk
XTe(v" (g = K+4) e+ vy = K+4)y"
X[@ = RK)(p-u/ke-uw)+ p[(p— k) u/k-u]]}. (22.9)

3anuumem Tenepb 3namenaresb poipaxennd (22.9) B Buje

pr— kY= — p? — 2k%} + 2k’picos .

-

Ox obpamaeTcd B HY B TOMBKO I 0 .e.
HOCTH BEKTOPOB k 1 by (310 yenosste onpefelaeT Takxe CUIOOHBI, IPUBOARIME
K MonpaBKaM K SBJenuIo ckelunra.) Takum obpasom, Bo Bcex ApyIrux clydasx
MOXHO TOJOXUTb cos @ = 1, Tak YTO, B YaCTHOCTH, 5-PyHKIMSA B BbIpEXEeHUM

(22.9) npummmaeTt BuUA
8[(pr— k+q)] = 8(2v — 02— 20k%) = 8[21/(1 —x— QT"O)J

Y no6uo BBecTn 0603HaYEHNE

0
-2, (22.10)

»

U 3amucath 5-QyHKIMIO B BUJE
1
8[(pr—k+9)'] = 5,800~ x).
Kpome Toro, Mbt Biaum, uTo B Ciyuae cos 6 = 1 BhnomeHo ycaosue
kyaom=(1—p)p;-

UG JeHNe BRIDa)

Teneps Jerko zaBepumTs B

log +1 oodko.ko 1 l+p2
o= -2 a@ "k 1 -
'rrf_ldcos()fo 5 l’G(p x)l_p

Tey"(op; +4)7'7;
2kpPeos — (w2 + 2k%f)

2v )

log QZ\ 1+ p?
=(log-”—2/ = rdp T=p Tr{v* (o2 +4)7"2;) 8(x — p).
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Taxum.00pasom, A1 CTPYKTYpHO#A OyHKIm f, nomyuaem caelyiommit pesy mrar
(0Go3HaYEHMS OUYEBM/HbI):

oy B bl 1
og . {22.11)

Buipaxenne (22.11) He AaeT okoHUaTebHOrO OTBETa, TAK KAK OHO He onpegete-
Ho npu p = 1. Ira neonpeielenHoCTs 06yC.I0BleHa MIIOOHAMY Hy 1eBOH SHEepruy,
KOTOpbIe NPUBOAAT K XapakTeproll mudpakpacnoil pacxomumocty. B peficTenre-
JbHOCTA MOXHO y6e.um‘1>ca B TOM, UTO 3Ta PacxoiuMOCTb TOYHO COKpamaercs
paiMalyOHHbIMY TIONPaBKaMM K BEPLIMHE Y NPORAraTopy, KOTOpble MbI eme He
npuHAM BO Buumanme. Tax Kak peaJbHblil II0OH fipy 9ToM He MCnycKaeTcs,
BRIGN TAKUX TONPaBOK B BbIpAXeHMe I w, fomken Obirb ananoruuen (22.11) ¢ poy-

2 .
HOCTBIO [0 3aMeHk! (1 +p \/ﬂ - P) Ha AS (P - 1) CyM‘mp.‘y’ﬁ BCE WIeHBI, [I0-

HOCTEK Oo 3aMe }YAR)

Jydaem
Cy(F)aglog 02/ 2 2
Wz=—g”—fdpp8(x—p){ 11+_;; +A8(1—0)J- (22.12)

Takum 06pasom, oNpesesena uckomasn NoNpaska K ypasuemuio (22.7), koTopast

umeer Bug 1)

gx0=[ [ drdzy - l)qf(y.o{é(z D+ PR (z)},
/ (22,13 a)
2
P (2) = CF{38(1 -z)— 2——(111';) J,
+
The parst woGolt Gynxmm ¢ BBefieHo onpefeneme

! 1 1, @(2) — (]
bt gty =2, 2O ()
(-7, Jo i-z

{22.13 6}

3 910
e 0
aMeTi, aMuecn v kospdummenst L) wnermydvanposars o Ty 4EHbIVIA PAHEe KO-
m%mem4 o » TO MOXHO NPOBEPHTD, YTO OHM fieHCTBHTE IbHo YIOBIETBODAOT ypaBHEHHIO
o e 1 GHHO G1aronaps 3ToMy HeT HeoBXOmIMOCTH BBMMCIIATD KOS(WIMeHT A rpu
P = 1); on nenocpeacTsenno duxcnpyeTcst ycaoemem y (0}
My e (1) = 0 (uam yeao-
BHGMTdet ¥ 1°1(2) = 0 gast cumraersoro cayyas). N§ o ye
€nepb MOKHO T
roums Clmp KHO CPABHUTD Bbipakenns (22.13) u (22.5). ®akuuecin focTa-
TAaTh KOHCTAHTY g oflpe/eeHHoll B TouKe — i 2 y 3aMeHNTD NepeMen-
—_—
1
'g BbipaxeHuAXx (22.13a) . (22.136) yXe yuteus npaBunsuce auausise napamoTpa A
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Puc. 18. JfleCTHUUHAR AMArpaMMa fANA HECUHINETHOrO UMK (PEPMUOHHOrO pacCeRHHA,

N

uyio ¢ mubdepenimanom dt , urobu 3amucath Bbipaxenus (22.13) B wndumresu-

e e 1
MaJbHOM BHJE.

Ho cymectByeT ¥ Gosee uHTEpecHbiA MeTOA. IIpenoaoxuM, 4T0 MOXET
ObITh JefCTBUTEAbHO HCIYIIEHO NPOU3BOIbHOE YUCIO IooHoB. Torma HyxHO
NpoCyMMHpOBaTh BCE AMArpaMmbl, Cofilepkamye MJI0OH B KOHEYHOM COCTOSHUH.
Jra-3ajaua, KoHeuHO, Hepaspemwnma. Ho ona CHIBHO ympomaeTcs, ecu OrpaHu-
YUTHCS PACCMOTPEHHEM TQJbKO 6e0yuuT 101 apud Musecxur 4ienos. Moxno no-
kasatb [155], uro B 9TOM Clyyae Aal0T BKJIAJ TOMbKO JeCTHUYHblE AMarpamMmbi
(puc. 18). OxassiBaeTcs, 4TO 3TH /MArpaMMbl MOXHO BHIYMCIMTD U JaXe TPOCYM-
mupoBarh. Takum o06pa3om, Mbl BOCTIPOM3BeeM Pe3yJbTarTsl CTaHAAPTHBIX BhbI-

wue ravull  nanvoun o 9ToM Ma MnemuviracTea, Bo-menBriX, QUEBRHIHO, UTO
YHCACHMH, ICNYYMB NpK 2TOM [Ba NpeHMyIeCcTsa. DO-NIepBLIX, QUEBUIHO, UTO

HcNoAb30BaKHKe Befyliero npubmxenua no berymelt KOHCTaHTe CBA3K SKBUBAJCHT-
HO GYMMMPOBAHIIO BCEX BE/YINX JOrapU(MUIECKIX UJISHOB 110 KOHCTAHTE o , :
a'g' log” (Q2/u?). Bo-BTOpBIX, TAKOE PACCMOTPEHHE JaeT HEKOTOpble yKasa-
HUS, K&K PACCUMTHIBATH T€ NPONECCHI, A1 KOTOPbIX METOJ OepPaTopHOro pasJio-
XeHust HenpumenuM. Mul He OyleM yray6aaTbcd B U3ydeHMe STOr0 BONpoca, a
comJemcs Ha kuury [226] u mitupoBannyio B nell mreparypy-.

Bo BTOpOM noOpsiJiKe TEOPUM BO3MYIIEHUH A/]pa paCCMOTPEHHBIX YpaBHEHHH
Gblam BbluMcienbl B paborax [84, 131].

MeTon Aarapeim — [Tapusyu no3BoJAEeT NPeACTABUTh CTPYKTYPHBIE QYHKIMU

Mo tamunemalt nacnnenaramig xnanwan”

O ULV TNaTIaceon B BUIO UM Y
NPpCACAEHNS KBADKOB

nnga n g
AJS pa3MUHBIX NpOLeCCoB B BHAe CyMM IIJACTHOCTSH pac
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alx, Q?2), omuCHIBAIOWKMX pacnpesieieHue KBAapKoB apoMara g. Jas ynpomenusi

WoGe/LyOMX CCHLIOK HUXe MPUBOAATCA BBIDAXEHHS LA CTPYKTYPHBIX (y HK it

e 0TOPHIX HanboJiee BaxublX npotleccoB. 0B03nauum uepes ] ¥30cKamannyic
orop epe2 | uzocKanipnyic

pmmieltb, d Uepe3 P — NPOTOHHYIO MUIIEHb. Torna umeem

%x(u+ﬁ+d+3+s+f), n=3
T .
fow

Fxura+d+des+itc+ o, =4

lxlzu__d_ls+2- 15 1 M
PZ TR M R RV L A
’ l6x(u—d—s+ﬁ—-2-§+c+5), n=4 ,
J

1 — -
TeX(utu+d+d-2s - 25, =3
AT AN B h

1 =
gx(c—s+c—s), nf=4.

(22,14 o)

[—9-fp n —5
£¥S — o £ gF 2 2> !
Jwi = Il = J201 T

- : 22.14 5)
18 (
1?1‘29’ =4

X(u—@+d-d+s-3), n=13

F
=0 f, =f5=

x(u—+d-d+s-5+c—7), no=4.
(22,14 1)

Hexoronuis un
SEVRVIVELIT no Jlm yU

TOB y)i(e Gblim ﬁ(myqeﬂbl Bhime. Kpome roro,
MOXHO BBECTH TOHATHS pacnpeaenenus "BaJeHTHbIX" KBAPKOB q, (onpe.ue.nus

80 KaK M3GHTOK uucaa KBapKOB TI0 CPaBHEHHIO C YUCJAOM aHTHKBapKOB, aast

BpoTona [ o“"“u =2 f od"du = 1) n "MOps™ OCTANBHBIX KBAPKOB ¥ T.J. Mop-

Poloe #3JoxeHHe STOrO Kpyra BONPOCOB MOXHO HaflTh B ob3opax [11, 55].

$23. O6ume ceokictsa CTPYKTYpHbIX Pyrkumit a KX
1. Npasuna CymMm

K
AK yKe HeOHOKPATHO Y TBEPXAaI0Ch, MATPHUHble 3JEMEHTHI OTIepATOPOR
» BooGume roBopst, BEUMCIUTE He ynaeTcs. Ho B HEKOTOPHIX CAyaaix

ACSKOTOPLIX ChyqaiX COOTBET-

CTs
YWllite cocTaBHbie OnepaTopsl OKasbiBAIOTCA CBAIAHHBIMH C reHepaTopamy Toi

4an
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nm ueo# rpynnbl cummeTpun. Toraa onn npefcTaBJsior cobolt usnyeckn Hab-
#i0faembie BeMiuiHbL, i WX MaTpidHbie SJEMeHTbi, 10 KpajiHeli Mepe B npunipme,
MOXHO u3mepuTh. Kax obcyxaanocs B § 13, Takue oneparopt He Tpebyior npose-
AeHust MepeHOPMUPOBOK, a UX aHOMalbHbie Pa3MepHOCTH paBHbl Hy 0. CleloBa-
TeJIbHO, B Npefelie Q 2 » oo MaTpPUUHBIE SJeMeHTb! Omeparopa A™ MOXHO BHIUMC-
INTb B MOJie/ cBODO/IHBIX KBAapKoB — napToHoB!!.

Taknmu cBolicrBamu 061aJa10T HECUHTJIETHBlE ONepaTOpbl Npn n = 1 ¥ CitF
rJiieTHble onepaTopbt npy n = 2. [lpyrux onepaTopoB ¢ yKa3aHHbIMK CBOHCTBAMM He
CyWeCTBYeT, TaK Kak aHoMalbHble pa3MEPHOCTH yy ¢ (1 COBCTBEHHblE 3HAYEHNS
MaTpull y ) ofpamarnTes B HYJib TOJbKO [ifl (pUBe/leHHMX SHAveHHH n . [TosTomy,
10 Kpaiineil Mepe B PUHIMIE, MOXHO BHIUMCIUTH abCOMOTHbE 3HAYEHHS (a HE

TOJLKO 38BHCHMOCTS OT nepemennoll Q 2) nnterpancs

2 (2, A2

(e -1 \ .
fi ) .J()d f(x ). {

{x 0D
JO “AR NS\

3'1‘0 0Ka3piBaeTCs MpaKTHUECKK OCYIEeCTBUMBIM TOJLKO B HEKOTOpbIX AOBOJbHO
penxux cJaydasx, korja uarerpaimt (23.1) yaaercs cea3aTh ¢ Haba0aeMbivu Be-
JMUMEAMH, O KOTODBIX MMEIOTCH SKCIIepUMeHTalbble [aHHble. Ilpu sTom BosHK-
KaloT NpaBuia CyMM, MHOI'ME #3 KOTOPBIX yXe Obliu OTKPHITH! C [OMOWBIO NapTOH-
HOt Moe/n. Iru npaBuiia CYyMM B DAMKAx KBAHTORON XPOMOJUH

CTaTyC TOUHbIX YTBEPXKACHUH. 3.11ec1> Mbl pACCMOTPMM HEKOTODble THITNYHBIE MpH-

U IQIVUY I

U QYW

Haunem ¢ PaccMOTpeHns! HECHHIJIETHOTO Cayvas. H.Ilﬁ CTDYKTYDHBIX dyHK-

TYPHBIX (yHK
uyii f NS , 3 COOTBETCTBYMWME OnepaTopbt npu n = | npeacrasasior cobolt Kombu-
HalyK BQJM'-MH

Nig.=3%i: A Y. (1 £y5)q:,
KOTOpble B AeHCTBUTENLHOCTY [eHepHPYIOT MpeobpasoBarid KupatbHoll cuMmer-

. pmn (§ 10). Kax u OKHI2JI0Ch, aHOMAJbHbIe PaBMEPHOCTH STUX OlepaTOPOR DaB-

0
bl Hymo: y Q1 (1) = o i “’ (1) = 0. [lza npotieccoB 9eKTpOpOXieHUS ¢ yUacTHeM
KBApPKOB TpPeX apomaToB u,d U S (B cJayyae KBapKOB yeThipeX apomaros pasbue-
HiE HECKOJIbKO U3MEHAETCH ), HCHOb3Ys CoKpalleHHble 06o3HAYeHMs, OMyY aeM

I (D) O ms = $Cins () enl0)
WJ TOUHEe

—AznsP“ =Pl O)p> =2(2m) " prQy,

1 B obwem cnyyae HeobXoaumo nepeftty K npefleny Q2 » oo gan YCTpaHeuus ume-
1OWeACA B BUNLCOHOBCKUX KOS(MUIMEHTaX 0CTaTOUHON 3aBUCUMOCTH OT B3aUMoaeHCTBHA
KBapKoe ¥ rnIcoHoB.
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rie Q y — 3apiji MUIIeRH B I0JAX 3aps/ia 3JIeKTPOoHa. Taxum 06pa3oM, yuuTbiBas
ronpaBky BTODOrO [ODPA/IKA TEODUH BO3MY ieHwH, ModydaeM

N inss o 1A [ L BEEG) 277 a(07))

G A R R e T T (@4.2)

o

AHAJIOPHYHO B CAyuyae paccesHus HEATPHHO mpaBuJo cymM Alliepa ClipasefJMBo
rpu J00bIX 3HAUEHUIX KBajpaTa 4-ummnyabca Q2 :

( dxx (B - fr) = (23.3)

CooTBEeTCTBYIOWMM OlIepaTopoM 3/eCh fABJSETCS ONepaTop M30CIMHA.

TNonpaBoK k ypasrenmio (23.3) He BO3HMKAET, Tak Kak ero MOXHO CBA3aTh
€ 0HOBpEMeHHbIM KOMMYTaTOpoM aire6pbt Tokos (cM. § 10 1 paboty [61]). B
npoHeccax 3JeKTPOpPOXAeH!s Gaarofaps YeTHOCTH CTPYKTyPHO! by HKIvK fz co-
OTBETCTBYIOWMe MONPaBKY NPUBOJAT K HepasencTsy y Y1+ ¢ 0. O6cyxnenne sto-
ro Bompoca cM. B CTatbe [194].

CrpykTyphas Qynkims f, yaornieTBOpSieT nparuiy cymm I'pocea ~ Jlaser-
ans-Cwura [158]

2
J[;ldxx"f;’(x, Q2)=3{1 - u—gf—) +0(a3)}. (23.4)

Jpyrue npausa cymm, KOTOpbIM y/IOBJIETBOPSIOT HECUHEJIETHblE CTPYKTYpHbLC
dynxiym, MoXHO HaliTu B 0630pe [55] (cm. Takxe [27]).

O6parumcst Tellepb K CHHIIETHBIM CTPYKTYpHbIM QYHKIMAM. B 3T0M cayuae
COXpauslomuecs ONepaTopbl 0TBEYANT 3rayeHnio n = 2. ITor daKT HAXOMT CBOe
oTpaxenue B paBeHoTBax det y (01(2) = det y (11 (2) = 0. Mockoabky GmrierHbie
CTpYKTypHble PyHKIyHK Bceria YeTHbie, HeT HeobX0aMMOCTH PasMUATh BEMIMHbL

y M+ g U= | rax xox BCIOAY BXOAMT ToMbKO oA w3 X y 11+ = y (11, B
camom pene [149],

O i 64 —12n)\ oo =
P2 =14 ’ 23.
T e 12 (255 2)

65[{367 — 39n, — 3666n
‘Y“)(Z) =35 [ f] . (23.5 6)
- 64[367~39n] 3666,

Hopmuposka dynkim

Ty

u f ¥V anpuopn npouseosiena; sribepeM ee Takum 06pasom,

epe
'lToﬁm cobcTBeHHbl BEKTOp, OTBeyalmuii HyJJeBOMYy COOCTBEHHOMY 3HAYEHMIO
MaTpuipl y, OblJi B TOYHOCTH paBeH cymMe. COXpaHAMMMCS ONepaTopoM B R~
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eTCs TEH30p 3Hepruu-umnyabca (cM. (10.2))
o = iZiﬂ“D”qﬁ 85GGP — g L
S

Unen g#¥ £ npusomr x Brianav semrul O (M 2/ Q2), KOTOpHIMM B JaHHOM
cJyuyae MoXHo npenebpeunb. Takum 06pa3’oM, HaXOAUM

2
fondx {F(x 0+ (x 0Y)) =5 { 1+ 02@ +o(a3)}, (23.6)

I'ie napameTpbl & U ¢, 3aBUCAT OT TUMA paccMarpuBaeMoro npoliecca. B npoyec-
cax 3JeKTPOPOXeHUs

87=(QP,  e=-5/9,

rge < Q f2> — cpefuuit 1apsaz BO30YXAaeMbIX KBapKoB pa3/MYHbIX apoOMarToB.
[inst mpotleccoB vi- ¥ vp-paccesinus napaMerp O MPMHKMAET SHAYEHWS

sv=1, 87=2/3.

B neficreureasnocty B npenete Q2 -

o0
A nna wawnati un dhunwined £10 1 9 N
HO [ KeUKLOM MO QYRRIMHA 7, , 1 = 1, 4. J7

d,.(2)=0 d (2 2 6+ 3:1 0

=0, Q=5 75—=2>0,
* A=3 7-m,
Cnanapamaneuns B BaIVIiaM MONGIYO M0 KOHCTAHTS CRAQK & Maownn manioam:
CenoBareaso, B BeyueM NOPS/Ke 0 KOHCTAHTE CBASK & . MOXHO HAIUCATD
(marputia S onpepnesena B (21.12))

2

B2 09 = SeFE. o= b((l))

G HEKOTOpbiM K03(duIMenTOM, He 3aBHCAMMM OT KBajpara 4-umnymea Q2. Ta-
KuM 00pasoM,

! Fy 2 = 3nf ! v, 2 = 16
fodxfz(x‘Q)Q TR j(;dxfz(x'Q)Qz:m816+3n['

250
(23.7)
K coxanenuwo, nonpasku K (23.7) umeror By

Ka(03]“® |

e xo3Qdumpent K noxa Buuucaurb He yiaerca. (Ho nonpasku nopsiaxa O (« )
D, [194].) Bupaxeuyus I237)

L 1J21.) DhIpaXeHus |

RABAJeXaT K UHCJY TeX, KOTOpble SBHO /IGMOCTPUPYIOT CYMECTBOBAHHE IMI00HOB.
Ecaut G5 MIOOHOB He CYIECTBOBAJO, TO BeCh MMIYIbC afpoHa Pacpeneiics
6 MeXIy kBapkamiu i Obla Obl cipaBeAms pesyIbrar

L""‘ fx 2)=~3,

Koropbill, CKaXeM , /il KBapKOB UeTbipeX apoMaToB n, = 4 BABOe NpesbllaeT
9KCrepHMeHTaIbHOS SHauerye. Hanpimep, st npotiecca v I-paccesnus [87] mo-
AyueHo BHAYEHHE

L’dx F5P(x, Q%) ~0.43 % 0.03, (Q2 ~or 30 o 100 I'sB2),

a TeOPeTHYECKHU BHIYHCJIEHHOE (C yUeTOM NJIOOHHOrO BKJa/ia) SHaueH!e pasro'!

—

(Ve e 02 o 12 _ 043,
P~ a5 =0

Gx j2 %
AHa/M3 STUX COOTHOWEHHH B Be[lylieM Mopsi/Ke Teopuu BO3MYieHKil OblA BbINOJ-
nen B pabore [162], xors umnyJbcHble npaBuia CyMM (TOJbKO Ha KBAPKOBOM

ypoBie) obcyxaamch yxe B o6aope [193].

2, MNoBenexne CTPYKTYPHbIX (BYHKUMA B KPaRHUX TOUKaX

Haowman:r o nancunmnanudg manalousd TAacKUN TamULIY oMty MUnrery huee, cw 8
nayneM ¢ pacCMOTpeHIA NOBCACHNUS HECURTISTHEIX CTPYKTYPHLIX QYyHKIpin

B npenede x ~ 1. [lpenonoxum, Yro dysxmm f V5 obraganwT acummroTideckim
ToBe/ieHyeM Bufia

) e e
)

(x 0 )xfo(Q YW1 — %)™, (23.8)

K KOTOpOMY MOL'YT CyWeCTBOBarhb JorapudMuueckue nonpasxky (CM. HiuxXe). B
neficTBuTebHOCTH cooTHOWeHKE (23.8) MOXHO [oKas3aTh B paMKax KBaHTOBOM
XpOMOZMHAMKKY, HO Mbi He OyzieM Aejarb 9Toro 3fiech 2). Mexops u3 obmux co-
obpaxenii, caeqyeT OXufaTh, UTO NOBEJGHKE CTPYKTYpHbIX GYHKIME B mpefeie
x ~ 1 cBsI3aHO C NoBeEHMEM MOMEHTOB OT CTPYKTYPHbIX hyHKIMHA npu Goabwmx
SHavennsix n. Jlerko ybemrbes, uro

d(n) =~ 33%126'1}(108" - % oyt o(%)) (23.9)

" 3ameTum, UTO HEATPUHO V HNW SNEKTPOHBI (MIOOHBI) € { 11 ), HCnoNb3Yemble B Ka-
YecTBe npobHbIX UacTHu, B3aMMOAEACTBYIOT TONBKO C KBApKaMu W NO3BONAIOT BKCNepH-
MeNTanbHo onNpeRenNUTL TONLKO CTPYKTYPHYIO DYHKUMIO f F_ AnA HenocpeacTeeHHoro
WBMepeHUA CTPYKTYPHON DyHKUMK f ¥ HEO6XORMME! NPOGHbIE YaCTUUb!, BIaHMORefcTBYIO-
WHB C rnIcoHamu.

D Cm. padory [ 54] u uuTpyemywo Tam nuTyparypy.
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Wcnomwsys acumntoTnky (23.8), 418 MOMEHTOB MoJyuaeM BHIpaXeHHe

F —_
tvs (m Q%) =~ A(QY) @ I-[],,)I_;[;I'(: ;’_‘](as)]

n->00 ’

2 y3 cooTromennit (23.9) u (20.6) gas oTHOMeHHE MOMeRTOB Haxo[um

Pns (”: QZ) ax(QZ) 16 3
—_— —_— |1 -=
s (e @3) 5= )| ¥ gy | 57— 2 (en = 3+ )

TpupaBrnBas pesysbTaTh, HAXOmIM TOuHBI BUA KoopdumenToB 4 U v ¥ Bbipa-
KeHUdl L1 aCHMITOTHKW CTPYKTYpHO! QyHKIMH B mpegede x - 1:

—d (1 — x)”us(ﬂ;)

fNS(x’ Qz)xflAONs[a:( QZ)] m s (23.10 a)
Vs (%) = vrys — 331_;62;/1%{1,('(;‘ 3,
dy= = 16 (2 ., ) (23.10 6)
— 2,,[ 4 E
KoncranThi Vo ¥ Ay TEOPETHUECKHM DACCUMTATS HE YAaeTcH, H0 oXijaemMoe

‘HaUeHMe Napamerpa v,y JeXHT B npefenax ot 2 go 3 [122].

A1st CHEDJETHOrO Cayuas BHYKCeHNA YCIOXRT0OTCH K3-3a MaTpHYHOTO Xa-
pakTepa ypassennuii. Briso nafifieno, uto acumMnToTHYeCKOE NOBEneRHe CTPYKTYD-
HBIX QYHKIMI AJS I'JIOOHOB OTJMYaeTcs OT (23.8), HO aCMMITOTHKY CTPYKTY DHBIX

dymemit fag KBapKOB CXOJHLI C aCHMIITOTHKAEMH Hi

JIETHBIX CTPYKTYpHBIX
bynkuit (cM. pabotet {194, 199], B koTopHIX CcOflepXaTci TaKXe BhYKUCIeHUS BO

BTOPOM 1I0OPsiJKe TEOPUM BO3MYIIeHHH). ITH ACHMATOTHKY KMEIOT BHA

(1 — x)l’s(ﬂ,)

F Dy 21— %
f (x’ Q )x’:]AOS[a:(Q )] F[ I_———+ vs(a, ] > (23.11)

(I — x)”s(“:)""

T2+ rg(a,))llog(1 = x)] * (23.12)

v 2 2 —dy
ff(x 0 )xfl ngs[a;(Qz)]
3nech d, onpegensietca popmyaoit (23.106), a napaMeTp vg BhIpaxaeTcs TaKol
xe popmy.oit, kak vys -

16 2
rs(a) = vos — zz—=—loga,( Q7).
05 33— 2n, )

Kosduumentst 4, 4 o os B pamkax Teopuu BosMyitenni KX/ noayunts Hen-

35 MOXHO yTBepX/laTh cJefyiolee: Bo-NepBbIX, rIOOHHEE CTPYKTypHbIe hyHK-

123
13

mu B npefielie x » 1 cTpemATcs K HyJIo GHICTpee, YeM CHHLJETHble CTPYKTYpHbie
$yHKIMY KBAPKOB, H, BO-BTOPEIX, 6¢¢ CTPYKTYpHbIe GyBKIMY GBICTPO yObBaOT B
npedede x 1 py Q2 > o . ITH BEIBOMBI MOATBEPXAAIOTCA BCeMy IKCNEpUMeH-

TaJbHbIMY AHHBIMK.
[MonpaBKK BTOPOT'O LIOPAAKA TEOPHH BO3MYIleHHHA HECKOIPKO U3MEHAIOT QyHK-

wona bHbLA BUA aCHMITOTHK CTPYKTYPHEIX QYHKIWMA B npefede x -~ 1. Hanpumep,
AR HECHHTJETHBIX CTPYKTYPHBIX QYHKINMA C yyeTOM NOmpasok BTOPOro mopsjxa
nanyyaem [150]

PLCALYER]

NS Y N T
(% Q2 )r_)lAONS[a’(Q )] F[l + Vle("‘:)]
x(l _ x),,ms(ax)-nn,[log(l—X)]/J"" (23'13)

3nech KO3DOUIMERTD! v, v o U & UMEIT BUA

4 2
Pins () = ¥ns (&) = ¥ (vns (o) + 1) QIT(,...QQ —a,0,(Q%,

. 2 2 /
a(e) = ag + ay(vys (@) + 1) + - ([0loms (@) + D = Yloctay + 1y}
a,~1.18, a; ~0.66.
Unrepecuo 0TMETUTD, UTo Gaarofaps uiesy
C2aflog( - /3%
1 = x)tedlostt ~x)1/37
( ) (23.14)

TIonpaBKy MOXHO CAEJAaTb CKOJb YrofHO GOMbUMMY, B3AB 3HAYEHKE nepeMeHHOR

amernrra W Ao
% nocrarouno 6misKuM K emumnbe. Koue

0, 5TO 03HAY&ET JUWb, YTO [pPK
* -+ 1 KaK # OXMJaJ0Ch, TeOpUs BO3MYIICHKH CTAHOBUTCA Henpumerumoit. Tlpu

“x = 1 BozmMKaeT HEOBXOMMMOCTD yueTa CBA3AHHBIX COCTOAHMN (ynpyruit BKaag

B poliecc y * + N - all, obycuoBaennbiit peakipeit y* + N »N). B pelicTBuTemn-
HOGTY CylWeCTBY!OT i Ipyr¥e NPUYMHE, 10 KOTOPHM PACCMOTpEHKE Ha OCHOBe
TeOpuy BO3MYIIeHHi CTaHOBUTCS HenpuMeHUMEIM, KOr/a epeMeHHas x 6umaka
K emmutie. U3 Boipaxenus (23.14) suano, uro Gopmy.ia (23.13) npuvennma Tomm-
KO npy NpOMeXyTOYHbIX 3HAYEHUAX nepemMerHoN x :
2a,
I [log(1 — x)| <« 1. (23.15)
AcumnToTHueCKOe MOBE/IeHMe CTPYKTYpHbIX Gynximii B npesene x » 1 (nm
n - o) BHIYUCJEHO BO BCEX MOPAAKaX M0 JOMUHUPYIOUMM YJIEHAM BUaa (aglog n)”
{15, 711. C TounocTs0 f10 3aMerH! Agys » Aos s vyns » vyg CHHDJIETHAR
byukms pacnpe nesenusa KBapKOB MMeeT BUJ, aHaJoruysbif (23.13).

OBpamunica K PacCMOTPEHMIO I0BENEHNA CTPYKTYPHbIX QyHKUMI IpK x ~ 0.
Tpy usyuenns nosefenna cTpyKTypHbIX PyEKINi B npefese x - 0 kBagpaty

l“X<1,HO
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4-ummybca Q 2 #e06X0MMO HPUIMCHBATH GoJblIoe dhUKCHpOBaKHOe 3HaYeHue,
TIpY KOTOPOM ONPaB/IAHHO NPUMEHEHNe TeOpHu BOSMYIeHui, ¥ HONOXHTH

v » . B amux ycaosuax umeer mecto npesies Pexe 1Y, u Tak Kak crpyKTyp-
Hble QYHKIYM MOXHO MHTEDNDETHPOBATE KK CEYeHUst PACCETHIAST BADTYAILHONO ramMva-
KBanTa y (Wi BeKTOpEbIX Gosonos W, Z) ¢ KB/IpaToM MHBAPUAHTHON Macchl, pap-
HbIM — Q 2, To MOXHO Tipenanoxutb [2] caeayiomee acumnToTHecKoe Hose-
Nenye:

n 2y, ag(0) Lo
fix, @ )x:ob(Q )4 > X=5n (23.16)
rae R — cooTBeTcTBYyOMan TpaekTopus Pemxe. B oTmmume 0T acumnToTHk CTpyk-

TypHbIX QyskImil B ipefiedie x ~ 1 foKa3aTh aCUMITOTHYECKME dopmym (23.16) 5
PaMKaXx KBaHTOBOJ XPOMOMMHAMMKI HA COBPEMEHHOM 3TarNe PasBUTHS TeOPUH He

ynaercs.
Menemuuenm (23.18) B Bolee vaoGHOM BA e
HNepermmen (23.18) & Sosee yaoSaom Bide
s {x, 08 ~ B, { OHx U
INSAH K] B2 NS L)X (23.17 a)
glx A~ ~BIA2‘X7')" P
Jilx 7) A BLLT)x I=FV. (23.17 6)

B npux
PUHIBATIE MOXHO AONYCTUTb 3aBUCUMOCTDL napaMeTpoB A ot Q2, go KX/l u Te-

onus Pemxe noKantpamm - ume s o miem o
D o D OnaSe SRV, 9TO Ofi MMEIT TOCTOAHHBIE BHAYEHNUS ¢ TOYHOCTBIO /10

4yenoB O (M2/Q32).

HloBe/ierse CTPYKTYPHbIX QyHKit f B npesede x - 0 cBsi3uno ¢ CUHTY AP~

HOCTSAMY MoMenToB u(n, 022 . Veranoseaue stol CBA3M Tpebyer aHamiTH-
a )
€CKOTo npo/ioJukenus Gopmy aud (n, Q2) no nepemennoit n . Hlockoabky mo-

MonTLY nr
MCEHTDLI Bbij

T B Buje u(n, Q%)= A7C", COOTBETCTBY IOIIME CHHTY JPHOC-
TH 00YCJIOBIMBAIOTCH OCOBEHHOCTSMY Beuuuy A™ Ut C™ B 3aBUCUMOCTH OT TOro
KaKkasl ¥3 WAX PaCTIoNOXeHa NpaBee Ha KOMIEKCHOMN MI0CKOCTH. Mox#o nokasaTs ’
UTO ackMNTOTHYECKHE Qopmy bl (23.16) y (23.17) BO3MOXHEI TQJBKO B TOM chy-’

Jae, KOrfia Kpaiass npapas CHHTY JFIpHAs TOYKA BeUMEbl A™ pacionoxena npa-
Bee CoOTBeTCTBYIOmeN Toukn Kodhhumentroi yukmm C 7. Kpome TOT'0, eCJu

n . — TaKas Kpafusa fipaBast CHHI JApHad Touka 4, To ona OBJIETBODSiET pa-
o P Y. K
B YAos,

m=1-X (NS)
no=1+A (singlet),

¥ C HEOOXOMMOCTBIO BHINOMHAETCS COOTHOMEHYE A F=Ap=2.

;)’ CBepenun 0 Teopuu Pefixe MOXHO HBATH, HanpuMep, B Moworpaduu [ 28].
fleTanu npueoAMMOro AOKE3ATENLCTBA MOKHO HARTU ANA HECHHINETHOMO cnyuan
afora | 10n! o cen Se o e o =
88078 1 1985 4 anA oGoux S B NepBOM W BTOPOM NOPAAKAX TeOpUU BOIMYLeHH il
a6ove [ 194]. B arux paborex obcywaawoTeA Takxe Apyrue acuMNTOTUKM CTpYKTYp-

BIX et o e

X PYrKiA 5 npefens x - 0, OTNMYHBIe OT pefiXeBCcKuX.

T ww
L5
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Tak KaK CUATYJAPHOCTH KoadduenTHbIX QYRAKIMA C™ cOBNAjalT ¢ cuH-
ryASpHOCTAMY Qysxipit d (n) nm D(n), napaveTpsl A U A . YAOBJIETBOPAIOT He-
paBeHcTBaM
A<, A > 0.

B GJyude PACCEANUR YACMUY, FEWAUUT GRE Haccosol nosePINOCKY, BTOPOE He-

paBeHCTBO 0ecneunBaeT CYeCTBOBaHe 0COGEHHOCTY BbIIE TOMEPOHHOrO Mo~

210ca. B NI0Ib3Y STOrO CBUMIETEIbCTBYIOT Pe3YIbTATbl PACYETOB, BHITOJHEHHEIX

I'puGopbiv ¥ Pemxe (cM., nanpumep, 0630p [30] u muTHpyemyio Tam Jureparypy).
PaccMoTpum. Tenepb CHETJeTHBIA cayyuali. U3 Boipaxenus (20.7) caenyer,

4o BEJMUUHA
[a(0)]"E( €7)

ge 3apucut oT 3nadenus Q 2, Ilyctb marputla S (n) MaroHam3yeT MaTpUIy
01 101

D(n). 3ammem maTpully S(n ) B Buie, aHaaoruunom (21.12), u npuMem, 4910
OHa YHOBJeTBOPAET COOTHOWEHHIO

. {d.(m) 0 e o
s~ DS =B =" 4 ) (23.18)

Wenommays acumurotuyeckue opmy bl (23.17) n nonaraan =1+ ¢ 4+ ¢, Ha-

Henonsay

XOMMM .
B(Q?

ﬁ(1+}\s+€)=-——(€ ) . (23.19)

Takum obpasom, Beauunna

[a(@)]™ """ B(QY) =t

He 3aBUcHT OT KBajpara-4-umnyiabca Q2. INpuvensa marputy S (1 + Ag +¢)
¥ noJjaras ¢ » 0, noaydaem

. P RES) 0 o

B(Q2)=S(l+)\s)( 0 a—d-(0+N) b

Tpn 9Tom cobeTBennble 3HaYenus AMAroHaIbHOA MaTPUIBI 0603HayeHbl Tak, YTO
Bhinomserca yeaosue d > d_; CJe[0BATEbHO, B Be/ylleM fOPi/Ke TeopHy
Bo3Mymenu#l MOXHO npeseGpedb YJEHOM & ¢~ 110 CPABHEHMIO C YJEHOM & ¢
¥ MBI TOJyyaeM OKUHYATEbHbIE COOTHOMEHNS

+

flx O . p [ 0] 90+ ), (23,20 a)
Jiv® & }x:ODO’I-a:\z )J X s \: ]
By, d_(1+X)—D(1+]) 99 90

SV T+ s ) i 5/ (ZJ-ZUG)

{
\
Bor D(1+X,)
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Kouncrantst By , A, B pavkax KX/| Beuncmrh ne yAaeTcs, XoTa oOXuaaercs,
uroA = 0,1 - 0,6.
/113 He CHHI IETHBIX CTPYKTYPHBIX GYHKIMI umeem
d(1-2)

fus (% @) = Bons[a(Q7)] "N (23.21)

Bemunna kooddumenra B,ys HeU3BECTHE; B CUAY TOTO UTO napaMeTp A cBs-
3aH ¢ mouxod nepeceuenus TpaeKTopun PelXe C 0CbI0 KOODIMHAT, I HELO MOX-
HO OXMJATh BHAYeHus

A=1-a,(0)=~05.

Cirenyer oTMeTUTb TpH Baxible 0cOBeHHOCTH. Bo-TiepBHX, B OTMMume OT
acHMNTOTHYECKUX QopmMyJ B Npefee x » 1 MOMPaABKY BHICIMX NOPA/KOB HE MCKa-
XAOT Pe3y.JbTaToB, NOJNYUEHHbIX Ipyu x ~ 0; oM CBOAATCA NPOCTO K YMHOXEHUIO
Qopmya (23.20) 1 (23.21) na 1 + b, o, riie kosddutment b, usmecren. Bo-sro-
PbIX, TaK KK OXHJaeMble SHaueH/n NapaMeTpoB A, A  u komGuuawsi d (1 - 1),
d, (1 + A ) NOJOXUTENbHBI, HPH Ma/biX HAYESHUSX X 806 CTPYKTypHbie QyHKLMM
BOSpaCTaK)T C yBeJudennem kBafpaTa 4-umny.bca Q 2. 310 cBOMCTBO CTPYKTYD-
HbIX QyHKINMI TaKxe NOATBepXIaeTcs SKCnepumenToM. Hakowet, B-TpeThux, B
OTJyuMe OT cJayyad x - 1 npu x ~ 0 rnoonHEble byHKIMM pacnpefieleHus NPeRbl-
WAloT CHHTeTHble QyHKIMK pacpeieetus KBapkos. JeficTBuTeIbHO, NpaBas

uacth (23.206) gan oxifae

ixX

3HaueHni napameTpa A¢ MMeer Bemunny B hpe-
nenax 4 - 8.

§ 24. CpaBueniHe C IKCIEPUMEHTOM; NapaMeTPH3ALUHH, COrNacy olMecA
¢ KX, u Toueunonono6Han 3BONIOLUHA CTPYKTYPHLIX yHKUHA

TlockoJbKy TeopeTiuecKue NPefiCKa3anus [ MOMEHTOB OKashbiBaloTCs Ipo-
lile, YeM A CamuX CTPYKTYPHbIX PyHKIMHA, MOXET NOKa3aThCf; UTO C IKCIepH-
MEHTOM CJeflyeT cpasmBarh npefickazamd KX/l umenno nas momentos. Ho arto
Hey/I00HO 110 cJiefy ouwM Npuunnam. Bo-nepBbIx, 4TOGH 9KCHEPUMEHTANBHO 110~
JyYATh SHAUYEHNA MOMEHTOB CTPYKTYPHBIX GYHKUMHA B IWMPOKOM UHTEpBANe 3Ha-
vennit 4-imnyabca Q2 , HEOGXOMUMO NIPOBECTH [ETalbHbIE H3MEPEHUT CTPYKTYD-
HbIX QYHKUMHA 118 Ueso# NOCIEIOBATENLHOCTH GM3KOoIEXANYX SHAYSHN I nepemMenHof x
IxcrepuMenTaIbHO 9T0 He Beerfia Bbmommo. Ho maxe npu samsamm Xopownx
SKCIIepUMEHTAJbHbIX JAHHBIX BOSHUKAIOT NpobJAeMbl ¢ BHIUKCIEHMEM BbICIIMX
MOMeHTOB. @ aKTiyeCKH BHIYMCIGHNE BbICIIUX MOMEHTOB CBOMMTCS K B3SITHIO MH-
TerpalioB OT CTPyKTypHO# QyHKimu f ¢ Becom x ™ ~2. OcHOBHOM BKJAN B Takue
MHTerpalbl Aaet obaacTb x ~ 1. Tak xak B 970 00.aCTH 3HAYEHUS CTPYKTYp-
HpIX QyHKUMA Ouelb MaJlbl, IKCIEPUMEHT albHble OUMOKY BO3PACTAKT U Jaxe B
CambIX OJArOnpUATHBHIX ClyyadX CTAHOBATCS HEKOHTDPOJMPYeMbIMK IIPH n 3. 6.
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TakuM 00pa3oM, TepieTcid OrpOMHOE KOMMYeCTBO IKCIEpPHMEH Tadibt HOM Pmlyupmd»
. YKasakuble TPYAHOCTH MOCY XMV NPUIUHOM 11t pa3palboTKu ApyriX me-
To[l0B CpaBHEHN.

MOXHO TakXe HanMCaTb pasyMHYI0 NapaMeTpU3almMIo JAs CTPYKTYpHOH QyHK-
i f , KoTOpas coflepxana Gbl pesy IbTaThl KBaHTOBOA XPOMOJMHAMUKM 1 KOTO-
Py10 MOXHO BbLIO Bbl COr1acoBaTh ¢ SKCIEPUMEHTANBHDIMY JIAHHbIMH . Iro He
oueHb CTPOrui MeTo/, HO OH OUeHb MPOCT M NPUBOMMT K ABHBIM AHAUTHYECKUM
BBIPAXKEHUAM [LISl CTPYKTYPHbIX GyHKINi, KOTOPbie 3aTeM MOXHO MCNOJb30BaTh
Aan omscanua apyrux npotieccos (Jpeana — flua, anpon-agpoHHOro paccesus
Ha GOJbIMX p, MM PACCesHUA BUPTYaJbHbIX afipOHOB).

Takast napaMeTpu3alis BiepBbie Oblia BBellena B paccMoTpenye Peifnma-
gom n Puamom [122] u umena Bup

fulx: @%) = CxM(1 = %)™, (24.1a)

KM ¢ yueTom nomocos Pexe

fu(x Q1) = (Cox™ + Cix™)(1 — x)™ (24.16)

Tonaras napamerpst C, A # v IOCTOAHHBIMU, NOTyYNM Gbepkeﬂoscxnﬁ CKeiJmMHE .

B pabBore [ 57] 6u110 oTMeueHO, UTO, BReJA 3aR)

B padtoTe L 57 OblIC OTMEUEHO, UTO, BBEA

v OT KOiiCcTaHTbl CBA3K (ls B Buje

A=Ag+Aloga,, v =y + rloga,,

MOXHO BbIYMCIUTH KOG duIMeHT C (MCNOAb3ys NpaBUia CyMM, U3I0XeHHbie B

§ 23) Kak u3BeCTHyO QYHKIMIO MApamMeTpeB A oMy Vo, vy, &g . JaTeM HyxXHO
noTpeboBaTh, YToObl paccMarpuBaemMasn NapaMeTpu3auus yAoBAeTBOPAIE, C Of-
Holl croponsi, ypaprenusam KX/ 7 MoMeHTOB, a ¢ Apyroft — 9KCHEepUMEHT abHO
M3MepEHHbIM 3HAYEHUSIM CTPYKTYpHbIX QyHKImMiA . ITv TpeGoBanus NO3BOIIOT
(buxcupoBarh 3HaueHus napameTpos A U v .

Cuaepyoumit mar cenam Jloneu u Wuaypaitn [194] (onn yum eyt u
CJefyoumit NOpAaKM TeopuM BO3MYLIEHHUH), OTMETHBLIME, UTO 0% 66I4UCACHUA
NapameTpoB A, (koTopblii OKa3blBaeTCs PABHBIM HYJIO) ¥ v, MOXHO HCIOIbI0BATH
pesyabrath § 23, n. 2. TaxkuM cnoco6oM NOJAYYaloT HCKJIOUMTENbHO IPOCThIE Na-
pameTpu3alyu Aad cTPyKTYPHbIX GyHKIMiA. OHM TOYHO Y/IOBJE'TBOPAIOT HHTErPalb-
HBIM COOTHOWEHMAM H3BECTHBIX NpaBui CyMM. Y paBHeHMsIM Xe ssomomn KX/
3T NapamMeTPU3aLyy TOUHO yOBAETBOPAIOT TOJIbKO B KOHEUHbIX TOUKaX x = 0 u
x =1, a npu ApoMexyTOUHbIX 3HAUEHUAX X NOTPEWHOCTb COCTaBseT Metee 1%.

Bseq’ymem nopajke TEOPHH MyLlEeHAR  MCKOMbie napameTpu3alpn
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MMEIT BUJ

A5 09 = {Bm[ a(0)]

- )‘) X — xhvs(ay

-4 T(vons+1)

o[ 4(2)] "1 ey F D x""’("’)} (1= xy,

(24.2 a)
sz(X 2) = {Bor["‘ (Q )] +(l+>\,) A X_“F("’))

_a, T +1
AOS[“;( QZ)] dor—(;%x’*‘r(%)}(] — X)V“{“‘), (24.2 6)

s ( d+(1+>‘)“Dn‘(l+>\.). e —d 1A
VN AN - L s J FF{ s ) 2 d,00+0)
2 (% €7) ibor Dy (I+N) [a,(Q )J
(A mmlan 2 4 T a1 ey T(ros + 1) )
X{x X )TS"DS[“ILU” x W
1 + Jlog(1 — x)| (24.2 B)
rae

16 . PPN e PN
a) = vg; — ﬁ loga,( ©°), i=3,Ny, (24.21)
7
a napameTp A cBf3aH ¢ TpaekTopueit Pemxe p cooTHomenneM A ~ 1 — &, (0) =
=~ 0,5; Be/WUMHY 1 MOXHO BHIDA3UTb Uepe3 JApYrue KOHCTAHTbI, MCTIOAB3YS st
9TOr0 npaByuJa CyMM, H3JoxeHHble B § 23. Taxum 06pasoM, Mbl mOJdy4MM Ha-
Gop npocThix Bulpaxenuit, 1apaMETPUIYIOMMX TPH CTPYKTYDHBIE QYHKIMH: f y s,

15 uf ¥, noxons w3 cevst napamerpos: Vons» vos» Aos» Aons» Bonss Bog» Ag
(xpome napamerpa obpesanus A)-Vx caepyer sbibpath Tax, 4TGB! BonpoMsBec-
TH 3KCHEPUMEHTaJbHble pesybrarsl. Ha camMoM felle, faxe ne yBeimuuBas uuc-
Jla 1apamMeTpOB, MOXHO BbIUHGIUTD K NPOJOJBLHYI0 CTPYKTYPHYIO QYK f, .
Mosromy Tor daxt, uTo yaaeTca JOGKTHCH COTJIACHS C SKCIEPUMEHTAJLHBIMU
NaHHbIMK, fBJseTCH Baxno# mpoBepkoit KX/11). CpaBuenne 9KcnepuMeHTalbHbIX
JaHHBIX C TEOPEeTHYECKMMU napaMeTpu3aliusmu npecTaBieHo Ha puc. 19 a.

n B 4acTHOCTH, NOTOMY, UYTO NpU STOM MOXHO YTBepXaaTb, UTO 3HaueHuA napamer-
pPOBVoNg =Vos =2~—2,5,0< }‘S < 1 cornacyioTcA ¢ oXugaembimy.
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O6paTuMcs Tenepb K METOMy TOUHOT'O BOCCTRHOBJEHHSA CTPYKTYPHbIX QYHK-
il . PAcCMOTPHM HECURTIETHBIA CIyuat M BRIIOJHMM 3aMeHy nepeMeHHoM
log x =~ £. Torda ypasHeHus 980JI0MH MOXHO 3aUCaTh B BUIE

ys (n, Q%) =j;wd§e_("—l)€fzvs (¢, 0%,

24.3
«(03) @49

(0%

M KCTIOJb30BATD U3BECTHYI0 TEOPEMY O CBepTKaX A npeobpasosamnit Manaaca,
yT00b 06paTuTs (24.3) M NOAYUNTH PopMy.Ty

fus (x @) = [dyb(x, 75 @% Qs (7 @)

d(n)
pws (n Q%) = ': } s (75 Qoz),

rjie A/]po ypaBHeHus b MOXHO BHIDa3HTh uepe3 napamerpsl y u C*. B semymem

nopaaKe Teopuy Boamymenult peny anTaT mMmeeT BuA [158]

10pa/iKe Teopuy Bo3MymeHnit pesy AbT at umeer sug [156)
, L& .
b=bx, y; 0% @5) = 2 Gi(r)bo(%, yir +j)
j=0

a,(03)

12 o
16 s\ X0

Bo o8 a Qz)

»

rpe
3r+i4
G =1L Gn=-75, G(N=r32, .,

ol (toe 2\ e
bo(x, yir +j) = z T(r+Jj) (1°g ) ¢ ’

Bo BTopom. nopsifike Teopuu Bo3MyiueHuii noayyaem [150]

a( Q%) — «(03)

= p© m,
b=50 + i b
rie 2 ©
bO(x, y3 Q% Q0) = 3 3 ay(Nby(x. 37 +)),
p=0j=0

= {¢(r+j)—loglogl}bo,

b,= {[ (r+j)—loglog—] ——¢(r+j)}
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05

0z
03 =003 "
z=0 ar :—'—m‘zﬂzﬁ

—
L Z=0,55
a5 X =005 i
03 _.,'_‘—H-I'_'—‘_i_ 0,5
:LLAlllll ! [ - I Lol TR
0,5
wf f
|_o—o—ft—o—t—0—t—g—0—— 03 x =0,65
x=g08 =
QZT
L] [ 3 | | |
I 10 "o : ' 30 Ld 1 lll,l,')llll 1 3‘,"01
af L
U,Z——.-'—.-'."'.'.E_ 1
x=giz5 Loj Q%=2rs8%
a1 L Loy ey 0,3[’ T 1/
U&T" 1
) t 3 ]
Y eeo I
2,

[
04

Lol

0

L
“E B o =
975

Puc. 19a. Cornacosanus cTpyKTypHO# tyHKuUuM folx, Q?) ¢ skcnep TanbHb|

no up-paccernmio [ 20] u sennummel $;/s; € RaHHbiMu paboT [16, 43]. Ucnons3osant
e p BTOPOro nopAfka. lNapamerp oSpesanus

A pasen 100 MaB. To Xe 3Hauenue napaMeTpa A MonyuyeHo NDHMbIM Bhiuucnennem & patio-

Te [20]. (Fpatuku u3 HeonybnukosanHol paboTsl B. Escoubes, M.J. Herrero, C. Lopez,

pameTp (24.2),

F.J. Yndurain.)

zF3 (2Q%)
T T T T
»z=0,06-01
Az-003-006
1,0 10 .

asr | A

g4 1
!
-04 _450 20
x=05-06
"
'
x=06-07
] } 1 |
0 50 [ 120 60 7s8%
Puc. 196. CornacosaHne TBOPETUUECKUX 3H A# C aKcnepH T bIMI no

v-paccennuio [ 87] ¢ yueTom nonpasok BTOpOro NORARKA Tedpu Boamywaxni KX, 3naue-
o nanametna A cuuxaercs ¢ 400 + 250 no 180 + 130 MaB npu ucnonb3oBatuu 3aH0BO

YT
HUE napameTpa

np J (cM. H. Abramowicz et al. CERN print EP/81-168, 1981;
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Hakonen, kospduiment @ Moxmo BbIPABUTD Yepe3 BeJUUuHbl G :
J
By = 3% HuGyi(7);

Tabmuy. savenuit H Moxso HaliTu B pabote [150].

Pacnpocrpanetue Ha cuaraeTHnil cayvai okaskiBaercs HETPUBUAJIbLHBIM
[149]. Crenenn cornacus TeopeTHueCKuX U 3KCIEPUMEHTAALHBIX Pesy.IbTaToB
onpefieleTc eIMHCTBEHHBIM 3aTpaBOYHbIM iapaMeTpoM f (x, Qé }, BanaBaeMbiM
TIpH HEKOTOPOM (UKCHPOBAHHOM 3HaueHnn Q% (fexalieM, KaK npaBuJo, B MHTEp-
Bale 2 — 3 I'aB2). Pesyavrar npeacrasien na puc. 19 6.

Jpyroit meTon COCTOUT B IPAMOM UCIIOb30BaHIH YpaBHenuit spoJolmy An-
rapesm — [apusu. C muM MOXHO o3HaKoMuTbCH B pabore [4].

§ 25. NonpaBku u

PaccMoTpum MomeHT oT HecuHraerHol uacTu

<rypuolt dynxy f. B

i8)
TDY K
TIpHMHIMIE n ¢ 3ABUCUT He TOALKO OT NAPAMETPOB 7 U &g , HO M OT PasIMUHLIX
MaCC: Macchi MHIIHH my,, MaCcC KBapKoB mg W, HAKOHEl|, OT HemepTypOaTHBHbIX
Macc, KoTopbimy noka Bysem nperebperarh. Macchi KBapkoB H MMIleRy TpUBOIAT
K monpaBkam O (m;;/ Q%)nu 0(m% ./ Q?) coorBerctBenno. Kak Gymer nokasaso

B § 32, MaccH keapkos u, 4 M S MAZ; HAHSOALEYIO M

T §-KBapK:
A o
mg = 0,3 ['sB. C naitliennbivu 3HaYernAMH napameTpa o0pesamtsi A Teopus Bo3-

v

myuwennit KX/i efipa mm By fieT mveTh cMbica npu mepefiayax mmyibca Q2 < 1,5 I'sB2;

TaKim 00pa3om, faxe Ha HIKHEM Mpefiele TONPABKY 33 CYET MACCH s -KBApKA He
Oy Ay npesrimars 5%. Taxelble KBapky IPUBOIAT K TONpaBKaM MHOTO NOpsJKa,
TaK KaK ¥X MACChi 3aMeTHO Sodbiie; m, = 1,61'sB, a my, =5 I'3B; Ho MBI noka
FlonpaBKamy 3a CUeT TsDKeVIbIX KBapKoB Gyziem NpeneGperaTh. [lonpaby, obycioBrenbie
maccolt muwery, nopaaxa m% ./ Q?, 1.e. Bemku. B stom naparpage OyzneT noka-
3aHO, KaKiM 00pa30M MOXHO y4ecThb TaKue [ONpaBKM.

Bamsnue nonpasok, 06ycosaeRrbIX Macco# Mumeny, Gbl10 OLEHEHO B pat6o-
e [202]; a70 paccMoTpenne npuBomT K Tak HasbiBaeMoMy € -ckeimury. B ceo-
eM U3I0KeHM: Mbl By lieM Clefi0BaTh MeTO/Y , Pe/iIoXeHHoMy B CTaTbe [143].
Benomunm pasaoxenns (19.3) u (19.11). B obuem cayuae omu cojliepxaT YJeHbl
elle /IByX TUIOB; 9TO YJetibl, COOTBETCTBYOLIME onepaTopam

g¥gdD* ...q u grgayrDM .. .q.

B cayuae coGomubix nodeit g = im ¢ 9 C1ell0BaTeIbHO, OHY NPUBOAAT K MONpan-
Kam nopsagxa m;,/ Q?2, xoTopbiMu Mbl celtyac npenebperaem. Ho yienbt

(PINKEr -+ (0) py = g™ .. . ghbmpiss . p

;'"(Pz) ‘TI/\"'S»

E
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KaK Mbl Bekope yOemimed, fialor nonpasku~m %,/ Q2 . Panbwe Mbl nperetperam
¥ 9TMMM monpaBkamu; cefluac xe Mbl COCpENIOTOUMM HA HUX BHUManne. Paccmor-
pun oneparop N"1°** "n; ke GyZier nposefiena 3aMeHa MEASKCOB 7 » 7 + 2 1
B,41 S Wy, 4o v Brarosaps cummeTpun no uajieKkcam oneparopa N ero
MaTpUUHble SJeMEHTH MOXHO 3alucaTh B clefyloumem obumeM Bufie (n — ueTHoe
4UCIO0):

. N L ()L i o) p2)J
KpNge = Olp = SN S g J{3%

X > pm.. .p"*rbI%,?;C)"ﬂz,
110 NEPeCTaHOBKAM
N = AGy"D¥ . . . Dgl s (25.1)

(upexc TMC osragaeT, 4TO yuTeHa nonpaska Ha maccy mumeru). Tak KaK BbnoJ-
HAeTCsA paBeHCTBO g"iYi < p INNsp. ..on | p > = 8, mbl nonyuaem HaGoOp cooT-
1 n

HolleHuH, paSpeNnMB KOTOPhle MOXHO BHIDA3UTh Be UUUHHI A% uepen A7. Torna
MO oty L w2 P Y (2 (n + 2))
Etbanl A= L Al L A v AR 77
TwsTn 20 =3 2% o) JTnl(n+ 27 ¥ 2)
XA!'O)IH»Zj(‘n#ZJ
A = 4TS 5.2
Okonyarebublit pe3yabTaT UMeeT BUA
o0 m2_ J (n +j)! Cn+2;‘ X
(TMC), 2y = N NS A(onuj’
B (n, 0?) Eo( QZ) A= (n+2)(n+2-1) "
(25.3 a)
1 -
BSMO(n, 07 = fo dx x"" ™Y x, 92, (25.3 6)
Pynkumo f, ynobHo onpefie/MTb Kaxk npefiel CTPYKTYpHO! GyHK MY fz(TMC) npu
m:, - 0, a MOMeHT p 3ajiaTh B BUAe .
5= (axxn- 2 (25.4)
s (@) = [ dxx""(x, 07 .

17 pesz i wm R DA o o arire O Trmue soTOLTY mow nar w Mg nonvarsrroas ou f
110JyYEHHDIE B § «T ypaBHEH!A NpHMEHIMB Ka8K pas K STuM BeMmurHaM g i, -

Y7066l BHUUCUTD MOMEHTHI € Y4%emoM BORPGEOK KA MACCY Musieny, UCTOJb3YeM
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(TMC) 2 = ﬁ S (n+ )
Bns (n,Q) ;go( QZ) j!(n-Z)!
' 1
x Ay rry =Ty Msn 0%); (25.5)

O/IHAKO BBIUMCAATH MOMEHTbI HeT HeoGXomMocTy. Tlocae HECNOXHBIX BHKIAL0K
MoXHo HafiTy, Yro BbipaxeHue (25.5) SKBUBAISHTHO Caefylomemy BbIpaXeHUIo
(§-cxednunay):

f(TMC) ,Qz = x2/£2 2
=) (1+4x2m,3/Qz)3/2f2(5’Q)

2
by X}  éd ., .,

+ N
20 (1+aximi/oy e g2

Fo XA
X )

4
lsz x4 rldtr f‘ dg” £ rtn

rae £ — Tak HazbiRaemas ne

2x
L+ (1 +axmt /02 (25.7)

t=
s

51X
TpM MAJbIX SHAYEHUSIX ePEMEHHbIX T , NOCKOJbKY MOMPABKU HA MACCY MULIEHH
BeYT celt Kak x 2m %,/ () 2, uMu MOXHO TIOJHOCTHIO npenebpeun. It nonpasky
BAXHbI TOJbKO P GOJBIMX (HO HE CIMWKOM BOJBIMX) SHAYCHUAX nepeMeHHOl
x. B camom fiese, ecau 9Ti dopMybi npUMeRuTD K Glyudio x » 1, To Bo3nuKaoT
HeycTouuBoCTH. ITO IPOUCXOMMT MO IBYM NpUUMHAM. Bo-nepsbix, Bkaan onepa-
TOPOB BLICIIHX TBUCTOB (KOTOPbIE PACCMATPUBAIOTCA HUXeE) BO3PACTAET B npefie-
se x - 1. Xorst u oxupaerca, uro obyc.ioprennble STuMY omepaTopamy NOnpasKu
umeloT BuA 3M2/Q2, rie M = A, T.e. na HOJOBUHY MOPSi/IKa BE/MUMHBI MeHbIle,
€M NonpaBKy Ha MACCY MUIIEHU, HO MOTYT IPOMCXOMMTD (1, BEPOSTHO, NPOUCXO-
AaT) pasHoro posa cokpamenus '} . Bo-BTopbix, Kak 66110 noKasaxo B §23,8
npefese x » | Teopust Boamymenmit HempuMenvma.

lloaromy Gonee 110C1e/I0BATEJbHbIM, [T0-BUAMMOMY, GbLIO Gbl pasioXuTs
25.6) B piia MO CTeneHsM BeanuuHbI m%./ Q2 v coXpaHuThb TOALKO BeJlylmii Yien.

Curenyer otMeTuTb HexoTOpble 0COBERHOCTH [OJYYeHHBIX hopmy 1. Bo-nepes:

)

1) 06¢cywaenne sToro sonpoca Moxwo waftu B paborax [90, 91].
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Bblpaﬂ(eﬂﬂe [ ONPaBoK Ha Maccy MMULIEHUM B ITOM CJydyae ynpolaeTcs u npu-
HUMAaeT BUL

f‘TMC)(X, QZ) =f(X, QZ)

f(» 0% D
0? y

6x ['ty =22 —x L g, 0 - (v Qz)}.
(25.8)

TIpu arom KX/l crasoBuTcs HenpuMenuMoli, Korya nonpasku BTOPOro MopsifKa

2
x3v(aj)m,f,

la-xe?

BEJIUKH. APy[‘MMM cloBamMu, Mbl NpUHUMAEM 3Ty BEMUUHY B KayecTBe napamMeT-
PR

pa, XapaKTepy3yollero J0onyCTUMYO OUMOKY BHIYMCJEHIN: TDY AHO yTBepAAaTD,

o
“4TO CJefyeT yUHTHBATH monpasky nopaakamy / Q% M B To Xe BpemMs npenel-

perars nonpaBkamu nopafka M2/ Q2.

ad
HbIC SPPORTe &

BbICIIMX TBHCTOB B npoleccax rny6oKoHeynpyroro pacceAHHA

Mbt paccmarpuBaeM oba 9TH s dekTa B OJHOM naparpade noToMy, YTo, C
Hamell TOUKM SpeHNs, OHYM CBsisanbl Apyr ¢ Apyrom. Haunem o obcyxaers Henep-

TypbaTMBHbIX (HETEOPETHKOBO3MYIEHYECKHX) SPPeKTOoB Kak yxe o6Cy*1a10Ch

B § 15, 11 9TOro HEOGXOMIMO PaceMOTpeTh Beuuny 1TV, EXofswyio B Boipaxe-
e (15.4)

H

ic (12.9)

PaCCMOTPMM XPOHOJOrHUecKoe npou3seieHne

haveist 8 » T . T_auuurungliud 4 ONEDATODLI
ele L] L :

TI*(x)* (0)

C TOYKM 3peRMs ONlePATOPHOro padiokennd. [Ipu MalblX X /U5 HEMO MOXHO 3am-
caTh pa3JoKeHHe N0 OnepaTopHOMYy 0asucy, KOTOpoe B UMIlYIbCHOM IPOCTPAHCT-
Be ¢ yueroM obo3nadenns Q 2 = — ¢ 2 uMeeT BUL
ifd“xe"'f' *TT#(x)J*(0)
=(-8"q"+q'7")
X {Co[ /v g(w)] 1+ Ef:cj[ Q?/v%, g(») ] m; :3,(0)4,(0):

\

%CG[ 0%/ g()]a 1 TGP (0)G,,(0): + - - - } (26.1)
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B § 15 mMbl paccMaTpuBaJm TOJbKO NEPBLIA YJeH pa3Joxenys Cy 1. Iro Obia0 clie-
JlaHo 1O [BYM NpuUMHAM. Bo-niepBriX, OCHOBLIBafACh TOJbKO HA PA3MEPHOM AHAJM-
3€, MOXHO OXMATb, YT0 K09bdulmeHTs Cf u C ¢ BeyT ceba caefyomym obpa-
30M:

(constant) constant
f’zT, Gz( Q" ) (26.2)
Bo-BTopbix, Bo Bcex nopsiKkax Teopuu Bo3MylleHuk
Gqgire=0,  (GP=0. (26.3)

Opnako, xak 6yzer mokasano muxe (M. § 30 u nocrenyowye naparpadnr), dusu-
YeCKuit BakyyM He COBIa/laeT ¢ BaKyyMOM Teopuy Bo3MyweHul, a oJxeH cofiep-
XaTb psill HenepTyp6atusHbix 3bdexToB. Vcnons3yem HHAEKC vac A1A 0Go3HaUYE-

Hug dusmruockoro Bakyyma. BeckMa BenodTHS, UTO B DeatLHOM MUBHUACKOM MIDE
HUSL @U3KUECKOro BaKyyma. £5ecbMa BepoiaTHS, YTO B peatbHOM PHSHYEeCKOoM mMiipe

BbITOJIHAIOTCH HEpaBEHCT3a

iGg:Duae # 0,

Benuemcs ¥ b,
DepHemcs K pagiox

y6bIBaeT medaennee, yem ulens Buma (M2,/Q2)7, y, GJeJIoBaTeNbHO, IPEBOCX0-
mt ux. Ho MoryT cywlectBoBaTh npomexyTouHsle obaacTu, rae, HanpuMep, djie-
Hbl (26.2) CTOMb Xe BaXHHI, KAK M NONDABKY BTODOre NOpSAKa K KodbhbumienTy

TOPOre NOPRAKA K K03 PuliuenTy
Cy , KOTOpBIi ABJAETCA YMCTO NepTypOaTHBHEIM yueroM. Takum obpasom, npu
TIPEKTIIECKOM NPUMEHEHIY ONlepaTOpHOro pasJioxenust ! noxesHo paccMoTpers
Bce Boipaxenue (26.1) B uesom.

Pesyabrar nas kooddulienta C, Ham yxe u3BecTeH:

il Q%/v% 50,7

_ g 4ac _p
=3 2 =1 oo 79 13 2 e =L .
;Qf 1271'2{ & v? 4 B, 08 log »? +

m
+ 0( e ) (26.4)

Crepyet OTMETHTD, UTO B BoluMcaenusix § 15 npenebperaioch neprypbaTuHbl-
My TionpaBKamu, 06YGJOBJIEHHBIMIA MACCaMU KBApKOB; MM COOTBETCTBYIOT UJEHBI
0 (m[2 / Q%) B pasnoxenun (26.4). MoxeT noka3aTbcst HEOGOCHOBAHHBIM yUeT

L 1 PO
* HeKoTopbie NPUNOXKenuA MOXHO HafTH B NOAPOBHbIX OCHOBONONArAIWMX paboTax

[ 229, 230].

n2 e TEmer mnfoa o oo [1° 71 102 A\
o8 Adn JIIO0T0 7t HJGH L1/ log(¥ = //A=)]7
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CTapliX UieHOB B padjoxeHuu (26.2), B To Bpems KaK UleHaMu BUJA m },/ Q2
npenebperaior . Wienbt m? /Q? felicTBUTENBHO OUCHD BAKHBI Y PACUSTAX NPOLECCOB ¢
YUACTHEM TSKENIBIX KBADKOB ¢ # & X yueT He Npe/CTaRiseT TpyHoCTel; mpuvep Takoro
pacuera MoXHo Hajtru B § 28. Uro kacaercs Jerkux kBapkoB (1, d u s), To dbdex-
THBHA Macca s -KBapka mg ~ 200 m3B npu Q23 2I'9B 2. INosTomy Takumy no-
NpaBKaMy MOXHO NpeHeOpeub; YAEHb! mf’,/ Q2 1pu COOTBETCTBYIOUMX 3HAYEHUAX
Q 2 MHOr'O MeHblIe IPYruX YJIeHOB.

Koopduientel C; st € MOXHO HaflTH, UCTIOB3YA CTAH/IAPTHbIE METOMI
BBIUKCJCHNH; leTa [ TUIMYHOrO GJyyas mpuBefieHn! B § 36 (cm. (36.4) -
~ (36.8)). Buipaxems 4as 9ux xoodduumenros uveror sun [229, 2301

( 2 Qf )36 Q4 (26'5)

- % sz_Ql_4 ,
BaxHo OHUMaThb, YTO aHOMAJBLHBIE pasMepHOCTH KOMByHAIMA m: gg°
1 G2t B HU3WEM (0ps/Ke BO3MyleHsi paEHm HYJ10, TOITOMY KO3 UIMEHTbI
("f M C G He 3aBYCAT OT lapameTpa v . ,uum BEJWYHDbI M (gg; STO MOKHO LOKa-
3aTh, 00be[UHsA PE3YIbTATH BbIYUCJIESHUA [IEPEHOPMUPOBOUHOrO MHOXMTE A
m (§ 14) ¢ pesyibrarom Briuncaenus mMuoxuteds Zy (§13). Jas peuuHbl

o G2 COOTBETCTBYliee AOKa3aTeAb T

Ucxopsa u3 cka3aHHOr0, HAXOIUM

= (32(2,\ 75" + 4'")

r 1 Q QZ (l m}_ \
XJ_ .| %82 10810g =+ +0|
[ a7 | ¥ » \ 27
L 2. PEGOGOD e |

*3 0 367 0°
(26.6)

O6parumcsl Tenepb K paCCMOTPEHUIO TPOLECCoB [MyGOKOHEYNpYroro pacces-
Hyusi. [Ipy u3yuenuu npoliefyps onepaTopHoro paaJioxenns (§ 19) mbl paccmar-
PHBaJy OnepaTophl TOJbKO HM3WMX TBUCTOB. YTo Kacaercs mponecca e+ e~ -aH-
HUMKJ LM, TO, TIO-BUAMMOMY , 3/IeCh CyeCTBYIOT oGaacTy 3uadenuit Q 2, B Ko-
TOpBIX NONPABKYM OT ONEepaTOpoB BHICUIMX TBUCTOB OKA3LIBAITCHA CPABHMMbIMYU,
Hanpumep, ¢ NepTypdaTBHEbIMY ONpaBKamy BToporo nopsaka. HekoTopele Bk.a-
Abl OT ONEpaTOpPOB BbICWMX TBYCTOB NMPUBOMAT K MONpaBKaM Ha Maccy MMIIEHH,
Apyrue — x nonpaskam, o6ycA0BAEHHHIM KBapkoBeiMyu mMaccamy (cm. [23, 143,
202 ]) Kpome ’1‘01"0, cymecTByio'r nonpasxn oT onepa'ropoB BblCIMX TBMGTOB,

nonepeyHblM UMITY,IbCOM KBApKOB BHYTPY HYKJOHA WM C KOHEYHOCTHIO pa3mepa



HYKJ0oHa. YueT OnepaTopOB BHCIMX TBHCTOB Npe[cTaBJiseT coboii ropasno 6o-
Jee TPYAHYI0 3afiauy, Yem BbYKCJEHUS C YUETOM ONepaTopOB TOJILKO HU3UUX
TBYCTOB. Hanpumep, MOXHO 0Ka3aTb, UTO CMelKBaHKe NOJel NIIOOHOB ¥ fy-
xo (19.2) a1 onepaTopOB HUBWIMX TBUCTOB HE NPOUCXOT, HO I onepaTopoB
BBICIMX TBUCTOB MMeeT MecT0. Kpome TOro, BelelicTBHe CMeNMBAHMS Oniepa-
TOpbI BRICWIUX TBUCTOB JIPUBOJAT K MOABJICHUIO HOBBIX, HEUIBECTHBIX MATpPHY-
HbIX 3.JIeMEHTOB, NI0JOGHBIX Kodbdumenty A B Bbipaxennu (19.11), Toabko 60-
Jee CJAOXHbIX. Boe 970 06ycaosmBaer ToT haxT, uTo cnocobhl yueTa oneparo-
POB BbICIIX TBUCTOB elile TOJbKO pasBUBAKTCH U, NO-BUAMMOMY , ByyT HaXom-
TheA B 3T0# adse AocTaTouHO Aoaro. [loka BHIQJHEHb! TOILKO YACTHbIE Teope-
THYECKUE BbIuMcAeHus (oM., Hanpumep, [153]) u BbimBuEy TH 9BpHCTHYECKHE ap-
rymentst [90, 911. Tlocaemme nokaskBalT, YTO BKJAM OT ONEPATOPOB BHICWIX
TBUCTOB, BEPOATHO, MeeT Bi

x. 0N —L . X Oy n2\+£ic(2) . A2
BEIEH T )

AN {090 My
), (40.4)
rpe f 3) — cTpykTypHad QYHKUMS, MDY BHIYKCJICHUM KOTOpO#l yunThIBalOTCH One-
parophl TOJBKO TBKCTA ABa. Koo(@umenTs! ky w k, SBIAATCA HeHOMEHONOTH-
YeCKMMM NapamMeTpamy, KOTopble, MO-BUAMMOMY, KMEKT Besrauubl |k, | ~p?2
R;‘,’, riie Ry — pamuyc nyknona'). Mbl ne 6ynem yray6asrocs B 9i BOMPOCHI.

§ 27. Hpyrwe npouecchl

b
0
[+
[+3
(43
QN
2
S.

A npw
IX UMNYNbCax; pacnapbl, 3anpeleHHble npa-
; npouecce fipenna — fika; pacceAHus appowos Ha Gonbume p,

BpEMeHH onoGHblx nepenaaaeM
sunom Oii
EcJm npunsiTh Bo BHMMaHVe BpeMeHMIofo6HbIe nepefiaBaeMble UMIYAbCh, TO

CymecTByeT eme pij npolleccoB rJybokoneynpyroro paccesiuus. Hanbojee Bax-
_HBIM 43 HUX ApadeTcs npoliece y* + (1w, K, y) » X (X — a06ble fonycTHMble 4ac-
THUlIbI), KOTOPbI HaGaofaeTca B npolecce et e~ » (1w, K, y) + X . Kpome oco-
Gennocreft, 0bumx ¢ npoueccamus nay6OKkoHEYNPYroro PacCesHHs HA HYKJIOHAX MpH
OGBIYHBIX IPOCTPAHCTBEHHOMOAOGHEIX NepefaBaeMbiX UMY IbCaX, NPOLEeCCH G Bpeme-
HUNOZOGHBIMY Niepe/iaBaeMbiMH UMMy AbCaM¥ 06IaIRI0T ¥ PALOM CrelUPRIEcKIX
uepT. Bo-nepssix, u Mbl yMeeM [leJl0 ¢ aHAMTUYECKUM NPOTIOKEHHEM Ha BpeMe-
HUMNoZoGHble NepefaBaeMble UMMy abchl (Q 2 oTpuliaTebHo), OBIMM 118 BCEX Npo-
HeccoB Takoro Tuna. Bo-BTOpHIX, paccesiuue y *y » X obaanaer Toli BaxHOl oco-

M 1or ke NOPANOK BEAIMUMHLI KOSDDUUMENTOB k ( k% = 0,1 — 0,3 3B) 6bin nonyuex
8 pacuetax anA Mofenu mewkos [ 178]. Mogpobioe uayuenue 3DDeKTOoB, K KOTOPLIM NnpH-
BCRAT CRSpATOPL! BbiCiinX TBHCTOB, NPOBOAEHO HEJABHO B padove Ellis R.K., Furmans-
ki W., Petronzio R., CERN preprint TH-3301, 1982 (6yneT ony6nukoBaHo B XypHane
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Puc. 20. Pacnagb! y- ¥ 1 ,-ME30HOB.

GeHHOCTDIO, UTO npK x >> 0 ero xoxno paccuumams; Hpu ITOM UIBECTHA HE TOJb-
KO 9BQMOIUS, HO ¥ abcomoTnas HOpMuUpoRka (kpome obaacty x ~ 0). 1o o6ycace-
IIeHO TeM, UTO OCHOBHAs YacTb MPOLEcca paccesHust OnuChBaeTCs HOBbIM HAbo-
POM 0NepaTopoB, COEPXallX TOJAbKO MO (OTOHOB, MATPUUHEIE SJEMEHTbI KO-
TOPbIX U3BECTHbI. BbIuKceHUs B NepBOM nopsijiKe TeOpuy BO3MYmeHui BhINQHeHb!
B pabore [272] (cm. Takxe [[181, 256], a Bo BTopom nopsaxe — B paGore [ 26].

My Goapmie He Sydem pacoMaTpuBaTh 3TOT BOMPOC, OJPOGHO M3AaraeMbill B 0630-
pe [56], a nepeiinem k oBcyxaennuio pacnanos, 3anpemennsix npasuioM Oky6o —
Ugefira — Musyxu (OLIM).

Tlo Muenu0 MHOrUMX QUBKMKOB, MepBbIil APKUil ycrieX KOHUENIM acCHMATOTH-
Yeckoit cgobofpl npuHeco obbAcHeHue y3ocTu  ( J )-pesonancos [19, 92]. 3o
obbsicHenue npeacTaBaaeT coboi NpUMep NpUMEHEHUs KBAHTOBOH XpOMOAMHAMM-

Ki [ 06OCHOBaHMA MAJOCTH IMpUH Tak HasbiBaeMbix OLM-3anpemensbix pacnaynos.

Tlpasuao lsefira [282], wm npasuao OLW [173, 212], raacut, uro pacnagpt
TAXeJbIX Pe3OHAHCOB, KOTOPble OIUCHIBAITCA HECBA3AHHHIMA KBapKOBbIMM [Mar-
pammamy Pefinmana (T.e. MMarpaMmamu, KOTOpble MOT'YT GbITh CBA3aHBI TOJIBKO
FJIOOHHBIMY JMHMAMY), TIONARAEHbL. 310 NpaBuio paboTaeT AOBOILHO XOPOIO [ PEBOHAR-
COB THNA ¢ ¥ f ~~Me30HOB ¥ OYeHb XOPOWO AJs - ¥ Y-uacTHil. B geficTBuTe. IbHO-
CTH, ueM Tskelee Pe30HAHC, TeM Jyvle AL Hero BBINOJHAETCS MPaBUIO OlN.
PaOCMOTpMM, HanpuMep, W-YacTHlly, COCTONUIYIO 13 ¢ & -KBapKOB. [10CKOMbKY Ca-
Mble JlerKue YacTHIbl G OTKPHITHIM YapMOM (D-Me30HbI) CAKIIKOM TKeAbl A1s
TOr0, uTo6bl -YaCTHIA MOrJa pacnalaThCs Ha mnapy DD, mpouece  — anpo-

e no T UOYATUT uonon mmoaunr ()
HH 10 HeOoGXOOMMOCTHM NPOMCXOMMT uepe3 ramoonnl. Ci
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uyCJiaM Y-Me30Ha, er'o pacnajl MOXeT NPOXOUTD N0 MeHbllel Mepe yepes Tpu
raoona (puc. 20, ), no3ToMy afpoHHas WUPHHA pacnaza I (y ~ anpomsi) =~ a2 My
Moxuo HoKa3aThb, UTO cooTBeTcTBymmeu KOHCTaHTO! siBJseTCs Berymas KoHCTaH-
Ta cBa3y, BaaTas npu Q2 = - m2 ; nodTOMY 1O aHANOrMM G dopMy ol At LHMpH-
Hbl TPeX(OTOHHOIO pacajia MO3UTPOHMS G TOUHOCTBIO 0 3aMEHbl & & . 1 BBefle-
Hus UperoBoro daxropa Cp, AJs WMPMHBL TPEXIJIOOHHOIO pacnaja y-YacTHIpI Mo-

JiydaeM PSI(O)P

(=9 —=[a(-m)]’
¥

C 1 2 _ 5
D 16”r abcdabc 18"

64C),
I (y ~ ajpoHsbl) —5

(27.1)

i

3peck 38, (0) — BoamoBas hynxiMs npu ¢ npu 7 = 0, Mie r — PacCTOTHHE MeX-
[y KBApKOM U aHTMKBapKoM. Moxwo nokasaTh, uTo 3Ta (opMyia CripaBeMBa B
BejlylleM M CJeylomum 3a HUM Nopsijkax Teopuu Bosmywennit KX/, npuuem non-
paBku K Hefl Takxke MOryT ObiTh BEUMCIeHB! (CM. muke). Suauenve |38, (0)] mox-
HO MOAYYUTH B paMKax TOH MM MHOR MoJeJm; ero MOXHO HAfTH M HE3aBUCHMO OT

MOfeli , G B3iTh umomeﬂne a/pOHHOA 1 JeNTOHHOM WupHH pacnapos {puc. 29, 6),

M3 KOTOPOro MHOXHUTEMD | 28 1 (0)] Buinanaer. Jast 3TOro OTHOWEHUS B BeylleM
TopsiiKe TeopHH BO3MYIeHHi no.r[yqaeM

BY = Iy >hadrons)  10(7” — 9)a}(—m?)
= Py—>e*e™) B 81maQ? ’

Hepapyo Oblm BblUMCieRbl Hanbosiee BaxHble NONPABKK BTOPOrO MOPSAKA M0 KOH-
CTaHTe B3aUMO/EHCTBIA &  , KOTOPble CKJAMMBAIOTCS U3 ONPABOK K JEeNTOHHOM
wmpuue pacnafa I, [22]

r,=I*,’[1 5. il *)}

¥ TIOTIPABOK K afpOHHON mtpiue T [195]
« 2
r,,=1‘2{1+(3.8:0.5)ﬂ}.
o

Oumbxa cBA3aHA C TeM, UTO BHIUKCJCHUS NPOBOMMMCD. C IOMOUIBIO UUCHEHHBIX Me-
TofioB. Kpome Toro, uMeloTcsi eme nonpapku, 06yCJoB ieHHbIe KOHEYHOCTBIO Mac-
cbl Mesona (pasosbiil 00beM, NONpPaBKu HA CKOPOCTh [IBUXEHUS KBADKOB U T.J.).
Ouu Besmxy st p-Me3oua (~70%), Menbme Anst w -vactuip (~20%) 1 mamm

At Y-qacTuupt { ~ 16%). Toraa Aust BEKTOPHOrO Me30HA V = w MM Y MOXHO
HanMCaTb CJe/youyio GopMyJy i OTHOWEHUS A/\POHHOM M JeNTOHHOA WHpHH pac-
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najioB ¢ y4eTOM NONpaBoOK:

10(72 — 9)od(m} a,(m? M2
BY, = _S.)—z(y_) 1+ (9.1 4_—0.5)’(_’/) il
817aQ; " md

Ja8 cpaBHenusi C SKCIEPUMEHTOM, NO-BUIMMOMY, Jydwe BCEr'o paccMaTpUBaTh
oTHowenne M2 3/ m%, KaK ouubxy, TpeGyﬂ yToGbI OHO MMEJIO yKa3aHHbIHA Bhlle
MOPSIAOK Benw{mm HelictBya Tak, Haiiziem, 4to and pacnaaa Y- Me30ﬂa napamerp
obpesanmns A = 120 © 60 MsB, a ans pacnaga y -4acTHIBL A = 60,_,0 MsB. Cor-
Jacue Mexmy oTiM .IIBYMil pesyJbTaTami NpeJcTaBiseT cobolt HeTpUBHAIbHYI0
NpOBEepKY KBaHTOBO! XpOMOJMHAMMKY, TaK Xe KaK M TOT G aKT, uTo oba 3TUX 3Ha-
Yenusi NapameTpa A GIM3KHM K pesybTaTaM, NOoJAyYeHHbIM M3 JaHHbIX Mo rJy0oko
Heynpyromy paccesnuio B § 24. (Utobbl noJyuuTh TaxkMe SHaueHus NapameTpa A,
Haflo ydecTb nonpasku O (a).)

Pacnamp! nceBAOCKaMAPHBIX PE3OHAHCOB (NOAOGHBIX 1, -Me3ony) 06iajaloT
CXOHbIMY CBoucTBaMM pacnag npoucxonm Yepes ABa roona (puc. 20, 6 ) " OT-

HOIIEHAE afPOHHON WMpHHbI K AByX({)OTOHHON WwipiHe paciaja n ¢ Yy (puc 20, 1)
pasHO
- 2 2
T (n, - anpoubi) _ 2| a(ml)\ 2.3
Tlng»yy) 9Qc4\ @

TonpasKy BTOPOr'o MOPSAKA A SToro cyyas Bhdciensl B pabore [24]; onu
TaKke 0Ka3aJuch JOBOJbHO Go/buiMK. 1A JOCTATOYHO TSXKEJBIX KBADKOB MOX-
HO MOJYYMTH CTPOTHe Pe3yJbTAThi He TOJbKO A1 OTHOWEHWH THna 27.2) u (27.3),
HO M /LSl CAMMX WIMDUH SKCKJI03MBHHIX pacnafos [102].

Tlepelinem k Mexauusmy [Jipeana — fna [ 1001, B pamkax sToro mexanusma
KBapK M3 OJIHOrO a/IpoHa M aHTMKBApK M3 /Ipyroro, CTaJKMBAIOWErocs C nepBHM aj-
POHA AHHUIMJMDPYIOT B BHPTyaJbHbii GoToH ¢ Goabinoil HHBapHanTHO! Maccoi — Q2,
KOTOpHI 3aTeM npeBpaulaeTcs B napy e+ e~ um utp~ (puc. 21). Mpumenss dop-
Mauam Aarapesm — Ilapusu, MOXHO MoKasarb, UTO Mo Kpaitueii mepe B BejlymeM
JiorapiudMuuecKoM NpubIMXeHMM CeueHne PaCCeRHU MOXKHO 3aluCaTh B Bufe (CM.
{108, 235})

do . _ 4ma®
i0° " 90T > 07 fjax f) deax (x5, 07/5)
2\ = 2 -
X {gn(x1> Q°)n(*2> Q) + Fpa(x15 @V)gpn(*2> 7)) (27.4)
I'le g9 — GyHKIMM pacnpefiefenus, BBelennble B § 22, a s = (ph + by )2 — nour-
Hast 9Heprusi CTAJIKMBAIOWMXCS a/pOHOB B CHCTeMe lieHTpa Macc. B 9ToM npoliecce
OUenb Baxubl HEJABHO BBIUMCJEHHbIE TIONPaBKK BTOpOro nopsiika'?; oHu BKOUAIT

" Gm. pabotbi [ 13, 14, 124, 170, 184). 310 BhiuMcnenne Ebino 3asepweno B paboTax
[166] u Ellis, Martinelli, Petronzio, CERN preprint TH-3186, 1982 (6yneT onyGnuKosaHo).
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"Puc. 21. Mexauuam [penna — Axa.

9heKThl POLOIKEHUs Ha BpEMEHnNojobHble UMMy Ibehl GoTona. Bouncienus
UPE3BBIYARHO OCIOKHAIOTCA B3AUMOCEAZAHHOCTHIO MACCOBBIX CHHTYIAPHOCTEH,
Ykazaunbie nonpabsku usMmensior opmyay (27.4), B uaCTHOCTHM NPUBOAT K NOSB-

nouU Boat A
JICHMIC B HOM M

i+ —a“'( 2’) .
47

=
<o
5
=

%ki +i) ' (27.5)

rhe w? BOSHMKAeT B Pe3yJbTaTe aHaMTHYECKOro npofomkerns. MloaTomy nonpas-
K OUeHb BeuKi (OpA/JKa eMHUIb), TaK UTO, [0-BHAMMOMY , NIPU COBPEMEHHDIX

snepruax KX/l nosgoaser sarh TOJbKO KauecTBennble olienku. Ho noo e
KeT ObITb He CTOJb Y/IpyaloliuM, €CJi BepHO NPe/NoIoXeHHe, UTo YIeHbl ~ 2

/i MuokuTedp  (27.5) MoXHO 3amennTb BbpaXenuem

0-

(27.6)

Y

~

B KOTOPOM 3KCOHEHIMAIbHbIA MEOXUTEb TOUEH BO BCEX NOPAIKAX TEOpHi BO3MY-
wennii. Ecam 370 feficTBUTEIbHO TaK, TO BOBHUKAET Xopoulee KOIMUECTREHHOE
corJacue ¢ 3KCInepuMeHTOM.

’ Eue B Menblieil CTeNneny HENOCPEACTBEHHO NPUMEHUMbI METObI KBAHTOBOH
XpOMOMHAMUKM K Mpolieccam pacceaHus anp'orloa Ha Goubine p, (puc. 22). Ike-
nepumenTalbHas CuTyams u300paxena Ha puc. 22, 6: paccenBanTCs ABa afipoHa
hy wh, uperucTpupyercs aapou h 5, KoTopbifl uMeeT HObUIOA NONepeUHblit M-
[yIbC OTHOCUTEJbHO OCH COYlaperus. MOXHO [0kasaTb, UTO TOT NPOLECC UMEET
MEXaHU3M, Npe/iCTaBientblii aarpammoli puc. 22, a . Cevenne paccesHus s
9TOro NpoliecCa B HUBMUIEM NOPAJKE TEOPUU BO3My LIeHUH nMeeT Bij
dr(hy+ hy > hy + all)

DR S N I i

1 1 1
PE = ;Ehjzf dxaf dxbf Xy Qo (Xa) Do X6) G %)
e 0 o o
S8+ +u) do(a+boa + b))
X . 217,
2 @ s (27.7)
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Puc. 22. PaccenHue afipoHoB Ha Gonbuiue p, ,

e UCNO0.1b30BaHbl 0603HaueHus

3= x%5, U= x0%,, W= X6/ %,
- = —p \? =(p +p 2
§ = (Pn. + 2.5 = (Pn, Puy) > ¥=Pn, 7 Pn)"

JsemenTapuoe cedenme paccesimnd do / dt ” cllefyeT BHMUGAATD B HASHEM NOPS - .
Ke Teopuu Boamy menmit. B dopmyse (27.7) dyskima pacnpenenenns o6o3nauena
Kak g (x ), a e g (x, Q%), Tak xak He ACHO (N0 Kpajinell Mepe Ham), KaKoe HyXHO
ucnopb3osaTh 3uavemie Q2 i KakoBa 001aCTb NPUMEHUMOCTH Bbipaxewus (27.7). -
PaccmoTpennio Takux npolieccoB NocBsueHbl, nanpumep, padorsi [109, 155, 176,
226).

2. Ctpw

Obparumcs k usyuennio cTpyit. CTpyu npescrasasior coboi npeaMer camo-
CTOATEIbHOrO U3YYeHHs , I03TOMY Mbl AajMM JMuIb CaMbiff KpaTkiit 0630p CloXMB-
weiics cutyamm. OcnoBroe 3aMeyanue COCTOUT B TOM, UTO, Hanpumep, /1 Ipo-
Hecca et e ~ -aHRUrUIAM Belyuell MMarpammol aBasieTca abcopbmuonHas YacTb
Auarpammbl puc. 23, a, a umenno KBajpar marpammel puc. 23, 6. Ecam 6b1 kapku
ABJAMMCH Pea bHBIMA YAaCTHLAMH, OTCIOA CJBH0BAO0 Gbl. UTO Ceuenue pacCesHus

T BUJ
e

"> 73q) .
0 z(l+cos‘0)il+0(ax)}.
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:'ﬁiﬁaB

»T T
e

Puc. 23. Ctpyu.

Ho 3Toro GbITh He MOXeT, NOCKONBKY, KAK MBl BuAE M, IDONECCH!

10 BKY, KaK MBI Bulle M, nIDoLe
uacTuliamy (puc. 23, 8) NPUBOSAT K pacxomuMocTaM. OfIHAKO MHKTOSUBHBIE CEUEHMS
Paccesinmi, 10-BUAMMOMY , KoHeunbl flaxe B KX/I *1. Texuuueckuil npueM COCTOUT
B TOM, 4TO PaCCMATPUBAIOT He CaMyu NPOLECCH, B KOTOPHX KBAPKM M (M) NJIOOHDI
— =
UMEIOT Onpe/ieJeHHble UMIYIbCHl Dy, 4 ss, P, U KOTOPblE, BOOGIE IOBOPH, IPUBOAT
K pacXofsimMcs peByJIbTaTaM a MHTerMpleT CeueHys PacCesaHus ¢ HEeKOTOPbIMH
raafkuMu QYHKIMAMY ¢ P seses Dy ), T.e. paccMaTpUBAIOT CeYeHUH PACCESHUA B
1 P P
UHTepPBaJie KOHEYHbIX COCTOSHMIA. Kax NpaBUJIo, U3YyaloT BeJMYUHY

o('<ﬁ.>,-.-,<ﬁ;>)=f%

a
3

4, - S -
2_6¢(Pl"‘"]’n)o("’)PI:---:Pn)y

rae @ymmfl_?’(f;\ MMEET OCTpbIi MAKCUMYM B OKPECTHOCTH CPERHEr0 3HAYeHUS
uMnyjinca<p >.

TlockoabKy KBapKy M rJIIOOHBI, KOHEYHO, HENOCPEeJCTBEHHO He AeTeKTUPYIOTCs ,
Heo0X0MMO PasBUTb MeTOoJ, HOo3BOJSIONMA YCTAHOBUTD CTpPYiiHbI# XapakTep ceue-

'} B kBanTOBOM 3NEeKTPORMHAMMKE 3TO YTBEpXQaHue H3BECTHO Kak Teopema Bnoxa —
Hopacuka [ 42). B KX[1 nofiobHble peaynbTaThl CNEAYOT 3 0606weHui [191) Teopembi
Kunowutl | ig2].
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Tpoueccs! rny YyRpyfroro pacce

‘Wil TAKOrO PoAa NPOLECccoB. ITOT METOA 3aKMOYaeTcsi B OCHOBHOM B U3MepeHuU

HaboaeMbX BEJMUMH, KOHEURbIX B uH(paxpactom npeede [ 236], koropsie oTpa-
XaloT OTKJOHEeHus oT chepuuyeckoli cHMMeTpUM pacnpefieeHus N0 UMMY.IbCaM B
KOHEUHbIX COCTORHUAX. TaKoil XapaKTepiCTHKON sBaseTcs, HanpuMep, "Tpact”
(thrust) T [1151:

17 - 8l
T = max ;
e Al

Aas AByXcTpyditoro cobeitust T = 1, a 1ast cepuuecKu-CHMMETPUUHON0 COObITHS
T = 1/2. Toriia MOXHO OXu/aTh, YTO B nipoliecce € ¥ e ~-aHHuruatipu T =~ 1 —
~Ofag).

Mbl He Gydem yriyGasTbCa B U3yyenue cTpYil, a oTchbliaeM uTaTels K padoTe
[88), conpepxameit BcecTopoHee paccMOTPeHKe JIBYX- U M'IaBHBIM 00pa3oM Tpex-

cTpyiinmix cobmTuil (Kax B pacnajax Y-mezonos; puc. 23, 1), x pabore [200), noc-
cTpyfimnix cobmTuit (Kax B pacnajgax Y-MescHoB; puc. 23, ¢ ), K pabore (200}, noc

BSILIEHHO! CTPYfAM B mpolieccax myﬁoxoueynpyroro paccesHusl, WU K 0630py
[109]. Jo6aBumM ToJIbKO, YTO ABYX- U TPEXCTPy¥iHble COObITUS HaDJAIOAAIMCE B IKC-
nepuMeHTax; IpH 9TOM TPEXCTPyHHble COBBITUS AI0T IPAMOE JI0Ka3aTelbCTBO
CYIEecTBOBaKMs! JII00HOB M KBapK-IIOOHHOIo B3aumopeicTsus. [lonyuenunie aas
ITUX IlpUuBbbUb 1 JUI 3HayeHud KOHCTaHThi B3anMO/AE! EeHcTBUA o (Q 2 {05 FSB) 2) =
~ 0,125 + 0,01 u napamerpa obpesams A = 110~ M 7° o MsB HaXOI[HTCﬂ BO Beyar-
JSI0mEeM COPJIaCuM C TIOJYYeHHbIMU paHee BHalIeHuﬂMM

e BONPOC O NUOHHOM rhnnmrh AKTO-

pe; Mbl Hafieemcs, YTO ITOrO0 OKAXETCH JOCTATOUHO, YTOOb PACIPOCTPAHUTD AaH-
HBIl 1O/IX0/ Ha U3YueHue APYruX Npolieccos, AAf KOTOPbIX OyAyT npuBeaeHbl
IMlb OKOHYATeJbHblEe PE3YIbTATHI-

Muonnvid fopmaxmop F onpefeium €JefyOuyuM COOTHOMEHUEM:

VE(p1» P2) = QY <a( po)l T Ea(O) 7 (p1))
=(pt+pHOF(4)  a=p2~pis (27.8)

rfie hynkims F, gopmuposara Ha emmuly: F, (0) = 1. Onyckas unjexc em pist
Toka J ¥, nepenutieM 3TO COOTHOUIEHUE B BUJe

VE(prs pa) = Ry a(p)| TIHO)e 15O | (py)).

Bo BTopom nopsiike Teopui BO3MYIeHHUit 0TCIOfa Cle/lyeT COOTHOMIEH!E KaK
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06BIYHO, 40 = go, 33 = Bg,+es — CBODOOHBIE TIOK)

VE(pi»p) =~ (2"7)3 g_‘z j‘? y Q/fd‘x d4}’<"’(Pz)| Tq/o(o)\y ”‘IJO(O)
X, {Eo(x)yotauo(x)go(y)yorbdo(_y) + (x )} B(x) -4 )-—- ___E#.___
a,b
X Bo,(y)lm(p1)>- (219) ,

Pasusble KOMOMHAIMY MOPOXARIT fMarpaMMbl puc. 24, a u 6. ‘]Jleﬂbl, COO0T-
BETCTBYIOUME [parpaMmam puc. 24, 4, omymeHs!, Tak Kak OHM He JaloT BKJaja

B KOHeuHbI pesyabTar. Mcmoansys A 0603HAYEHNA IBETOBBIX HHIEKCOB CHMBO-
Ibli,f,k,aB KaueCTBe JMPAKOBCKMX HHACKCOB CUMBOJEL a, B # & ¥ OMycKad uH- E B
nekc 0, o6o3nauatomuit cBOGOAHbIE N0, BKAAJ AMarpamMmbl puc. 24, 6 MOXHO 3a- it

fucarb B Buae é

VE(prsp) = — Q) 83 [ddy Ca(p) O ()Yl Sua(— X)ithe N

57
+
w
5:
&
\
&
1
1
¥
I

AR ]
< Y88 Y5572 po {2

rae "kpoce" 0Bo3HauaeT cBepTKy C Apyroi KomOunamyedi MHAEKCOB. MOXHO npoys3-
RecTH rmnnmnaunmnpnnn»ﬂpemm{qoﬁ CIBUT HA BeJMYMHY ¥. Torga moayuaeMm &p, &Ep \(7

BeCTy POCTDAHCTREHHO-B eHH

2 x W x &%
. . ‘ A . A =Y ¥z
V“(Pl’P2)=(2").3322f£ [’d_y rd“k rd"pe'r(lf—k)efy'tp*'m-p-) (1-&)p; !

PYRTE Ry
)

(L'IT) v 4T

(1-7)pz
X Cn(plE (=) (0) ZIF X Flup(2)ds O)lm(py) vl - .
P a cqe g
x pzkzp YBeYes' Bpalivti + (PLP2)y £p, P 7Pz to, pi q P2
{

rie (pyes p, ) BO3HMKaET u3 "KPOCC"-ufeHa. BKAaA KamGpoBouHbX UeHOB JBHO k + ®
He BbIIMCAH, TaK KakK B BeayuieM [nopsikKe Teopvm BOSMymeHMﬁ OH 06[)3-“-{38'1‘051 B

HyAb. [Ipy moJydeHyy fOCJe/Hero BhIpaXeHus BBefieH noaubli Habop cocToaHu#;
B Be/lyllieM [0psi/iKe BHOCSAT BKJAJ TOJNbKO BaKyyMHble COCTOSHUA:

; | F)<Fl=={05(0] + O(e)-

(1-8)p; (1-mp, E~ (1-8)p; (-mpe

" nroonunlit rporraraTop Dp(, ncroab308ad B kambposke ®epmy — Definmana, HO /—_¢
pesyabTaT (Qcae foGaBAeHN YIEHA pied p, ), KOHEUHO, IBAAETCH KaMOPOBOY- J i =
HO-MEBapuanTHbIM. Jajee B clyyae TpeX UBeTOB (YMCJO IBeTOB 7 . = 3) a
o 8 - 8, -
ug(2)ds (0) = ﬁ (Y)‘Ys)ﬁasd(O)Yst“(z) - ﬁ (15)psd Oyysu(z) + -~ -3 Puc. 24. [IarpaMmbl, ONUCHLIBAIOWHE SKCKNIO3UBHLIE NPOUECCH (8 — I —~ NUONHbIA POPM=
A e

akTop).



188 Tnasa I

[ipyre 4ieHbl He AT BKJaJa, Tak KaK MOH Npe[cTap.deT C0DO/i CHHTIETHOE 110
1BeTy NCeBAOCKAAPHOE COCTORkMe- B camom fleje, oneparop dy 5 4 SBIAETCH
OlepaTopoM TBHCTA 3 U, CAe/I0BATEbHO, B Be/ylleM NopiaKe TeOpui BO3MyIeHMA
moxeT ObiTh onymes. Takum obpasom, no_leqaeM

fd4kfd ‘ez (P=Kg=ir(p*pa=p))

V(s ey = oy S [ A 4D

(277) (277)
Try'py YNy Y rs o o
x LT 0l Ors2)im(p>
p
X (p)lE()Ysd(0)0> + (P12 Pa)- (27.11)
CocpenoTounm BaHMaBKe Ha Bbluncaerny uienos < 0]...|w>. Ux moxwo pasio-

XUTb B psif 11o CTENeHAM TIepeMeHHbIX 2 U y ! Hanpumep,
<0lo7(0)msu(z)lw(p,)>
=2t AL 4o L2 A0ld(0)yrvsD,, - . D, u(O)|m(p)) ; (27.12 )

ecau npesebpeub dleHamy, TPONOPIMOHAbHBIMU MACCe IHOHA, TO NOJydaem

(27.12 6)

Bce BbiKJaKK Obliy BHOJHEHbD Gopmaibho. Hocie nepeHOpMUPOBKY HA0 Same-
HUTb KOHCTaHTy CBH3M g Ha Geryllylo KOHCTaHTy g (v 2) 1 ydecTb, UTO MHOXHTeb
g moam mapwounooTE 0T v A = A (v?2). UToOHl MBGG)KaTb 0SB IeHNS

A
a, TipiuoopeTacT Sasht

Ecam Tenepb "MapTOHHY X BOJHOBYIO Gynkm” ¥ onpeseMTh B Buje

1
dEEmr= A,
f“ & (27.12 B)

T0 Bhipaxenne (27.11) MoXHO npeJcTaBuTb B GPUMUECKU OUEHD HarJsnHOM BHle

7y /0|d O)yaysu(2)m(P1)> = ipna fo dEu(E e, (27.13)

W, npoBeps B (27.11) nuTerpupoBanue N0 NepeMeRHBIM z, ¥, k, p , NOAYUUTb CJe-
Ayoumii pesyabTar:

Fg()

BogaP
V(P pa) = —gg— [ AE¥(ER) [\dn ¥, ) T PYLY Y5

P2k2
+ (PO pa) (27,14 a)

J0rapUPMIIECKHX YIeHOB log(Q2/v?), Bméepem napamerp v2= Q2 =~ (p, - p,)%

Zn
©

rae
p=pi—(—mp,,
k=(1-mp,—(1-9p:. (27.14 6)

Takum 00pa30M, HaM yAaJ0Ch pasOuThb BepmMHY Ha "METKy0 4acTb", OmuCH-
BaeMyi0 BOJHOBEIMH PysKuMamu ¥ 1 ¥ *, u Ha "xecTkywo wacTb" E¥ (puc. 24, 6
u ¢ ). lepemennble § ¥ 1) ONMCBIBAIOT 00 UMY dbCa, NPMXOAAIYIOCST Ha KAk bl
kBapK. Boluncims caeq B opmye (27.14), npuxomm k oKOFYATEAbHOMY pesyib-
TaTy

4nCra(Q%) | p1 . W& Q )
EaalIC S +0(Q)+0<a>

Q’=-4 (27.15)

F(9)=

Tocaeausis 3aaua COCTOUT B BBIUUCIEHHH 3aBUCHMOCTH BOIHOBOH GyHKIMM V¥ oT
Q2. Oneparophl, KOTOpble ONpee AT PYHKIMIO V¥ C IOMOUIBIO ypaBHeruit (27. 12y,
aHAIOTIYHb OEPATOpaM, ONPEEii0iiMM HECHHTIETHYO YaCTb CTPYKTY PHbIX
dynxiyit B npolleccax .riy6Gokoreynpyroro paccesuus (§ 19, 20). Ho ecTb u ne-
KOTOpble JONOJHUTENbHble TPYAHOCTH: BBU/Y HEIUAIOHEIbHOrO XapaKkTepa MarT-
DHYHBIX 9JEMEHTOB CYMMapHbIe DACXOMUMOCTH NDUBOIAT K HAHY 1eBOMY BKAAY -
OnepaTopblN"“" ';"“n k=0,...,n,

N =gt amd (0)y ysDH .. . D™u(0) (27.16)
TIDH NpOBE/ieHMM 16PEHOPMUPOBOK NpeobpanyioTes Apyr uepes mpyra no dopy

NAnk_)z et LN g (27.17 a)

Npu & = n s1emenTs1 MaTpuip Z n+1, n COBNANAIT C 2EMEHTaMM, BHIUMCIEH-
HbiMu B § 20:

&N,

Zyora =14 CrlaSyn+1)—3- 2 .
+1, 62 F{ Wn+1) (¥ )n+2) |’ (27.17 6)
pu k & n —1 OHM UMeKT 3HaueHus
ZN :
z _ &N 2 2
k= T O { g — } (21.17¢)

ITo0bl moAyunTH ONEpaTOpE, 061aAKIMe ONpe/ie IeHHbIM TOBEEHHEM B TIpe-
Bede Q2 » oo}, HyxHO mMaronamsoBaTbh Marpully Z. [lyCTh STONO MOXHO JOCTHI-

i KpacuBbifl anbTBpHaTUBHBLIH METOR, OCHOBAHHRIA Ha CBOHCTBAX KOH(OPMHON UHBa-
PuanTHOCTU, npuBenen B paGote [ 117).
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A
HyTb TpX NIOMOIIY MATPylipt S ; TorAa, 06o3HauMB Yepes 4, [Maroxaibibie MaTpu-
Iibi, NOJNYYaeM COOTHOMICHHUE

4,(0%) = kgosnkik( 0?). (27.18)

AHoMaJIbHBIE PA3MEPHOCTH MAaTpPULl 1‘1‘ & IpeAcTaBsioT coGolt cobeTBenHbie SHave-
Hua Marputst Z . Ho u3 TpeyrolbHoro xapaxtepa MaTphipl Z CAefiyeT, uTo ee
COGCTBEHHbIe SHAUEHHs ABJAIOTCA NPOCTO € AMAroHaIbHbIMU MemenTamu. Cle-
[oBaTeMbHO, B pefede Q 2 » « umMeeM

N dys(k+1) &
A0 = [x(23] Ao -
[Vand

B Bejiyiiiem NopAjKe TEOpHu BO3MylieHNH, yunThiBaR KepaBercTBO dyg(k + 1) >
> dyg (1) = 0, ByXHO COXpaHUTb TOJABKO OMMH YJieH B (27.18), Tax uro noayuaem
pesyJbTar

(¢, 0° . ®
(2258 o A S
Jo =5 9% ass

THCR, YTO SJAeMEHTh 5 ) MaTpulbi S uMeeT BUM

A
Kpowme Toro, n3secren Taxxe nement 4 .. W3 ypapHenuit, OCHOBaHHbIX Ha I'i-
NOTe3e O YACTHYHOM COXPAHEHMH aKCHAIbHOTO ToKa (cM. § 31, B wacTHOCTH
(31.26)), caeayer paeHcTBO

RmY OO ysuO)a(p)> = ipNZ f,,  f, ~ 93 MaB,
NO3TOMY BeJMYMHA
o= [lat¥(g 0 =\2 f, :

He Sasycur or Q2. Ociona noyuaem Ay, = 6/2f,.

n chr PRy 6 ynpyroro t 161

Oxonuarebhblll pesyasrar umeer Bua'!

127Cefla,(— ¢
F,(?) sz ——Ff_t—(——) . (27,19)

dy (3)
Tonpasku k 570l hopmy e uMelor Beuyty O (a NS = a%:€); B pelicTBUTEDL-

HOCTY [l YeTHbIX 3HaueHull n B CUJy 3apALOBOrO CONPAXEHUS pesybTaT OKa-
3bIBAETCHA PaBHbIM HY 0.

Ipumep BbluuCIeEuA NMOHHOT'0 HOpMEPaKTOpa NOJE3eH B HECKOJIbKUX OTHOUE
musx. U3 cpaBHenua Bhipaxerns (27.19) ¢ 9xcnepuMenTaIbEbIMM pesyabTaTamu
BUHO, 4TO TEOPETHYECKOE BHAYEHUE CJMIKOM Malo. ITO, KOHEUHO, MOXHO OTHEC-
TY Ha CYET CJeAymuX 3a BeJyupmu nepTypdaruBebiX nonpasok. OHaKo, no-BuiM-
MOMy , IPOMCXO/IAT HEYTO MHOE, a MMEHHO NONpaBKK, CBA3aHHbIE C ONepaTopamu
BbICUX TBYCTOB, BCJISACTBUE MaIOCTH MacC KBapkoB u U d CTAHOBATCS upedBbiuaii-

. 1o cymecTBeHHEIMU. [leficTRUTENLHO, PACCMOTPUM BK A/ ICER/IOCKANADHOTO UeHa

B Bbipaxenye (27.10). Cvemanuniit uler faeT BKAa/bl, NOJABJISHHbie IO CPABHEHUIO
¢ BhipaxenyeM (27.19) muoxuresem m2 /¢ , ¥ um MoXHo NpeneOpeub; HO TICEBO-
CKasgpHO-NICEBOCKAMAPHDIA BKAAJ COASPXUT KBajpaT MaTPUUYHOr'O 3 JeMeHTa

< Old—)’su | m> , KoTophill, Kax Jerko yOemThes, HCNOAb3YS ypaBHEHHE [BIKEHNS,
HpoROpINOHAlie BeMUNES f o m? A, + m ;). TlopTopas npoBenenunift phime aua-

™ F Mg opAd NDOB
JU3; nolyyaeM pe3yJbTarT.

£ oo 2GR (=0 [, , dmetog(~t/m) |
- -t — (7, + gyt j

(27.20)

Xorsa Buipaxenye (27.20) npu pasymMHOM BHIGOPe KBAapKOBHX MacC MOXHO NPUBECTH
B COTJACHE C SKCTIePUMEHTAILEBIMY JAHHHIMY, HO STOT Pe3YALTAT TPYJHO NIPUHM-
MaTh BCEpbes, TaK Kak BKJIa/Ibi OT ONEPATOPOB BHICUMX TBUCTOB B UHPPAKDPACHOM
Tpefiesie OKA3LIBAITCH pacxonawumMucs (hakTuueck Mbi 31eCh uMeeM MacCoByio
CHHIYJIIDHOCTD); TIpocTas akTopus3alms, UCIOAL30BaKHAsS NpU BbiBoze (27,20),
3pech He npumenuma, Taxum o6pasoM, KOIDGUIMerT nepe NONPABKOj NoKa He-
M3BECTEH,

"KecTkaa" wacTh MMOHHOro GopMpaKTopa, O4EBUAHO, PACXONUTCA B yHbpa-
Kpactom npefese (wien 1/(1 — €) B sbipaxennu (27.15). Ho, X cuacTbio, B BeymeM
NOpA/AiKe Teopyy BO3MYyLIeHUH BEITIOIHACTCA COOTHONERKE

1 n ~
fo dE¥ (¢ 0%t o7 Srodon:

1) = I I G N L LTI
° B cBOBM MSROXeHuH Mbi Giiefiyem pabGoTam L 53, 105, 116/, ToT Xe pesynbTar Mox-

HO NONYYMTB, HCONB3YA TaK HA3LIBABMYIO TEOPH 10 BO3MYieHwit Ha CBeTOBOM KoHyce [ 541.

6-206



OTKy[a cJjefyeT npeueﬂbl-loe COOTHOHWIEHue
¥ 0Y) ~ & —£) Ao,
0

¥ BO3MOXHBIE PACXOMMMOCTH COKpamanTcd. [l09ToMy HeKOTOpbie IKCKAO3MBHbIC
[pOleccH! B KOHEUHOM CueTe BCe Xe NMO/UIAlTCA PAacieraM B paMkaXx NpocToit Teo-
pun Bodmylilennit. OfIHaKo, Kak BUJHO U3 UJeHa, OMUCHIBAKIEro B (27.20) Bxaan
OllepaTopoB TBUCTOB, CIe/YLiX 3a BeAyuuM, 9TO He BCer/a cnpasefmso. B
[eACTBUTEbHOCTH [/ HEKOTOPBIX NPONECCOB MH(PAKPACHbIe PACXOMMOCTH NMOSB-
JSI0TCA YXxe Ha yPOBHe ONepaTopoB Befyliero Teucra. Hanpumep, MoXHO pacemor-
peTb ckaaapHbiii popmpakrop

D(t) = (20) Xalo () K,  o,(x)=id,A(x)y"s(x). (27,21 a)

Boluncienust 9Toil BeduUMHbI AHAJOTMYHDI BHIYMCAEHUAM NUOHHOr 0 HopMPparTopa.
EMHCTBEHHOe OTJmMuke CBA3aHO C MPUCYTCTBMEM CMEUIaHHOI'O NCeBOCKaAPHO-
aKCMAJLECBEKTOPHOrO BKAa/la (HOMUHAIbHO BHICIIEr0 TBUCTA), KOTOpHi B feficTBy-

o ILHOCTY SBlsercs Benvium. Menois3va cOOTHOMEHUS , OCHOBaUHbIe Ha UacTuu-
SABHOCTH ABJLISTC BeymiuM . /ACTICJL3YH cooTHOome s, OCHOBatHble Ha HacTuy

HOM CoXpaHeHuM akcualbHoro Toka (§ 31), naxomm

127Cra(—1)f.fx
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3nech mepBbiii UleH UMeeT aKCHAlbHO-aKCHAJbHBIA XapaKkTep, BTOPOl onuchHBaeT
BKJa/l CM one; 0B, HO 00a OHN B Kt 1 ipefieie o T
csi pacxofsuumucs (eci KCIoJb30BaTh NPOCTYI0 BhakTopu3amiio). ITu ABa nphme-
pa (BKJafl onepaTopoB Clefyuero 3a BefyliuM TBUCTA B NUOHADIA PopmbakTop 1
ckesipublit popmpakTop (27.21)) 10kaspIBAIOT, YTO B OTIMYKE OT MHKJIOBMBHBIX MPO-
leCCOB 9KCKJIO3MBHbIe MPOLECCH! Ype3BbuaitHo YyBCTBUTENbHB K MHPPAKPACHBIM
PacXofMMOCTSM, ¥ I KaXIOro KOHKPETHOro npoliecca CAe/ly eT NpoBepsiTh, npu-
MeHMMa Ay HeToCPeICTBEHHO Teopus Bo3myulernit KX/ nan HeT. YuuToiBas 9Tu
3aMedaHusi, 3aBepllMM HacTosuui naparpag odeHb KopoTkoil CBOAKON pe3yabTaToB
IJI5 HEKOTOPBIX 9KCKJIIO3KBHBIX MPOLECCOB.

U3 npumepa paccMOTpernsi mOHHOro GopMGAKTOPA MOXHO BHIBECTH ofliee Npa-
BYJIO: aMIIMTY/la 9KCKJIIO3UBHOr O rpoliecca umeeT Buf (puc. 24, 0)

o = [¢* Ko,

rie ¢ — BoJHOBad QYHKIMSA CBA3AHHOrO COCTOSHMS B!

Q
A
L+]
T

= i TRySo npYye

s/ipo ypasHenust K onpejesercs popmy noit

2 n—1
K~ _—_a:(QZ) .

o

OTclofa BOSHHKAIOT npasila cuera [52], coraacko koTopbiM, Hanpumep, AIA HyK-
JOHHOIO (ropMpaKTOpa NoJyyaem 3HAMEHUTOE IUNOIbHOE MoBe/IeHHe

R 22T

a 11 feiiTona GopmdaxTop onpefeisiercs Gopmyoi

£l 200 ]

L -

KoTOpas coBnajiaer ¢ 9KCNePUMEHTAIbHO TOJlyueHHbIMU Pe3ybTaTamMu. CeueHune
paccesiHusl Ha 33Jlal-ll-lbiﬁ yraJ umeeT Buj

5

ds(A+B->C+D (1) )
GArB2CER)) R R (OFOFa (SO
d 16 fixed :

Jlanbueitume noIpOOGHOCTY M CCBLIKY Ha AMTEPATYpy MOXHO HafiTu B paboe [ 54].
Muorue u3 9T peayneTaros copmyMpoBansl ¢ Goblieli cTeneHbio CTPOrocTH,
ucXoflA u3 peHopMrpymmosoro auams3a [1031 (cm. Takxe o630p [101) u mupye-

My TaMm JUTepaTypy)-
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I'naBa 1

MACCH KBAPKOB, YACTUYHOE COXPAHEHME
AKCUAJIbHOTO TOKA, KMPAJTbHAA AMHAMWUKA
M BAKYYM KXA

§ 28. Tawenblie u nerkue KBapKu; Teopema CumaHawka —
Annenksucta — Kappan3soxe

Cxema nepeHopMupoBok MS He 3aBUCHT OT MACC KBADKOB; CI6[I0BATEIHHO,
TpY BHINUCAEHUM TAKUX BEMUAH, KAK PEHOPMIDYNNoBas Gera-Qyrkims B wm aHo-
ManbHasi pa3MepHOCTb y‘"’ , HYXHO YUYMTHIBATb KBADKU BCEX apOMAaTOB, [riml npo-
CTOThI COCPeNOTOUNMCA Ha B ~yHKIMK 1 Gynem MpoBOIUTEH BBIKNAJKA B aKCHalb-
HO#t KaIMGPOBKe, TAK 4TO BCI0 3aBUCHMOCTb OT KBa/para Nepeansoro 4-uMmyap-
ca Q% MOXHO MOAYUUTH, PACCMOTPEB TOJLKO ['I0OHHbIf nponararop. Kpome roro,
yupocTin o6CyXKpewie, BBOAR B PACCMOTPOH’E KBAPKMA TOAbKO ABYX GpOMAaTos,
OJIMH U3 KOTODBIX GesMaccoBbifi i, = 0, a apyro#t tsxeasti m, >> A. Toraa B cxe-
Me TepeHopMupoBok MS nst Geryuelt KORCTAHTHI CBAZM NOAYIAEM

a(QIA)=— 121 28.1)

1 _ Moo
(3> — 2nsjiog Q

raen, = 2. EcrecTBento NpeNosoXuThb, YT0 HCOAb30BARME SHAYEHHS n = 2

Q >> m,, HO cymecTByeT 06aacTb 3HaueHul NepeJaHHoro UMNyabca m, >> o> A
IJst KOTOpO# aytiie UCoAb30BaTh 3HaUeHue n, = 1 B opmyae (28.1). 310 crauo-
BUTCS OUOBHIHBIM, ECH BIATH MAGCY TSKEJOro KBADKA m, 3KCTPEMANbHO 601k~
woit, nanpumep pasko#t 1 r. flcro, uro dusuka MUKpoMupa eiBa au MOXKeT 3aBU-
ceTb OT TOI'0, CYWeECTBYIOT UM HET CTOJb MACCHBHBIE YACTUIIbL.

9710 yTBepXaeHue cOCTABARET OCHOBHO® COMIEpXAHUE TEOPEMbI, 10Ka3aHHOM
Cumanzukom [ 240] u BroBb oTkphiTo#t Anmenksucrom u Kappagsone [ 1717, co-
rI&CHO KOTOpOi B cayyae @ << m, CYWeCTBOBAHUEM TAKMX TSHKEJbIX KBapKOB
MOXHO Tiperebpeub ¢ TOUHOCTbIO /1o uaenoB nopsaka @2/ m? ®opmyaa (28.1) B
TMpuBeJieHHoM Bbille Bijie CripaBefauBa TOJbko B cayuae Q?<< m?, rje m— awobas
TIOZXOISIiAst MACCa, B YACTHOCTH MACCa TAXE0ro KBapka m, . Ecau Mbi XoTum
coxpamtTh QyHKIMOHANBHYI0 hopMy (28.1), HeoOX0AUMO JOTMYCTUTb UHYK 3aBUCH-
MocTb ot mepemennoil 02, Gosee cioXuys, Yem npocTo Jorapudmuveckas.

B B Re#CTBMTENILHOCTH 3TOT pe3ynbTar, No CytlecTsy, CoRepxanch yxe 8 paborte
[182]. O6cyxneHue 3TOH TEOPEMBI C UCMONBL3OBAHHEM BYHKUMOHANEHLIX METONOB CM. B
paboTe [262]

%, UCAT, kupanwuan auHamuKa u sakvym KX 16

&

Tak Kak yKa3asHas npobaema Bo3HMKaeT B pesyabrare npeHebpexennst mace
caMy KBapKoB, Mbl JOJXKHb! BHOBb BbIBECTH dopmyay (28.1), Ho ¢ yueToMm mace
KkpapkoB, Hanomunaem, uro Geryuas KOHCTaHTa CB3U ONpee sfach Bhipaxennem
a, = g’/ 4w, rue g npescrapaser coboii pewenne ypabrenuit (12.6):

d]o:gQ/y = ZB(3) glg-u =g(») (28.2a)
rape

2 g(v) = =-z ¥y

2 8N =8B B e (28.26)

PaccMoTpuM ToBejierne Tofiepeunoll YaCTu rI0HHOrO NPONIAraTopa, KoTopyio Mbl
06o3HauwM TaK Xe, Kak B Bbipaxenuy (6.9). Beepst obosnavenne Q/v = A, u3 ypas-
nenuit (12.1) u (12.7) nonyyaeM

D4 g(v)m(»);?’)
= D (v V)N vz)exp{ ~ [* di0gX v 2(7\")]}- (28.3)

B ucrnoabayemoit namu dusnueckoit kambposke (cM. (9.18)) anomanbHas pasmep-
HOCTb I'MIOOHHOI'O MpONAraTopa paBHa y; = 28 g*/ 16w, a, caefoBaTeabHo, Nome-
e a

peuHas UacTh PHOGHHOIC I

D{q% g(»)m(v);v’) = (V%5 BAL TR 7). (28.4)

PaccMoTpeB nponiaratop ¢ mowxe p = m, noayuaem caenyioumi pesyaprar’ :

2
D (v EN), AN ) = K, + Zi“fi

w4+ x(1 - x)»?
»? ’

1
X | dxx(l—x)l
J(; X x( x)log
rpe KV — Koncranra. CrHauajia BbibepeM v = A; Torja
2 T,
2 K+ o ( Q)T
log Q%/A? T
=20 )2
1 m(Q")
X | d 1-x)l Il=x)+ ——= |}
j{; x x ( x) og[x( x) e H (28.5)

L

D (g% g(v).m(v);v’) =

n
3nechb u HUKE U3 BLIDAXEHUA ONR nponaraTopa UCKNioueH obWui MHOXHTEND 1/q2 .
Tipum. nepes.
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Eca m>> A, To cupaseamBo npubmkenioe paBeHCTBO

a(Q)Tr (0% 2
D"(qZ;g(V)'m(V);vz)z{KJr T ]k;gQ’/A2

. (28.6)

Ecau m? >> %, 10 nonpasKu Kk koscrante K B gopmyte (28.6) Beauky, u Takoe
NpUBIMKEHHE CTRHOBUTCH MANONPUrOIHbIM . I70r0 % CIEIOBAIO OMMAATD: CXEMA Mo
petopmuposok MS Tak xe, KaK u mobad Apyras He 3aBUCSMARA OT MACC NepeHopMH-
poBounas cxema (noaoCHan cxeMe, npepaoxentoit B pabore [ 258]), c neusbexuo-
CTbio PA3pYlIAET CXOUMOCTD B CayUae, eCay CYIeCTBYeT Macca, lipeBbluailas
xapakTepHblil MacuiTab uMIyabCoB. Pewense roii npobaeMbl 3aKmouaercs B uc-

110Jb30BaHKM UMCAA KBADKOBbIX apoMaToB n/, 3aBucsmero oT Macmraba UMIYJbCOB,

nanpumep”

nof 4»&2\‘/2/ 2m ]?\

n/(Q’)—E)kl— Q’z) ( o )0(92—4m,2). (28.7)

Heo6xoauMo [0Ka3aTh, UTo TaKas npoueaypa nociegosaresua. Yro Gopmy-
na (28.7) cnpaBepauBa s sHauesnuit Q GOABbIMX, UEM BCE MAcChl KBApKOB, MBI ¥ ke
3HaeM; NIoNpaBK uMelor Bemuuty O(f> / (?). 3aBepuyM [OKA34TENbCTBO, HOKd-

, uto 9Ta dopMysa cnpaBeniMBa u [ Cayyas Q? << m*. PaccMotpuM ¢ 9roit
leJiblo Bblpaxenue aas riawooHHoro nponararopa. Orciona 6y AeT ACHO, KAk paclipo-
CTpaHuTb 0KA3aTeIbCTBO HA o0mui cayuai.

[TocKoAbKY BKaa[bl KBapkoB M I'JIOHOB B BbipaXeue jyifl MHOOHHOTO Npona-
raropa D, apuTuBHbI, JOCTATOYHO PACCMOTPETh TOJbKO nepBbit u3 Hux. B Beny-
meM nopsiaKe Teopuy Bo3MYywenni uMeeM

(KBApKK |

a, 1 x(1 - x)Q*+ m?
Dy - fjodxx(l ~ x)log —————— (26.8)

B 970M I0OpsKe HEOGXOMMOCTY YUeTd ePEHOPMUPOBKY BELIHIH & UM m He

Bosmikaer. Jlas cayuas Q2 << fm? noayuaem

(KEapKML ‘& m? _ a, Ql
D, =1 o log T 300 4t (28.9)

b BoamoxHbI 1 Apyrue WHTEPNONAWOHHbIE hopMynbi WM npouenypsl (cM. [ 76]1u oco-
GenHo paboty [ 2581, rne MoXHO Ha#TH NORPOBHOE OBCYXABHUE 3Toro Bonpoca, BKMIOYaR
Bbl4MCNEHNe 3aBUCMMOCTH OT 3¢Q)SKTMBHOFO 3HayYeHuA nf) Kakoit u3 MHTEPNONALMOH HBIX
POPMYNn  NONb30BaTLCA, B 3HAUNTENbHOW Mepe Ge3pa3anuuHo, Tak Kak B KXD 3aBHCHMOCTH
B8CeX BeNuuuH oT n.], 8 ofinacTi ny = 3 — 6 oueHb cnaban.
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T.e. Pe3yAbTaT, HOCTOAHHDIA C TOUHOCTDIO A0 YJICHOB O(Qz/ﬁ’). CrepoBaTenbho,
C TOUHOCTBIO 70 ITUX UJEHOB OH COBNAJE@ET C IJIOOHHBIM NPONAraTopoM, Bblumc-
JICHHDIM [LISL KY/A€6010 YuCAG apoMamos, HO MMeeT [pyroe SHaueHue lapamerpa
v"?, auvenno v 2 = v 1 + log m?/v?}. Tak Kak pusmieckue nabaonaemble He
3@BUCAT OT 3HAUEHUS v, TAXKeIbIMY KBApKaMi, NPUBOSAIMMY TOJbKO K WieHaM
0(Q?/m?), Moxuo npenebpeub .

Cayuait rmoonsono npondra'ropa ocoﬁeHHo npoct; B ofuweM cayyae NonpaBKu
umelor Beauunuy nopsgka log (A% /Q2)(Q?/#*

Teopema "pasBasku” 0COBEHHO HALASAHA B p-CXeMe NepeHopMupoBok. Pac-
CMOTPUM CHOB& BK1a/| KBApKOB B BbipaXeHue s [JIooHHOro nponararopa. [po-
BOJMM BBIUMCICH/S BO BTOPOM IIOpS/IKE TeOopuy BOSMYIEHMH 1, BCIOMUHAS BBIpa-
xenue (9.21), nonydaem

o2 ) 1
(kBapku) 2\ _ . 8 & _ dx _
Du" (q7) =i +TF {3 Ns'lf 4of % (1 —x) x
n ~x(l-2) g’
x 2 log ——————— }+ ...
f=1 vi

HanoMHM, UTo p-CXema NepeHopMMpoBOK BO3uuKaeT, eCay oTpeboBarh BbOA-
semus yeaonus D ("“P"")ln = =-D . (—u?, acnenoBatenbHo, ClpaBes-
L cBoO, tr © T 77 - ’ * o
JUBO PABEHCTBO
2 2 2
1 - x(1—x

plxeapku) ¢ 42}=5+T ggj—‘l{.dxx(l—x El@ f__(__...)il

“Ru Foign® | o T omi e x(1=x)p? |
Tlonoxum Q2 = — ¢*. B cayuae, korga Q2, p* >> m/, CIIPABE/UHBO MPUOJMKEHHOS
paBencTBo

m?+ x(1 - x)Q?
f]dxx(l—x)logfz(—)g— l Q +o| -Lt,—L);
o m}+ x(1 = x)u? 6 w?’ Q?

2 2
aas cayuad me >> u’, Q? umeem

m?+ x(1 - x)Q? 2 o2
f‘dxx(l - x)log#%z ol £ 2
0 m?+ x(1 = x)p m? " m?

§ 29. MaccoBbie uneHbl ¥ CBOACTBA HHBAPHAHTHOCTH;
KHpanbHaA WHBAPHAHTHOCTL

B § 28 mbl Buzieau, uro npu sHepruax ¢ >> A, Korga teopus BosMymenuit no
Oeryumel KOHCTaHTE CBA3U MOXET UMETb CMbICJ, MOXHO IpeHebpeub CylecTBoBa-
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HUEM KBapKoB ¢ Maccamu m>> Q. B aTom naparpade Mbl pACCMOTPUM NPOTHBOTIO-
J0XHEL cayuaif, Kora Macchl KBapkoB Y[I0BIeTBOpSIOT ycaoBuio m<< A. [lockoas
KY e[UHCTBEHHBIM Pa3MepHbIM NIapAMETPOM B KBAHTOBO! XpOMOMHAMUKe, KaK M
foJaraeM, SBASETCH napameTp obpesanns A", MOXHO OXMAATb, UTO B HEKOTOPOM
NpUGIMKEHHU [I0TYCTUMO NPeHeGPeYs MACCAMU STUX JErKuX KBApKoB, Koropble
MOrYT TIPUBECTH K TONPABKAM Julib Nopsaka m?/A? wm m?/ Q2.

Bepuemcs k Bonpocam, obcyxaaBumMcs B § 10. PacemoTpum narpanxuan
KX/

n n
L == > mgq+i> §Pq- %(D X B+ unensl, GuKcHpyIouue KaiubpoBKy,
i=1 i<t
+ A, (29.1)

CyMMupoBaBue NPOBOAUTCS TOJIBKO N0 Ae1K4M KBADKAM, MACChl KOTOPBIX y/ioBIIe-
TBOPSIOT HEPABEHCTBY m° << A’. BOSMOXHOE CymeCTBOBAHUE TAKEJbIX KBAPKOB
HMKAK He CKashiBAeTCA Ha faibHelumx paccyxnenusix. PaccMoTpuM COBOKYHOCTb
npeoGpasoBanuit ¥* B rpynne UL(n) X UR(n) (rpou3BeaeHue AEBbIX 1 NPaBbIX Ipe-

AABanRADa i
GOpasoBaniin)

i 5 < + 5
—5 qﬁ%, Wi —— 4 . (29.2)

rae W* — yaurapubie Matpuubl. O4eBUAHO, YTO IMHCTBEHHBIM YJECHOM JarpaHxya-
Ha, HEMHBADUAHTHLIM OTHOCHMTEJbHO NpeoGpasoBanuii (29.2), sBasercs macco-
BhIfl YaeH

M= ]2 mgig; - (29.3)
=1
3anucannbiit B TAKOM Bije, MACCOBBIH WileH MHBAPUAHTEH OTHOCUTEJbHO COBO-
_KynHocTy npeobpazosanmii [ U(1)]™:
a— e, (29.4)

HO OH He MHBapHaHTeH, ey JONYCTHTh CYWeCTBOBAH#e B MACCOBO# MaTpuue He-
AMArOHAJBHBIX YieHoB, YToBbl pewnTh BONPOC O TOM, KAakKuMu oOWMMYM MHBApUAHT-
nbiMy cBoficTBamu o6JagaeT Maccobiii wien oBIero BUd, JOKAXeM ABe TeopeMsl,

® HefcHo, koHeuHo , kakoh W3 napameTpoB: A UNK nap TP A, onp bi (hop-
myno# & (/\Z) ~ 1, ABNAETCA OCHOBHbIM. CMbICN HepaBeHcTBa m << A Takke HEOBHO3HAYEH.
OueBuaHo, 4To A= Ao, NO3TOMY B AEHCTBUTENLHOCTH, NOMAMO 3BPUCTHUECKUX coobpaxe-
HUFA, HET HUKAKUX YKa3aHWA, KOTOPLIE NOMOrNK Obl PEWNTD, KAKWE KBAPKA CUNTATH NErku-
MM B NPOMEXYTOUHBIX CRyYanx, MOYTH HET COMHEHHA B TOM, 4UTO KBApKK u U d cnelyeT OT-
HECTH K TUNY "NerkuX"; B OTHOWEHWN KBapKa s CUTYalpA MeHee AcHa.
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Teopema 1. 106y Maccosyn mampuyy 06we10 640G MOKKO 3anUCAMs 6 6U-
0e (29.3), nposeda nodxodiuee nepeonpederesue K6aprosnit nosed, Kpome roro,
MOXHO JONYCTHUTb, 4T0 m 3 0. [losTomy Bbipaxeme (29.3) bakruyeckn sisasercs
MaccoBbIM UJ€HOM CaMoro obwero Buja.

Jloxazameavcmso. IlycTb neBble u npaBbie KBApKOBbIE 10JIS ONPEACIRIOTCS
Gopmyanamu

‘h.=%(l = ¥s)q, qr = ';'(1“‘75)‘%

HauGonee obuuii MaccoBbiil Wien, COBMECTUMBII C YOI0BHEM 3PMUTOBOCTH Jarpau-
XuaHa, uMeeT BUJ

M= G My R+ Grr Mg} (29.5)
i

IMycrs Marpuna M uMeeT KoMronenTsi ¥, -. Ha 0CHOBAHMM XOPOILO H3BECTHOrO
MOJAPHOr0 pa36ueHns MaTpull MOXHO HAMMCATH'

M =mU,

rae MaTpuia mIoJOXUTEebHO Onpe/esena, Io3ToMy Bee ee coOCTBeHnble SHaue-
Hus Goabue Hyns, a Martpuua U ynurapua. Torpa Bbipaxenue (29.5) npunuMaer
Bup

_ - .
M= Gumygir + Grmuqrr),  GirR=Z Uyyray7r » (29.6)
.
!
~nn uonanbnaoRaus cBofieTRO CaMoCcoNDEXeHHooTH MaTnuntki m. [leneonneneium
rlie MCHOAb30BAHO CBOMCTBO CaMOCONPEXEHHOCTH MaTpuubl m, llepecnpeseanm

oJas o gopMyae g = q;e +q, ; TOr/I@ BHIpAXeHue (29.6) B Tepmunax noxei.q”
puMer BUA

A =g

F/le KCIOJb30BAHO PABEHCTBO RIR = ‘}-L q; = 0. Teneps anst Toro, uroGbi noay-
UuTb Gopmyay (29.3), focTaTouHo npeobpasoBaTh NoAf ¢”, UCIIOAL3YH AlA TOrO
Marpuuy V, aMaronamsyouyo MaTpuuy m. [loaoxuresbHoCTb 3HAYEHHH BeIMUMH
m, GIEAYET U3 TOTO, YTO OHU ABJISKWTCH COOCTBEHHbIMU 3HAUCHMAMU MATPULLL m.
(OT™MeruM, YTO unen g#q B NArpAIXKMAHC MHBAPUANTEH OTHOCHTENbHO Npeolpa-
30BaHuii Takoro Buza.)

Teopema 2. Ecau 6ce macen m, UMEWM PAIMINGLE HEHYILEble JUAYENUR, MmO
eouNCmeennb MU NP EOHPBI0EARURMIU, OCMABIAIOUUMUL MACCOCHE YAeH UNEApUANM-
uvi M, A6asiomca npeobpasosanus [ U(1)]" euoda (29.4).

Mpeauonoxum, yro ¥ +=¥_=W; ipoBepky 3Toro paBeHCTBA OCTABIAEM YHTA

Telo B kaYecTBe ynpaxuenusd. Y cioBue MHBAPHAHTHOCTH MACCOBOA MaTpuImbl
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TIpUBOAUT K COOTHOWIEHUIC

W mW=m, r.e. mW=Wm. (29.7)

MaBecThHO, uTO M00YI0 AMArOHANBHYI0 MATPULY MOXHO 3amucaTh B Buupe
2’,: :(’) c k’“k , €CJM BCe COOCTBEHHbIE 3HAUEHUS MATPULBI m PA3MUHLI U HE PABHBI
HYJII0, KAK 9TO UMeeT MecTo B HaweM chydae. VI3 cooTHomenus (29.7) caepyer,
uTo Manmua w KOMMyTMpyeT CO BceMU AMaroHaJjbHbIMU Ma'rpunamu, a cjepoBa-
TeJbHO, OHA CaMa JI0MXKHA ObITh TOXe aMaroHalbHoil, Iockoabky sta mMarpuua
ABASETCH elle U YHUTAPHON, ol MoXeT ObiTh 3aNUCaHA B BUje MPOU3BENEHNs Ipe-
oGpa3oBannii (29.4), uro u TpeboBaioch gokasaTs. [IpoBepKy TOro, YTO CoOXpaHsd-
welica Beanunnof, coorBercTByomeil npeobpasobanuio U(1), aeilcr Bylowemy Ha 1o~
Jle KBapKa ¢ ., ABASeTCH COOTBETCTBYUEE KBAHTOBOE UUCIO APOMATA, OCTABAREM
UMTATENI0 B KaUeCcTBe ynpaXuneHnd.

TIpu poKasarenbcTBe NMPUBEIEHHBIX TEOpPEM Mbl He BECIOKOMIMCh O TOM, SBAS-
10TCH AU MACCBL m TOJIBIMM, BEIyuMMM UM MBBApUARTHBIMU. ITO OGYCAOBAEHO TEM,

uro B ﬂepaunn\nunnnnuunﬁ cxeme MS maccoBas MaTnuUIA NEDEHODMUDVETCH KK

0a ne
SHOpMUDOBQUHOU CXeMe j> MaccoBald MarTpu 1epenopMupyeTcs X

ofro uesoe 1o hopmyne

M=2z.'M,,

rae KosbduumesT Zm—'chlO. JloKazarepCTBO OUeHb NIpocToe. PaKTHUECKH A
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Maccs: keapok, YUCAT, KupansHan aunamuka u sakyym KX m

TakuM 0BpA30M, COBOKYNHOCTb epMUOHHBIX noeit # MacCoBad MaTPULIa Mpeoopa-
3YIOTCH KaK OfiHO UEM0€, & NePEeHOPMUPOBOUHbIE MHOXUTEN UMEIT BUA

2 2
. & Z =1-3INCo2-, (29 84a)
Zp =1+ NCryis " TS
T. €. )
2,=2-1, Z,=2, 1 (29.86)

JroT pesyAbTAT AOKA3aH B HUBIEM NOpsaKe TeopHi BO3MYUEH!H, HO ypaBHEeHUH
pPEHOPMIpYNIbl 0GECNeUWBAIOT ero CpaBeIMBocTs U B BejlylieM IOpAAKe N0 KOH-
CTauTe CBA3M a .

JTOT PesSYABTAT MOXHO OOBLACHUTD U APYrUM cnpcoﬁoM. VupapnanTHOCTD
JArpaHXyaHa OTHOCHTEJbHO npeobpazoBanuil (29.4) noapasymeBaeT, UTo KOHTp-
MOXHO BHGpATE TAK, YTOOH OHU 001aa MM HHBAPUAHTHOCTHIO OTHO-

ceraa MOXHO

4 geini Boe
C;TBJII:HO 3TUX NpeobpasoBantil, IOITOMY MaccoBad MATPHIA NOCIE niepeHopMU-
POBKY NO-TIpEKHEMY OCTAHETCH Imarosabtofi. PAKTHIECKH 9O JOKESETEMCTED
CBUAETEACTBYET O TOM, UTO R HE 3aBucameil or Macc nepeHopMUpOBOUHON CXe-
Me (nofio6roit cxeme MS) ypaBHeHus (29.86) B peficTBuTeabHOCTH  CIPABE/NBLL
Bo BCEX NOPAZIKAX TEopUi BO3MYmeERuit. R
Monyu U pesyAbTaThl IOKA3LIBAIOT, UTO , €CAU BCe MACCH ) pas-
AMUEBL ¥ He paBHB! Byaio U, eqMHCTBeHHAA riobanbHas CUMMETPU, KoTopolt 06-
ol oo KoK 810
AajaeT AArpaHkuaH, CBA3aHA € COXPAHELieM TaKoro KBaHTOBOrO Witid, Kak 8po
MAT, U ONUCHIBAETCH NPEoOpA3OBAHUAMI (29.4). OpHaKo, KaK yTBEepX/asoch Bhllle,

NpEHEGPEKEHNE MACCAMI KBAPKOB m, MOXET MPEACTaBAATH Cobofl fOCTAaTouHO X0-

p P jo3 l i s AARnanaBatUa  TNE NCTARIACHHKIS
pomylo annpokcuMaimo. B TakoM Gydae BoS NpeoSpASOBAIME, peACTABRGHINE
cooTHoweHENAMH (29.2), OKASBIBAITCH NPEOOPAsOBAHUIAMM CUMMETDKY JArpaH Kua-
na. Crenetb HapymeRMs CHMMETDUH ONEJEAETCH, HAIPUMEp , AUBEpreHIMAMI
COOTBETCTBYIOMUX FeHEPATopoB. X0Tst 3TOT BOMPOC YXKE PACCMOTPEH B § 10, mpl
TpUBEIeM HEKOTOpBIE JONOMHUTEAbHbIE NOPOGHOCTH.

{1/ 30 A"}, neh—mar-
ITapameTtpupyem npeobpasobatiue W B Buzne exp (i/2) A ,

puist Nean-Marma® . Oneparopsl, BhINOARTOMUE npeoGpasoBanus (29.2), oboska-~

unm U (0):

+ + c
U.(8) L‘iﬁ qUZ'(0) = E[: (eltrmzory ]_iﬁ g (29.9)
D [lo-suaumomy, 3T0 REACTBUTENEHO Tak. Kak Mui yBUAMM Huxe (cM. § 31), oxuna-
@TCA, UTO MacCht KBapKOB YAOBNETBOPAIOT COOTHOLISHURAM n’?d/ ﬁu ~2,A /7y =20,
7, = 6MaB. i
% Mbi paccmaTpusaem cyuai Tpex apomaTtoB n, = 3. B cnyuae fByX apovaros n
mMaTpuusl " enn-Manna A cneflyeT 3amenuTs maTpulamu Maynu o.
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[las 6ecKoHeUHO MaJkix 3HaueHuit napaMeTpa § 3amvmeM 3T onepaTopbl B Buse
i N
U.(0)=1-53LL0,, (Li)'=LZ,

TaK 4ro u3 (29.9) caeaywor ypaBHerus

o ., 1+y
[L: sqr= (x)] == ;Nr%:(x)v 9= = 2 > q- (29.10)

IMockoabKy onepatophl U oCTapfioT MHBAPMAHTHBIM YleH JarpanXuaHna, onuchiBaio-
muit Baanmogeficrbue, ypasheund (29.10) MOXHO pewmTh A caydas CBOGO/HbIX
noaeft. Pesyasrar umeer sup"’

o - . — 0 .
Li(t)= :fdeq,: ()Y Neqe (x):, 1= 29.11)
Iz
B arux Oneparopax MOXHO y3HATH 3apsabl, COOTBETCTBYIOWME TOKAM
1+
TPy =: TG (xNey* —=2 g(x): . (29.12)
e 21 5 9r(%) {29.12)

) G . :
Ecau paccMarpuBaemasi CMMMeETpPUS TOYHAs, TO au 17" = 0; rorpa nerko BUfETD,

YTO BeNUUUHB L‘: (¢) B neflcrBuTebHOCTY He 3aBUC

+
9T OT Bnemeuu, |
1T OT Bpemeux. J

+ § 4 O
ONpeAenuTh 00H0speMentivie IpeobpasOBAHMT U MOMPUIMPOBATD YpaBHenus (29.9)
u (29.10), nanpumep, Tak:

Houa
ase

=
=
%

[Le()qa(x)] =~ ;}\,741,: (x), t=x" (29.13)
CoBokynHocTb npeobpagosalinit
U, (8,1)= exp{ SE3Lae, }

oGpasyer TaK HasbIBAEMYIo IPYIIY Kupaisnbis npeobpasos anui, TeHepUpyeMbIX To-
Kamy (29.12). B paccmaTpuBaeMom Cliyyae KBAPKOB TpeX apoOMATOE 7 « 3, Mbl 11py-
XO[MM K IpyIlie KupalbHbIX npeobpasoBanyit SUI: (3) x SUZ (3). Ee rexreparopbi
MOXHO BHIPA3MTH, HCXOAS U3 HaGopa BeKTOPHBIX M AKCHATbHbIX TOKOB? ARGE
n o -—

Al ; <), BBenennbX B § 10. Baxuo#t nogrpyunoit rpysnsi SU}(3) x SUg (é) ABJS-
©TCS resepupyemas BEKTOpHbIM TOKOM fIOArpYIia, NpefcTaBasiomas coboi npocto
rpynny apomara SUF (3), BBenennyw I'ens-Maisom 1 Heemanom.

b

DOna nposepkn pewennn (29.11) MOXHO BOCMORb3OBATLCA KOMMY TalMOHHbLIMU COOT-

HOWEHUAMU ANA CBOGORHBIX NONEd (NpunoxeHue E), 3TO ONPABHAHO TEM, UTO HA MANbIX
paccToRHUAX K X[l nepexopuT B cBOGORHYIO KBBHTOBONOREBYIO TECPUIO.

2 He Bce AMaroHanbHble aneMeHThl npuxagnexar rpynne SUF(E) X S‘UF(B), HO OHHU
npusagnexar rpynne UF(S) X U,,(S).
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ToUYHOCTb COOMOACHAS CUMMETPUY CBA3AHA C H€3aBUCUMOCTHI0 OT BpEMeHU
3apan08 L ,» KOTOpble B CBOIo OYepe/b CBA3AHBI C MBEPreHUMAMI TOKOE. Kpome
[MArOHAJbHbIX AKCHAIbHBIX TOKOB, 3TY [AMBEPreHlM NpONopLMOHAIbHE! PASHOCTAM
KBBpKOBbIX MaCC m, —m, - I BEKTODHBIX TOKOB #f CYMMAM KBAPKOBBIX MAce

m, + my - 1A GKCHAILHBIX TOKOB (cM. (10.5)). Takum 06pa3oM, MOXHO BaKJMIOUATD,

1

{yro rpynna cummerpun SU(3) focTaroyno TOYHA O TEX MO, N10KA BHINOJHEHO

HepaBeHCTBO ‘ml —my. |2 << A%, a rpynna kupanbHol cuMMerTpuu SU;(B) xSUF’(3)
[0 TeX Top, MOKA BBINOJHEHO yCIoBHe ml2 << A%, Tlo-BMAMMOMY, PAsHOCTb Macce
¥MeeT TOT Xe HOPAZ0K BEeJMUMHBI, YTO ¥ CAMy MACChl, I09TOMY 0Xujaercs, YTo
KupaJbHAA CUMMETDHS BBIOJIHSETCS NOUTH C TOR Xe CTeNeHbio TOYHOCTH, UTO 1

cumMMerpus o apomaraM. Kaxerca, ato geficreurensho tak” .

§ 30. Cummetpuu Burnepa — Beiina u Ham6y — Monacroyna

W3 roro, Yro KupajbHas cummerpus SU(3) n cummeTpust no apomaram KBap-
koB SU p(3) oBnapaior 0/MHAKOBO# CTENEHbIO TOUHOCTH, HE CJEAYET, YTO ITU CUM-
MeTpuy peamayioTca ofMHakoBo. B pefictBurenbHocTy , Kak 6yAer noxasaHo, cy-
LeCTBYIOT BECKME TeopeTHyeckue ¥ SKCHepuMeHTalbHble NpU4YMHbL, 06yCI0BIMBaI0-

Haunem c BBefenns 3apsfos, obiajaonmx onpeAeJeHHON YEeTHOCTHIO:

Q@ =L{+Le, Qf=LS~-L°. (30.1)

ODnocpe)lennwe KOMMYMAUUONRDLE COOMMOULEHYR IS HUX UMEIOT BUJ

[Q(n. 0° (] =2 Z fQe(n),
[2°(1), Q3(H] =2iZ rQs5(0), (30.2)
[ 031, 22(0] =2 fQ().

Haﬁop oneparopos Q° obpasyer rpynny SU £(3). B ipegene m, -0 BCe reneparo-
pelQ u Qs HE 3aBUCSAT OT BPEMEHA t ¥ KOMMYTHPYIOT C JarpaHXuaHoM:

[o%7]=[¢.7]=0 (30.3)

Opnaxo pasiuuMe MeX[y HUMM COCTOUT B TOM, KaK 9Ty oneparopbi aeicTByioT Ba
BaKyymHoe cocrosmme. B obmeM ciyuae, ecam umMeeTcs COBOKYIHOCTb reHepaTo-

D Kupansnas CUMMETPUA M KHPBNbHAA AHHAMMKE NPEACTABARIOT COBOH NpERMeT Cre-
panbHoro U3YUEHUR, 3ﬂecb Mb! KaCaeMCR TONbKO TEX UX acnexkTos, KOTOpbie UMeNT OTHO-
wekue k KX, Mpu 3TOM MHOrHE BaXHbIE NPUMEHEHUA ONYCKAIOTCA. 3auHTepecoBaHHbiA -
Tartenb MOXeT 06paTUTLCR K pabotam [ 213, 228] u wTHDYemol Tam NuTepaType.
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pos L/ npeobpasoBanuit cuMMeTpiy JarpaHXuana , Mbl uMeeM JBa BO3MOXKHBIX
pesyabTara ux feficTBuS HA BaKyyMHOE COCTOSHuE:

Li|0)=0 (30.4)
"
L/|0y 0. (30.5)

Tepsatit cayualt cooTBercTByer peammsauuu cummetpun Busnepa — Beiina,a BTo-
poit — peammsammn cummerpun  Hamy — T'oxdemoyna . Koneuso, B obuiem cayyae
o6a 9T TMNA peann3alyy CHMMETPUH MOIYT NPUCYTCTBOBATh 0JHOBPEMEHHO;
YacTh reHepaTOpoB L' ,i=1,...,r, yioBierBopser paseucrsy (30.4), a ocram-
Hble r'eHepaTopbl Lk k=1 + 1, s n, yaoBaeTBopsT pasexcTsy (30.5). O'{eBu;x-
HO, YTO €CJ¥ onepaTophl L*ui? YAOBJIETBOP AT paBeHCTBY ‘ou 4), TO 3TO
paBeHCTBY YNOBJAETBOpieT u X Kommyrarop. CaefobarelbHo, COBOKYNHOCTb pe-
o6pasosannit cummerpstit Buriepa — Belinst npeacrasaser co6oit noarpynmy.

fipu paccMoTpeHuy JaHHOrO Kpyra BONPOCOB BaXibl ABE TeOpeMbi . [epeas
3 HnX, ycrasoBaennast Koyamenom [ 72], raacut, yro "MHBApMAHTHOCTb BakyyMma
O3HAYAET UHBApMAHTHOCTb Mupa”, uau, Goree cTporo, uro Gu3KUeckue CoCTORHUS
{Bumouas ¥ CBA3AHHDIE COGTOSHNS) MHBAPMAHTHBI 10 OTHOWEHHI K Npeobpasoba-
HYSIM M3 rpynnsi cummeTpuu Buriepa — Beflin. Ecan npeanofoxuts, uTo Kupaib-
HAM CHMMeTpHs IPMHALTEXUT K cuvverpusiv  Bursepa — Beflas, To orciopa MoXuo

MacThbi Me:

OB NOJIKHDI SBITD BHIDOXA c T W oo 06
0B [0JiAKHD ObiTb BbipOAKACHDI C TOUHOCTLIO 40 Ho~

»
HpaBOK MopsaKka m* / m,, rae m, — a,apomlble Maccel, 3To cipaBeauBo A8 TakuX
ME30HOB, KaK w, p, K , O UM f A , f°; HO ecau paceMOTpeTb AyGaeTH Ho YeT-
HOCTH, TO BHIpOX[EeHUSA, OYeBUHO, t{e'r Iro ob6CcTOATEALCTBO YO UTENbHO CBUAe-
TEALCTBYET O TOM, UTO rpymna ciummerpun SU L (3) npunazsiexur K cuMMeTpus
_ Burnepa — Beiins, a kupasuas rpynna cummetpin SUT 7(3) x SUR(3) copepxur
reseparopbl Tuna Hamby — Noapcroysa, Iosromy mst npumeM, YTO MeHepaTopbl
Qu Qs YI0BAETBOPSIOT COOTHOWEHMIM
(NI =0,  QI(1)l0>=0. (30.6)
Bropoit Baxtolt TeopeMoh sBisierca Teopema INoancroyna [ 148], Oua yrsep-
Xpaer, 4To s KAX70oro reHepaTopa, pesybTaT AeidCTBUS KOTOporo Ha BakyyM-
HOe COCTOfHKE He paBeH HYJI0, IOMKEH CymecTBoBaTh 6e3maccosblil 6o30H, 06aa-
nalounmit TeMy Xe KBAHTOBbIMY YMCAaMu, UTO M COOTBETCTBYommi eMy reseparop.
TakunM 06pas3oM, MaloCTh MAce Me3oHoB w i K® Mul "obbsicusem” TeM, Yro B npe-

5
¥ Tlpu paccMOTpeHUH YacTuu, HMEIOWX PABHOE HYNIO KBAHTOBOE UMCAO apomMata, BO3-
HUKHET CBOR npobnema (Tak Ha3biBaeman U(1)-npoSnema). Mbi 06CYAUM ee HecKONbKO HUXe.
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perem,, my, m  » 0 Mbl IOAYULIH bl m_»0nmy 0. JefCTBATEIbHO, HECKOIb-
Ko HMXe GYfeT NoKasaHo, 4To

miam,kmy,  mimmotmy. (30.7)

Mol e OyneM [oKasblBaTh 3[€Ch STUX TEOpeM, a OTMEeTUM, YTO COOTHOWEeHUS
(30.7) pawoT Golee KomruecTBeHHblil KpuTepuit BbTIOMHERMS KUPAILHOH CUMMETPYN 1
CUMMeTpHH [0 ApOMATAaM; OHX CRpaBeMBEI C TOUHOCTHIO [0 MONpABOK HopsiKa
m: /m* nas rpynmbi SUL(2) ¥ C TOYHOCTHIO O MONPABOK MOAIKA mZK/ m’K* B Ccay-
Yae rpymnmbl SUF(3).

OrMeTnM Takxe, uro cummerpust Ham6y — Moagcroysa [ 203, 205, 206} se mo-
XeT GBITb peaiM30BaHA B pAMKAX TEOpUH BO3MYieHHil, TaK KaK BO BCeX NOpAAKax
Teophu Bo3MymeHuni Oz(t) 0> = 0. 310 o3HayaeT, uTo du3MUECKHUH BAKYYM OTIH-
yaeTcH OT BaKyyma Teopuu BoamymieHuit B npeneie m ~ 0. Tam, rje ects onacHoctb
oumGuTHCA, MBI 6y A€M noAYEpKMBaTh 5TOT GAKT, UCMOJb3YS 415 BAKyyMa Teopun

BosMYieHn #i aRnnuauatna 1S naa unuuonuanns b ofn vac
Bosmymenn# obosuayenne |0>, a pan duswueckoro Bakyyma obosuadenue lvae> |

TlosToMy coorHowenns (30.6) Mbl 3amuueM B Buge

Q%(t)lvacy =0,  Q¢(t)lvac) #0. (30.8)
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BBIDOX[ICHDI B Ipepede m
KYYyM uMeeT Buj

I “aKuM oopaaom, B 9TOM Hpefneae q’MBV‘lEb}Q&M Ba-

Ivacy = 3 G-

Oxupaercs, uTo noacbHoe SBJGHME NPOUCXOMMT B KBAHTOBOW XpOMOIMHAMUKE,
B yacrHoCTH B mpefieae mq - 0.

§ 31. MacTuuHoe COXpaHEHWe aKCHANbHOTO TOKA W OTHOWEHHA
Macc KaapKos

Tenepb Mbl MOXeM HOAYUATb KOJIMIECTBEHHbIe pe3yabTaThl AN MACC JerKux
KBapkoB, C 370 Heablo pacCMOTPUM TOK

Ali(x) = #(xyrtysd(x),

D np YACTH COOTH (30.7) ROMKHLI GbITH YMHOXEHb! Ha KOHCTAHTY pa3mep-
HOCTU Macchl. — [Tpum. nepes.
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¥ €ro AMBepreHipno
ALy (x) = i(m, + mp)a(x)ysd(x).

Tocnenss BeMuuna uMeeT KBAHTOBbIE YWMCIA ' -Me30Ha, U €& MOXHO MCTIoNb30-
BaTh Kak (cocraBHOE) muoHHOe NoJe, [loaroMy Hamumem

LX) =V2 f,m2,(x). (31.1)

Kosbduumentsl B dopmyae (31.1) BolGpaHbl TAKUMHU 10 UCTOPUUECKUM TIPHUIMHAM,
Tnouroe none ¢_(x) HopMuposano ciefyioumm obpasom:

Ol (x)|7(p)> = (h—‘)/z e, (31.2a)

rae [w{p)> ~ OHOIMOHHOE COCTOSHME C UMNYAbCoM p. KoncTaHTa f MOXer GbiTh

noayudena skenepumenransuo. JlelicTBurensno, paccMoTpuM Caal ﬁhm pacnaj
NOAYYCHA SKCOSpUMEHTaNbHO., [ eJbHO,

-+ uv. Jdekrususiii narpawxuan Pepmu, onncmnaromuﬁ caabble B3auMopeAcTBus,

“MeeT Bij
L= (Ge/V2)Ena(1 — ¥s)V ayN(i — ys)d + .
Mcnoab3ys ero, Mbl noayuaem

27Gr

F(a—>p) = u(,)(pz)n(l = ¥5)0(( P1> 0)<0| 40 (0] (p))-

Vicxops u3 coobpaxenuii MHBApUAHTHOCTH, MOXHO HAIH!
RUZOLITEY ol

CBepHyB KOTOpO(’ C KOMIOHEHT Ol UMIyJIbCa p OJNyYUM pe3ybTaT

C - f VT @mh:

m2C, = (00, AN ()7 (p)> =V2 f,m? e )m, (31.2p)
caegoBaTrebHo,
r(m—> ) = 47

(1 - m‘f/mﬁ)zG,gffm m?

Takum oGpa3om, KoHCTaHTA | - HOTIOCPE/ICTBOHHO CBSi3aHA CO CKOPOCTDI0 pacnaja
-+ pv. IKCIEPUMEHTANBHO MONYUEHO 3HAUeHHe [ s 93,3 MaB. 3ameuareabhbiit
PpakT cocrour B TOM, UTO,IOBTOPUB TOT X€ aHAIN3 /M5 KAOHOB U MCNOML3YS paBen-

CTRO

‘J#A!f‘_,(x) = ,/2__me,2(4>,( (x), (31.3)
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Mbl IONYYHM SKCIEPUMEHTAIbHOE 3HAueHue f K= 110 MaB , koTopoe C TOUHOCTbIO
20% COrAaCyeTCH CO 3HAUCHUEM BeauuuHbl f . B peficTBuTeabiocTy 9TOrO M CAe-
[I0BAJI0 OXMIATh, TAK KaK B npefete m —, - - 0 pasuumbl MEeX/y MUOHAMK U Kao-
HaMM HET M JOJNXHO BbIONHATBCS CTPOroe paBeHCTBO Tor takr, uro 3HaueHus

f o # [ B PERIDHOM Mupe OKA3bIBAIOTCH TAKUMHU 6BKuMM, ABASETCA BECKUM apry-
Memom B NOAb3Y KnpasbHO# CUMMeTpun SUF(B)

Coornouwetins (31.1) u (31.3) nxoraa Ha3biBAKT YACTUUHBIM COXPAHEHNEM AKCH-
anbHoro roka (ICAT)Y , uro He umeer GOABWOrO CMbICJIA, TAK KAK STU COOTHOIlE-
s Ha CaMoM JieJie SBJISIOTCA moxoecmsamy. MoXHO uCnoab30BaTh Jw0boe xejae-
Mo€ MMOHHOE Toe, B YaCTHOCTH noJe (31.1) npyu ycaoBuu, 4TO OHO UMEEST NPABUIb-
Hble KBAHTOBbIE UMCJA U €I'0 MATPUUHbIA SNeMEHT MeX/y BaKyyMHbIM U OAHONMOH-
HbIM COCTOSHNAMM He paBet Hymo, HerpuBuanpbHas yacTb SBJCHUA YACTHYHOMO CO-
XpaHeHUs aKCUAIBHOrO TOKA OMUCAHA HUXe.

Creayommit Liar COCTOAT B PACCMOTPEHNM ABYXTOUEUHbIX GyHKumuit (uHEKC
ud B 0603HAYEHUN Au.i Mbl OIIyCKaem)

Fr(g)=ifd'x e “(TAM(0)A"(0) s

M MX CBEPTOK C KOMMOHEHTaMU UMIYJbCa qv u qv

aa FWiav= —g [d%e@ 3 (TAM (A" MM
Me'ip* \1) ‘Il‘J"'""‘ TN R S S S A £ T
_ { .4 N N L P R B
=~ [d'% eSO A0 A"O) Pue <

g, [d%eV (TIANA"O) e
=2 [d* e 8 (K[ A°(x)dA0) " P
+ifd‘xe“’"‘(TaA(x)aA(O)+ Deac -

Wenoaways paBencrbo (31.1) u BbiuMCIMB KOMMYTATOp, MoayyaeM
9%9-F*" () =2(m, + ’"a)fd‘xe"" B(x)Ca(x)u(x) + d(x)d(X P
+ 2if2md [d'% e (T, (x)04(0) Duae

W B npegene q » 0
2(m, + m,) @ (0yu(0) + d(0)d(0)),
= —2ifm¢ [ d*x e (To,(x)9,(0) Duacly 0-

Y DewicrentensHo, B npenene mT"» 0 npasan wacTs pasencTea {31.1) obpawaeTca 8
HYNb,
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B npaByio yacTb 3TOr0 paBeHCTBA AAIOT BKAANH MMOHHHIA NOMNC 1 KOHTHHYYM, KO-
TOpHe MOXHO 3amucaTth B Bufle
i1 +1 far ImIL ImII }
- ‘I 40

AT (00 Dradyo= |
L ,ImII |
+ Wfdt B,

= i [ (T, ()80 (0)° Do

[opanox BhlnoAHEHKA NpeAEABHBIX [IEPEX0/IOB B JAHHOM CIydae CyIeCTBEH; BHada-
Jle CJAe/lyeT YCTPEMMTh UMIYABC ¢ K Hyio, @ 3aTeM NepeiiTn K KipaabHoMy mpe-
neay. B stom npenese® m2 - 0 nepBHIif ulen B npaBofi YaCTH 3aMMCAHHOrO paBeH-
CTBA pacXomUTes, a BrOpOVl 0CTAETCH KOHEeUHbiM. CJIe,D,OBaTeJleO MBl TIOAyYa-
€M OKOHYATEbHbI}t pesyabTaT

(m,+ my) i+ dd .= = fml {1+ O(m2)). (31.4)

970 cooTHOMEHUE oTpaxaer ToT takT, Uro BaKYYMHOE cpeaHee <;a> vac HEe paB-
HO HyaI0, 160 B IPOTUBHOM Cayyae Mbl I0JKHH NoTpeboBaTh paBeHr'rBa fa= 0.
OTMernm Takxe, 4TO 4O CHX [Op HE [POBOAMJIOCH Pa3JMUMiA MEXIY "roasivm” 1
TIepEHOPMUPOBAHHBIMUY MACCAMH M ONEPATOpaMU. ITOTO U He HYXHO J€JaTh, TaK
KaK U3BECTHO, YTO MAcca mi COCTaBHOH oneparop gq 06Jajai0T HPOTUBOIO N0 KHEIM

UEM, U CIINAREIUBO DABEHCTRES m. (aa) . — m (aa)
[IepEHOPMUPOBOUHLIM [IOBEACHHUEM, U CIIDABeIIMBO DABEHCTBO m WG9 =m 99, -

MoxXHo 1oBTOpUTH BEIBOA hopMyinl (34.1) nas kKaonos. [Ipesebperas Ynenamu
T‘) uan O(m K), TIONY YUM

+ T+ § 2,2
(m, + m)(u + 55y, = = fempi, (31.5)

(mg+ m)dd + 55Y,,. = — fimko.

Ecm npeanonoxurs, 4To BakyyMHOE CpeaHee < gg> OJMHAKOBO A KBADKOB BCEX
apoMaroB, TO LJf MACC JerKuX KBAPKOB MOXHO HOJAYYHTh

24,2 2 2 2
m o+ m, femi. my—m, fx& mMio—mi,
~ s -
m,+ m, fPm? my+ m, ﬁ m2

e

Boxee crporue ouenkn TpedyioT paccMoTpetins 06YCAOBIEHHBIX 3AEKTPOMATHATHBIM
BaaumopelicTBueM BKAaOB B HADMIOAaEMble MAcChl - U K-Me30HOB, YuuTHBad X,

Do _
JTO  COLCTBEHHO u ecTb npepen YCAT, Tak kak B 9TOM NpeAene akcuanbHbli TOK

COXpaHAETCA 1 ero AMBEPTreHUMA paBHa HyNIo: auA“ =0,

Macce! kBapok, YCAT. kupaneHar aMHamuka n Bakyym KX 1 179
10ay4aem®
m, m
—Z =184, —£=20+03 (31.6)
my m,

Ecamn renepb 06beMHUTb 3TH PE3YAbTAThl ¢ HEeHOMEHOJOMMYECKHMU OLEHKaMU (U3
CIEKTPOCKOIMM ME30HOB I GApMOHOB) Macc KBapKoB mo—my~ 100 — 200 MaB,

n,—m, = 4 MsB, To MBI OAYYKM CHEyOLMe 3HAYEHNA MACC B MErasJeKTpoH-

d
BOJbTAX:

i, (g~m)~6, W (Q~m)~10, @(Q~m,)~200, (3L.7)
T'/le IPUGIMKEHHOE PABEHCTBO O3HAYAET, YTO BOSMOXHA OmKOKA B 2 pasa.

Takol crocob noayuenus Macc KBapkoB BECbMa HETOYEH, NI0STOMY B Clefyio-
weM naparpade Gyaer onucan apyroit, 6oaee uzoupeHHslii Meroa.

)
[
5

E-1
(-
=
H
z
[
z
x
Ed
=
z
-
(1]
e
g
@
=
x
=

BapKoB
H OUEHKH AINA HUX

B sTomM naparpade onucan MeTox noayueHns orpanuyenuit Ha Macchl KBap-

KOB 1 OUEHOK A1s HuX. ITOT METOJ BlepBhle Obll KCIOJb30BaH B pabote [ 254] u

oft rouxoif Merosa

rpe Tok J ° umeer Bug

Ii=qvsq.

Bo Bcex nopsakax reopu#t Bosmymennit bynkims

u(q ) 0= -g*

B nipezese Q2 - oo ofpaiaerca B Hyab, CleoBaTeabHo, MOXHO 3amucarth 6e3 Ka-
KuX- 1ubo BH'—IMT'dHMﬁ cﬂeuymmee ,uwcnepcuonﬂoe COOTHONIEHUE

2 2 *4
F(Q) =2 [“ar
°roy
Jletyi0 YacTL 3TOrO paBEHCTBA P GOABMMX HAUCHUAX (I MOKHO BBIMMCIUTH B pam-
KaX kpanToBO# XpoMommaMyvkit, Ho Tipu 5ToM HEOGXOMMO GO0 JATh OCTOPOKHOCTSs:

Im ¥ | (32.2)

—_—

) .
CM. pabothi [99, 260, 280]. 3ToT MeTon BO3HUK B pa6orax l_u_!i 147,
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HEJIOCTATOURO COXPAHNTH TONBKO Be/VNyii WIeH ONepaTopHOro pasioXesns Lis Mpo-
u3Begerns Tokos TJ °J %%, Binan oneparopos gg, x* 79, qn G?-= 2, 6oy chY
TaKKe oKasbBaeTCsA BaXubiM, TIpoBoas BLUNCIEHNS B [BYXNETICBOM TpUOHOKEHUN
U TOMHS O TOM, UTO ONepaTopsl a | G 1 mgg B paCCMATPUBASMOM TOPSLKE TEOpHM

BO3MYWEHNi ABATIOTCA PEHOPMUHBAPLAHTHBIMU BEJIMUMHAMM, TOIYIaeM

[m(0Y) + (0]

(0= g5

QZ
m ), 1 %(2Y)  2n alGH
x 1+0(%)+T- - +T'”-—Q4

_ %Qz; “mj - %)(q,qp + (m, - %)(@q,-)

Bruaal onepatopos < 7g> U <G> OLEHMBAIOTCH C YueToM HenepTyp6aTuBHbIX
Jacreit KBapkoBOI'O M I'IIOOHHOrO MponararopoB (cM. § 35, 36, rae nozpo6Ho pac-
CMoTpeH npuMep BEIYuCIeHnH) . Bxaaabl oneparopa m<gq> MOXHO OUCHUTb, UCIOJL-
sy# (opmyabt (31.4) u (31.5); no-BuguMomy, STn BK1amE umewnT Beanuuny O(m>/ 0?)
¥ OKasbiBaioTCH NpeHebpexnMo mMaibivu. Takum obpasom, nolyyaem

—_ p— 2
Fy QZ\ - i . [m’( QZ) + ml(Qz)]
g\ ) 82 QZ
2
x {1 + _1} "s(WQ ) . __3254 aS<GZ>}, (32.3)

Obparumcs Teneps k npasoll yacTu pasencrBa (32.2) . Bxaan mnossoro (Ansij =ud)
WIM KBOHHOTO (M1 i = us, sd) PE30HAHCA MOKHO TOJYINTb HEMOCPESCTBEHHO; B
cqayyae NMMOHOB HAXOUM
Im ¥(1) Im ¥%(1)
o0
lf dt-—3=4fm:+3+zﬁ A (32.4)
T Jo (’+ QZ) (m3+ QZ) w m?2 (l+ QZ)
3aech Baxuo, uro Im \yS(,) > 0; oTcioxa HeMezeHHO caenyer HEepaBeHCTBO, CBS-
3bIBRIOWEe BEIMUMHEL m + m nm_, [, <a_G>:
u d LdEl 1 s
2 4
_ s _ 2 327 ];zmw
[m(Q%+m,(0)] > RPN
2 2
3(mw + 0%

a{2% | 2 N 39 5
——7—+3Q4us<0) . (32.9)

J70 OrpaHMyenue He CIMLIKOM XOpouee, TaK KAK Mbl TepsieM 3HAUNTEJbHYI0 YacThb
unopMarmn. Ero Moxuo yaysumrb, pacemoTpeB N-10 IPON3BOJIHYIO OT BeJuduHbL
F(Q?) u ontumusnpys ee no nepemerHbiM N u Q2. JletanbHoe U3IOKEH!E MOXHO
naitru B pabore { 34 ]. B pesyabrare noayyaem

R 2 8maf?
i, + iy > 2T eenmlze), (32.6)

rpge 8 — nonpaBka~25%. Ecm ucnonb3oBaTh 3#aueHne BaKYYMHOrO CPEAHEro

<a G%> , moayuensoe us cnexrpockonuy yapmonud [ 229, 230] uin B BbIYuCHe-
S

Huax Ha peuertke [ 96], To nonyuum Takue uMCleHHblE OLEHKN:

My, + iy > (235 8) MeB,  (a,G2)~0.044700L roB®, (327

I orpanMuerusl  He

e

UMTBHIBAIOT BO3MOXHbIE Onmbku B Ollpe/ieIeHMn 3Ha4YeHus

BaKYYMHOG opegnere <a 6> . Ecii foGaButh i HX, TO NOJAYIUM OrpaHnyenue
CHU3Y

. N

m, + m,; > 13 M9B. (328)

Bo Beskom  caydyae, 5To orpaHuderue COBMECTUMO B MpefenaX ounbox ¢ orpaHu-
dennivm (31.7), XOTH HEKOTOPOE NpEANOUTEHNE OTAAETCH GOJBUIUM MaCCaM KBap-
KOB.

ITOT MeTog MOXKHO UCIOAB3OBATH HE TOJNLKO LA TOJIYUeHns orpanuyenuit Ha

MaCChi KBapKOB, HO 1 AaH oyenxu ux sHavenuii. C o9T0i neabio B pamkax Toll iy

2 5 Py
uBOl Mopean BblUKCASIOT DYHKIMIO Im ‘P‘,. (¢), nas koTopoit npu GoabmMX ¢ uC;
3Y10T Belpaxenue, noinyyenroe u3 KX/l, a uuskooHepreTnyeckyr 4acTo napaMerpy-
SYWT {O4HNM WM HECKOJBKIMU) PeSOHAHCAMM. TaKiM Coco6oM MOJNyUYeHa  OLeHKa

[ 169, 254, 284%]
M, + iy 2 (20 + 6) MoB, (32.9)

Hepasro 6vin passur asbTepHarusubii Merog [210], xoropuiit MoxHo pacemarpu-
Batb Kak ocHoBansoe na KX/| ynyuwenye xnaccuuecknx onenok, TnoNyYeHHbIX B pa-
6Gore [ 192]. 3ror Meron no3Boama NONYYNTb NPUBIMKEHHOE SHAYCHUE M 4 7y, ~
= 27 +8 M9B npu napamerpe obpesanns A = 130 + 50 MoB. Kax 6BlIO yK“asaﬂo Bbl-
lie, Mbl I01y4aeM MacChl KBAPKOB, COIACYIONMECH ¢ OLEHKAMH (31.7), 1o cvewen
BHie B cTopoHy 60 buX saadenui, Mexny npounm, sTu ouenku N0Ka3blBAIOT, YTO
orpasnyenne (32.6) ABAKETCH OYEHb CTPOTUM, M, BO3MOXHO, NPuGJMXKEHHOE paBeH-
CTBQ
Sm,ff,,2
3<‘1_=G 2>]/2

H

No Kpafiueit Mepe B HEKOTOpOM MpejeJe, SIBIHeTCH TOUHBIM,



§ 33. Pacnan s yy; 8KCHaNbHaA aHOManuA

OpHoO 13 nepBbIX yKasaHuit Ha CyuwecTBOBaHKe UBETOBbIX cTeneHeil cBoGobl
6b10 MOJLy4eHO MPY W3YUSHWN PACHAa T - vy, K A€TAJIbHOMY PACCMOTPEHUI0 KOTO-
POro Mbl TENEpb.MepeXoiuM.

Hcnonb3ys peiyKimoHHbie GOpMYJbl, aMILIMTY /Iy 9TOMO pAacliaja MOXHO 3alu-
caTb B BA/e

<y (ky ,A.),v(kz A)ISI70(g))

I e (kA (e Ay [

e’("l'kl+’fz'k2‘z'4)
(2 )
X (82 + MY TI (X W En( %2)Ba(2) D05 (33.1)

T/ NpMHATO

%A (x) = Jh(%),

A — none goronoB” . Boigenss geabTa- GyHKIAIO E.(k1 +k, —g), noJyuaem

I'Jie BaKyyMHoe cpe,qnee
elx kitr R (TIH () (9)0ao(0)0> g = ki + k.
(33.26)

Fr(ky ky) = rd

Beioay B ranbrefiuieM npu Toxe J 1ojpasymeBaeTca MHAEKC em, 0G03HAYAKILMIA
9JleKTpoMarkuTHOe B3auMozeicTaue. Ternepb MOXHO KCNOB30BATH COOTHOUMIEHHE
(31.1), 0606UMB €ro Tax, YTOOB! BKJIOYATD N0 T -ME30HOB:

3,A{(x) = 2f,m2¢ o(x),
AY(x) = F(x)yPysu(x) — d(x)Y*Ysd(X),

¥ 3amcarb ¢ ero MoMoubio paBeHCTBa

(33.3)

)
Mbi OCTaBNfAGM YMTATENIO B KAUSCTBE YNPaXHEeHNWA [OKAa3aTeNbCTEO 3TOMO PABEHCT-
Ba, a TAKKE paBeHcTBa :

9L, TA»(x))A" (x)9(2) = T(3%4 ()0 * (x,))8(2),

, UTO BOBMOXHGLIS URSHLY, S KOTOPLIX NPOH3BORHLIS RERCTEYIOT Ha PYHKWAI

~2z ) B XPOHONOrMYECKOM NPONU3BEACHNH, NPUBORAT K BKNAJIAM, DABHLIM HYNIO,

Maccer kBapox, YCAT, kupanbHan auHamuxa v sakyym KX 1R¢

[~]

1
F¥(ky ky) = o T#(ky,ky), (33.4)

Ladd

T#(ki k) = 5 [d%d ek b (T ()17 (0)34(0)

Jlo cux nop BCe BblunC e Gbliy TounbiMu. Caeaylomuil Xe mar cBA3aH G npiMe-
1ieHueM IUMOTEe3bl YACTUYHOTO COXPAHEHN S AKCUAILHOIO Toxa (UCAT'), ctopmympo-

‘Banuoll B TAKOM Bize: mpefoaracTes, WTO B Npesete ¢° - 0 ammmTyay

F(mw » yy) MOXHO annpoXCUMMpoBaTh ee BeyuuM diedoM. U3 wicTo KuHemaTuiec-
KuX COOGpaxeHuil BUIHO, UTO NpH STOM Takxe g, k:’ k, - 0. Torpa MoxHo namy-
carb

T (ky, ky) = €”°Fk Joyy® + ok, (33.5)

TMunoTesa wacTiuHOro COXpaHeHUs aKCHAJIbHOIO TOKA O3HAYaeT, YTO B BhIpaxXe-
Hwn (33.5) MBI CoXpaHfieM TO,bKO MepBblit unen, Huxe Gyzer MOK&38HO, 4YTO 3TO
MPUBOIUAT K NPOTUBOPEUKID, /11 pA3DenieHus KOTOPOr'e HEOGXOAMMO BBCCTH TK Ha-
3bIBACMYI0 AKCUBALKYI0 GHOMAINLI0, UTO NIO3BOJIUT TOUHO BHIUMCIUTH Teusop THY Bo
BoeX MOpA/KaX Teopuy Boamymenni (B npubanxennn YCAT).

[MepBbifi War COCTOUT B PACCMOTPEHAN BelHuUHbI

k) = i [ dtedy R R T ) () 43O, (33.6)

V[CXO}lﬂ TOJIbKO U3 TpeﬁOBaHMﬁ JIOpEHI-MHBAPUAHTHOCTH, AJ8 HEE MOXHO HAMACATDH

ofmee pasnoxenue

RNk, k) = €M%, B, + Mk, @, + oK%

i9 A
“ {33.7)

3
rae unenst O(k°) umeror Bug s”A“Bkm kfﬂ k, )\Cbh + TPHU MEPEeCTAHOBKM, U JJs

Cayuas m # 0 QyHKimsa O ABadeTCA peryaspHoi B npeuene k - 0. Coxpauenne
SJEKTPOMArHATHOTO ToKa 3] ~ 0 NPHBOMT K paBEHCTBaM

Ky R#N = fe, R = 0; (33.8)
TNIepBoe U3 ITHX PaBEeHCTB 00ECHEYMBAECT BBINOJHEHHE COOTHOLICHHS

= 0k, (33.9a)
8 BTOPOE — COOTHOWEHN
&= ok (33.96)
Ho 13 ¢opmya (33.4) u (33.6) caenyer paBeHcTBo
DR Nk, k) = (ki k), Te. O=d, -0, (33.10)
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M, CAefoBaTebHO, YUuThiBas Boipaxerus (33.9) , noayuaem pesyabrar [ 238, 255]
&= 0(k?). (33.11)
Mmnyabc k umeer BeMuMHy NOpAIKa m_, OTKy[a C/ejlyeT OlleHKa D= ”‘31 . Ho ato
NPOTUBOPEUMT SKCIEPUMEHTY M, UTO ellle XyXe, IPOTHBOPEUUT Pe3yJbTaTy NpAMOoro
BblunceHus. JeficTBUTeNbHO, UCIIONb3YA YPaBHeHHe [ABUXEHUs, MOXHO HanmuMcaTh
3,4K(x) = 2i { m,a(x)ysu(x) = myd (x)ysd(x)}. (33.12)

[IpoBegemM BHUMCICHUS B HYJIEBOM [OPHAKE TEOPUM BO3MYLICHHMI 10 KOHCTAHTE CBS-
3¥ & ; OUEBUAHO, UTO B 3TOM Nopaake Bbipaxerue (33.11) goaxwo Gbith cipases-
auBo, ITOMY COOTBETCTBYWT AMarpamMmsbl puc. 25, a. PesyabTar, Noayuyermblit
BrepBbie B paGote [234], B npegeae k:’ Ic2 - 0 npu Bu =1, 5=~ 1 umeer BUg

T (ky, k) =3X2X 3 80m,
f=ud

—1 waBy 5 (a2 25 4 o nd
= 1 Phiakag (3( Q2 = Q1)) + O(KY)

—1 cwate, ey + O(KY).
47

Muoxurens 2 B IEpROM BHDAXEHUY SBASETCH CJASJCTBUEM Ydera "Kpoce'smarpamm;
MHOXKTEJb 3 BO3HUK U3 CYMMUPOBaHU Mo uBery. Takum o6pasoM, noayyaem
==L, (33.13)

472
4To MpoTHBOpeuuT pesyabTary (33.11). 3To u CoCTaBAAET CONEPKAHUE TPEYTOlb=
Holi asomammm [ 7, 36].

i B uem ckpbiTo npoTuBopeuwste? OueBUaHO, UTO Heb3s COXPAHUTH BHIpAXeEHUe
(33.12), koTOpOE MOMYYEHO C HCTOAbIOBAHMEM YpPABHEHus ABWXeHus ans cBoboa-
HbIX 07ieft i F'q = mq ; HeoOXoMO AOTYCTUTb, YTO B PUCYTCTBUU BEKTOPHBIX Monei
(B maHHOM cayyae dororHoro noas) hipaxete (33.12) He cnpaseauso. UTo6bt
oAy wTh coraacue ¢ Gopmynoi (33.13), Heobxogumo Hammcats 7]

3,4 (x) = 2i{ mu(xyysu(x) — myd (x)ysd(x)}

+3(02-0}) l;’; F (x)F™(x), : (33.14)

rae oyaxeuvid Tensop F onpepeaserca bopmyol
~ _ l 8
W= 5e Ty, Fap=8,4p- 34

a

s

duazpamma

Y
8
2
A
+

yr

~duazpamma

"

-+, kpoce

Puc. 25, DuarpaMmbl ¢ aHOMaNuAMK (&, G) U QuarPaMMmbl, He cogepxame aHoManui (s, r),
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rge A — doronsnoe noxe. Jast boaee obuero cayyas pepMHOHHBIX noaeit f, B3anmo.-
AeficTBYONMX C BEKTOPHBIMU MOASMU C KOHCTaHTON B3aumoelicTBus 4 ¢ Clipases
JMBO BbIpaxeHue

= Lo Teh? .
By f = 2imyfys f+ —8';2— H, A (33.15)

snecs H"Y — Tensop nanpsukenHoctelt BekTopubiX noaefi, BepHemcd K paccMorpe-
o pacnaga w° - yy. Us (33.13) B npegeae YCAT m, ~0 BHIUUCIMM AMIAHTY Y
pacnazja

2 2
) a HueP km kzﬁ 6u(kl' A ek, A ) g —m)
ret -2y & (33.16)

™ \/Z_Trfm2

W WMpMEY pacnaga
3
VL o 7,25107° MoB,

] 64w 12

F(WO—-)'yy)=(

9 |R

KoTOopyw CJeayeT CpaBHHTb C SKCNepUMeHTANbLHO NMoJyYeHHbIM 3HAYEHUEM

em('n - yy)=795x10"° $ MaB .

B neficTBiTENBHOCTH MOXKHO ONpeeiTh U 3HAK amMilIMTY bl pacnaja (Mcroab3ys
MeTo/ [lpuMakoBa), KoTopblii coracyercs ¢ TeopeTHyecKuMi rpejCcKasaHuiMi.
BaxXHo OTMeTHTDb, UTO ecai 6bl He GblI0 UBETOBBIX CTeneHel CBoGoAbl, TO pesy.db-
Tar 6bl1 661 B (1/3) 2 pasa MeHble ¥ oTAuYaAICH O6bl OT SKCHepiHMEeHTAIbHOIO 3HA-
YeHus Ha Uelblil IopHAOK BEAUYMHDBL,

MoXso nocraButh BONpoC 0 TOM, HACKONBLKO J0OCTOBEpHB! 9TH BbrucaeHus. B
KOHlie KOHIIOB, OHM BBIOJHEHB! B HYJEBOM NOPAKe Teopuy BoaMylleHuli no Koncran-
Te CBAsM a . Ha camoM gene 9ToT pacyer BepeH Bo BCEX NOPALKAX TEOpUA BO3MY-
mennit KXﬂ 1) ; e[MHCTBeHHOe NpuUbMMKEeHHEe COCTOUT B UCHIOAb3OBAHMU I'HIIOTE3bI
UCAT m "= 0. 0661 y6eauTbos B 9TOM, NpUBEAEM AnbTepPHATUBHBIL MeToR monyde-
HusA oCHoBHoOro pesyabrara (33.13). /las aToro BepueMcs K Bbipaxenuwo (36.6). B
HyJeBoM TOpPSAKE TEOPUH BO3MYUEHHHA 0 KOHCTAHTE CBA3M o uMeeM

Tors(p K+ m)yE e m)y (=K + my)
<2 ) ((p+ k)* = mP)(p* = mi)((p = k)’ — m})

+ BKJag "Kpocc'- iarpammbl

RN = 38,07

1 o

) B peficTeuTensHoCTH aTOT pacueT BepeH BO BCEX MOPAAKAX TEOpuu BO3MYleHu# AnA
NBoro B3anMoOAEHCTBHUA, NOROBHOrO BEKTOPHOMY. [loKka3aTenbecTBO 3TOr0 (aKTa B OCHOB-
HOM cofepxuTca B pabote [ 9] (CM, TaKxe [25, 80, 268 1 I8

Kupansuan auHamuKa u Bakyym KXJ 187

(puc. 25,06) B obuiem cayyae MOKHO paccMaTpHBATH [POU3BOJbHBIHA aKCHabHbIH
TpeYTOabHHK, KOTOPOMY COOTBETCTRYET BHDAXEHHe

f d%  TrYNspHk + m)yyt et m)y' (- 1‘2*’”)_ (33.17)
@m® [(p+ k) =m)(p* = m)[(p — ko) = mi]

A=)
Ri" =

Auv
Hawm HyXHO BHIUMCIMTD BEIHUMHY ¢, R BV Mcnosib3ys paBescrso

(;(1 FH)Ys ==Ky = m)ys + (K — m)ys—(m; + m)ys,

APUXOMMM K Pe3yabTaty
QR = =2(m; + my)

rd Tr Ys(pr K+ m)yt(prm)yy gkt my ak
- n
)t (k- (P - (= o) — )
(33.182)

a = Zfd"jz’rr{(p—kz — m)ys — (P K — m)ys)

i w1 v i . (33.1806)

Xk m Y pem k-
uTo MbI Noyuum Gkl py HenoCpeacT-

BEHHOM MCIOJB30BaHMA ypaBHeHUH ;(Bux(eﬂusl d q Wy 4 = ilm + '"l)qi Y54y
BTOpoli UneH onuchisaeT avomamso, [punsin B npocrpchme pasmepHocTi D st
y-MaTpuL KOMMyTalHOHHble coorHowenus {y" , ysl =0, Bropoe ciaraemoe B ¢op-
myJae (33.18a) MoxHo 3anucarb B BUae

1 v
"’"4“!’{“*;?77 7w
__1_} (33.18n)
l K

Orciona sakaoyaeM, uto Tensop o'’ pamen Hymio, TaK Kak Kaxablil unen Bbipaxe-
Hu (33.188) npegcraBasier cobolt anTHCHMMMETPUUHDIA Tes3op, 3aBucHumit o
€[MHCTBEHHOro BekTopa (NepBbifi Uaen 3aBUCHT OT BEKTOpA kl , Bropo#l — oT Bek-
Topa k2), KoTOpbifi oBpawaercs B yab. Mexny npouum, oTCi0Aa BUAHO, 4TO  TeH-
30p a dakTUyeCcKy HE 3aBUCUT OT MAcc, TakK Kak npousBopHast 9/ am)a“" cXoAuT-
€4, ¥, Takum o6pasoM, 3TO A0KA3ATEJbCTBO NPUMEHUMO. CurnefoBaTebHO, MOXHO
HamnucaTb a;‘i"i = o, rpe Tensop oV noaydaeTCs 13 HCXOAHOrO TEH30PA, ECIU



B HEeM MAcCChl BCeX qac'rm.( TI0JIOXWUTL DABHbIMK HY.JIIO. Ananoruusble apl"yMeHTbl o~
Kas3biBawT, YTO TEH30p a llOJDKeH UMeTh BUJ

a* = ac“”"ﬁklakm s a = constant, (33.19a)

TaK UTo BEIMYMHY @ MOXHO MOJSYunthb ABOWHBIM pbddepeHmpoBanueM TeH30pa
uv .
a .

3? w
=g d 33.196,
erdhos |, o ( )
U3 sux paccyxaermii  u us Bbipaxenus (33.188) caenyer paBeHCTBO a = 0, MPOTH-
Bopeuauee Teopeme Bearmana ~ Carepaenpa.

OkasbiBaercs, 4T0 BbIBOJ O TOXAECTBEHHOM PABEHCTBE HYJI0 BEJWUMHBI @ (hak-
THYECKU dABJAETCH UJLIIO30PHBIM, Ecau MpOBECTU 3aMEeHy NepeMeHHbIX, Halpumep

p-p+ .§lr , B uHTEr'pane {'2"{ TRR\ TO MBI IOAYIUM KOHeUHBI He nanumm HYMO pe-
9

3YyJabTar, 3aBuCAWMUA OT napaMerpa §: e = —§/( 2m?). Orciofa BUAHO, 4TO KOMMYTa-
LMOHHBIE COOTHOIEHUS [y Y } =0 NPUBOJAT K HEONpeeNeHHOMY 3HAUEHUIO aHO"
Mamu. OgHako ecy HayaTH C d)(mMVJlb[ (33.186) v He nNpeAMONATATH AHTUKOMMYTA-
MBHOCTM MATPHIL y ¥y, TO TOJYHMM

ae#f = —2 fd pTrys[ Lyolyelyplyn Lonlypdonl e

VA A A 4 2 r
BhinosHsas c¥MMerpiuioe HTErpupoBaHye (puaoxenue B) u IOAb3YACH TOIBKO
NpaBUIAMU  BbIUCICHUH, TPUBEICHHBIMY B IDUIOKEHUM A 711 IPOCTPAHCTRA pasMep-
Hocv D 4 4, TonyunM ofHO3HAUHbIH pesyabTar

8D =-1)@4-D)

wop . L2 e
a D(D +2) T6n? d=D 1Ty

+0@4-Dy—> =1
D—4 27,
B arom 3aknuaercs omua us ocobennocreit anomamu: sHaueHue Xowevnoto defin-
MaHOBCKOI'0 MHTerpana 3aBuCHT OT Criocoba peryaspuszaimu. K cuacTsio, 3 Toft npob-
JleMbl MOXHO U30eXarh, ecay UCIONb30BaTh TeopeMy Bearmana — Carepaenpa, us

} Takne KOMMYTALMOHHBIE COOTHOWEHHA EHYTPEHHE NPOTHBOPEUHBHI. Hanpumep, ucnons-
3yA popmynsl, npusenennue B npunomenuu A AnA npocTpancTea pasmepHocT D # 4, nony-
wm Ty y Yy Yy Y =(6=DTr Y5Y v Ypy 8 TO Bpewmn Kak, NpeAnOXHS KOMMyTBTMB-
HOCTb, MOXEM nonyum-b Boipaxenu Tr y S Ypr v = Try 2y Yp)’ 7=

=(D—-2)Tr y Y*v'vPy%, kotophie omu.u,apcrrn or nnpm.muumx unnunuu nu ~ D). Hoatu

npobnembl BO3HMKAKT TONbKO B TOM Cyuae, 8CNH UMEETCA NO MEH biuei Mepe ueTbipe

®
0

KOTOPOA MOXHO 3aKIOUUTD, UTO BO BCAKOM CIYYae CYWECTBYET eOunCmsennoe 3ua-

yeHme BeIMWiHB! a ¥, COBMECTMMOE C KaIMOPOBOUHON UHBAPHAHTHOCTHIO, & HMEHHO

v e L
aff = a¥ = = S gk, (33.20)

Mbi IpoBepuaM, YTO BHIOpaHHAA HAMM PErYIAPUIAIM % IPUBOJUT UMEHHO K I TO-
My 3HAUEHYI0; IPOBEPKY TOrO, UTo Npy TAKof peryaapusaumuu CoXpansiercs cBofi~
CTBO KanubpoBOUHOW WHBAPUAHTHOCTM, OCTABJAEM UATATEN0 B KAUeCTBE NPOCTO-
0 YIpaxdeHus,
~ [lpex/e ueM UpoJoIKaTh, HEOOXOMUMO CKASATH HECKOILKO CJOB O TEOpeme
Bearmana — Carepaenpa Anst 6e3MaccoBbiX KBapkoB. B aToM cayuae nepsblit waed
B mpasoii yactu (33.18a) orcyrcTByer; Kaxercs, UTo Tenepb HEAb3H COXPAHUTD
npexmyii pesyabTar gus Tensopa a ¥ (Bbipaxenne (33.20)), TAK KAK 3TO IPUBOAUT
K HEPaBEHCTBY

pRW = - 41 3 Ewuﬁklakzp #0,

7

OpoTuBOpeyalieMy BbiBOAY u3 TeopeMbi Bearmasa — Carepaenpa
q;\Rl - 0. Ho 2T0 He Tak: cooTHOlIEHNE qu}\w = a"" v anauenve renzopa a*V
fo-fpexHeMy cnpasenmvBbi, [Ipyuyna cocTout B TOM, 4TO B caydae m = 0 QyHKimu
(DI, B (33.7) uMEKT CHHCYIHPHOCTY BuAa l/k . k . CrepoBaresbHo, TeopeMa
Bearmana — CaTtepaeHaa B 9TOM cnvqae HeHDMMeHMMd 310 eme oHA 0COBEHHOCTH
Tpeyronbroi anomamu: lim g, R MUY _ 0, Ho ecam ¢ camoro Havana Ipeanono-
KUTh YACTULb! HE3MACCOBbIMY, T. e m =10, To

BRI = 0¥ 0.

Bepremcs K Hawemy o6CYX/aeHuo, B YACTHOCTY PACCMOTPUM Cayuait m # 0.
Hacrostumii MeTon aeMoHCTpUpYeT, KAk MOXHO [I0KA3aTh, UTo AaHHbI pesyabTaT
He nepetopmupyercs. Teopema Bearmana — Carepaenpa npegcrasaser coboit Tou-
HO€ yTBepXjeHue; Kak yxe OblIo IOKA3aHO, ee JOCTATOYHO A TOr0, YTO6bI JOKa-
3aTh , Uro Beipaxenye (33.20) npy yuere NONPaBOK BHICLMX NOPAJKOB HE H3MEHET-
cd. Paccmorpum Teneph TUIMUHNIA BKIag BHICWEro NOPSAKA, KOTOPOMY COOTBET-
Crayer puarpamma puc. 25, 6. Ero MOXHO 3amicars B BUAE WHTETDAJOB N0 HM-

» B nefcTBUTENBHOCTH CUTYALMA ewe CROXHee; NO-BHAUMOMY, 3HAYCHUA NoNpaBoK BbiC-
WHX NOPAAKOB K TEH30PY @~ MEHAIOTCA NPH Nepexofie OT OAHOM perynApHU3aLUOHHOM NpoLe-
RYPbI Kk Bpyroi, Aaxe eCnu 06e OHW COXPAHAIOT KANKGPOBOUHYID HHBAPHAHTHOCTL. O6C yXae-
WHWe 3Toro Bonpoca v AanbHeAWne CCbINKK 3aMHTEPeCOBAHHBIA UUTATENL MOMET Haltu B
pabote: Jones D.R., Leuezlle! P. The Two Loop Axial Anomaly in N =1 Supersymmet-
ric Yana — Mills Theo

apg — Mills The int UM Ha Q1.7 10071 fio amyuin oo

it Uw. ne. 81-67, 1981 {ve onySnwkosanoj.




fyAbCaM KBapKa u rawoona. Ho B 9ToM ciyuae BMECTO TpeyroJbHUKa B AMArpamme
duUrypMpyer ceMiuyroabHuK (puc. 25, 7), A KOTOPOro MHTErpai no KBapKOBbIM
fepeMenHbIM CXOJMTCH, i, CIGOBATENbHO, MOKHO HENOCPEICTBEHHO Nepeitn K
npegeny D - 4; npu 5TOM METErpan TOXAECTBEHHO 00pawaercd B Hyib. Kpome To-
ro, NpuBejenHbe Bbille 0BOAH NOKashiBaloT, YTo aHoMalns CBA3aHa (b akKruuecku .
¢ noBefiemeM (BUrypUpYIOUMX B TEOpUM BEJMUMH B YIbTpapuoIeToBoM npesere,
T09TOMY OXUAAETCH, YTO TOYHOCTH BDIpRKEHUT (33.13) ne byger HapyweHna He-
neprypbaTuBHbIMA dbdexTamu.

Mbi He paccMarpuBaeM 371eCh JeTaIbHOro J0Ka3aTelbCrBa 3Toro yTBepKae-
HUsl, @ OTCHLIAEM YuTaTeNs K aureparype’’ . Ho Mbl nipuBejieM aibTepHaTUBHbIA Bbi-
fon [ 268, U3 KOTOPOro BufEH yaAbTPAPHONETOBLIA XapaKTep TpeyroapHol anoMa-
M. AxcuanpHbi TOX peacrasaser coGolf Mpoussenenue nBYX NOJEBHIX §YHKUuH,
BOSTHIX B OHOM # Tofi e HpoCTpaHCTBEHHO-BPEMEHHOR TOUKe; 03 TOMY ero Mox-

HO OnpejesinTb B Biie

a )
g
b
=

Ot B cayuae € # () 974 BoipaxeHud He oOnajanT cBolicTBoM KanuGpoBouHO#
vHBapuaHTHOCTH. [lag BOCCTAHOBJGHUA KanuGpoBOUHOA MHBApUAHTHOCTH HEODXOoMM-

[ — i

MO 3aMeHUTh Bbipaxernd (33.21) (cM. npuJoxenue M) Bbipaxennem
AL(x, ) = G(x + £/ 2y Myse SV (x — g9y,
/luBeprenums uMeeT BUA

3,45(x. 6= lim (2im,g(x)vsq(x) + igA (% gFE" + 0N}

Tockoabky dynkimsa A%(x, €) B npenese € » 0 pacxogurcs Kak 1/€, BTOpO¥
ujen B npaBoil yacTH B 9TOM npenese He paBen Hymo. Tourble BbluMCJEHUS
[80, 268] noxasbiBaT, 4TO, KaK # 0XHAAIOCH, OKOKYATE/bHbIA pes3yJbTar CoBiia-
naer ¢ (33.14).

06cy xaeHne Bonpoca o TOKax ¢ aHoMamsmy aas moboro Tuna Baau Mo el
crBiii Moxio najitu B pabore [ 263 ).

1 oppobroe oBCyxReHWe 3TOrO BONpoca oM. B 063opax {8, 107]. Tpeyronsnan av-
arpamma ABNASTCA EAWHCTBEHHOA AMarpamMmodn, obnanaloued NnPOCTbiMt  AHOMANUAMK; HO
CHa NPUBONMT K BTODUUMLIM 2HOMANUAM B KBADATHLIX U NATUYIOALHBIX rpadukax. T p1ak-
CUanbHbIR TPEYTONbHbIR rPauk COMEPKUT aHOMaNUIo, TECHO CBA3aHHYIO C aHoManuen akcu-

e

anbHO-BEKTOPHOTO FpaprKa.
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]

P S

Puc. 26. Mpouece 7~ (Iv))gairon * ¥-

Anomanmsm

=
i=}

Ga1aaloT He ToabKo aKkcuanbhble Toki, Clien Tensopa 3 nepruu-

ii0, 00y CJIOBJIEHHYIO TEM, 4TO B
Tponecce NepeHopPMUpOBKY HapyaeTCs MacuTabHas MHBApUaHTHOCTD . ITOT Kpyr
BONPOCOB NoapoGHO 06

[741, Ho a2 anomans
v{4]. "o 3Ta ane

JibHO §e300H
CBA3AH C peHOPMaM3alMoHHOR Ipyroi.

§ 34. Pacnagb! me3oHos: addekThl, 06ycnoBNeHHbie Maccamu
KBapKoB

1. Nerkue kBapky u panuayMoHHble pacnagb

Pacemorpum paguaumonssie pacnaabt Me3oHoB"
+ +
Ty, KYoltyy, I=e,

KoTopble TecHo CBA3AHBL C MPOUECCOM T’ - yy. Mbl PacCMOTDUM NepBbiit U3 9THX
Pacnapos; pacnan K*-mesona MoXeT GbiTh HCCAE0BaI TEM Xe METO/IOM C OueBHj-
HBIMH M3MeHeHUAMH (3aMenHa s -KBapKa Ha d-KBapK # T.1.).

ITOT pacnaj NPOMCXOMAT B 7Ba ITANA: HA NEPBOM M3 HAX JEHTOHHMIA TOK aK-
Cuallen, a #a BTOPOM OH HOCUT BeKTOpHbIA Xapaxrep. [locaennuii cBABaN C Bakyym-

HBIM cpefiuM (06o3HaYEHHE KUHEMATHYECKHX IEPEMEHHbIX CM. Ha puc. 26):
W, rd4xd"yei(x~'l;+})-k

Wipk =] VTV (x) 7 ()34 (0)>0, (34.1)

V)
Monpo6Hoe onucaHue O6WKX CBOACTB 3TUX PacNafoB MOXHO HAHTH B KHUre [198].
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rae, Kak u panbiie, J — 3/1eKTpoMarsuTHbA ToK, a A u V onpenensiiores hopmy-
namu

V* = uytd, Ar= a-y)”}gu.

Vcnoab3oBanue ypasuesuil ABvXeHUs NPUBOMUT K PABEIICTBAM

3,V* = i(m, — m,)id, (34.2)
AN = i(m, + my)dysu. (34.3)

[luBeprenums 91eKTPOMATHATHOTO TOKA, KOHEUHO, paBHa Hyio. Kak u npyu nsydexun

pacnaga - Yy, PACCMOTpUM BaKyyMHOe CpejiHee
REM(p k)= f dxdy e P DTV () (1) AN0),, (34.9)

KoTopoe npeacrasum B Buae

A A
REM(p.k) = €*Mp,®, + "Mk, + O(p’, k). (34.5)
CrenTxa 97070 BEIDAXEHUS ¢ KOMIOHEHTOR uMnviInca & nnUBOIUT K 5aBeHCTRY
D TOr'¢ BBID u o HEHTOW MMNYJILCA NPUBCAUT K DABEHCTBY

®_ =0, Ho ecau mace

b
1 a
o . HVA
paBeHCTBA PuR = 0 Hesb3s. Bmecro 5Toro umelor MecTo paBescrsa

PuR¥N = "Mp kO,

)
B
=
¥
s
]

nrhp,
€ pak,®, .
Taxum 06pasoM, Mbl IPUXOJUM K COOTHOILEHMUIC

PuR¥ = g\ R (34.6)

Yaurnsas gopmyay (34.2), 411 neBoit u npasoit yacTeit moaydacm

PRI = i(m, = m,) [ d*dy e 747 DTS ()T () AP O)o: (347)
R = i(m, + m) [d'xdy e P (TP ()Y (X))o + a, (348)
r'ae UcnoJib30Banbl 0603HA YeHUS

S(x) = #(x)d(x), P(x)= d(x)ysu(x),

a Tensop a* P npencrasafer coboit anomamio. Ecau BBectu Tensop S* P o dop-
Myze S°P - puR““B, T0 3 ypasHemuit (34.6) u (34.8) noayuum
T + 8% = g,

Maces kBapox, YCAT, kupanbHan autHamura u Baxyym KXA 193

Kax nokasauo B § 33, Tensop a%P we saBomT oT Macc KBApKOB, U NOSTOMY OKOH-
yarelbHO Noydaem

= =1 corm 34.9)
T&'g-l-S"‘ﬁ——z—w—f Poks - (
Ecau 0bi MACCa u-KBAPKA m GblIa PaBHA MACCe d-XBEpKa m ), TO TEH30P s& Bébm
bl ABEH HYJIO ¥ MBI 101y WiaM 6ol

T;F - Taﬁ = ;}2 e"ﬁ"‘prk‘, s v (34.10)

.. BEKTOHa YaCTb pacnaga w' - e'vy G TOYHOCTHI0 O U3BECTHbIX §aAKIOpOB Gbi-
a2 Obt paBHa aMILMATYAE paciasa ° - yy (oM., Hampumep, [ 81). Tlockoabky Maccsl

u- # d-KBADKOB HE PaBHbl (m # m ) B COOTHOLIEHNE (34.10) goJoKHb! GbITh BHECEHD!
nonpasku. B obuiem clydae BHIMUCIMTD HN HE YAAGTCH, HO €CTh OLHA CHTYAIMS,
29 KOTODOH ToUHLH pesyIRTAT MOXeT GHITh OKA3AN BO BCEX NOPRAKAX Teopuu
BosMywletil KBanToBoR Xpomomhamukn” . Ecau m = 0, 7o npeoBpasonanus

u->vysu, d-d
ABASIOTCA NpecOpasoBaHMiIMi CUMMETDUM A4 Jarpamxuaa KX/. Hpu a1ux npe-
00pasoBAHNAX

-
StoP, AoV

=
3
5]
3
=4
(=}

A7OM . crinapenmps napoucrns 7 ap soP
30M, CnpaBemEes papencrss 7 2

u, TaKuM P
pyem BbipaxeHue (34.10) Tak, uTo6bt OHO MMEJO BUL,

T = SLerp i, (3411

T.€. BBefiemM MHOXureab 1/2 B aMuamuryny m koshduumenr 1/ 4 B uMpuny pacnapa.
Xorsi uMeloTCA HEKOTOpblE FKCNEpHMEHTANBHbIE YKA3aHNS HA CYMIECTBOBAHUE 9TOTO

S¢rexra, faHHBIA BOMPOC NMOKA HEJOCTATOUHO UBYYeH, M Mbl 0 HEM TOBOPUTH 60.b-
ue He HyneM.

2. TAaxenble kBapku U mMexaHusm MMM

B § 33 6blm paccmoTpenbl MIaBHLM 06pasoM Jerkue KBapku, T. e. KBapki,
Macchl KoTOpbIX Majibi 1o cpaBHeHMio ¢ A. Tenepb ke Mbl paccCMOTpUM TsXeasie
KBapKy, Maccht KOTOpHIX yAOBIETBOPAIOT YCAOBUIO m >> A. K ux uncay npunapgre-
Xar KBapky ¢ U b.

—_—

7-206
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B oTumume oT cayuan JerkuX KBapkoB 37€Ch eBa JM MOXHO OXHAaThb BHIIOJ-
HEHUs! NIPEeANONOXKEHN)S O IAAKOCTY PYHKImMiA, HECKOJbKO BOIbHO HA3bIBAEMOro I'u-
noresolt YCAT. TaxkuM 06pasoM, HeOBXOMMO OOPATUTHCA K KAKOMY-TO APYTOMY
MCTOUHMKY MHDOPMalMK 0 MAcscaX TAXEAbiX KBApKOB.

TlepBoe 3aMeyanue COCTOAT B TOM, UTO.KaXeTCs MAJIOBEPORTHbIM, UTOOb!
NIpUGIM3UTEIbHOE PABEHCTBO BaKYYMHBIX CpEeAHMX

(iuy ~ (ddy ~ (55)

MorJI0 GbiTh PACHpOCTPaHEHO Ka BeMMUuHbi<Cc > U< bb >. Oguako Mel oxXunaem
BBINOJIHEHHS HEPABEHCTB

(a,GHYVAKgugpd|' < my,  h=c,b.

Ecm NPUHATD 3TH NPEATNoI0XKeHUs, TO OUEBUIHO, UTO 6611bmy10 4acTb MAacChi TsXe-
JIOr0 apoHA MOXHO NpUIMCarb MAcCe KOHCTUTYSHTHOIO KBApKa, W, TaKuM OﬁpaBOM,

o m, N m,
o~ '~ 1,6T9B, My~ 5t~ 5B,

Mo cux nop HauGo.iee TowHbIe OLEHKM MAcC TAXeJbIX KBAapKoB NOJydalTCs U3 pa-
BUJ CYMM, NoJoGHbIX paccMorpertbiM B § 32 u 36. TMogpo6Hoe usioxenue MOXHO

uafiry B pabore [ 209] v merupyemolt Tam mrreparype. Met xe obparumes K apyro-

My BaxHoMy 9Qdekry, CBA3aHHOMY C MACCAMM KBapKOB, — MeXanusmy ['asmoy ~
WUmonyaoca — Maftam (T'MM) [146]. B camom gese, Macea c -KBapka m = 1,6 "B
Gbina npedcrasana eme 1o SKCIEPUMEHTANBHOrO obHapyxXenus J /'¥-Mezona B pabo-
re [146] u B crarbe [133 ], B Korqpoii Gblio paHo panbHeHmee ycoBepueHCcTBOBANME
verofa. flogpoGHoe paccMoTperue pasMUHbIX CIy4aeB MOXHO Haittu B pabore
[133 ] B o630pe [132]. 3gech Mbi pacCMOTPHM THIMUHDI NPUMEp, @ KMEHHO Pac-
nag K° - u+u_. B nuamem nopsigke teopuu BosMyuwermi o KoHCTaHTe CA1a6oro B3a-
#MoAeHCTBYA ¥ B HY1€BOM TOpAAKE N0  KOHCTAHTE & 3TOT pacnaj omichiBaercs
marpammoli puc. 27. 3Ty auarpammy Mei BoiuucauM Touro. CooTBETCTBYOWAR aM-
IIMTYA@ Tponecca uMeer sua
oS = g 2 5 d%

f=uc (2‘1!)4

1-y. 1-y o1 1-
(7;- 5 kY, 3 S)(Y Ys(k—;’l+;|+mf)yv 275)

K[k =Py = My ][ (k= pi + 1) ~ mf [k — pi)* = M7

n
Ans nepBoA CKOGKU NOMKHLI BbITL BIATHI MaTp Thi 10 oTse-
"BI0WHM NenToHaM, a ANA BTOPOA — MO CIKHOPAM, COOTBETCTBYIOWUM KBAPKAM,

Maccel K8apoK, YCAT, KupanbHar aAMHaMUKa n sakyym KX 195

Pi

S
£

k-pi+p; Yu,c

Pz .owr +

o

£
|
N
|

+ ,Kpoce’-duazpamma

Puc. 27. Pacnag K® - utu—n XapakTepHaA Auarpamma, faioujad BKNAR B STOT ApOUecC.

(n i den ) (1 gt e mpr 15 )

(k= Py = My ][ (e =i+ p) = mi |[(k = p3)* — M3

’?vE%r'f""é 2 N g2 — : 2_ .2 Y 2
7 [(k=p) Mw][(k pitp) = mi|[(k - piy' - M)
X {(1,.1(7. 1 -2 )[7'(16—;’1 + v 1+ (p,(:v)”
+0(mf/M;§,). (34.12)
3nech ucnoab30BaHb 06o3RAUCHUS 5" =cos §,sin @, 8c = —cos 8 sin 8, rae

ec — yron Ka6u660. Xorst unTerpas GXOQTCH, Mbl 3AIMCAIM €r0 B NPOCTPAHCTBE
NpousBoJbHo#l pasMepHocT D o Npuuunam, KoTopble B jaibHelimeM craiyT oue-
Bupubivi. [JoaXHO GBITH SICHO, UTO npu m_ = m, BBIpaXeHue (34.12) paBHo Hyo;

’ CJlelloBare.ubHo umpura pacnaga K® - u* s [LOJI)KHE GbiTb NPONIOPIMOHAIbHA Pas-

HocTyH mc - m: . Mbi 6ypem ucnoab3oBarh NpuGIKeHne m, = 0; Toraa Bhipaxe-



108 nasa IV

nye (34.12) MOXHO nepenicaTh B Bule

o = —gh(cosfcsinbc)
. m?
d°k d
*f K[k = iy = My |[(k = pi + po)’ = mE (k= pi + p)°
. (ekn( = 1)/ K=p + 2" (L = 19)/2+ (r2N)] (5473
(k= p) = My

J7oT HHTErPAK CONEPXAT: UMNYIBC k B CTEneHA 10 B anaMGiHaTeJle % B crérienn 2 B
yycauTele; ClefoBaTebHo, MOXHO paboraTh B peaeie M3, » oo W MOJYUHTD OCO-
BerHoCTb He Goibuylo, UeM Jjorapud Muueckas. Ha camom peqe 3Ta 00969HHOCTb
COKpaI@eTc BKAANOM APYIMX AMArpamMm (raaBHslM 06pa30M pacrajamy Uepes
y-KBanThl ¥ Z-6030HH B IPOMEXYTOUHOM cocrosnuy). [IpeneGperasd ujienamy, no-
JARNEHHBIMU B m'?( / M;, pas [0 CPABHEHMIo C BeAYIMMY HIeHAMH, noJydaem AJs

aMumTyABl pacnana Bblpaxenue
2

. m o
o = — gy (cosfcsinfc) e g
x faok KL YKyt (1 = 79 + (k7))
Kk — m?)
. m? ro iy
= — g4 (cosfsinbc ) — [v¥em (1 = ¥ J[ Y'Y Y (1 = ¥s)

AMy

i " 1)
+yyy (1= ys5)] == | N.—log — — .
Y ( )] 167\ ° v}
2 .2
Kak 06BbACHSIOCDH Bblllle, MHOXUT b N( —log(m> / vo) —Y% mpu yuere oCTaJbHBIX
AMArpaMM 3aMensieTcs Koo GuiuMenToM -2. (Baaropapa 'r+aKoMy COKpAIliEHuio
3707 pacnaz GpaKTHiecku NpOUCXOUT Mo CxXeme K> 2y~ u y—.) B oxonuaren-
Hbill pe3yJbTaT BXOAST TOJbKO UWieHbl, HE 3aBUCHIMUE OT KMHEMaTHYECKuX nepe-
2 4

MeHHDBIX, OH OKa3biBaeTcd YYBCTBUTE/bHBIM K BEIMIUHE OTHOWEHHS m' /My - Mul
nipeHeBperaeM 3aech CHIbHbIMY B3anMonel CTBAMM; MK GoJiee AeTaIbHOM aHaMM-
36 HX CAEAYeT YUATHIBATD. 3AURTEPECOBARHOrO UATATEN Mbl OTCHLIAGM K IHTHPO-

BaHHol BhlllEe JMTeparype.

§ 35. MepTyp6aTuBnbie >PdekTsl U adbexTbl, 06ycnosnenHuie
CNOHTEHHbIM HapPYWeHHeM KHpensHoH CHMMETPUH,
B KBepKOBOM W I'IIOOHHOM Nponeraropax

Bru, Il Bbluscaensl neprypbaruBHble (TeopeTMKOBO3MYIllerY ecKue) BKIabl
HHbIM ¥ KBapKOBbin i Maccbl 4aCTHIL

B 'JIOOHHBI ¥ KBApKOBhifi HponaraTopsi. Omi Bolpakamcs Ue
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P

urypupyionwe B aarpanxuane KX/i, Koropble 0GBUHO HA3bIBAIOT NEpTYPOATUBHDI-
MU, MEXaRHUECKUMHU UM (448 KBapKoB) "ToKoBbiMu" Maccamu. OfHAKO, KaK M3BeCT-
Ho, 3aMeTHbIE ycnexy ObliM JOCTUTHYTDl B TaK HABBIBAEMbIX KOHCTUTYEHTHBIX (Co-
CTABHBIX) MOAENAX, B KOTOPbIX "KOHCTUTYEHTHble" Macchl KBapKoB u, d ¥ s mo-
naraioT paBHbiMi~400 M3B, a maccy rawoua — pastoit ~800 MaB. B artom u
caepyloumx naparpadax 6yser mokasaso, UTo HereprypGatuBHble BXaaabl B KBap-
KoBblit S ¥ ruoornblit D nponararopbl UMHTHPYIOT Macchl yacTun, Byper MoKasaHo,
4T0, XOTS 3TH Macchl Heqb3s OTOKAECTBIATb C KOHCTUTYEHTHEIMU MaccaMy, TeM
He MeHee panHblit 9¢Pext hakTHuecku OTBETCTBEH 33 MacChl apoHOB, MOA0GHDIX
p-ME30HY,

HaureMm c paccMoTpeHust KBapkoBoro npornararopa

SHp) = [ a5 et Tg ()7 O, (35.)

womantii arr Terve o e
KOTOpbUi Mbl

HaYEHHAX WMITYAbCa p. JamiiieM AJf Hero
ofleparopHoe pasioXenue, nmpenebperas YjseHammu, KOTopble pH YCPEAHEHMH O
BaKyYMHBIM COCTOAHUAM 00paiaioTcs B HYJb. TaKoe pasfio XeHne WMEET BUR

Tq'(x)g§/(0) = 8U{C0(x) 1= C,(x)z 317[(0)q[(x)2+ - }; (35.2)

Y

B § 7 u 9 paccmor

Bo3Myuennii o KoHcTanTe B3auMoAeHCTBUA o« mosyuaeM npub/MXeHHoe paBeH-
g
CTBO (a M P — pMPAKOBCKHE MHAEKCHI) °

o . 1 im, x ~

B0 =, H{ 00— 5%y | q0)00):
Ecan uepes SP # Syp 06O3HAUMTL COOTBETCTBCHHO NCPTYPOATHBHDLH U Henepryp6a-
THBHbIA BK1agbl B KBapkoBblii poraraTop, 1o nojsydnM (puc. 28)

a
o o m=s

(35.3)

Mocnepnee Boipaxenue npu p # 0 Toxnecrsenno obpamaercs B Hyab. OzHaxo 6yper
oKasaHo, Yro unenbl Tuma (35.3) urpawTt Baxuyo poJb npu U3YUeHm: Macc wabiio-
AaeMbix Yactu (p, -9, ...). [TonpaBKu Broporo nopAaka u HeneprypGaTuBHoH yacTy
KBapKoBoro npomnararopa SNP npoiye Bcero BBIUKCHNTD, 3aMCAB UX B BUAE

NP ~ =Ly

" 8.4 g
S=S5p+ Syp, S(O’”(p)=—(27r)o_%qq>ﬁ{l ’;I
nl‘

S# (=2 ’—_1 - g [d kin, S (p + K)in, 8,

x —g” ek K
k? p—my’
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Dp A+ ~0- + MQ~ + - 1 DOAYUUTDb PesyabTar
D=D,+ Dyp,
fﬂ“\ + . G 2
> ’ DI (k) = (2m) %8,y T
a 4(nc - l)D(D - 1)D+ 2)
X {(D +1)g"d* - 20%9 )8 (k). (35.6)

Caepyer orMerutb, 4To HelleprypGaruBublli BKAAA B rookHbli nponararop D;v‘;,’

I l z g oKazbiBaercs ToNepeYHbIM, 3TOT YJieH faer rakxe BKsaajg B nonpaBl(y BTOpOro Iio-
Snp ——»—] L»— + +

pinka S;:P’ K KBApKOBOMY Mponararopy S; 97a JobaBka K BbpaxeHuio (35.4) umeer

8 BUR
¢ 2
o 5 S oy 2Ck TG D (35.7)
Piic. 28, TAKOCHHbIA 1 KBAPKOBLIA RpOnAraTepsi; &~ BKAAA, Onw i TeopHe#H 803~ Sgine (P) = 3("2 - - 5 . ; .
Mylwienuil; 6 — SeRywue HenepTypGaTUBHbIE NONPaBKK; B — Bepyuue CBASAHHbIE Henep- ' ) 4

TypOaTuBHbi€ NONpaBKi.
MoxHo onerurs TaKxe Braasbl BAKYYMIbIX CPEAHAX <gq>, <G2> B [ui00HHbI
nponararop D, Jru BKAAAH NpUBOAAT K NOABJIEHMIO JOGABKM K Macce TJIOHOB, KO-

o kk” s@kk
YUHY Py . lipu 3TOM nojyvaeM
¥ 3aMeHuB B NpaBoii yactu S Ha BEIMUMHY O o : Topas, K coxaneHuio, 3aBucur or KambpoBku. B peficreureasrocry, kak 6yger

Syp=S2+S@+ -+, noxazane B § 36, Macch QusuueCKiX YACTI #E COA3ANY G YJEHOM TUIA i nau
B . @HANOTYYHbIM UICHOM /I [II00HOB; TaKye UJeHb! Jal0T BKIAJB! TOAbKO B CACAYiomeM
2 o TCHKGP e [ . 2AD-2) mp) " S
S (p) = — 8,0, ST . o (-2 Topsinke Teopuu BosMyuenuit. OcHOBHOM BKaaj gajoT BHpaxeHus (35.3) u (35.6).
3p 1 P

ToApo6roe obcyxnenue 9Toro Bonpoca B CBABH C BAKYYMHBIM GPENHIM < g¢> MOX-
Ho Haliru B pabore [216].
). (35.4)
P
§ 35. Macchl agpoHoa

OTMeruM, 4ro 3TOT PE3YAbTAT 3aBUCHT OT UCTIOAL3YEMOK KaiubpoBKy, M09 TOMY
T s pesy ' Bmecro o6cyxpenus obmero METOofa uCCaen0BaHua IpobieMbl Mace aupoHoB”

Bbipaxenue Mbi DACCMOTPUM OJMH TUMMUHBIA IpUMEp, 2 UMEHHO BBIYUCICHUE MACCHI p-Me3oHa,
— 70, oG Pacemorpum ¢ 9roii neasio IBYXTOUEUHYIO PYHKIHIO
M(p)=—5—@-9 ,
7 T (9) = i [ dx e Toh(x)0" (0))une
HeJb3A UHTEPIIPeTUPOBATh KaK PU3NUECKYI0 MACCY YaCTULbL, =(-g"¢’ + 9'g")T1,(q%) (36.1)
= 7%, .

AHanoruunble BHUKCACHUA MOXHO BLIIONHUTD M /5 LII0OBHOrO nponararopa
(puc. 28):

° Meton, koTopoMy Mbi cnefyem, 6bin npeanoxex s pa6otax Wupmana, BaiiHwTrenHa u
Df, (k) = fd"‘x e TBE(x) By (0))vac » axapoea [ 229, 230]. Mansenuiee paseutue sToT meton nonyuun B paGoTax Tex xe aBTo-
Po8, a Takxe B cTaTbAx [223] u WATUDYeMOit Tam nuTepaType. HeAaBHO STOT METOR Gbin
Pacnpoctpanen Ha Gapuonbl (cm. [1711u Chung. /. et al., Heidelberg, preprint, 1981). flane-
TBY(x)By(0)= 6, {C(,‘”(x) BE XS LEID ;G;""(())Gma O):+ - -+ 1_ (35.5) Heflwve ceen 0 meToRe CYMM, NOAOGHOM ONMCHLIBAEMOMY 3flech, CM. B NPEBOCXOR-
¢ ) ;o Hom o630pe [200 ).
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rae q)u — ofieparop € KBaHTOBbIMM UMCjaMy, aiiajoryiHbiMY KBAHTOBbIM UuciaM

¢-Me30Ha; OH UMEET BUA
oF(x) = C,5(x)v¥s(x).

4+ -

Koncrauty € MoXHO MOJYYUTH U3 alanM3a npouecca ¢ » e e , HO MBI 3[€Ch He
2.

Gynem obcyxaars 3ot Bonpoc. Pymkums ﬂ(qz) Beger cebs Kak log ¢°; caejosa-

TelbHO, Jilohas ee npou3BoaHas

NTT (a2
LILG) _ o g2
N e (4%)
(44°)
npu N 3 1 yaoBiaerBopsieT AUCHEPCHONHBIM COOTHOWCHMUSIM 6e3 Kaxoro-nmbo pao-

OKCYU MU~

HoAHUTEAbHOI o BbinTamis. ipu suadcmisx | g2 | BGausu m@ MOXHO 2IMPOKC
poarb ¢pyuxwao TV )(g?) equncrBennsv pesoHaicoM — ¢-Mesorom. TaxuM oGpa-

30M, MOXHO Hanucarb IIPM6JIVI)K8HHOG Bbipaxetue

H(N)(q)~ Nla

N
(me—4)
Ba#B OTHOWEHUE ABYX [0CJE0BAT IbHbIX NPOUBBOAHBIX, HAXOMM
(g%
N=_2 1 2 2 N
£ = ~ - 4
AD) = e ~ W (M 0 (36.2)

CJMTH TPOU3BOMRYIO ™ g PaMKaX KBaHTOBOA XpOMOAMHAMUKU ¥ UC-
®
0Jb30BATH 1EPTYpOATUBHBIE 3HAYEHUS MACC KBAPKOB, TO MOJYYUM

3C 52
()~ =5 (V- 1 —L 1+ 2 v o[ a(- )] |- (36.3)
12w (- q) 9

A

Ho noaydentoe Bhilie 3HaYeHUe 7 HE Y[OBIETBODAET COOTHOUICHUIO (36.2) npu du-
3UUECKOM 3HAUEHMU MACCHI p-Me30Ha. ITO NOKA3BIBAET, UTO CYIECTBEHHYO pOIb
wrpanT HeneprypGaruBHbie BKiazpl. [Ipoume BCEro ux yiecrb, UCHOIL30BAB BbIWC-
JleHs nenepTypGaTuBHBIX yacreli KBapkoBoro S u raiooktoro D nponararopos, Bhi-
fosHennbie B § 35. B nusmem nopsigKe Teopun BO3MYIEHW! 0 KOHCTAHT® CBIA3M

& HEOGXOAMMO YYECTb Juilb BHPAKEHUS (35.3) u (35.6) . Toraa dhopmyaa (36.3)

lipyHuMaer cnep.yxoumﬁ BUA:
2

3cC 1 B2 4NN +1)
Mg~ —5 (N = DI —— XL o - e
127 " D
3aN(N + 1) ]
= {a,G e + O(a)) + O(q ™) (36.4)

8¢*
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Myt BusuM, uTC B I
B Maccy ¢-Me30Ha BO3ZHUKAET OT BAaKyyMHOI'O CDE/HEro <<x C2 . Taxum obpasom,
0Ka3bIBAETCsi BO3MOKHBIM B HEKOTOPOM CMbICIE BOCIlpOMBBeCTM MACCHl p, @, P,...,
uenoab3yst "KOHCTUTYEHTHBIE! MacChi, MMEOIME BEIMUIUHY NOPHAKA < & 6 2 5% Mu
ne 6ynemM 6osiee yrayGasTLCS B 3TOT BOINPOC, @ CAEJAEM JMIb Ba 3amevannsi, Bo-
nepBbIX, UCNIOAbL30BAKKE "KOHCTUTYEHTHbIX MAce B JYUIleM CJyyae sBASeTCs Tpy-
6biM TpubIMkenueM. 370 06YCIOBAEHO TEM, YTO BKJIAJ BAKYYMHOIO CPEAHEro
<a G 2> 3@BUCHT OT CIMHA ONEPATOPOB (B HAWEM NpUMepe OT CHUHA onlepaTopa
9"}, C KOTOPBIMM OHO CBSi3aHO; B 06weM Ciyuae STOT BKJAJ OKAa3biBAGTCs pasiud-
HBIM 115 PAsHbiX YacTuli Tvna p- u f°-mes0HoB. Bo-Brophix, B HaCTOsee BpeMst
BbIIOJHEHB BblYUCHenust 6ojiee ueM 50 afpoHHbIX Macc u napamerpos. JocTuruy-
Toe COrjacie ¢ SKCIEPUMEHTOM KaXeTCs BIeYaTsioumM, eCay BCIOMHUTD, YTO [
370ro Tpebyercs BeCbMa OrpaHuyYeHHoe YYCA0 apaMeTpoB — MACChl KBapKoB
(u, d, s, ¢ ub), napamerp A u 3HAYEHUS BAKYyMHBIX CPeHUX <a %> uc< 79> .
TIpu 3 ToM nOCHEAHME TPU I@paMeTpa MOryT ObiTb B3#TbI U3 IPYTUX UCTOUHUKOB,

B 3axmouenye 3toro naparpad a npuBegem fipuMep KOHKDETHOrO BHIYUCI €HUS
Hex’ep'l‘ypﬁa’l‘VIBHOI"O BKJazia, 2 UMEHHO BKJAaja B nonﬁpuaaunoﬂublﬁ oneparop

(q), 00YCUHIOLISHHOrO KBAPKOBBIM KOHAEHCATOM < 5 s > . M3 dopmyasi (36.1)
umeeM

() = iC2 [[d*x e " T5(x)y¥s(x)3(0)y s (0)>
\T/ @) N 7/ (AT Pvac -

Takum obpagom,
TI(q) = —iC] [k Tey*S,(kyy'S,(k +9)- (36.6)

Paccmorpen Toabko neprypbaTuBliyio 4acTh KBapKoBOTO nponararopd S_e= S
s
MOJYYnAM Gbi YaCTh NOJSPUIALMOHEOrO Oneparopa

p» ML

8C2n,
My (9) = —— 135 (~&"¢* + 4"")
X (N, = logg® + Koneutmie drersl + O(m? ). (36.7)

Henepryp6aruBuyio YacTb 10JSPU3AMMOHHOrO ONEPATOPa Mbl HOJNYYHM, UCTIOIH30BAB
B bopmyuae (36.6) noaxoe BbIpaxXeHue ans KBApKOBoOIO nponaratopa Sg =Sp+ 8
Benyuum sBasiercs cMewannbiii unen

NP

A
]
>
=)
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N
>
N

rue SNP onMCHIBAeTCs (B BeaymeM rnops/ke) bipaxenueM (35.3), a Sp(k) =
= i(,Jt—mS ). Boinoansist HeoGXouMble BbIUNCIEHNUS, NOTYYaeM

OIS,
an——~—~q——( 84"+ 4'7"),

KaK yxe Gblio nokasafo B popmyre (36.4).

§ 37. MNpobnema U(1); rmooHHaA aHOManuA

B § 33 B casu ¢ pacnagom w° » yy Mbl PACCMOTpEM TPEYTOAbHYI0 aHOMAIMIO.
Tam oTMeYanoch, YTo 9Ta aHoMas He orpaguvaBaercs dhoToHaMu . B uyactHOCTH,
¥MeeTCst TlooHHas aHoMaus. Onpefeaus Tok GopMyo

.
- ar
48= 2 3 .1

NOJyYuM, YTo OH TaKxXe obiagaer aHoMaiueh

_éa, 37.2)

dAf=1i 2 ‘IrYs‘If+

T
10‘77
rje 0yarvuoli Tensop G yHAOBIETBOPSiET COOTHOWMEHUSIM

G =4emic,,,

n

%

Weldes

24 %%a Capy -

a

Tok (37.1) npeacrasasier cobolt Tak HasmBaembiit U(1)-Tok, Heofblubii BO MuCTH:L
OTHOMEHUSIX (SIBISIOUMACS YXCTBIM CHHIIETOM To I'pynne apomara). B uacruouty,
¢ HMM CcBs3ana Tak HasbiBaemas npobiema U(1), X obCyXpemmio KoTopoit Mbl nepe-
XOUM,

KHbIN

Tpe/io0XuM, UTO MMEETCs n JerKuX KBAPKOB, PACCMOTPUM TOMBKO X, & BOBNMO;
CYECTRBOBAHNEM TSUKEIbIX KBApKOB (HE OTHOCSWHMXCS K u3yuaeMoit npobreme} qpe-
sebpexem. MoXuo BasTh BA JerKuX KBapxi n= 2 (u, d) u odcyxnarb "npobaemy
SU@)U(1)"  wau TpM JAerKuX KBapka n = 3 (u, d, s) % LoBopHTS 0 "pobaeme
SU(3) U(1)". BoabmeMm n? -1 MaTpul, AeHCTEYIiMX F POCTPACTBE apCMaToB

Ay wes A p . Jlast rpynubl SU(3) ony coBnagawr ¢ MarpuuaMu ['ean-Mannia, a
ne—1

aast rpynnbt SU(2) — ¢ marpuuamy Haym. Jodyw spMureBy MaTpuily pasMepHocTy

1 x 0 MOKHO BHIPAIHTD B BYAE KOMOWHALIMN a° MATPHU Ay eees A 2 A= L

Y nobuo nputisitb, YTO MHASKCH @, b, ¢ LpoODeranT Pt 'nd\ium" 1 o n—1

Maccot KB8apoK, YCAT, kupansHan gunamuka n Bakyym KX

N
=]
«Q

a MuAekcsl x, B, & npuaumaior 3Hauemss 0, 1, ..., n’~ 1. Baarogaps Toawko uto
chopMyIMPOBAHHOMY CBOAICTBY MOJIHOTHI MaTpHit A, HocTareuHo paccMoTpers To-
KK

AL=237YAsq

U3 HUX, KOHEUHO, TOJBLKO TOK A0 obaapaer anomaaueii, [lycrs N ), ..., N (x)
JoKabHble onepaTopbt (NpocThle U CocTaBHbie), PaccMoTpum Tenepb Bemnuy

vac| TAY (x) [] Ny(x)|vac). (37.3)
J

B cayuae x # 0 u3 TeopeMnl ["o1iCTOyHA CAERYET, YTO B KMPAILHOM Npejeie Mac-
Cbl ICEBIOCKAJISIPHbIX YacTHI P , UMelomuX KBAHTOBbIE YKCAa TOKOB A s paBHbl
aymo. Beoas oGmwit aas Boex KBBpKOBle Macc napamertp ¢ nonar‘aﬂ
rae Ko Qpunuent T (f =1, ..., nj B KNPAIBHOM NpEAEIE 0T >
nosyyaeMm

—~ W

npejeje BbipaxeHye
p4, 3TO o3Hauaer, 4T

TO
KBanKoR. CANaRenIuR0
KBapkoB, cnpaBejauBo

(37.5)

= (constant)q, lz .
q

Ecm npereGpeun anoMannsiMu, 0 BbiBoj GopMyabl (37.4) MOXHO NOBTOPUTb U AAs
cayyas o = 0, oTKyAa Mbl noayYnay Gbl, yto Yacrupa U(l) Takxe B KMpAILHOM npe-
Aene uMeer Hyaesyio Maccy [ 145]. B peficrBureabrocTy 910 yTBepXaeHue Gonee
TOYHO Ch.opMyaupoBato B pabore [259 ], rae noayueHo HepaBeHCTBO m < v - (cpen-
Hif m_ ). IT0 HepaBEeHCTBO CBU/JETENLCTBYET O HEMPABUIbHOCTA BCEX HAWMX NOCTPO-
enuil, -raK KaK st rpynnbi SU(2) BENOAHAETCH COOTHOWEHE m_ >> /2 m_. Jas
rpynmbi SU(3) Maccam . TakXe HAapymaeT 9To orpaHuyYenyue. ﬁ ,qonom-leuue K 9T10-
My Bblio fokasano [50], 4To Npu TAKKX YCAOBMSX pacnag n - 3w 3ampeles, YTo
TaKXe MpoTuBopeunT SKcnepuMmenty. Ciaeposarenbo, HYXHo npednoroxums, YTo
Bblpaxcedue (37.3) and cayyas x = 0 B npefiesie ¢ » 0 ocraercs perysipusin. Ec-
N Gl MBI MOI'JM A0KA3aTH 3TO, MBI 6bl peunayu npobaemy U(1). IToT Bonpoc nos-
PobHee 00cyXaaeTcn HECKOUbKO HUXKE; 37eCh K€ Mbl IPOCTO MPEANoJOXUM, YTO
U(1)-6o30m08B He cymecrryer, e 3a5aBafch BONPOCOM, MOXHO J¥ [OKaszarb 9To B
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pamkax KX/I. Cosepiienso 04esuaHo, 4r0, ecam Obl He GbLI0 aHOMAMM, STO Npe/-
Honoxemue Obio Gbl poTuBopeunsbiM. I103TOMY, BOSMOXHO, N0JIE3HO NMPOCHENUTD,
K KaKUM Pe3yAbTATAM TIPUBOAUT OHOBPEMEHHOE OTCYTCTBUE TOAJCTOYHOBCKMX 60~
30HOB Pﬂ ¥ HaaMuue aHOMajuu B TOKe A 0" B pelenim 3T0r0 BONpoca Mbl cregyem
npexpachomy 0630py [82].

Onpepenennblii popmyoit (37.1) ToK Au MHBApUAHTEH N0 OTHOMEHMIO K Kalu-
6pOBOUHBIM NPEOGPA3OBAHIGM, HO B KMPAJBHOM nipefejie HEe UHBAPUAHTEH MO :)‘THO-
menuo K npeofpasoBaHusM rpyIibl U(1) sBcaencTBue aHoMaimi, coaepxarnieics B
oipaketuy (37.2). Kax Gblio nokasalo A% abenesbix rpynn & pabore [7], a pas
0buero ciyyas B padoTe [ 25 1, MOXHO TIOGTPOUTH ADYTOH, MHBApUAHTHbIA OTHOCK-
TelbHO NpeobpasoBanmil MPybl U(1) Tok:

Ap = Af - 2nK*, (37.6)
rie BBeJICH YUCTO TIKOHHBIR TOK

2
28 w58, (3,80 +
3272 “

ru
Kt =

B B\ (37.7)

B npasu/ibHOCTH 9TOr'0 BHPAXEHUd JErKo yﬁelm‘l‘bcﬂ, 3aMeTUB, uTo

2 -~
2 kv = & GG, (378)
* 327?

rak 4TO M3 Gopmyint (37.2) B KHPAIbHOM Mpefieie ToayyaeM

3,44 =0. (37.9)

CaeplyeT OTMETUTD, YTO TOK K, ynoBieTBOpAOLMI ypaBHEHHIO (37.8), onpene-
JleH HEOJIHO3HAYHO, TAK KAK OH 3ABUCUT OT UCTIOAb3YeMOi kaambpoBku. B 1pnHim-
fle Bhpaxenue (37.6) 3amcano Al "TOAbIX" BEAMUMH, HO BCET/A MOKHO [POBECTU
NepEHOPMUPOBKY TaKiM 0OPasoM, 4TO OHO OCTAHETCH CAPABEMBEIM 1 Al "one-
Thix" BeavyuH. KOHEuHO, NpUUMHA COCTOUT B TOM, YTO AHOMAJUA HE YIepeHOpMHU-
pyeTcs.

IenepaTopoM npeobpasosammit U(1) poikeH ObTb coxpanswommiics ToK, a
MMEHHO TOK Eo . CnenosareabHO, MOXHO ONPE/IC UTh KuPGAYHOCMS X COOTHOE-
HU1eM

8(x° = Y[ AYx), N ()] = =x8(x = y)N,(), (37.10a)
Wiu B VHTerpajibHoM BUje

)] = —xN,, (37.106)

Qs
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®
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=
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E4
e
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N
[+
o

rae U(1)-kupanbblit 3apsad umeeT Bull

A P

Q0=fdon(x). (37.11)
Tak xak ToK 4 ynosaersopseT ypasHenuo (37.9), kupanbubiil 3apai 0 , He 3aBU-
CHT OT BPEMEHY, U, CJE/I0BATENbHO, MOXHO OXHIaTh, YTO HE TOJbKO COOTHOWE-

Hue (37.10) umeeT CMBICI, HO U YiCaa X; He W3MEHAIOTCS B Npoliecce fepeHopMu-
posxu. UTobsl AokasaTb 310 Gosee (opMalibHO, PACCMOTPUM BAKyyMHOE CpefiHee

{vac| TAA&(JC) H Nj(xj)lvac>,
J
¥ MpUMEHMM K HeMy omepaTop aubdepe HIMpOBAHUS au. Mbl osiyuuM TOXAECTBO
Yopna
3,Cvac| TAR(x) [T Ny()lvac)
J

= = [ Sxd(x = x) vad TTI N, (x)lvac; (37.12)
o 7 /'

fpy BLIBOJE Mbl UCTONb30BaMM cooTHomeHus (37.9) u (37.10a). Tak kak Tok i

* (4ACTUYHO) COXPAHAETCS, TO, KAaK Mbl yXe 3HAeM, OH He U3MEeHAeTca B npouecce

nepeHOPMUPOBOK, M BEMMUKHA X Takxke NOMKHA obiajaTh oTumu csoficTeamu. B
§ 38 OyneT nokasano, yro cooTHomenue (37.12) u orcyrcTeue U(1)-6030H0B mpuso-
LST K JOBOJBHO cnelduueckiM cBolicTBaM BaKyyMa KBAHTOBOM XpOMOAUHAMMUKM.

§ 38. NapameTp 6, Baryym KX, sacpdexT 6esmaccoanix
KBapkoa u pewenue npo6nemnt U(1)

Mo cux 1iop Mbl Hosb30BaMCh Jarpanxuanom KX/I (onyckas uaens, dukcu-
pylomue KaIMBpOBKY U ONMUCHIBAIOWME BKAAJ AYXOB)

£ =3g(ip-myq-166. (301
9

3apagumes Tenepb BONPOCOM: KAKMe U3MEHeHUS BOSHMKHYT Npy J106aBleimu K Ja-
rpaHxuany (38.1) AONOJHUTEABHOIO YieHa

fg* =
L=~ 266
0=~ 3566, (38.2a)

TAK YTO NOJHBIA Jarpanikual uMeer BUL
Lo=L 4Ly - (38.26)

B neficTRuTe I HOCTI HOCJ!GJ_L_JZ uneH n8eTCH eUHCTREHHAM UNieHoM, COBMEeCTUMbIM
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B

Puc. 29. O6NACTb WHTErPUPOBAHUA NPH BLIYUCTICHUM ONEPATOPA TONOROrUUECKOro 3apAfia.

C TpeOOBaHHJiMu l\(lJlllUp\)B\') yyoll HBAPHAHTHOCTU U neneﬂonwmvemocm KOTO-

pbiii MoxeT GbiTh foGaBieH K aarpamxuady (38.1). Kpome Toro, KaK ObUio 10Ka3aHo

B § 37, oH MpejcTaBAseT CobOoit 4-aMBepreHIyio 1, CIefoBaTeIbHO, HE [pUBOJHT

oo oronmendi neuwxenus, KoHeudo, OT 3TOTO YieHa MOXHO u306aBUTb-

K U3MEHEHHIO ypao HEeHUHM JBUX

cs, NOJOXUB napaMerp 9 paBHblM Hy 0, OAHAKO, XOTSH U €CTh yKazaHui Ha TO,

yTro 3HauyeHue napaMerpa § oueHb maJo, CymecTBywT TaKXe ﬁp‘yi‘-iﬁiibi, 0 KOTG-
e ~ MnKeT BEITH He DaBHbIM HYJO. Bo BcsikoM cayydae HMHTEpecHo BBIACHUTH

phini oHO MOXeT GHITE He

caepcTBuA BbiBopa Gosee o0uero BhpaXeHus (38.2) past narpasxuana KXA.
(o oinons um TENEDD

Tax KaK Mbl nOGABIIA HOBOE B3AHMO/IEACTBHE, CABAYET ORHAGTE, HIC TSHEPD
hyswuecxult Rakyym Byner naBUCeTh OT SHAYEHUS NapaMerpa f; no3TOMYy Mbi 6Y-

busuyeckus
7€M HCHoMb30BaTh AN HEero 0fo3HaueHHe |8>. Caepyiomas Hama 3aaada cocTo-
UT B MCCJAEAOBaHMM 3aBHCHMOCTH yukumit I"pua oT fapaverpa §

pamerTpa 8.
Jl1% 5TOr0 PACCMOTPHM OREPAmOp MOROROIUNECKOTO sapada®

0= f d* GG. (38.3)

3272

WUcnoabays Gopmyay (37.8) u Teopemy [aycca, zamuueM ero B BUJie HHTErpaia

1o MOBEPXHOCTH

= fd"p K*.

B kayecTBe noBEpXHOCTH MHTEr‘pMpOBaHMX Bbl6epeM IMJUHJD C OCbIO, pal'.‘rl'lOJKO)KeH'
HoMt BOJIb OCH BpeMeHH, M OCHOBaHMSMH, JeXalMMK OpU t+ »> 40 UL _ > —=

" Bonee noapoBHo O §-BaKyYWE W BORPOCEX, oficyxnaembix 8 aTOM naparpade, MOX-

HO NpouMTaTb B § 43 — 45, FAE CTAHOBATCA ACHLIMH NPHUMHB! BOSHUKHOBEHUA HEKOTOPbIX
TI0BONLHO CREUMEMUECKNX TEPMHHOB. '

Macce keapok, YCAT, kupanbHan auHamuka u Bakyym KX 207

(puc.. 29). Yerpemus paaMepbl IMAKHADA K GECKOHEUHOCTH, NOAyUnM

= 20 o -

Ok =f,1x1< (14— +0,%) —fde"(z_ >-w,¥)=K, —K_. (38.4)
Onepatopbl K 4 SBIAOTCA CaMoconpsKeHHbIMY, NepeXolfikMy ApYT B pyra npu
obpameHuy BpeMeny; No3ToMYy MX CreKTpbl coBnajatoT. 0603HaumM ux cobeTBEH-
tHble BEKTOpb! Yepes |"«:> = |n, t, - o>, OHU YAOBIETBOPSIOT yPABHEHHIO

K. |n.)=nln.). (38.5)

B cuny spmuroBocTH oneparopos K , (uanuecknii BaKyyM MOXHO pasloKuTb 110
coBCTBEHHbIM BEKTOpaM 3THX oneparopoB. Takoe passoxeHne uMeeT BUA

18> = c.(8)n,>= e, (8)n_>; 3.5)

K03 PUIMEHTbI ¢, B NEPBOM H BO BTOPOM PaBeHCTBE Oy 4 Te Xe. Jeficraure ab-
HO, BAKYYM VHBADHAHTEH N0 OTHOMEHNIO K BPEMEHHbIM TPAHCSIUSM; N03TOMY

ero MOXHO pacCMaTpuBaTh Ipu ¢ = 0. Toma, OpUMeHsis onepaTop oﬁpameﬂuﬂ
spemetn U(T), ™Mbl noayuaem, uTo Kosgdmuuentsi ¢, B (38.6) opuuakoBH B oGe-
ux cymmax, Tenepb HEoGXo MMO onpejeauTh 3HAYEHUS ITHX Kos(dmyuenTos,
Jlast aToro npuMenuM Oneparop id /99 K dyukmyu ['puHa (BCHOMHUM QOpMANN3M,
pasBuThiii B § 2) 1 noayumm '

'%“ITHM(xj)m

0|THN°(,1)5'14 LD+ LU0)|0Y

a
=S [t QTG0 G0 TN (xe 4+ i S,
= 3 fa TG0 TT M x> (3%.1)

Apyrunn crosamu, oneparop id/d0 SKBUBAJEHTEH BBEeHO B topmyay onepe-
TOpa TONOMOrMYECKOro 3apaaa Q C yueroM xpoHosoruueckoro nopsaka oneps-
TOpoB u dopmyx (38.3) u (38.4) Bblpa)KeHMe (38.7) npusumaer Bup

S <OITTIN,(x)I8>
= <O1K. TTIN,(%)I8>— O TTI N,(x)K_|8>.

ad ero B psij 10 COOCTBEHMbiM BEKTOPaM ONepaTopos [( fonyuAeM ypas-
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ﬂeﬂue”
2 e (8)cn(0) = 2 (n—m)ck(0)c,(8)
pelieHus KOTOPOT'O UMEIoT BHiL
c,(0) = Ce™. (38.8)

Ipoussoabnas koucranta C Moker ObITh BbiGpana pastofi eguuuue.
CuepcrsueM dopmyJibi (38.8) sBASeTCH OPTOIrOHANBHOCTL BAKYYMOB, COOT-
BETCTBYIONMX PasHbIM 3HAUEHUAM fapameTpa §:

81075 = 8(8 — 8%, (38.9)

TaK YTO C TOYHOCTDIO A0 MEpUO/a KaxoMy 3HAUeHHIo § oTBeuaer CBOlt, OT/HAY-
Hbifl OT [pyrUX QPu3ndecKuit Mup.

Jlo cux nop Mbl He YUMTBIBany CYlleCTBOBAHHA tepmuoHoB. Tenepb Mbl Noka-
KeM, Kak K3MEHAeTCH NpOBe/IeHHblil BHILE aHa/M3 Npu BBEACHUHM B paccMoTpeHue

n (PSPMMOHOB C MCUE3aioile mMadiolt Maccof, Haunem ¢ Torg, Yro HapumeM CHORA

3HakoMoe HaM ToxzecTBo Yopaa (37.12):

a I TArTIN.(x)8>
YNVl AVAN /l.l VAN ZAREd
J

~{ S = x) [OTIIN GO

KOTOpOE Mbl TIpOMHTErpUpyeM 1o d*x:

Jasa.0msn TINs)io>
—(le)<9|TrJIN,(x,)w>.

Wcnoabays dopmyabt (37.6) u (37.8), nosiyunm sbipaxenue

fata.col T2 s () TIN (510>
J

2 -~
nEs 5 OITGX)GE) [N (IO = (S OITTIN (510
J
(38.10)

£ AR CNEEReHE AT erA TS R

® Bonee CTpPOruit BHIBOA MOXHO HaiTh B pab 1 8 § 45 npusegeno anbTepHaThe-

HOE PacCMOTPEHHE.

Maccei kBapok, YCAT, kKupaneHanR aAuHaMnKa u sakyym KX [ 209

3hech CieAyeT CAeJiaTb [ABa 3amevuania, O UHEBHAHO, YTO ClipaBejanB0 PaseHCTBO
[d*% 0,0 T3 (xyr"sq,(x) [T, (%10
- - limjg, f e OIS (014759 (9 TN (510>

Ho eciu ne cymecrsyer U(1)-6030H0B, To 3T0 BakyymHOe cpejHee He UMeeT T0-
2

Jca B TOUke ¢° = 0, 103TOMY pesyJbrat 00pamaercs B Hy.b. [Janee, xak 6biio

n0Ka3aHo Bblue, BBeeHue B (POPMY.IY ONEpaTOpa TONOIOFHIECKOrD 3apaja Q

SKBUBAJIEHTHO NPUMEHeHMIo oneparopa auddepenimposanus i 3/ 99 . Takum oﬁpa—
30M, Bbipaxenue (38.10) npunuMaet Buy

‘2m—<0]THN(xj)|0> (Zx)<OITTIN(x))\0>. (38.11)

Jlnst ciyuas 6e3MaccoBbIX KBAPKOB BAKYYM HHBADUAHTEH OTHOCHTENBHO Kupalb-
HBIX BpauleHuit:

10> =U,i0>,  U,=e ™% (38.12)
C JIpyrof CTOPOHB, UCMOABb3Y S Popmy.iy (37.106), noxyuaem

iU TING,= (Sx)u;!

v NI .
g ¢+ A2 1Y %5

TI05TOMY Npasyic YacTb ypaBHenus (38.11) MoxHO nepemcarhb B Bue

136 CITTIN (o).

Taxum o6pasom, ugHo, 4o noa peficTeuenm oneparopa

2ni 3 — == d

a0 9o
Bee dyukuuu Mpuna obpamamores B Hynb. ITO O3HAYAET, UTO M3MEHEHHEe 3HAYCHUS
llapaverpa § MoXeT GbITb CKOMIEHCHPOBAHO H3MeHeHueM taswl p. Cre/ioBarenb-
HO, Teopus §-BaKyyMa SKBUBANEHTHA TEODHU C B — 0, a nocaeaHss, oYeRuHo, 06~
llajaer MHBAPUAHTHOCTbIO OTHOCHTENbHO KnpaJibHbIX npeobpasoBanuil. Takum 06-
Pa30M, B YaCTHOM Cayyae 6e3MacCoBbIX kBapkoBY mapamerp § MoxHO BbIOpPATh

_—_—

b
Bonee peTanbuiiit ananua noxassieaet, 4T focTaTou
23LIBALT, UTC AOCTATONHD, HTOOb G€3MaccoBuIM Bbin

XOTA 61l ofun KBapK. TOT pe3ynnTaT enepeble nenyven s pabote {217 1.
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paBHbIM HYJI0; TOI/la UCTIOIb3YEMOe HaMy BblpaxXeHue (38.1) nas narpanxuana
KBaHTOBOM XPOMOJMHAMUKY TpeACTaBsieT coGofi B e CTBUTEIbHOCTH BHpaXeHue
naubosee obmero Buaa,

MOXHO TIPEANIONOXHUTb, UTO KBapku NpuobpeTranT Maccy B pesyibrare caabbix
paauMopeiicTBuil Tocpe ACTBOM MeXaHusMa Xurrca, u clefyer JonyCTiTh, Uro
B "uycroii" KBaHTOBOK XpoMomuHaMuke KBapku Gesmaccosbl. Ho nac unrepe-
cyer peanbnblii Gusndeckuit Mup, ¥, TakuM 00pas’oM, Heb3A usbexars (o Kpai-
Helt Mepe B IIepBOM TIOPSAJKE TEOpUM BO3MY meHuii) 3ddexron, 06yCA0BICHHBIX
cnalbbiMu B3auMOAEHCTBUAMU ¥ HAPYWAKIMX UCXOAHBIE YKCTO KBAHTOBOXPOMOM-
HAMUUECKHE ypaBHeHus

/lpyroe BO3MOXHOE TIpE[ONOKEHUE CBA3AHO C TEM, UT0 WIeH £1 o HApYmAET
VHBADUARTHOCTD TI0 OTHOWEHUIG K 0Bpaliesuio BpeMeHu U P-MHBApUAHTHOCTD. Ta-
KuM 06pasoM, noTpeGoBaB coxpanenus P- u T- HHBAPUAHTHOCTH, Mbl MOXEM T10-
A0XuTe 3uAYEHKE TIAPAMETDA B DABHBIM HyJo. Ho NpuHATDH TaKylo TOUKY 3peHusd
TaKKe HeBOSMOXHO, IOTOMY UTo caabbie BaauMopeficrbus wapymaior T- u P- us-
BAPUAHTHOCTH K CBA3AHHbIE C 3THM 3{PEKTH MOryT NPOABUTHCSH B NPOLECCaX
cumLHOrO B3awMopeiicrsus. Ecim B 9170M COCTOUT NpUUMHA BOSHUKHOBEHUS HEHY-

1IEBOTO 3HAYEHUS TIapaMeTpa B, TO MMEIOTCA J0BOJABHO BECKUE apryMeHThl [108]

B OJB3Y TOrO, UTO STOT 3(DEKT Mai NpU yCAOBUM, 9TO HCXOAHO® SHAUCHIS Na-
paMeTpa 8~ PaBHO HYJIO.

Bo3MOXHO, NojesHee 06CyAUTh SKCIepUMEHTANbHbIE OrpaHUueHys Ha 3Haue-
uus napamerpa 9. Kax noxasano s § 45, 3¢deKThl, CBA3AHHDIC C JATPaHIMAHOM
ﬁﬁ, B 1poueccax TMna riayGoKOHeYNpYroro PACCesHUA OkasbBanTCd npeneGpe-
KUMO MajbiMU, EMHCTBEHHBIM UCTOUHUKOM, U3 KOTOPOI'O MOXHO LOMYWiTh A~

A emamoog roo P—— .
a 6, MBAAOTCA NPOLECCH, Hapyusioape P- ¥

HopMAINIO O i
T- wisapuantHocTb, [lpu 9ToM Hauboee unhopMarueHok BeqmuuHON SBARETCS
mnoJbHEl Moment Heftrpona d, . BbluuCaeHus d Gbla BLIMOTHEHDL 3 pabore {351,
B KOTOPO# 5bLIM YTOUYHEHb! OLEHKM , IAHHBIE paHee B CTaThe [ 21]. lloayueno 3Ha-
YeHue

d,~4x107'%8| (ine - cm).

(B e/MHULAX e-CM), B TO BpeMS KaK SKCIepPUMEHTANbHOE OrpaHUUeHue Ha IUIoNb-
Hblit MOMeHT Helirpona cocraBaser

dsP < 1.6 X 1072,

oTKysa noaydaem | 8] < 1078, p_e. ouenn Manoe 3uavennue.

D [pyras BOBMOXHOCTb COCTOMT B HCMONB30BAHUH NOAXOARWMX XU TCOBCKHX CHCTBM,
obecneunBalowmx HyNBBOB 3HaueHue 6 [ 217]. Mox+o noka3aTe, YTO 3TO NPHBOAUT K CYIBCT
BOBaHHIO HOBbIX NCEBAOCKanApHbiX 5030+H0B ("aKCHOHOB", CM. [os1, %7]). Ho uBT OOCTA-

TOUMbIX AaHHbLIX, YTOGbI PBLIMTL, CYWECTBYIOT NK OHW B NpHUpoae.

Maccsi pok, YCAT, K v Bakyym KX A 21t

Bepuemcs x paccMoTpeHnio npobieMbl Bakyyma. 9¢Q)em‘u, 06yCJ0BAeHHblE
HamuKeM 6e3MaccoBbiX KBapKoB, Mbl yXe 06CY mim. Tenepb HEOGXOAUMO U3YUUTD
CASACTBUSA, K KOTOPBIM NPUBOAST HAPYAKWUE KUPATbHYI0 HHBAPUAHTHOCTD "Ma-
Jble” MaccoBble unensl, HanpuMep, uro npousoliger, o kpaituelt Mepe B nepBoM
MOpSAZIKE TEOPUK BOIMYmEHUH 10 iapaMeTpy ¢ (HANOMHMM, UTO MACCh KBapKoB

BBIPAXAKTCH B BUIE m, = ery, rae k03ddumment ¢ NIOCTOSHEH), TipU BBE/IGHUK B
Jarpaikuan BosMyLaomero Yaexa

Zma;-

Ml 3nech ne 6yneM BIABaTbCA B €TANbHLI anams (3auHTEpPeCOBAHHOMY WMTaTe-
JH0 pex
peKoMennyercs oGparurbes K ekmusam [821]), a mpocro npuBesem ocHoBbie
pesyabrarsl, PaccmoTpum HepasencrTso
n

—l> =i,
LORP I (38.14)

=2
=2

.

OTMETiiM, Ur0 U3 PESYIbTATOB, NoAyUeHHbX B § 31, caenyer, uro oo, BEpOATHO,
BhinoauseTcs B peansuoM mupe. Torpa: 1) ecan nepasencrro (38.14) cnmm"m‘:
33, TO Tonlo.uomqecxuﬁ 3apAj KBaHTYeTcA u npuoGperaer TOJH::KO ue;[oqy:'g;;l;;e
SHATCHHA (HaNpiMep, pasHOCTb v MEXJY ABYMA COGCTBEHHDIMY 3HAUCHUSAMY oo
paropos K+ uK_mpepcrasnser co6oit uesoe wicno); 2) ecau HepasencTso (38.14)

He
:npas 60}"‘80, TO N0 MeHbleH Mepe CymecTBylT ApOﬁHbIe 3HAYEHUsA BEAUWHDI v
Ha caMom pene nra sexormonniy 3 )
3HaYeHUH Macc TnapaMeTp v JoaXeH npu~

CaMOM JBCAC AA%A HEKOTOphIX

HUMATb UPPAIMOHANbHBIE SHAUCHUS,

JaBepumm 3ror naparpad IBYMS 3aMevaHMAMY. Bo-nepBbix, Mbl noyuny
OrpaHMYeHus HA CNIEKTp ONlepaTopos K ¥ BblpaXenue nis BaKyyma B TepMuUHax
COGCTBEHHBIX BEKTODOB ITHX ONEpaTopos | n,>, HO Mbl He JOKA3AMM, q:o criel
3TUX onepatopos HerpusuaieH. JeficrBurebro, MoxHo rlpeJ;\CTaBMTb' cebe, 'll;?
BCe COGCTBEHHBIE SHAYSHUS n COBIANAKT MeXy CoGoli; Toraa o conepxaﬂn; ITO
To naparpaa MoXuo ckazarb: "Muoro myma us nuuero”, B CYACTBIO (UM K CO- )
:::;:Tmz , B 32BUCUMOCTH OT TOYKH ?peﬂml), HAJIUYKE MHCTAHTOUOB CBUAETEb-

: CYmecTBoBaNMM N0 Kpafiiell Mepe GeCKOHEUHOTO CUETHOIO MHOXECTBA
< —1,0,1, 2, ... pasauusnsix suauenwit napamerpa n. Iro 6yAer nokasaHo B § 45.

o L?O—BTopblx, MBI Tipeanonoxu M, uro Geamaccosble U/(1)-6ozouni ne CYmEcTBY.
T, .
oo 8CChI ICEBAOCKANAPHBIX ME3OHOB MOXKHO OLEHUTD TAK Xe, KAK 570 CllenaHo B
, 2
- Ecau nosropurs Brluncienns ann cunrsernoro Toka A
]

TO IO,
Beaencreue anomanun ypasuenue ; o 0

(31.5) npuobperer ponoAHKTEIBEMI Ynei

2 f g ? - .
(35 ) [4%<T6)6 (060G Opne. | (38.15)
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Ecav paccMaTpuBaTh BaKyyM TEOpH BO3MYlIEHNHA, TO STOT UNEH oﬁpaxuae:zx
B HyJb, O[HAK0, KaK ByfieT NnoKasaHo B § 43 — 45, Hayuuue YHCTAHTOHHBIX pe?:b
Hui, no KpafiHelt Mepe B KBa3uKJIaCCHs€CKOM npub.LpKeRny, TpUBOMMT B Kv:)pa a--
HOM nipejielie K HeHyJIeBOMY 3HaueHuio BhIpAXeHud (38.15) [252]; MoxHo nocr
BUTb BOTIPOC O CHPABE[IMBOCTY TaKOro NpubmKenus. C gpyroii c'rogonu, 'rc;r_
Xe pesyJbTaT NojyyaeTci B npejele Goabmumx unces useros [ 273 ). :«,11(145/1]11(1I ”
pasoM, Xor# abCOMOTHO CTPOrOro [0KA3ATENLCTBA HET, HO KaXeTcd YpesB
HO BEPOATHBIM, UTO KBAHTOBAA XPOMOMHAMUKE pelaeT npo6Gaemy U(1).

I'zaBa V

®YHKLUVOHA/NIBHBIE METOABHI; PEIIEH WA,
HE OITMCBIBAEMBLELIE TEOPUEN BOSMYIIEHUM

§ 39. ®opMynupoBKa TEOPHM NONA Ha A3bIKe
MHTErpanos no TpaexTopHAM

Jlo cux nop  Mbl paccMaTpuBam TABHLM 00pa3oM Te acnekThl KBaHTOBO#
XpOMOJMHAMUKM, KOTOpble onuchIBaioTCs Teopuelt Boamymenuit, Ilpu 3toM Bonpoc
0 TOM, UCTIOAL30BATE U KAHOKUYECKYH0 POPMYIUPOBKY Teopmy noast win dopmy-
JMPOBKY, OCHOBAHHYI0 HA PUMEHEHUM MHTErPaioB N0 TPAEKTOPUAM, SABASETCH B
3HauuTebHof Mepe nenom sxyca, Opuaxe npu paceMoTpennn acnekToB KX/, ne
OMMCHIBAEMBIX Teopuelt BosMymenuit, 6oabmell HCHOCT MOKHO [OCTUTHYTD, UC-
TO0JIb3y 3 A3BIK QYHKUMORANBHBIX MHTErpaios, B stom naparpade Mbl paccMoTpuM
KpaTko dopmanuaM definmanorex

HTErpDasoB N0 TPaeKTOopiiAM, B YaCTHOCTY B
TpuMeHeHuy K Teopun noas, Koreuto, 1o ne Moxer samenurn 16apo6HOro H310-
KeHus MeTos1a PYHKUMOHANBHBIX UHTETPAIOB, KOTOpOe 3ayHTepecoBaHHbli uuTa-
TeJb MOXeT HallTh B nexuy

Hausem ¢ pacemorpenns HepeJATUBUCTCKON! KBaHTOBON MeXaHuku B ogHOMeEp-
Hom npocrpatcrse [ 121 ], Mmeerca ravwibronnan f, seaspoumiics byHKimeit
0600UeHHBIX UMy AHCcoB P u KOOp iuHaT @ . Ilpeanosaraercs, yro ra aH
3ammcaH B "HopmabHo# Gopme", T.€, BCe ONlepaTophl MMy abca ? PacnonoxeHsl
Jesee Beex oneparopos Koopmuar (. Knaceuuecknit ravuibroman § Moxso
TONYUHTh U3 COOTHOMEHUS

x[112, 1391 um B yuebmxax [114, 172, 283].

10d U/ y4eoun

<plH|g> =

' H(p.q) (30.1)

€
V2Zn

T Cocrostuma | p> 1 | g> YIOBIETBODSOT yCJ0BHAM | ip>=plp>, é] g> =

=qlq-, <plg> = ¢ P2/ \/2m. Ouenum marpuusie o remens: olleparopa 3Bo.0-
Hun

{g"le= =0 g, (39.2)

,a.l[ﬂ 3TOro 3anumem paznoxenune oneparopa SBoMoLIMN B pan
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¥ BCTaBuM CYMMBI MO {10JHbIM Ha6opaM BEKTOpOB cocrosnuit

; dp, dq, it A
(qle gy = tim [T1 2 T 3o <q" lpwpull = 7 Hlaw

it 1 it 1,
X Caw | -yl = R Hlgy) - - <pilt = g HgD-

Wenoabsya coornomenue (39.1), noayuum

exp{ = ip,4, — (it/N)YH(pw.)} +0(L)
N2

Cpall = L Hg,> =
y 2 N q ‘/2—77

T@K YTO OKOHUYATEJbHbIA pesyibTar uMeeT Buj

. ,"Ln
<qnle—uﬂlqr>=“;lnjn 2/’ qun

m

Xexpi{m(qﬁ =g+ e 9)

u

3
~
<=

—_—

[

=1

=

WUcnonszoBannbii PeiinManoM npueM 3aKiouaeTcs BO BBEAEHUM B PACCMOTDEHHE
AByx dynxuult p(e) u ¢{t), onpefensieMbX YCIOBUAMY p(!n) =p, ¢ q(gn) =g,
WUcnoansy s 91 GYHKIMK, MOXHO NEepeiiTy OT MHTErpajoB N0 JUCKPETHHIM nepe-

MeHHBIM K MHTErpalaMm Mo HenpepbiBHLIM PACIpPeeIeHUAM:

dp(1)

dj dq(t
Ma-1%52. 4(1) (39.4)

27

dq,
I !

T.€. Tenepb MHTErpHpOBAHUE NPOUBBOMMTCH 110 BCEM PyuKyuax, a YleH B CKobKax
B (39.3) npunumaer BuA

J;Mdz {P(O§ (1)~ H(p():9(1)}: E% '

Torpga nounoe Bhipaxetue (39.3) uMeer Bua

dg(1)dp(1)

q'le gy = [ I ——ewif "q’;"”dr(pq ~H). (39.5)

Koneuno, 3To BHipaXenue Hanucano GpopMaisHo® ¥ ¥MeeT CMBICH TOAbKO KaK IIpe-
AeJ Bbipaxenus (39.3), Ho B 9TOM OTHOWEHNM OHO HE OYeHb CHJIbHO OTJMYAETCSH OT

U Crporoe onpenenenue GyHKUMOHANBHLIX MHTerpanos Tuna (39.5) cM. B patore [ 264}
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O pMMAHOBCKOTO ofpefiesienna 0OBIYHOrO UHTerpana. Baxuas ocoben-
HOCTb Bhlpaxenus (39.5) cocTout B TOM, UTO B HEro BXOAAT TOIbKO KJaccuue ckue
c-uncnosble dynkipu. TakuM 06pasoM, caoxmble OMEepaTopHbie BLIYKCIEHUT MBI
CBEIU K BBUCIEHUAM (yHKIMOHANLHBIX HHTErPAIOB.

Bripaxenue (39.5) Moxno ynpocrurs. Ecam ramuibronuan H umeer Bup
H= P’/ (2m) + V{q), To unrerpan no UMNYJbCaM dp OKashbiBAETCS rayCCoBbIM
¥ €ro MOXHO BbIUMCIUTL TouHO, [lpoussops 3aMeHy nepemeHnoi P

p-p-mg,

noxyuaeM

ap(1) ?

; P

fI‘I P expzfdt(pq 2m)
' ap(r) Pt mg’(t

- iy . U]

fI;I T AP 1fdt T )sxp(xjrdt—ﬁz );
ClGA0BATEJbHO, BbBINOJHAA WHTErpupoBanue, Haxoaum
T (T oY TP N7 L r 5 7 [
(q'le™ R gy = N | “dq(t)expzf”l dtLq(1).¢(t)]- (39.6)

‘ 9

2
Ilpn arom passocts mg®— ¥ oroxnecrBisercs C JiarpaixuaHoM L, u BBOIMTCA HOp-
MUPOBOUHbIM MHoXuTeab N, He 3aBucHmi oT mnamuky B3aumMogeicTBuit:

R N B YACR
= i = \ o Tr

B
pa

poobiene Bbipaxerud (39.6) wa cayyalt seckoabkux crenenel cBoGoAb oueBH o,
Bynem ucnoxbsosars obosnaverme q{t, k) BMecro obosuauenns 9, (t), k=1,...,n

UMed B BuJly NPUMEHEHUE NOAYYeHHBIX GopMy B TEOPUM MoJs, Ijle Uucio creneneit
©BoGozbl GecKoneuno., Narpankuan L (naotnocrs JIarpanxesoil QyHKumMK) onpenemm
bopMynoit L = = k.f. Wcnoabsys Beepentbie 06o3nauenns, NOJLYUnM

(q”le"i“""’)’;|q’>

= NI .
Nfgdq(t’k’e"pl’fqi, di%/{q(t,k);q(t,k)]} (39.7)

3 >
TO BhIpaXeHue HenocpeacTBedHo obobuaercsa na Cayuan teopuu nouad. PaccMorpum
A M i

AJs ipocroThl onHO Mone 95 POJh nepeMenHolt k 31eChb urpaer MpoCTpanCcTBeHHan

Koo, — —
laMep;u/ma'ra x. Ecm BpiGpars cocrosnue l@(z, %)> raK, uro6bi BhImOAHLIOCH ycio-

)

HDo(x)> = o(x)lo(x)>,
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TO JJISl TAKUX COCTOﬁHMﬁ clipaBeJMBO COOTHOLIEHUE
w2, —i(t—VH P2y — i (" a4
{p(1”,%)le (=1 |¢(,,x)>..1vf I;Id¢(x)exp{zfﬂ d xf(¢,a¢)}. (39.8)

KoHeuro, Kak u B cayuae obbluHO# KBaHTOBON MeXaHuKy, Gy HKIMOHANBHBL WH-
Terpa clelyeT NOHMMATD KaK HEKOTOPYI NPE/eibHYI Npoueaypy. PaccMoTpum
obueM UeThblpeXMepHOro 1poCTpaKcTBa ¥V u pa3ofneM ero Ha KOHeUHOS YHCHO n
sueek. Ilycts Touku «., j = 1, ..., n, A€Xar BHyTpU j-H sueliku, KaXaad U3 KOTOPHIX
yMeeT YeThipexmepibiii ofbem 8. TorAa npasas YacTbh coorHomeus (39.8) onpeae-

JSeTCs Kak fnpenpes

lim f d(x1) . - . d(x,) €716 2005)] (39.9)
Voo

n>0
80

(1MXe MBL YBAIMM, UTO HOPMUpOBOUHDIH MHOXUTE b N U3 GopMya Ais amnmTyn fe-
eHus MATPUUHBIX eMeHTOB § -MaTpuibl uny hynkuui

aneMe JU DVHKH

pexonos Bhinaaet). [as noayue

I"pura TpeGyercs BHIULCIMTL BAKYYMHbIE CpeAnue < To(x)...9(2)> o [as atoro
paccMOTpMM AMILIMTY/lY Nepexoaa BakyyM — Bakyym

0[S|0y = I’ETw (0[e’i("""”310>;

"> 400
R T —— DNevnn Oornacuo BonMyns (20 7Y ancona: o
BBe/JA UCTOUHWKM, NOJYUnh PYHKI}H 1 piiHd. LOPAACHO POPMY IS (ov.(), ClpaBeii-
BO paBEHCTBO
G0N = N TT ded x)exn i of = (d4 7 (39.10)
OISIO = Ny | e{x)expid, = dxL
X

snecs & — peilcrsue. loGaum K garpansuany £ ulen, copepXauyil uCTOUHUK:
S Ly =L q(x)e(x), A,y =fd4xf,, s

¥ onpejesuM npou3eooauul PynKyuonas

Z[n] = NfI;Id¢(x) expid, . (39.11)

B panbiefimeM 6yjer nokasana clpaBejiuBOCTL COOTHOLIGHUS

8"logZ[n] | N "CTE(x1) - - - (%) )
S (xy) ... om(x,) ’n-o <§>0 '

-
[
<
-

)
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rje npasas 4actb npejcraBafer cobolt CoRIMRY W0 g?yrmumo I’pz«ma' KOTOpYIO 1o
>
CHX TIOp Mbl 0603HAYAM KaK

(T(?)()ﬁ) s ‘t;(xn)>0‘

A N
Brawuas dpazy <S> o B onpefniesenye dusmveckoit S-marpuipsi. Mbi 1okaxeM co-
orHouenne (39.12) nast cayuan cBoGoaHbIX nosedt (BbiBog G YJueToM B3aumoseii-
CTBAA PUBOAUTCS HeCKobKo Hike). CooTaeTcrayionyil AarpaHkuaH MMeer

BU]

L =413,68" — {m’p> = — 16(” + m¥)¢ + 4 mpeprenuma,

Texunuecknuit npuem ¢ y
@ p! OCTOUT B npnue,uenytn VHTerpaJja K rayccoBoit dopme, C
3TOA LeJblo onpejeanM nose ¢” bopmy.oi

, 2
#(x) = (3 + m?) (),
AAMBaA W ycioBun

#00 = [dR K= o,

- -1 4 ke z
K(Z) /a4 {d k PR £ s = iA(2).
e M e R

e
=]
=

=]

IpaBuso o6xoaa fosoca, 3aaasaemoe n06aBKoit
HOJIOTMYECKu X pousBe e uuit, Torpa pas 1Ipon3B;

Z[n] = N | Tdo'(x) det(d9/34")

+i0, rapaurupyer foxyueHne Xpo-
olsmero byuKimonana noJy4aem

(e [ =1, ‘ 4
xexpi [t [ S oaw (0 + [dbn(o k172 (x s
:ABCI: det (9p/ éiq;’) — fAKoOuaH nepexona (beckoneuHoMepHbii) oT nepeMenHol ¢
RepeMennoif 9”. Tlocxe aumit mar COCTOHT B 3aMeHe nepemerHoit MHTEr pUpoBaHus:
P =4"(x) + [dYK2x = yy( ).
T
KM 06pasom, okonaTe bl PesyabTar umMeer Bug

S T R R \
L= (N [ [T de"(x) det(39 /34"y~ 4‘x¢"’/2}

X (/D] d* d% n(x)A(x - yyn( )
> (39.14)
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rge A (x —y) — nponararop noJis:

_ __’_., 4 e-ik-x _
A(x) = an dk s {TH(x)$(0)o -

Ynen B GurypHbIX ckoGKaX B TpaBoft YacTi (39.14) He 3aBMCHT OT BENVIMHDBI UCTOY-
HYK& 7); CJe[I0BATEIbHO, TIpH BIATIM JorapudMuuecKoil IpOU3BOHONA OH COKpaTHT-
cs. TlosTOMy 1% NPOM3BOASIIEro PYHKIMOHANE MOXHO HANKUCATH BHIpAXeHue

Z[n]==ﬁexp{—';-fd“xd“yn(x)A(x—y)n(y)}, (39.15)

13 KOTOpOT0 HENOCPe/ICTBEHHO Noly4aeTcs coorHourenne (39.12).
BBegienne B paCCMOTPEHHE BEKTOPHBIX nonelt He BHOCHT KakuX-1u6o TpyAHOC-
#: TOUNO TAK X€, KAK ¥ B NPeAHYIEM Clyyae, onepaTopHhe BCTABKU CBSAI3aHBI

OUHO TaK X
C BBeJIeHHeM BHEUHUX UCTOUHUKOB (NpuMep NpuBe/EeH B § 42). Ho Bkmouemme dep-
L momrme oom naoBX oM~

MUOHHHIX nofefi TpeGyeT HEKOTOHIX YCIOXHEHUiL. TIpy STOM BOSHIKAST HOOLTOA
oCTh RO BREIGHUK HA KIGCCUYECKOM YDOBHE GHMUKOMMYMUDYOUUT ¢ ~4UCA0GHIT

MOCTL BO BREACH

seaunun®, onpegeaseMblX COOTHOUIEHKAMY

[¥(n]'=0.

e

VW) = = (PW(x)

THBIX T

DynKiyoHan (KAACCHYE CKUX) GepMIOHHDL

pa}!{GHMeM

¥i £

Fly] =K, +dex, K (epg(xy) + -

+fdx, el Ky(X s X)) ()

rae K - anrMKOMMYTHpYOmAs GyHKIMA, a byHKU M K,l npu n » 2 MOXHO CuMTaTh
HOJHOCTBI0 GHTUCUMMETPHUHbIMY 0 CBOUM EPTYMEHTaM. U3 onpenenenns QyHK-

LMOHAILHOM [IPOM3BOAHOR

8F[y] _ . Fly+ e ] - F[y]
&Y (x) _El—r»‘(]) €

I'fie ¢ — GHTHKOMMYTHpYIOLee ¢ -UMCIO, Y/I0BJETBOPAIOILEE yCIOBHAM

»

@=—yge, €€=0,

1
D B matemaruueckoh nuTepaType Takaa CTPYKTYpa Ha3biBaeTcA rpaccmaxoBoOA an-
re6poi. MogpobHOe H3NOXeHWe 3TOrO BONPOCA MOXHO HalTu B knure [37].

DyHKUMOHaNbHbIE MeToAan!

N
ey
©

cleflyer CnpaBelauBoCTh paBeHcTBa

LI L2
()8 |, nK (x1, . x,).

OrMeTuM obparhbtii TIOPHAOK CAEOBAHNS e

€MEHHBIX x B it
9710 BHI3BaHO AHTUKOMMYTATUBHOCTDbIO HOJE : ¥ B I€BOY Yacru pasencrsa,

My, B U1y Koropoit

8 _ 8
by, &8,

Wurerpnposz
PUPOBAHYE 110 BHTUKOMMYTUDYIOWUM (PYHKLUAM TAKKe obnanaer psgom

ocobennocreit, Yrobu B
. Ce HOCTpoeHns Gblau
i N0 CleI0BATE. b,
TpeGOBATH BHUIOMHEHUS COOTHOWEHNUI i neanomm o

1o BHyTpEHHEH MM, Mbi
4 AOJDKHBI B3ATh QyHKIIMOKA
" HAJLHYI0 POM3BOIHYIO He 110 (yRKapy
n.

HOBOT'O HPOM3BOASIEr0 QYHKuMOHAA [ [3):

_______ fs) T o
OMY 11, $ 0

Tfgl=ligozro e =
_L¢,l* TAVEZ{']—-jraAX"I(x)\'P(X), 3
—~ i8lae 701 ( 9‘163)
d(x)= e nd LN
on(x) (39.166)

Ormer -

1 "M, YTO TioJie ¢ NpeacraBaser cobott BEKYYMHOE Cpeiee A

OKasareJibCTB Ry YMHOE CpejHee onepaTopa g.
Aotsie by I 0 TOro, 4ro Beanuuna [ Hopoxgaer omxoqac'mqao-uenp:m
i Neperoman. T p[:l)/maé)gqezmﬁo U3 TOXJECTBa, K AOKa3aTeIbCTBY KOTOPOro
. MPPEpeHupoBaB Ba:; i
- KL He it

T @), nonyuaem AIBGXJbL HoBb1! ponsBoAsiuuii dyHKmonan

& __(x) [ 8(y)
B%0) ) | B0

= - I'A_](x ~»)

%-[ﬂ}i_ A~ 5
e =- x—y)2
8¢ | & Non (30.17)

K
0T0poe TpeGoraocs Haitru,
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§ 40. Npubnukenue BKE. B opmanusme wHrerpanoe
no TpaeKTOPHAM; TYHHEenupoBaHHe :
B o6biuoli KBaHTOBOJ MeXaHuKe pUOIKEHMe BKB cocTout B pasioxeiun :
paccMaTpuBaeMbiX BeJMINH 0 crenensiv nocrosinof [Taanka fi. B HyJeBoM 0o-
pAAKe HOIYYaKTCs KIaccuueckue TpaeKTOopUY; WIeHb! BHICIIUX NOPAAKOB no % onu-
CHLBAT KBAHTOBHIE MOMPABKY K KAACCHIECKUM DEIICHUTM. B reopuu n0Js Apubmt-
xeme BKB ocobento yaobHo popMyauposarh Ha sigblke MHTEr pajioB O TPAEKTO-
pusiv. droGbl MCIOAb30BATD METOA BKB, mbi Tenepb He Oyniem nonararhb TOCTO%H-
Hylo [laanka pasHOH efuHmLe, a COXpAHUM ee B SBHOM Buje B BbIpaXeHuy 1St

npousBoAsiero GynkuuoHana (39.11):

Z[] =f]_;[d¢(x) exp o8],

ToJIs Xe U MMHlebeI npenc'raBnM B Bujge pﬂD,OB
B06) = o) AV + o or x) = Do) + R oo (0D

¥ cpaBEUM KO3 (byiuenT bl npi O/IMHAKOBBIX CTENEHNX rocrosnuoli [lianka %. lnex

G ARTEON S

9, TpeAcTaBaieT coBoli peilieHue x1GCCULECKOL0 YP

(40.1)

0L i a
az% + m2¢d = A,,:n , (40.53)
VY le=da
wim, 4tTo 9KBUBaJEHTHO, UMeeT BUpg
N2
5.2 PPN
int {40.36)

balx) = 4olx) + i [a¥ D=0 7|
1p=2dy
rpe ¢, — cBOBOAHOS KIACCHUECKOe fioJe, YOBJETBOpSollee OAHOPOAHOMY ypaBHe-
o (9° + mP)e 0= 0 ToCKOIbKY r0Je g YAOBAETBOpAET ypaBHEHHIO JBIKEHUS,
pefictaue o [e,, | mocryraer Ha sToM ToJIe IKCTpeMyMa: Mbi pasiaraeM Bhipaxe-
uyte (40.1) B psif B OKpECTHOCTH aToll cTanMonapHoi gasbl, Hy aeBoii OpSHIOK Teo-
pi BosMylieHuii 0 KOHCTaHTe f COOTBETCTBYET IPEBECHOMY MpHOMMKEHUIO
NIONpABKM CTApIIMX TIOPSAKOB OMICHIBAIOT BKAAAE! pasMUHbIX HETJEBHIX AMArpamMM.
TIpMMenMMOCTS 9TOMO METO/ja OCHOBANA Ha TOM, yTO B KAX/IOM NOPSHAKE TEOPUI
Bo3MylleHKi BOSHKKAOWUE HHTerpasbl KMEKT rayccoBy QopMy H, CIE[IOBATEIbHO,
MOTyT GbiTb BHIUUCJEHD! aHAIMTHIECKIL, okaxeM 9TO Ha IpuMepe BhIUUCIeHns
nionpasKK TepBoro nopsaxa. B mepsoM nopake no KoHc1aute  geficreye o ume-

eT BUI

_ ¥ Lag9) |
64’2 ’¢=¢c.

!

ol x
X)$(x)

g

PYHKUMOHEN bHBIE METOABI

[N
[X]
pive

IpoBegeM 3aMeHy NepeMerHoi
x> 9(x) = {a2+ e~ B |
392 3(x),

M A% npousBoAsuero OyHKuuoHAN
2 TMOAYUUM Clenyiommii
WS pesyaprar;

Jo.
P=0

3 2102
rae, uCnojb3ys (40. ) ¥ COOTHOuLIEHKHe § (6 + m)A(x) = S(x), Ipou3BOASt (Mﬁ q)yHK-
LHOHAJ IpeBEeCHOIo npu61mx(eﬂusx VA MOX B e

HO 3amMcaTh B Bup

Z= (constant)exp{ ~ %Tr]'og[l ~@+my 3L

e (40.4a)

Zyee=N i a i
¢ expy {fd * ZLin(ber) ~ éfd"xdﬁ;\a"/i"‘

: dp(x) [o=s.
e are 0L | )
R a(x }’)Wl j
oo (40.46)

Y fAD AN o
yae (40.4a) cogepxut wien

&2 5 i/2
*det(8? + m?)'

,
rlle ycnoab3oBano oBo3Hauenue

~1 TriogA}.

HUsBec

o THO, YTO CYWECTBYiUT TaKue KBAHTOBOMeXa

» IS KOTOPDIX KNACCHUECKUX TpaeKTo;

MMeer Mecro, Hanpumep "
,

Meron npubanxenus BKB

i HHUECKHMEe COCTOSHMS CHC-
TP TYHHEaW, W4 e cymecrsyer. Takas curyayms
MO POBAHIM uepes moTeHIanbHbIH Gapbep, Ho
CTpHpyeM 970 Ha Tmuum HO pacnpoCTpanuts ¥ Ha stot cayuai, Mpoge -
CTpancrse aBiKe OM HpUMepe 4acTuipl, coBepuwaiomel B o HO'M eMOH-
NpuGmokenuy B Hue B notenuate ¥(x). Boanosas dynkuus 'ﬂﬁ ©pHOM Tpo-

n BKB umeer sup (cm., nanpumep, [ 1861) AKOM HacTHIb B

,

!P(x) = Ce'?™),
(40.5)

Phe of —
ReficTBye, BHuuCIeHHOe BLioAb KAACCHYEC

YPaBHemyon Kol TpaekTopus, onpe e isemoi

me+y(x)=E. (40.6)
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X
xg :
—_—
xz
a
x 2
Loxg Zo !
6

© BBYMA MHHUMYyMa~

ymamu: @ — NoTeHLy

Puc. 30. MoTeHUMANB! C HECKONbKUMH
MU ;3 6 — nepuopMUecKuil noTeHuman.
H

Lk € = arno-

I A MYM QUKAX x = X U X M oﬁpalu
MMHMMYMa B TOUK:

UK 1B YKaxX &

Bt SOHITHAn, M
ipepeM noTeiunaa, ¥ e
‘? EB 9TUX TOUKaxX B HYJb (puc. 30, a). Ecom BbinoJmsie y

WUAC.

Ho, 1, WoXopA 3 poipaxenns {40.5),
Bixewue W3 TOUKM x B TOUKY % pa3pelleHo, 1,
. 24 w MOXHO BBIYHCIUTH
U

aMILIMTY By "paOCGﬂHKﬁ". Ho ecau BbI-
14 T K pe3y.ib-
E < max KOppeKTHoe BKB-paccMoTpeHue MpuBOAUT K PE3Y.
B

uosolt hve

AJA BoJAHeBOM Y

OJiA B
noJusercH ycnoBue

(40.7)

t %eAUP O UHUA
eHeHA aMAIUmYO0h mYH
NOKHA OBITH 3aM! s
= at(xy,%o)
(xy| xgp = Ce™ =077,
it SIEMbIX ypaBHEHUEM
neficTeue & BHIUKCISETCH HE BAOJD TpaeKTopHi, OMpPe e yp
o b it aBHEHUIO
(40.6), a BoJb TPAEKTOPUM, yA0BeTBODAIONHMX YP
.b),
(40.9)
—imi+V(x)=E.
2 " QHUA MOXHO MCIOJb30-

I TYHHEJMPOB
Mbi BAuM, UTO AJS MOXYUEHHS aMILIMTY/bI TY pol -

Boas Juilb o]
xe Gopmyay, uTo U A aMILIMTYAb Iepexoaa, rlp(lua 1;
Barb TY > X L oron
HYIO 3aMeHy HGPEMGHHOﬁ t HAit KaK B Bblpa)KeHMM pikioi(

o= {"aL->id
#(xo)
-~ (40.9).
sremnsx apwketns (40.6) ~ ( B -
T pa 5) u (40.8) He HopMuPOBaHBI, HO UX JErko HUpan\mqu . pes
; TakuM 0GDA30M, MOXHO 3aKJIQUUTD, 4TO
< e A &

Cem e

DYHKUMOHaNbRYIE MeTOb! 223

TOBOJ TEOPMM IOAA AMILUTY A2 TYHHE.IMPOBANKS B Be/yeM Npub.IoKeHmH BbIpa-
XaeTci B BUjE

¥ 1=+ ¥ 1= —w>zCexp{—fd‘zé(gc,)}, (40.10)

rpe Pel ™ Kaaccuueckoe pelieHne eBKIMAOBHIX ypaBHGHMﬁ ABMXeHud, T.e, Yypas-

HeHudl ABHXEHNs, B KOTOpBIX NpoBepeHa 3amena X vix
4

» [Aie MepeMeHnas x, Be-
mecTBeHna.

Coruiacto o6cyxpennio, TpoBeACHKoMY B navane AaHHoro naparpada, Bblpa-
xeHue (40.10) Moxno paccmarpusars Kaxk Beayuwmit Wien pasioxenns TOYHOI0 Bbi-
paxeHs

<‘I’|a’=+°°I‘I’o,l=—oo>=Nexp{—fd‘£é(2)} (40.11)

)
110 CTEeNeHsM NoCToAnHol [1ranka % B OKpeCTHOCTH KAaCoHYECKOl TPaeKTOopuy

Pe1-
Baxuoe cBoiicTo COCTOsHKI CuCTEMBI, Haxopsuyeics B YCJI0BMSAX, KOrpa BO3-
MOXHO TYHHEJMpOBaHKe, 3aKmo

B onenviciian:

f B Crenyomem. B o AlMOHAPHBIX COCTOSNHMAX
(B YaCTHOCTH, B OCHOBHOM COCTOAHMM, KOTOPOE A0KHO BBITH 0TOXAECTEICHD ¢
BaKyymom TEOpMM Nous) ciucreMa He JoKaiusoBana B OJHOM U3 MMHMMYMOB [10TEH-

mara ¥, a pacnpepesiercs MeXny Bcemy MunnMyMamn, B caydae KX/ aTo 6yper

lokaszaHo Ha npuMepe nepuouyYecKoro forednuana, nonobHoro noTeHIMaLy
o an
13

_
. 30, 6.

§ 41. ®opmanusm dyrKyMOHANLHBIX HHTerpanoa s KkaauToBo#
XpOMORHHAMHKE; KaNHEPOAOUHAR HHBAPHARTHOCTH
Popmanusm, pazsursiil 5 TIpEABIAY KX naparpagax, MOXHO HETOCpexCTBeH o
TIpUMEHNUTD K KBAHTOBOH XpOMOZMIAMMUKe, ecu CHAYALL paccmoTpers Bolpoc o

kannbpoBoutoli uuBapuanTHocT#. Onna w3 BO3MOXHOCTel cocTouT B TOM, uTOGH!
BuGpars duznueckywo KaJubpoBKy

u-B,(x)=0, u? <0,

(41.1)

TaK YTO WHTErpHpoOBaHMe B ynkumonaHOM MHTErpaje npousBoauTCs o noasm B,
YROB.eTBop oM ycaosuio (41.1). Teneps TpousBoasmit hyHkimonas ¢ TouHo
CThio no HPOU3BOJBHOIO HOpPMHDOBOYHOIO MHOXKTE ST N onpejfejsercs B Buae

(41.2)
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(dq) = ﬂx’ [ dqj,u (x), (dB) = ﬂx, ua dB‘:l (x) M T.A., @ Su — parpamxmnan KX7,
(puKCMpYI0LIMX KaMOpOBKY. Jro BCE, uTO TpEOyETCH, eCM

HE cogepxammﬁ YIeHOB,
MBl XOTUM padoTaTth B PU3HYECK! cnpo-
CTpEHUTh PopMANU3M dyHKIMOHANBHBIX MHT
Ha KOBApHAHTHbIE KauOpoBKM. Kanubposou

ofi xambposke. Ho xorenoch 6bl TaKxe pa
€rpaloB i KA Apyrue THOb! KanubpoBoK,
B YACTHOCTH Hble YCJOBMA MOXHO 3ami-
caTh B BUTE

(41.3)

KH[B(x)] =0,

HOHA, t‘bnmnpywumﬁ KaaubpoBKy. HanpuMep, Jopentena KamOpos-

rpe K — ®yiK
Ka uMeeT BUJ
Ka[B(x)] =9,Bl (%) ~ Pa(¥):

perapasier cobofl sanatnyio by KMo (B vacT

(41.4)

HOCTH, MOXHO B3STH

rae noJe ¢ ipe.

9= 0).
fiyerb T{8) — xambponounoe npeodpasoBarie, 3ajapaeMoe napameTpamu
1OpoBOY-

8(x), @ B, — noad, Bo3HMKalow e u3 noxneit B moa aefcTBieM 3TOrO Kak
7

Horo npeotpazoBanua:

By, (x) = BI(0) + 82 JuncBo(x)BL(x) — 30(X)

(41.5)

pu KaambpoBOYRbIX npeobpasoBaHuiX He H3MeHAETCH:

-1 — A-!
A7'[Br] =A% '[B):
0KA3ATELCTBA TOro YyTBEpXAeHUs [OCTATOYHO [OKA3ATD, YTO 3JEMEHT
x) ABJASETCA Kannﬁposoquo-unsapnaumoﬁ BEJUUNHOM .
HbIX npeoﬁpa:xoﬂaﬂwﬁ (xoTOpbi€ TOJILKO U HYKHbI) 9TO

Aaa
MHTErPUPOBAHNSA ﬂx, a da_(
B cayuae uHQUHUTESMMAID
OUEBMAHO, TAK KaK

T(0)T(8") = T(8+ 0
11t KBApKOB, POJib KOTOPBIX IIpit KaJmbpo-

3abyaeM Ha Bpems O CYWeCcTBOBaH
(41.2) MOXHO Tiepenucarhb B

ROUHbIX MPEo6PAZ0OBAHNSX BOJHE ACHA. Boipaxenue
"UGe

2= N [ (aB)(@) T[8(u - BN TIBKL B DAL Brle™

(41.6)

B MARAA SRS S

oW

P

DYHKUNOHANbHbIE METOAbI
225

rae YUCTo AH-MUJLJICOBCKOE L{GWCTBMG
_ 1 4
A== 4 [IXZ ()Gl (x).
TpeanonoxuM, u
pemn MM, 4TO B BbIpaxenuu (41.6) nponsBoaurca samena nepem it
3paHHas KaJubpoBOUHBIM Npeobpa3oBanneM Buia pevenio, pe
B(x)~> Br (%),

e npeo 30B¢ H purT
P D Bakl BH6paH0 P M .
) eobpa ne T ABHBIM ] [Tpu rakoit zamene nepeMeHHbIX

Z=N B
f(d Y@0) A BIIT8(x - By, (1) TT8(K] B(y)])et .
Hycrb noas 8 s »
i Mo;ﬂgm:umca [JIOOHHBIMU TIOJSIMM,  YIOBJIETBOPAICWIMI YCa10Buio (41.1)
T HaUTU, NPOU3BOAA KaamOpoBouHoe npeobpasoBanue U(6 ) Tor:m;

nMeeM
8(u- Br)=8(u-By),

1:, TaKIM 00pasoM, BBIIOJIHSETCS COOTHOWEHNHE
JEDTI8(w Bra(3)) = [(a8) TI8(~ u- 049, 1))

P c »

OTOpPOE HE 3aBUCH YEH ! (OBATEJIbLH OXeT T JI
OT 3 0J1! ", caegoBared

K ABUC] HAuUEHuY fojeit B e, 0, MOXeT ObITH BKJIi0-

HCHO B HOPMUPO! =
MUp: HOXuTeas ¥, /a Jis YHKI
BOUYHBI MHO v [{ A NIPOU3BOASIIETr 0 fb HK1IMOHANIA TI0J1YYa-

Z= N[ (dB)A[ B)T8(K[ B]je"w.
(417)

Tenepb Heob .
yOTpauemfﬂ 5. ;y':(l:)lﬁ;;mg Jgspaﬂmb 8- DYHKUNIO 1 BBINMCIUTD MHOXUTEND A [l
n PeEM, Hanpume . K+ AIR
TPUPY Bripaxerute (41.7) no dp ¢ BecIc’;M P, JOPEHUEBY KanGpoBKy (41.4); unre-

ool S fis{uor],

B NieBoit ya
CTH NoayYdeM
. DOUBBOAA LM
cstiunhl ot nonest B dakrop byHximonan Z, yMHOXEHHBIH Ha He 3aBu-

f(d(b)exp{ *T")\fd‘zx [%(X)]z}’

KoTopbiii ¢

HOBA MOX1i0 BK

JIOUATD B o

4acTu unre; HOPMUPOBOUHBI .

TPUPOBaHKeE 110 MHOXUTEIs N7, a B o
K. Takum oBpasom TOAAM do TPUBMEILHO BEIOMHAETCH C “(;MO hﬂpaﬂou

» A poussoasimero Gynkuuonana noyua 1o &y
g aemM

Z= N”f(dB)AK[B]e‘(""vM ot )
(41.8)

8206
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[
»
[}

rae bukcupyowee KaIMGpoBKy feficTBie uMeer Bu

aor= 3 [a[3,8:(9]"

O6parumcst k Muoxureno A, . Braronapsa dopmylie (41.7) HaM HEOOXOAUMBEL TOJIb-
Ko Takue QYHKIMU B, OMUCHIBAKLHE I'II0OHHBIE [0, KOTOpbie Y A0BIETBOpI0T
ycaosuio (41.3). Jas uRduHUTEINMATBHBIX 3HAuenuit napameTpoB 6 KaaubpoBoy-
HOro NpeoBbpasoBaHui UMEEM K[BT] = K[B] + (5K/5B)5B~(5K/5B)58,

8B = BT — B, Tak uro

8(9B,
s:'(8= <do>m((TBb:—’(wb—ngmB:oc)).

Jroit hopMyare MoXHO Npuaath Gonee yRoBHbi# BUg, BBOAA ayxu Pappeena — Ilo-

[10Ba, NpECTaBJEHHbIE AKTUKOMMY TUPYIOWUMHU ¢ -UUCIOBBIMH yHIIMAMHE o> U G-
B OpMUPOBOUHbIA MHOXUTEND

o H
w HOp

=
=

M oo o o anin i o IGNE
Torga, Bbigeasis He 3aBUCHLMA OT oS

BeJuuMHy A, MOXHO IPEACTABUTH B BUAE

A[B] = N [ (dv) (43)

[ e e 8By, 1
X expi —lJ d*xdy©,(y) B [B”w,,(x) -8 fwB},‘wc(X)] }
(41.9)
[Jloxanare 1boTBG 9TOrO BHIDAXEHUA OCHOBaHO Ha GopMyne
J{' 1 e I] de, ™% = (constant)det 4,

KoTOpas cnpaBeaauBa’’ s aHTUKOMMYTHDYIOUUX ¢ -4HCE ¢;» w Ha TOM daxre,

n LNA AoKa3aTensCcTsa UCNONb3YeM COOTHOWeHHe
Ny No son No No ® N |
fAu o — A} -
fil;lldc'jr'lldt/e o _[ir-Ildci,r-lldz}wzao{zz‘q‘/‘kA } N
B ciNy NPasun MHTErPUPOBAHUA NO PEPMHOHHLIM NEPEMEHHLIM OTNKUYEH OT HYMA TONLKO
ynew ¢ N = No , NoaToMy nonyyaem

(- . , .
o Ssignks (kL KM A

rRe NPOM3BOAMTCA CYMMHMPOBAHHE NO BGEM BOMOXHBIM nepecTaHoBKam HHABKCOB ki, ...,
kN 3 kY e Ky, KOKRABIA U3 KOTOPBIX npoberaer 3HaueHuA 1, 2,...y Ny. 9ToHe yTo

Mng- KaK (—1)N0 det (A/Ny! ). RononHuTensHsIA MHOXUTENL ( ~i ) 8 9KCNOHEHTE Bbipa~
XEHUA (41.9) faeT BKNaA TONLKO 8 KOIPPULMEHT nepen (opmynoi; aTo o3nauaer, uTo

ta3a (pepMUOHHOrO Ynena Nponu3sonsHa. Mbi Bpifepem ee Tak, YToObl OHa coBnafana ¢

¢ha3oi unera, cOOTBETCTBYIOWENO 06bIYHbIM CKANAPHLIM NONAM.

EEEET I

DyHKUKOHaNbLHbIE MeToas! 227

4TO BCHEACTBHE paBeHCTBa

k
fdx,...dxkigﬁ(ﬁ(xl,...,xk))=my
i/ 9%,

BeanuHHa A o
k HpencTaBsager coboi
MaTpHIE TpOCTO onpepeaurens (6eckoneunomepoi)
r) §(3B,)
2 { sz (%53 fwﬁ,ﬁ‘ﬂc)}.

Ocranocs cpesars noCeAuMit mar, 4ro6sbl 3ape
UMOHALHAS POM3BOAHASA, BXOAALAs B (41.9)
- ’

5(38,(x))
BEy) " (- ),

PUMTE Haue paccMotpenve, Pypk-
UMEET Buz (CM. npuioxenue 3)

NO3TOMY 0RepaTop midbenen

A PY—— 3
o PETOP AATPOPCHIUPOBARNA 9, MOXHO TIEPeHECTH B JeBYIo YaoTh ypas-

HEHUs U NpoBect
POBECTH uHTerpupoBanue no d*y, B urore nas mnouspoagmens dysrmc
HaJa noayyaem TR Ry Eie

Z = [(dB) (do) (d@) "o+ Ser-varp) (41.10a)

r,
Ze neficteue, COOTBETCTBYOIee n)ixaM Papneera

{- “ClIOBa, iiMeeT Byug
Fep= | di [ )
J A5 Z B3(%))[ 84 3% — gh B ()] 04(x), (41.106)
dro

coriacyercs c PE3YJbTATOM, NOJYYEeHHBIM B §5

Yrobe1
ONyunTh Qynxummn Mpu

Ha, H
S PUHa, HeOGXomUMO By aHTHKOMMY THpYyIolHe

. ‘ -
BEHHO Kom:y"r;;)"loi;{a; i‘é - IWXOE ©@q» @, 1 KBAPNOI ¢, T coorseror
TOUHHUKHU A bt . )
3oM, Hawedt ornpaBHoit Toukol asnﬁe-rc?ﬂ l&)yﬂzgum;;gzlx oret B: + Tovane oopa
Z[n56E1) = [(a
W& EA | = [ (dg) (dg) (dw) (dB) (dB Yexp i ([ | 9E
)(dB)expi a8 L @1, (4111

rae nar S
PaHxuan QQ cp °THMCbiBaerca popmy.oii (5.11), a

&= S (A, + Gy, + £ g
2 2 {naw,, +©,m, + f,/qf' + qf‘f,f + )\,,,‘Bﬂ“}

‘I’OPMa.maM
Kpacusmiji MeTop,

: . (41.116)
YHKUMOHAILHBIX HHTErpatoB N03Bo1ser BBecTH Ype

3Bhluaiin
» TAK Ha3bIBaeMsiil Memod donossiz noseq? o

» KoTOpHI# 06aagaer

b
3ToT meTo
DO e e CTOR BREPBLIe Guin BBEREH Re BUTTOM U

b8 Teopiin) T ' Xodrom. 0606wen (8 YaCTHOCTH, Ha KanuBpo-

MOpo-
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TeM NpeuMylecTBoM, 4To SbQeKTnBHOe nefictBue, durypupyoliee B 3TOM Me-
Toe (cM. § 39), KamBPOBOYHO-MHBAPUAHTHO . ITO PABHOCHIBHO PACCMOTPENHIO

duxcupyomero kambposky ycaosust K[B]1=32 (au'Bi gZf, . bYB, u)l, rae

b — kJaaccuueckue "GHOHOBbIE" MO, CABUrAOLE II0ORHbIe MoJd B » B + b, 1
BbIYMCIEHUIO PYHKIMONRAbHEIX NPOM3BOAHBIX 110 NousM b . TloapobHoe uznoxenue
¥ CCHLIKM Ha JMTepaTypy MoxHo Hajttu B paGore [3].

§ 42. ®eAHMaHOBCKHE NPaBUNA AHAIPAMMHON TeXHUKH

B§ 39 yTBepxnaﬂoéb, yro pasioxenue Qynkimii I'puna no creneHam Kon-
cranThl B3auMopeiicTeus g, Bostukawuee u3 (41.11), BocapousBoauT obbIYHbIe
(elinvManoBCKue NpaBiJa [MArpaMMHON TEXHUKM, KOTOpbIE Oblan MOJYYeHbl Bhiie
Ha OCHOBE Pa3JOXEeH!s 110/€BblX ONepaTopoB [0 ONepaTopaM POXKJACHUA U YHIUTO-
Xenust u npumereHs Teopembl Buka. [lpapuia PefinMana MoXHO BbIBECTH MHAYE,
ucxona ns dopmyu (41.11). Tloxaxem 510 Ha NpUMepe TpeX TUMKUHbIX BETUUWIH:
FJIOOHHOTO HPONAraTopa, BepiliHbi B3aNMOASHCTBHG [YXOB # TTIOOHOB ¥ HecHIl-
PJETHBIX COGTABHbIX ONepaTopoB, Yurypupyloumx B Gopmynax npoteccos ray6o-
KOHEYNpYroro paccesitus.

Jlasi HOMyuEH!S TA0OHHOTO PONAraTopa pACCMOTPHM COO

[\ P 4
0“1

<T§a"(x)1§,,'(y)>olg=o= (_!.)2 aA, TN

A=0 (42.1)
W) () | g=0 °

Donos rirs puana wao sBamumanamea ananamansb 0o E SVOMOS oENviBorany © TR
3/i6Cb Mbi CHOBE 747 0COBHAYCHAA ONCPATOPOB NOAL3YOMCS CHMBO.IAMH © "Kpbliti-

kamu". [ToBropaa paccyxaenus § 39 u BBoas aas kauubpoBouHoro napamerpa 0603-
Havenue A = a ', C TOUHOCTBIO 10 4-AMBEPTEHIMH MOXEM HANUCATH NENOUKY pa-

BenoTB
=L S [982(x) - B ()] [3,Buo (x) — 8, B,,(x)] — an. S [8,8;(x)]
= % S B2 (0)[#Buo(x) — (1 - a )3, 3B, (x)] +3, /*
= 3 S B)(K B (x) + 8,

rne Muoxureab K uMeer Buj

*
S w3 gy 3
(K)o .,b[g a3 ~(l-a )3, ox, J (42.2)

[Nonaras Tenepb MCTOYHMKM 7, 7, &, € u KoHCTAHTY B3anmozeicTBIA g B PopMy-

DYHKUMOHanLHbIE MeTob!

229
aax (41.11) pasubivu HYJIo, 215 IPOM3BOAAMEero dyHKiMoHasa noJayyaem
z = [ (d4) (4g) (dw) (d5) (B )
Xexpi|d* |ig 1 LW
pifd' (i()39(x) + § 58, (0K )8, ()
+ ZA(0)BL(x)}- (42.3)

Wnrerpaast no nepementsiv ¢, 7,
WAETC3 NIpH BLIYMCACHMH TOrapud
nepeMeHHoi

@ M « NPUBOAAT K KOHCTAHTe, KOTOpas Cokpa-
MitueCKkolt npoussopHoit, Ecm npoBecTH 3aMeny
B> B =K'/,

To Gopmyaa (42.3) npuMerT Bup

Z = (constant) r(dB’\;I/K\
IJ AN PN Vi
‘, a1, ,
Hep A { 3 BB 4 MK B, ),

rae J (K) — sxobuan fipeoGpasoBanus, Hak,

TpupoBaKus OHEll, 3AMeHuM nencMennvio

ACHUM NEepCMEniyio uHTe-

’ ”

PV Y R
o 7D =p + K/
TaK i

T npousBoasmuit dyHKmMonAn TeNepb onucbiBaeTcy tbopmy aoit

Z = (constant) f (dB")J(K)
ifd%S [ Lgnixygr
X exp fd"’ > { 5 Ba(x) B H(x) — 21 a“(x)(KA):(x)}. (42.4a)

MuoxuT
elb K ynobuo NIPEACTABUTb B MHTeErpaJbHoil thopme

Boon .
(K. = =i [d% D (x = p)f,(y; (42.46)
TOrAR Anst sorapudmueckoit Hpon3BOHOM TpousBogamero Qynx

8%og Z
GA”M(X)SAbv(y)

1IMOHaJIa noayyaem

= — w —_
sources =0 Dab (x y) *
=0
Popma
fiponararopa D caenye
T U3 ero onpejenenus 2
o8 CooTHoman pen - Ona rakosa, yro BbmOMmAET-

x)
\ J Jg\*)

(- a")a"‘a“}ﬁ,’,(x);
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TCT-
nosTomy, nposoas dypue-npeobpasoBatie, 0603HaYEHHOE THILAOH HAl CoOTBE

,

Bylowelt Beanunnoi, noayyaem

(KTYYe (k) = S8 { — 87K+ (1= a=k#e* ) (k)

~
orciona, noaaras Kf“ = f, cpasy noiyuaeM pesyabTaT

—g” +(1-a)k*’ /K .
g = JonlR)-

P~ M
Bk =
(K Ya(k) = 28
Takum o6pazoM, Kak 1 0XMAAI0Ch, NPONAraTop rI0OHHOrO [0.1% UMEET BUA

(TBHX)BL(9))olym0= DE (X =) ‘
—g¥ + (1 - a)k?k’ [k*
kZ

i [‘d4ke4k-(x—y)
= )

27y -

a=A"!

.

e mee i JAD BN mmaman —afan

/:I,OKasaTeJleTBO TOrO0, 4TO 00X0/ 10J0COB B Bbipaxennn { 24.9) Jqp,at:umgl OaB-
Koil + i0, TpebyeT auGO pacCMOTPEHUA ACUMITOTHYECKUX COCTOAHMM, aubO

B o
KaxuX-HubyAb APYTyMX TPaHuuHbiX ycaioBuit wa rawonsbifl nponaraTop. 3T yCaoBy.

jitn B padore { 112]
MOXHO HaiiTH B . ) , . "

Jlns nonydyesus BEpUIMHbI B3aumoaelcTBua AyxoB C ruiooHamu Tpebyercs p

CMOTpETb BEJYMHY

2 3 1-# nopA. i8log Z ?:n(:) A-
LR nopn. = OlgZ [ A=0
(T@,(x1)05(x2) B (x3) ), L‘* N W EST N ENT W) aox o 8

-(42.8)

O6ozHaunm yepes k oneparop Kieitia — INoppona, 3anapaemblil cooTHOmeHMEM

. —% .
kf(x) = 3%f ()" . Tlpoussesem sameny nepemensblx B > B =K™* B, w»>w =
=k %0, @-» =k %o ¥ NPOMHTErpUpYEM 10 KBADKOBHIM MOJSM, KOTOPHIE B
- E

Z
AAHHOM paccMoTpesnn He urpaior poan. Torga Ans npousBoasiero PyHKmMonasa

noJyyaem
Z = (constant) f (dw') (d&) (dB")J (K )J (K)
X expi f d'% S { g[0,(K'5),(x) ] fare (K /7B"), (¥)(K'/ ), (%)
+4B% =G0 + G, (x)(K %), (%) .
+ (K@), (xyn(x) + A (X)(K' 2B (x) + -+

s - . es.
¥ O6biuno sTOT Onepatop HasbiBaeTCA onepaTopom Danambepa. — ITpum. nep

B HyaeBom nepunvn

DyHKUMOHaNbHBIE MeToasi 23i
rae MHOroToune o6osnauaer YaeHbl, obpawarownecs B HYab mpu g°

~ 0 ¥ HyJeBbIx
SHAYEHHAX MCTOUHMKOB, [Tpouseenem sarem npeoGpasoBauns nepem

©HHbIX

B'oB"=B —-K'D ey K%,  @oer =gt k%,
EmucTBennbii ujed, nalowuii Bkaag B paccmarpusaemyio Bepuuny, Cozepxur
npoM3BeL[eHMe Bcex Tpex UCTOYHMKOB K uMeeT BUa

82 (k) (X))o (KA (¥)(kn), (x);

o /
TakuM obpasom, gas Beépumubl B3aumopeiicTeus 7IYXOB ¥ I'IIOOHOB NoJyyaeM dop-
MyJy
ol ~ 3 141 -
<T“a(x1)‘*’b(x2) B2 (x3))| 1~ nopr
Aok no g

) i, d‘n. . 14
e~ xvp L L emixypp L 4P3 e~ ps
»i) @n’ » J @ny*
T8 A (L =ANppr/p2
x’\pjz\(“")‘ﬁ(.”l + P2+ p3) gfsapys

CHOBA B 110JHOM COOTBETCTBUK ¢ 0XupaeMbim
Haxonen, pac

Pe3yabTaToM.

AQTONE o

*OTPHM BepitinHy
I AL A

VD) NES 2 (x3)4(x3)) (42.7)
B HYJIeBOM nopske Teopin Bosmymiennii o xokcranre B3auMopeiicreus g, rpe
Onepartoprt N (cm, § 19) umeror Bug '

Nfs b (x) = Jin=1r :éz(x)y“'D“" ... DA‘*-ci,(x): - YJenbl,
cofepxaiuye cBeprky, (42.8)

Urobm BHIYMCIUTD Beanunny (42.7), BBegem B Bbipaxetine (41.11) woBbiil yeToy.

HUK
jm ﬁNI{%‘ e (x);
TaK yro
- A . n 63
(T Ngs - (x)da(x)) = 0 lez (42.9)

851()‘1)8&()‘3)5/},.4.p,,(xz) §=0

HUCTOYHUKY =0

Aaxe no

" = ‘
dHTe B3aumopecTBus & T'JIIOOHbI MJM VXM HUKaKO#

Poarr e HCPAIOT, ¥ 110 HUM MOXHO IPOBECTH MHTerpupoBante. AHAGOrHIHG B
PHanTHbIe TipousBosHble onepaTopa N Moxuo sa;

= pApPOSANe, AHAAOTHYHO KOBa-
MEHUTb O6bIYHbIMK NPOM3BOAHBIMHK.
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7
. Ui .
KpapkoBble moas paccMarpuBaloTCs Tak Xe, Kak [0 [JI00HOB au ayXoB. Mcmor,

3ys onpeﬂe,)leﬂml
- =5 S 1/2 =
g=S5"". gG=357'"% [=12,

rae Marpuua N 3aJaeTcd COOTHOUECHUAMHU

S7lg(x) =g (%),  G(x)S ' =g(x)2,

an
HaXO/MM, YTO B HYJEBOM MOpPSAKe [I0 KOHCTAHTE CBA3M g NPOUSBOAAUNH DyHKIMOH

,

OIMCBIBAETCS BbpaxXeHneM

zZ= (constam)f(dq)(dq)-l(s)',(s)
x expi [ dx (gidi + gaga + 65" q1 + 55 Vg,

+(FSV2)+ (38 2Yer + (SN S DYy, b

(42.10)
TlpoBesem 3aMeny nepeMennbiX
1/2 7=z 4 E512
G=g+S"%  GF=g+§S

‘S—‘"ﬁs‘"%sjm s -
=4 AES ) xyymar LGS T IE)(x) ~ cseprxu} (%),
TaK 4YTO, UCNIOJAb3YA ABHOE Bblpa)KeHl/le Anst ManVlel S, nonyyaem

(Ta(x) N5 (2)da(x3)),

_f dp e—‘rz-xzf“dh emim L %{fv“‘p;“’ - pr — ceprkn}

@y 2! 21
x d4P34 e'p:'XJ;i-(Zw)48(P| + py — p3)- (42.17)
(2m) 3

Toxyuentyio GopMyny MOKHO ynpoCTHTh, BBeAs Bektop AY, ygomaeTBop moupit
yenosuic A% = 0, ¥ CBepHYB ero ¢ Bhlpakernem (42.11):

Ay A Té,(xl) Vfoy b (h)‘?z("‘s))o =

PYHKUMOHAN LML MaToabi 233

4 a4 , a4 .
S e
27y (2m) 7 (27) 73

X27)'8(pi + p, - py). (42.12)

Pesyabrar aBroMarnyecku oxasmisaercs CUMMETPUYHBLIM o MHICKCAM; Ynenb
CoAepXKale caeabl OT NpousBeeHyit BEKTOpoB AM (unent muga MM a A .), 06
pawanTcs B Hyab. Koeuno, BEpUIMHY MOXHO BOCCTAHOBUTL uu(ptpepe;uusonaﬂuem
TIOAYYEHHOIO pesy IbTaTa Mo KOMHOHEeHTaM BEKTOPOB A(d/0A )...(3/aA ).
Hetine (42.12) TpUBOIUT K deliuMaHoBCKm npaBuaam ,quarpauMMHoifl TeXHvﬂ(u, py-
BEEHHbIM B NIpUA0XEeHuy A v nenoabzyembiv B § 20.

§43. EBknuposa bopmynuposka KBaHTOBOH Xpomonmuuanui

PaCCMOTpI/lM TEH30p SHepI‘MM-MMHyJIbCa OA% uucTto AHP-MUIRCOBCKOR

omuceizaeMuifl Bripakennem (10.2). Bxnay kBapkosuix nogeit B 3TOT TeHsop He

1B8eMbl
BKJllO‘-laeTCﬁ; 50061110 KBapKku He UMEIT OTHOCHNR K BOnpocam, paccmanuBae-

MbIM B 3TOM 1 Caenyonmx ABYX naparpadax, Boipaxeme NI% YUCTO AHP-Muascos-
CKOro TeHzopa st PUR-UMIY Ibca MOXHO 3amicarh B Bije

w_ 1 s _ 1 Spadi R
o= 2 Bap 2 LG~ 5 8ap 2 GG (43.1)
a = a
Orciona CISRYCT, YTO HyjeBas Komnonenra @°° g5 PEARBRYT T IIOOHHBIX Mosiet

HOJIOX(MTe!leaZ
_1 2 ~ 2
6% = P {(6*) +(6%) }- (43.2)

Taxum 00pasom, ycaosne Q1Y 0 BRIMOMSACTCH TONBKO B TOM cayvae, korga G = ()
", CaenoBarensho, ¢ BAKYYMOM MOXHO OTOXgecTBuTD TOJIbKO COCTOSIHUE, B KOTO-
pom OTCYTCTBYIOT I1i00HHbIC noas. Ho suipaxenne (43.2) He obnagaer onpese iex-
HBIM 3HaKOM, ecap HAOMYCTHTD, UTO TEH30P r'M0OHHOrO 104T G moxer HPUHUMATH
KoMmaexctibie gHauenys, OcoGenno Baxen Cayyail, Koraa KoMmaekcrbii TEeH30p
G*, OnpefeneHublii B fipocrpancrse Munkosckoro, COOTBETCTBYET BewieCTBeHIOo-
MY TeH30py raomHbIx noxeit G Olpesie IeHHOMY B €BK mMI0BOM NpOCTpaHcTBe-
Bpemeny, Kak obcyxaanoch B KoHue § 40, rakas curyamms CBUJIETENLCTBYeT o
BO3MoXHOM TYHHEJIBHOM TNepexoge, 910 aBaserca OCHOBaHnem gas TOr0, Yrobnt

s



234 Fnasa V
uckath pemenns ypasuenni KXJi B eBkamgoBom mpoctpancrse’’ .
Jlpyras npuuMHa 3aK/MHOYAETCHA B TOM, UTO B NPOCTpAHCTBe MUHKOBCKOrO

G = -6,
TO3TOMY Ay aJbHbIMI
G==+G. (43.3)

MOTYT GBITb TOJBKO TPUBUAIbHbIE MOJeBble KoHgurypawm G = 0. (Ecim B npasoit
YacTu paBeHCTBA (43.3) CTOMT 3HAK +, TO TOBOPST, UTO TeH30p G camooyaren,
€CaM 3HaK —, To TeH3op G antupyaren.) B eBKIMAOBOM Xe NPoCTpaHCTBE Chipa-
BEAJIMBO PaBEHCTBO

G=G,

TakK UTO MOT'YT CYWeCTBOBATb U B AefCTBUTE IbHOCTH CYWEeCTBYIOT HETPUBMAIbHBIC
ayanbHble noneBhie Kongurypanuu G. KpoMe Toro, ayansusle eBKinnoBs nons G
aBTOMATMYECKu YNOBJIETBOPAIOT YPABHEHHAM ABUKeHUSA. ITO NPOUCXOAUT MO Cleayio-
MM NpUYMHAM: YpABHEHUS ABWKEHUS A% [JIOOHHBIX NOJell uMeloT Bua (BCIOMHNM

ypasuesue (3.6))

O
D,GF =08,G + g2 furc By (43.4)
yCIOBHe

w o 43.5)
D,G¥ =0 (

npe/icTaBaseT coboil He UTO MHOe, KaK TOXAeCTBO Bbflku, KoTopomy yaoBseTBo-
paer mo6oil Tens0p G = D x B, HE3ABUCMMO OT TOrO, ABAKETCA UMM HET 110Je B
pemenuem ypauenuit gsikenus. Ho ecin Tensop G ayanen, 1o, Kak nokasaxo B
pabore [ 219}, u3 (43.5) caenyer coorHowenue (43.4).

Casisb ¢ npobaemoil BaKyyma BO3HMKAET B CHJIY TOTO, YTO B CBKINJOBOM T1po-
cTpascTBe (opmyaa (43.1) A5 TEH30pA SHEPIUM-UMITYLCA  SHI-MUIICOBCKUX oG
3aMeHAeTCA BhIpaXeHneM BHpa

Q= — % > {QZ)\Q:A - Q:)\Q.:x}, 4.6

aX

b Takan npouefAypa 06bluHO HA3LIBAETCA E©BKAUAOBON topmynupoBkoin KX wnu
€BKNWAOBOH OpMYNUPOBKOM Teopuu nonAa. B bl, onp B8 eBKNUAOBOM
NPOCTpaHCTBE-BpeMeHy, Mbl GyAleM OTAKUATL OT COOTBETCTRYIOUMX BENWUMH, ONpeacen-
HBIX B NPOCTPaHCTBe MUHKOBCKOro, NOAYEPKUBAA UX CHU3Y. KpoMe TOro, CyMMb! NO NoB-
TOPARUWMCA NPOCTPAHCTBEHHO-BPEMEHHBIM MHAEKCAM Mbl GYAIEM BLINUCLIBATL B ABHOM
Buae.
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KOTOpO€ B CJyuae AyaibHbIX MOJEBbIX KoHGurypamit obpamaercs B Hyab: ® =0

8,0
Takum 06pasoM, ayaibuble nous ‘G MoryT cooTBeTCTBOBATL He'rpuBuaJlebnl\‘A Ba-
KYYMHBIM COCTOSIHUAM,

1 4 1/ e Sa 2 — Ja 3
=2 )¢x{5(an =62 +g,‘.',§,,,}>%,fd4£20c;l. (43.7)
Takum o6pasoM, aeficTeue sBasercs TIOJIOXNUTAbHO ONpezeNeHHOli Bemunnoi

Jocruraiomel MumMMyMa B cayuae AyanbHbix o Jelt, xorga cnpaBegmeo paBen-
£TBO

=33 Gy (43.8)

Ho no kpaiineil mepe 1 §CA0SUAT, %0100 CNPAseONUB0 K6a3uKAACCUYECKOE BEEB-
npubaruxenue, u3BecTHo, YTO AMILIMTY1d TYHHE IMPOBAHUS ONPesesSeTca Be/mun.

SeT

Holl exp (&), flo3TOMY B BezyueM nopsiake sddexr TYHHEPOBAHUA, ecay oH
CYHIECTRY

ONPeReNIeTCR AYadbHbIMMN 110.16BbIMY KOHDUrypaumsamu,

) Mst yxe ynomuuamm o "HETPUBHAIBHBIX BAKYYMHBIX cocrosmusx". Herpyano
YORMMTLCS, UTO CYWMECTBYIOT TaKue HenyJeBble sHAYens THOOHHBIX NoJiel B, pas
Koropbix G = 0. B camom gese, noan o6 Bujia, yLoBIETBODRIOWE STOMY Yo
YeaoBMo, HasbIBAIOTCR Yucmod %arubposxod ; ux MoxHo TOIYYUTD U3 TPUBUALLHRIX

HOAEBbIX KOHQUrypamit B = ( KaIMOpOBOUHBIMM TIpeoBpasosanmusmu. Yro6bt y6e-
AUTBCH B 3TOM, 3aIMiIeM KOHEUHOE KAMBPOBOYHOE TpeobpasoBanme B Byge

BY(x) > BiK(x) = 2 Trsoy -1 v-
)~ Bi#(x)=2Trs°y (x)t”U(x)Bg‘(x)—%Trt U™'(x)3"U(x) (3.9

(cp. c dbopmy soit (3.1)). 3zecn U(x) ~ mobas SABUCAIAsA OT NPOCTpPAHCTBEHNHO-

:pemeﬂﬂoﬁ TOUKM x MaTpuua, YAOBAETBODSAIOWAS YCAOBHAM U+(x) = U"(x)
et U(x) = 1. Ho ecom B = 0, o npeobpazoBannoe nose B” umeer Bug '
BM(x)= ~ 2 Tpsap -1
2 H(x) p Tre?U (x)0*U(x). (43.10)

Kaﬂnﬁposouuax MHBAPUAHTHOCTb TEH30DA HANPHKEHHOCTH TJHOOHHbIX MoJeft GHY
_______ ~euv ALY P TS a
= . HerpuBnanpubimy oynyt pewenns, nas

oBecneusnaer paseicTso GV o GHY

KoTopbix G £ 0.
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§ 44. HUhcTanToHbI
Bynem uckath eBkaupoBsl nojeBbie Konurypauy, Beayume K qyanbHoMy
TeH30py HanpskenHocredl G.  [las ynpowesnsa oGosnavenui npeanosaraeM cyMm-
MupOBaHME [0 NOBTOPSIOWMMCS MM OLYUEHHBIM BETOBbIM MHAEKCAM,
Hac MHTEPECYIT NOJs, NpuBoAsMe K KOHEYHOMY 3Hauenuo AeicTud, 1o

03HayaeT, YTO Mbl TpeﬁyeM, B YaCTHOCTH, BbINOJHEHUSA yCJAOBUA

o = 4.1
Jim |x* G, (x) =0, (44.1)

rpe eBKIM[0Ba LIMEA onpeseasercs dhopmyoi

4 1/2
EE +{ gl(m’} :

Myctb MaTpuua U(x) ocymecTBaseT xkaaubpoBouHoe npeobpasoBamse, T.e. SBASET-
cs MaTpunelt pasmeprocTs 3x 3, aast xoropoiidet U =1u U™ = U*. Ycaosue
(44.1) 6ygeT BbiNOAHEHO, €CJH Ny GOJbIIX JHAUSHARX x FHOOHHOS foje B npef-
CTaBaseT Co60i pesybTaT KaJbpoBOUHOro npeobpasoBaHus, NPOBESHHOr0 HaJ
HyJeBbIM N0JEM, T.e. aCUMIITOTUYECKH HABAAETCH Yucmod Karubposéxoi, Takum 06-

-2 _
Bl—— —£Tr U~ 134U (%),
oo g o) (44.2)
J,,‘w——>
[x]—>00
MonpobyeM paccmoTpeTh aHsal
a_ 2 Aa 43 =2 ar—
Bi=o(f) B, Bi= Z2TUTRU, g, (44.3)

Moyuureabno npoBeputb, UTO TEH30p HanpsxenHocTel G , COOTBeTCTBYIOUM 0

asm B, pasen myao. C soft neabio onpesesmm MaTpuibl

B=1°B,, FL=1G,,. (44 4a)

OvueBuano, cnpaBe/iuBbi COOTHOMEHUS

B,=2Tct°B,, Gn=2Trt°4,,, (44.40)
£w= a“@u’_ 3,_@,,— ’g[ 2# s Zu} (44-43)

CoorHomenus (44.4) cnpaseuBbl, KOHEUHO, B npocrpancTBe MunkoBekoro. Ho
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eca noJe B onuceiBaerca tbopmyaamu (44.3), T0 0HO UMEeT\aCUMIITOTHKY

1 -
~ -Ly-1y,

Fhaw  ig

(44.5)

TaK YTO

G = L (B(U'8,v) - o (U a,v))

x—00 —ig
— i L ’ v . uu-3
B =) [V %007 0,0]

= _L’,g (-U 'eU)U-G,U)+ UT'@,U)U'(3,U))

4+ 1

_—ig[U"a‘,U,U"a,U}=O.

3aMeTuM, uTo YjeHb! BTOpOr0 1 YeTBEpPTOro nopsigxa no marpuue U cokpamaior
APYF Rpyra; MEOXHTEIb 1/ g OKasbiBAETCS CYIECTBEHHbIM B cuay HeamHediHOCTH
Tensopa G. 3ro orpaxaer HenepTyphaTuBHbiil XapakTep pemenyii,

Ecm U npepcrasaser coboit snemenr PPYHIbI, KOTOPbif MOXHO HenpepbiBHLIM
o0pasoM cBszaTs SCTBEHHbIM lipeodpasoBanyeM, To Tensop Y obpamaercs

B HY/Ib HE TOJbKO SCUMITOTHYECKH: G=o. MosToMy HeoBxonumo nacemorner:

AMMO PACCMOTRCTD

TaKyl1o Matpuny U, KoTopyio Heab3s fipeacTaButhb B npocroit dopme ex [ito(x)]
E NMUHCTROUNAO Dansm s P .

MHHCTBOHHAR BOSMOKHOCTD COCTOUT B OGBbEAMHEHMN IpOCTPAHCTBEHHO-BpeMeH-
HBIX # BETOBBIX MHAEKCOB, IT0 OKasHBAETCS nonycr M TOALKC Saarofaps To-
MY, YT0 pasMepHoCTh TPOCTPAHCTBA-BpeMeny paBHa YeThipeM. CootBercrayiomeit
Tpynnofi MHBapHAHTHOCTH ABASETCH rpynna 50(4), aare6pa Jin KOTOpo# (ee xomn-
Aexcxas anrebpa Jln) u30MopbHa npousBeenmio AByx anre6p Jlu rpynmnbi SU(2)
Taxum obpasom, rpynny SO(4) MoXHo cBsisaTh ¢ noarpynnoit SU(2) userosoi
Tpynnbt SU(3), Mosromy 6ynem uckarhb matpuuy U B Buge

U“(“ 0)7
0 1

The u ~ marpuua SU(2) pasmepHocTu 2 x 2. Iyers o, = (; ;]) ~ e/MHMYHAN

o
c

M
arpuiia, a 9; — marpunb Mayau. o6y marpuiy pasMepHocTH 2 x 2 MOXHO

3; a

‘anncaTb BBufe cyMmmMbi A =3 ¢ ¢ . Ecan BBeCTH 0003HAYEHNA ¢, = —a . ,

a - : g
,=a 4+ TO Jerxo yGemurbes B ClpaBenMBOCTH paBeHCTB

(E“pc’_u)(ya‘“o") =>a,d, '

L €Y é
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"
detd = Y a,d,;
ANMCaTh B
akum obpasoM, Mbi MoJyuaeM, YTo MaTpully obuiero Buaa u MOXHO 3
T ,

Bupe "
—l 7 (44.
=L _{o fu(x)+ iof (x)},  fu(x) semectsenHo.
4= T (e
Monaras f u(;c) = ,,, ozydaem npocreliuiee peueHne
L (44.7a)

u(x)= m (64%4 + i6X).

TIpocTpaHCTBEHHO-BpeMEHHbIe 1 UBETOBbE UHAEKCH HETPUBMAILHEIM 06pa3oM CBi-
3aHbl JIpYT C JPYIOM, IO3TOMY AJst MATPUIBl u HEJb3A UCIOAb30BATD MpeCTaB-

' i /2) 5 8( Bbllie, [IONbITAEMCS TIpe/ICTaBUTh
nenne u(x) = exp[ (i /2) o 8(x)]. Kak ormeuanocs Bbuue, I

1)
TJIIOOHHDBIE 1104 B BUfie )

0
Bu(x) = () 2o (). Du(x) = _+g v, =4 0)

.
[10Ji€3H0 BCIOMHKUTD, YTO, TAK Kak i€ &) ABJ
110Ji€3HO BCIIOMHUTD, YTO, TAK D
uaouiee eMy 3HAUEHKe TEH30pa HApAKEHHoCTel IJIOHHBIX moJel S PaBHO HYJIO,

o
KaJiHOpOBKON, OTBE-

no9TOMY
é}w= a“_@v_ 8,%8,— ig[ﬂp’ﬂv] N

T BN T

= (a,“p)ﬁv_ (ay‘?).ﬁz‘u"' P OpZy 3r:‘ly)

—igp’[ 8,8,
igy’[ £y, %, ] - dw(|x|2)
=29 (5B, - x B} +(@- )L -0,8) o= P

e (s 8 4 e
Tpoie BCero €ro noayuurhb, €CAM 3aMeTHTb, Uro Bu =~ (2/gl=|") Moup P

Ten3op n npueegeH wnxe. Toraa

)
- 4_( ek )Z(mf-xpx.. = Npx,x,)
P

Go= uig Ixl
2 .
+ ﬁg_ (CR 7
X

D Auaays Gonee obuero Buna npemnoxens! B pabotax [ 78, 266].
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Cwmeuannbiit Tensop OllpenesAeTca Bbpaxexiem

ndy = {c‘mm * 00l ~ 840, a=1,23 (44.8)
o
, a=4, . '8
Ormerny, uTo 3TOT TEH30 camo/yanes: =04 ClefoBarebro CJioBMe
P n N , ¥

CaMOAyalbHOCTH TeH30pa -G BLUIOJHAETCS B TOM Clyuae, eci pyrKkus ¢ yaonse-
TBODAET YPABHEHUIO

“T.€. TIoonHoe nose B umeer sy
m

|xP?

= 1 -1
Bu(x) PN Th % U™Y(x)8,U(x), A BpousRoBHG, (44.9)
Ir0 1 ectb uncmanmonnoe pemenue, naltennoe 5 padore [ 35 J. OrMernm, uro opg
JIOKAIM30BAHO B OKPECTHOCTH x ~ 0, T.€. B TIpOCTPAHCTBE % BO Bpemeny {oTcioga

¥ HasBahue "MHCTAHTOH" — MrHoBerubif). 13 Bbipakenus (44, 9) 3aMenoit x » 5 y
MOXHO MOJYUUTD DemeHus, nokamaonanmtioc 5 ORPECTHOCTH NIPOUIBOIBHOM mpo-
i ~y. B pamuelinem aro okaxercs NoNe3HEM,

“Hipaxeniio {44.9) Moxuo npugaTh Gouburyio HArJAHOCTD, MOACTABUB B Hero
Bblpaxetme s Marpunb: U; Tpu 3roM ME! gafineM, uTo HoJe B Bemecrsento:

(44.10)

W3 Buna rensopa n caegyer caasp MEX1y IpOCTPAHCTBEHHO-BPEMEHHEIMY ¥ IBe-
TOBBIMY 1IpeobpasoBanusmy, CoorBercrayioumi TEH30p HalpAXeHHocTelh uMeer
B

_ a
Gu(xy=L1. ﬂ“’_z . (44.11)
g (Ix+ }\2)
Kax u creposanc OXUAaTh, rJOHHbIE NoJAs B 1 TEH30p HanpskeHHocTek G mpu
Hpogoskennu ux B IpoCTpaicTBO MuHKoOBCKOro OKa3bIBAIOTCA CHHIYAAPHBIMYU (n
KoMmiexcubiMu!) BEJMYMHAMY, TaK KAK MHTepBa. x° He ABisercs YXe€ I0J0XHuTe Ib-
110 onpepeiennbiM, a crenoBarebHo, sHaMenaTems x* + A’ Moxer obpamarbes
B By1b. 3ameuarenbnas ocoGensocts MHCTAHTOHHBIX pemenuli cocrour B TOM, YTO
€CaM rooHHoe mose B 1p1 GoJbimX x uMeer acumnroruky B = 1/| x| , 1o Bcaeg-
CTBHE CoKpameHns 60Jbworo UMCJA PA3IMUHBIX UIEHOB, BXOASuMX B BbIpaXeHue
A%S TeH30pa HaNpAXeHHOCTEH G, mocaepuuit obragaer nosesennem G ~ 1/ %{% u,
Takum oGpasom, YAoBaersopaer Tpefosanuo (44.1).
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B paabHeiimem Mbl GyeM nCHoab30BaTh TOAbKO pemenne (44.9); Ho nMelorcs
 apyrne pemenns®), naiifenuble B paborax [ 35, 66, 86]. Okasanocs, uro cymecr-
ByeT TOUHAs CUMMETpUA MEXAY CaMOAYaJbHbIMU M AHTHAYAIbHbIMA pemeHnammn: B
aHTMAYAJbHBIX peleHnaX, coorbercrByiommx (44.10), ncnoabsyercs TeHsop

=a _ _.a -
Tl = g s a, B=1,23, Mg = —Nag > anm B =4 (44.12)
Takne peuenns HaSbIBAOT AHMULKCMANMOR AMY .

Bbluncamm Tenepb aelicTBue, COOTBETCTBYIONEE MHCTAHTOHHOMY PENIeHNIO.

HUcnoabsys coorHomenne > q"w ”L:w = 12 n bopMybl, NpuBEAEHHbIE B NPUIOKE =

i B, noayuaem pesyabrar
1
&= [d'x3 GG

48\ (a1 _ 8w (44.13
g TPeny)t g

B § 45 nokasaHo, YTO TYHHEIMPOBAHNE U3 COCTONHNS | n, > B COCTOAHME |n, + v>,
re v — IeJ0e YHCA0, OCYIeCTBAReTCH Yepes NHCTARTORKbIe peuenns. B srom
CMBICAC Oif FOKACHBAleT CYMeCTBOBaHMe neTpuBuanbuoll crpykryphl Bakyyma KX/,

Koropoe obcykaanoch B § 38. Moxer nokasarbes cTpanHo#t HgOGXOAuMOOTb no-

ApoGHOro 0BCY KAenus Toi NpobaeMbl, IOCKOAbKY TOUHBIE PElISHHS YXe Halgenbl.
ToT BONDOC COCTOUT B TpeGoBaumy KoHEUHOCTU AeficTRUs, Npu KOTOpOM

CT BONpOC COCTOUT B TpeloBak

Ompomr g
UTBET Ha 3

TaKMe peleHus NCKaIuCh. Kak obcyxpanoch B § 40, nabaopgaemas amnumryaa
TYHHEJBHOrO Nepexofa MexXiy ABYMs COCTOAHMAMMU |a > U | b > olipejeaseTcs

hanmMmVyaoi
bopMyao

@] b pnys = Cale™|b)/<ble™7|b),

TAK YTO jaXe NoJeBble KOKDUIYpalyy, NPUBOASILME K GECKOHOUHOMY 3HAUEHUIO
neficTBus (Tipn yCI0BMM YTO HECKOHEUHOCTH B YMCAMTENE M B 3HaMeraTele (44.14)
" B3anMito COKpAIlal0TCH), MOTYT AaBaTh KOHEYHOE 3HAYCHMEe AMIUMTYAb! TYHHEb-
Horo nepexo/a. MoxXuo HaknagbiBarh TpeGoBaHne KOHEYHOCTH ASHCTBUSA, HO OHO
tie gBaseTca CTporo obfsarebubM, B geflcTBurenbrocT, Kak GYeT NOKasaHo B
§ 45, MHCTAHTOHBI NPMBOAAT K yEA0YLCACH HbLK SHAUCHNSAM napaMerpa v, Torja
KaK, corjacHo pabore [ 821, obcyxaaBmelica B § 38, npu HEKOTOPBIX SHAYSHMAX
Macc KBapkoB MapaMerp v OKasblBaeTcs HenelouncienubiM® , Baxuocrb nucras-

(44.14)

Dp C KOHEUYHBbIM fAeficTBUA, ONp )0 B NPOCTPaHCTBE MUH-
KOBCKOr0, # ¢ 6@CKOHeuUHbIM B eBKNTMAOBOM NPOCTPaHcTBe.

R "MONYMHCTAHTOHBI™ C KOHEUHbIM eeKNMAOBLIM QeHACTBHEM U NONYLUeNbIM TONONOrUYec-
KWM 33pAAOM, NO-BUAUMOMY, HENABHO TEOPETUUECKU NoNyuensbl B pabore [ 127 ].
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TOHHDIX pellleuit COCTONT B TOM, UTO OHM OBECHEUNBAIT SBHbIE 3¢dekTsl Tynnem-
POBAHNS U AAI0T BOSMOKHOCTD ouesntb ux. Ho, no-BuauMomy, uticranTomsl e
MCUEPNBIBAIOT BCEX BO3MOXHBIX HENEPTYPOATMBHBIX pemenuil B KBakToBO XpOMO-
Ansamuke. [lomnst 06 91X oroBopkax, npogoaxi M3YYEeine NHCTAUTOLHBIX peue-
imit 1 TpeboBanua KoneuHocTH feficTBY.

§ 45. CBA3b MHCTAHTOHHBIX pewenni ¢ Bakyymom KXI
W TONONOrHYECKUM KBAHTOBLIM YHCROM

Pacemorpum Bemmunny (cm. Bblpaxemue (38.3))

gz 4 xa a
Q=550 [4x 3 GLGL. (45.1)

Kak obcyxpanoch Bblite, rawoolnble noJd, crpeMsmmecs Ha HECKOHEUHOCTY K HVI0.
UMEIT Buj o

xX—>00

~ =1 g
By =~ 7 Ts '(x)aMTB(x), (45.2)

rae T, — NpousBoabHAs MATpULA U3 rpynnst SU(3). PaceMoTpuM nepemenuyio x
JeXallYio HA NOBEPXHOCTY YETHPEXMePHOH cdiepbt as,. KaJlMﬁ‘pOBO‘{H:)e non;;'r;,-
BUT B COOTBETCTBUE KAX 0 NPOCTPRHOTBEHHO- BPEMEHHOA TOUKE x Beanunty 1 (x)
3 KamibpoBounoit rpynnbi. Takum o6pasoM, Mbl uMeem oTOBpAXKEHNE HOBeDXHgC’rM
95, B rpynny SU(3). Moxno ckasath, uro aBe noieBble KoHQUryparmu mm;monnm,
W BbinonsieTcs coornomenne B = B 7, ecmt ot MoryT GbiTh nepeBejieHbl oA B
gpyrylo HENpEpLIBHBIM NpeoGpasoBaimeM. QUeBUAIHO, UYTO 9TO COOTHOUCRNE SBs-
©TCH COOTHOWEHUEM IKBUBANCHTHOCTH; TAKAM OBDAIOM, BCE*KAMBPOBOYHBIE Mo
‘MO)KHO paSﬁVlTb HA roMoTONMYeCcKue KJacchbl, qMCJ[O TOMOTONNYECKUX KJIACCOB bec-
KOHEUHO, HO c4emuo® , TAK YTO NOAT MOKHO HYMEpOBATD LEJBIM YACIOM n B COOT-
BETCTBIN C HOMEPOM MOMOTOMIYECKOrO K1acea, K KOTOPOMY OHu npuHaaiexar, Ha-
ma ouepeenawaauaua COCTOUT B TOM, UTOObI IOKA3ATh, YTO YACHO n COBNANAET C
::::xgzt,gﬁé;(giﬁ::eMOﬁ Bbipaxetuem (45.1). Beanunua Qy naswiBaerca
PRIUNG, WIN MOROLOLUNECKUM (CRUPANLHILY) KEAUMOE M
"ufﬂrm. HasBanye B ckobrax cassano ¢ KpaTHOCTbIO OTOGPAKERNA UeThpexmep-
HOM cdepl Ha rpymny.
npﬂ]ﬁ‘il‘ﬂ:ib;j;iﬁgﬁz:s:;”a';i:;;i’:sj:l:;lﬁm])cmae’ Bce[‘oj 4TO, K&K MOXHO NPOBEPUTD
: 8 > (45.1) unBapuanTHO OTHOCHTEABHO HelNp epblB-
HBIX KaMBpoBOUHBIX npeobpasosanuil, /lanee samerum, uro 110ABIHTEIPAIbHOE Bbl-

—_—

n
“ 3To cnpaeeanuso ANA 6ok 7
NpocTOH KaNMGpPOBOUHO I " 6o
noArpynny SU (2). P TRYANE, conepuauei 5 ce
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ceiiie B (45.1) B AcHCTRUTE BHOCTY NPCACTABARET 060K 4-puBeprenmmo. B ca-

paxenne B {45.
MoM fiene, KaK mokasano B § 38,

2 ~Sa
rae K — "kupasmubii Tok":
2
ay pa 1 apb pc .4
K= 85 5o, ((0,B) B + § gl BIBLE). (45.4

Wenoab3ys Teopemy Naycca, Haxoaum

2 ~a

[ 3.

P2€ a0, — SAEMEHT OBEPXHOCTA UeTblpexMepHoil chepbl 45, 4 - Vcnoabays dop-
myxny (45.4), nonyuaem BbipaxeHue
<

=& apgh
Ok = 2o Dewelac o, BB B

Bpluncnenus ynpomaiTes, eCau NpUHATS, YTO Ba = 0 nad Becex 3HaYenuit @, Kpo-
Mea =1, 2, 3. 310 okamniRaercs BoavexenM Gaarozaps TOMY, TG IOMOTONMYCC-
Kue COOTHOWEHMS 3aBUCAT TOJbKO oT noxrpynmst SU(2), B atom cayuae moxuo
[pUHATD

_ k
#,= 3 zokéu ’
u npepcTaBienue (45.2) ocraeTcs cnpaBesaMBbIM, €CJM BXOAAWAA B HEr0 Mar-

puua T npunapiexur rpynne SU(2). Torpa nonyuaem clefyioliee Bblpaxenue
NJSl BEIMYMHBL ()K :

1 . - .
Q,(=T"22s”mj;&do”Tr{(T '9,T)(T9,T)(T~'5,T)}. (45.5)

[Ipepnosoxum, uro Mbl napamerpusoBamm sneMenTsl rpynmbl SU(2) Tpems yraamu
diinepa § ; Torja MHBAPUAHTHYIo N0 IPYNNe Mepy MOKHO 3alACATh B Bufe

dp=Tr{T"g—T"HT"L}ds.d&,d;.  du=12g2,
{ 98,
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Met BummmM, yTo BbIpaxenue (45.5) B TounoCTH OnpefieNeT KparHocTs, ¢ KOTopoit
T0BEPXHOCTD YeThipeXMepHoit crhepbl o6epryra BOKpYT rpymnst SU(2). Takum 06-
Pa30M, KaK 3To oYeBuHo u3 popmy.s (44.13) u croficts CaMOZyanbHbIX (aHTH -
AyaubHbIX) MOAEBBIX KoHdUrypamH, MHCTHTOHHO® (AHTUMHCTaNTOHHOE) pelieHye
MMEST TOMOJIOrUYeCkoe KBaHTOBOE YC.I0 QK =t 1. Herpyamo nocrpours peue-
Hye, OTBevaioilee JoHOMY 3HaYeHyio TOTONOrHIECKOro 3apsiza v, TMpeanonoxum,
4T0 NapaMerp v NOJIOKHUTE IeH., Pacemorpum paspexennsiit ras v MHCTAHTOHOB
OIHUCBIBAEMBIiA 110J1leM '

BEO®= 3 Bix-y). (45.68)

Nyers nose B umeer Bemrunny (44.10), u nycTs BbInomMmOTCS ycaosus |y, — yk| So0,
Tpy Beruucaermn rensopa Hanpskennocrelt G wam ero xeagpara ¢V do) fiepe-
KpbITHE MEXNY [BYMS pasuuHbMM YieHavy B Gopmyse (45.6) npu 1y, =y, 1 »o,
OUeBUIHO, CTPEMUTCS K Hy o] CJeliosaTennto, B 3TOM Mpefene cnpaBenmso paBen-
€TBO

Takum o6pasom, Mbr yeneuwHo cnpasumics ¢ sagave TIOMCKA pelien

P OMOT O G o =R U3 Kaxgoro

tomoTenieckoro knacca. Bosee unrepectbiv OKa3bIBAETCH TOT aKT, YTo MHoro
X -

HMHCTaHTOHHbIE IBHBL A o
T floxeBble KoHburypaum ayamuw, a CA€[lOBATENbHO, COOTBeTCTRY0-

wuif Tensop SHepruu-uMnyabca obpamaercs s Hymb: @)
B KBaHTOBO# XpoMomHaMuKe (o xpatiuei Mepe B ee;Buunosoﬁ BepCum) Her ey -
CTBEHHOro BakyyMma, a ecrp GeckoHeuHoe wnco BaKYYMHbIX M0JeBbIX Koudurypa-
wih|y>, o, ~ 1,0,1,2, .., KOTOpble Tomonorudecky SKBUBAJIEHTHBI [Ipyr
Apyry. 3ra curyauns noxoxa pa cayyall, npepcrasnennubit ua puc. 30, 6.

i
e
=
@
X
3
¢
1
>
o}
)

= 0. 910 03HAYZeT, Y10

B
ng:u, OCH BpeMeHM, KaK NnokasaHo Ha puc. 31, a, Bui6epem KYJI0HONO 406HY10 Ka-

AM0poBKy, Tak yro BBIIOHAETCS acCHMITOTHYECKOR ycaoBue B
—a

OCTARTCSA MHTerpast TomKo B OCHOBAHMi MK poB:
] {j" —f}dx, dxydxy K.
v -

ﬂoo!(om,xy fosie Ha 6eCKOHEeYHOCTH obpamaercs B nyp, TipocTpancTBen

HO Becko ~
HeYHo yranennsie TOUKH, JeXale HA OCHOR:

TaK y
. ¢ T0 BO3HMKaIOT HTerpansl no GoJbIMM Tpexme pHbIM cepam, omna us Koro-

PHIX pacnosokens oy »
PHCHOIOKeHE P ¢ ~ ~ s, & Apyras opit ¢ = +o0. Kamb6posky BblbepeM Takum
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Puc. 31. OGRACTH MHTEIPHPOBAHWA B BLIPAXEHHUAX ANA TOMONOFUYBCKOIO 3apARa WHCTaH-

TOHOB.

06pasoM, UTOGb! BHIIOJHILIOCH YCAOBME
f dx,dx,dxy K= n(— o) = neuoe uncio.
"= — o0

NlokazaremerBo cymecTBoBaHHs KamOpOBKH, HEPEPbBHbM obpazoM caaAzaHHol ¢
TOXJECTBEHHbIM NPpeobpasoBaHKEM U YAOBIETRODAIOMEH STOMY YCAOBHIO, MOXHO
naitryu B aekunsx [ 227 ). Npunnmas Bo BauManue tbopmyay (45.66), noayyaem pa-

BeHCTBO
fdxldxzdxs KD=n(1"),  n(+00)~ n(-o0) =0 (45.7)
B

MuorouscranTonnble noaeRble xoudurypaymn B crassiBajor BaKyyMHblEe COCTOS-
HUS HA —eo ¥ + o0, TOTONOIMYECKHE KBAHTOBbIE YMCJA KOTOPbIX pasanyaoTcsd Ha v

1 Ciy4ae B GOOTBETCTBUM C 0OCYyXpaeHueM B § 40
AKYYMHBIX COCTOSHUS MOTYT GbiTb CBA3AHB! TYHHEb-

epmul. 1lo3TOMY B KBAHTOBOM
B

V)
MOXHO oXujaTb, YTO 9TH ABa
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* HbIM TIepe;
M NIEPEXOAOM, aMILINTyaa KoToporo & BeaymeM nopagke onuchiBaercs dbopmy.oit

{n(+0)[n(=c0)y = (constant)exp( — o).

Kak obcyxpanocs Bbllie, MUHUMYM peficTBust gocTuraercs ma CaMONyasbHbIX (aHTy-
AYaJIbHBIX) PEWEHUSX, T.€. A48 MHCTAHTOHOR UM AHTHUHCTAHTOHOR (ecuu

[n (+90) = n(— o) | = 1). Takum o6pasom, B Bepymem TIopAnKke amnanTyna nepexona
MMeer Bug

—877
&

TonpaBku BbiCILMX NOPAKOB MOXHO BblYucmTD [ 252), pasaaras n pan noas He
BGaM3M KIaccuueckux rpaekropuit B, = 0, a Boumau tpackropuii B - p(¥) - p(V)
Ony okasbiBaTCs BAXHBIMY, TaK KaK pajor KOHCTaHTYy B li)opmy/xélMS—.%l]. leficTry-

{n(+ oo)ln(—oo)>'-,(constant)exp{ } (45.8)

HO 3Ty YJIeHbl He MEHsILT KauyecrBenHo pesyabrar. Yrobbl y6emurncs B chipaBe i —
BOCTH Bbipaxenus (45.8), HeobXoaumo paccmoTpers cayval, korpa KOHCTaHTa
CBA3M g Masa u useH exp (~ 21/ @ ) nopaBaser o6y KOHCTaHTy

Obparumes reneps « paccMorpetuio BaKyyMHBIX CoCTOSHMiA. Onpepenenme
nipousBoasmero dynkmonana gaﬂc; B §39 n41 Bcinsg JarpaHxuane npenebpeus
UJIEHaMH, OIMCHIBAIOMUMY BK A ARYXOB 1 GMKCHPYIOUMMH KamBPOBKY. 70 o (v
eBKAMA0B0H HopMymposke KX/I) nmeer Bup S

4+<0]0>_ =Z=f(d_ll)exp{ —fd"x z(g)}. (45.9a)

H
0 Tenepb HeobX0MMO peunTs, 1o Kakum TOMOTONMYECKUM Kiaccam TIPOBOAUTD
HHTerpupoBanue . HanoMuum, uro sepas 4acTb CooTHOWeHus (45 9a) mpencrabas-
aa :
coGoit ammanryny <0,s = +oo| 0,2 = — oo>; Tlo3TOMy paBencrro (45.9a) cae-
Byer niepeonpeneanrs B Buge

n(+o0) | m(~c0)> = f(dén_m)exp{ = fa £(B)). (45.96)

'Bl Pamkax TEOpUH BO3MYmeHuit paccMarpuBaercs Jinmp BakyymHoe cocrosiane
H'; : 2;; ::HZ‘;EFW:HO: uTo 6aaropaps Bo3MoxHocTH TYHHEIMPOBAHNS BCe BakyyM-
B s g | r:‘m‘b"tjffff:ref(ﬁ)i coﬁoﬁ [61, 174, 2521, rak uro my OZIHO U3
Cocrommn. Cr. CTAUMOHADHBIM ¥ HE MOXeT oTBevars MCTUHHOMY BakyyMHoMy

! . UMOHADHDBIE COCTORHMA, TAK Xe Kak 6.10X0Bckue cocrosnus B eo-
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puM TBEpAOro TeJa, rnoJayyanTcs u3 cynepnoammﬁ
De™lny=16).
n

310 BhlpaXeHHe MHBAPHAHTHO OTHOCHTEJbHO M3MEHEHUH TonoJorHIecKoro 3ap5lma.
B camom pese, nycts I 4 — oneparop, usMensowuii Tonosorndeckus sapsy na
k epuuuMit; Torpa

TL0) = Se™lnt ky = S e m 0 my = ¢~ 40|y,

OTKYZia clieflyer, uTo Noj AeficTBMEM 3TOrO OnepaTopa BakyyMHOe COCTOSHHE 13-
Menser Toabko cBolo dasy. [Iponssopsimuit pynKunonas B repmunax o-saxyyma
MOXHO 3aMucaTh B BUe

G — i N,—fd* e 451
{B(+0)|8(—o0)y = N8 (8 — 8} e '”"Jf(dg( e~ dx L8, {45.10)
<

- q
371eCb MOXHO ONYCTUTb QYHKUHMIO 5(0 —6°), KoTopas oTpaxaer JMb ToT $akr, yro
pB!, COCTBETCTBYIOWHE PRSI UHbIM SHEYSHHAM NapamMeTpa 6, He CBi-

3anbl 1pyr ¢ apyrom. Kpome Toro, unrerpuposanue no noasm B s dopmyae (45.10)
MOXHO PacnpoCTPaHUTL HA BCe rMoJeBble KoHPUrypammu, BB MHOXHTEb

a[y - (g2/327rz)fd4x2 gg‘];

Z= Njf(dg)eﬂd‘fi‘g, (45.11a)

rae

Lo= ‘iZQQ+$ZQQ. (45.116)
w

Hakotel, MoXHo BephyTbCs B npocTpancTso MunkoBckoro u cAenaThb 3aKJovYenue,
4T0 M3 CYWeCTBOBAHNS MHCTAHTOHOB CJEAYET, YT0 MCTHHHBI JarpaHKuan KBaHTOBOM
XPOMOZUHAMMKH MMEeT B

fy =~ Lsgug _ 88 s owg (45.12)

<o == 4 2O G 3207 2 O G

ToarBepXaad, Takum 06pasom, HEOGXOAUMOCTD BBeeHus B oblieM Cayyae Uiena
fle (BcriomHuM paccmoTpenue B Hauage § 38).

MoxHo 3aparbcs Bonpocom, B Kakoil Mepe sBieHUs, paccMoTpeHHble B HACT 0f-
B naparpaax KHUru, npef-
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wecrByoumx § 37. Bo-nepsbix, orpanuyenus, ToJyeHHble a5t napameTpa 6 (§ 38),
TpeGyioT, uTo6bl ero 3xauenue GblLIo HACTOMbKO MaJblM, YTO YAeH Jarpanxuana

Q‘ g ©aM 10 cebe MpaKTMYecKu He 0KA3biBAeT BIMAHHA, Bo-srophix, uncrantonnoe
pellietie U CBA3AHHLIE C HUM ABIEHUS PeACTaBAOT CoGoil Oarvuodedicmsyiouue
g exmni; nonesbie KoH®Urypauuu, focratouso 6bicTpo y6niBamme pH % » oo,
06J1/1210T HYAEBbIM TOMOAOHYECKHM 3apsomM OK = 0. Jo onx nop mbt obcyxnam
Jnwb 3PeKTh, CBA3AHHBE C MabivK paccrosiuuamu (aas pacnaga n° - 2y, ray-
GokoHeynpyroro paccesuust u T.7.); BO3MOXHO, YTO pexXim TEOPUH BO3MYImEHuH 11o-
TIpeXHEMY NpUMeHuM U 3fecb. B 31oM MoxHo ybemmrbes, pacemorpes aMIIMTyy
TYHHEIMPOBAHNS, 00YCJIOBICHHOrO O/1HOMHCTAHTOHHO! noseso kKondburypauueii:

CERYY (constant)exp( -2z )
&

Mocae fpOBeAeHni NpoLeaypbi NIEPEHOPMHUPOBOK KOHCTAHTY CBA3H ag creayer 3a-
MeHHTb Gerymeit KoHCTaHTOH CBA3M, TaK YTO C TOUHOCTbIO /10 NorapUdMittecks
fonpaBok BhpaXerue /IS aMIIMTY bl epeXona pHHUMaeT BUI

[ A2 \@3-2mr3
O =D ( E ) .

o a4
I

T3 POPMYyJIa [I0KA3bIBAET, YTO MpU GOJbLIMX NepeasaeMbix uMnyabcax Q% rynne -
Hble 3d)pexThl npenebpexumo Mabi, u cocrosue 10> moxuo paccmarpusarh Kak
COCTOAHME MCTHHHOrO BakyyMa; Tpu 3TOM OWKOKA, BHOGHMAsR BblpaxeHuem (45.13),
OKa3HBAETCH MHOIO MeHbllle, YeM, Hanpumep, sddekTbl o oneparopos TBucTa 4
win 6. B camom pese, ouenxn [ 311 nokasmBaior, uro un

Cmamme iy o
43BIBAT, UTQ HHC

TEHTOHHDIE TONPABKY K
npoueccam e+e_-aHHur‘mlﬂuMM I T IYGOKOHEYNIPYroro paccestHust MoJHOCTbiG Mpe-
Hebpexumbl pu Q2 3 1 'sB?. Takum oBpasoM, B cayvasnx, Korga MHCTAHTOHHbie
SOdEKTH BaxHbl, BhluicIenns B paMKax Teopun Bosmywenuii Renpumenumbl, a B
CJlyuasx, Korja MoXHO UCIO.Ib30Barh Teopitio BosmymeHwit, sddexTbl, 06ycios-
JIeHHble CYIeCTBOBAHUEM WHCTAHTOHOB, OKASHIBAOTCS HeHabmogaembimu, C aroit
TOYKM 3pEHUS MHCTAHTOHBI IOXOXH Ha MuduUeckoe KuBoTHOE — BAaCHJMCKa, yBH-
AR€B KOTOpOro, KaK rIaCHT npepjaue, ueoBex Ymupaer,

§ 46. Bonpocki, we PeccMoTpeHHblie B KHure
1. KX[ Ha pewerke

B npurunne dopmamam MHTErpasos Mo TpaeKTopusM, To-BuAMMOMY, oCy-
liecTB.steT MeuTy TeopeTHos: CBOJMT KBAHTOBYI0 TEOPHIO Moast K KBajparypam.
Kaxercs, yro RocraTouto nepeiitu o1 HenpepbIBHOMO NpOCTpaHCTRa-Bpeme;
AWCKpeTHO! pemerke ¢ HEKOTOPEIM pacCTosIHKHEM & MeXy coce/HuMy y3aamu u

Pasmepom N* y TPOMHTErpHPOBATE oripe

Hibli Ha 3Tof pewerxe nponzBoas-
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i PyHkionai. Ha npakrike curyamii CaokHee, HBHO MOXHO BBIIOJIHATH TOJb-
KO rayCCOBO MHTErpUpOBaHie 1 MHTerPUPOBaHie 110 PEPMUOHHBIM OJSAM, OSTO-
My npuxoguTcs 06pamarbCs K YMCIEHHBIM MeTonaM. BosMoxHo, 9To u obsacuser,
1nouemy nocie paborsl Buabcona [ 2691, ony6mkoBannoit B 1975 r., u go nocaegie-
I'0 BpeMEHU 10YTH He GBLIO M0JYUYEHO HOBBIX Pe3yJbTaToB.

OpHaxo 3a nocaegHue [Ba roja CUTYaMs pesko u3Mennmaach. He toabko mouy-
UeHO NoATBEpXAeHNe CYeCTBOBaHAS SBICHNS KoHpaliHMenTa, Ho B pesybrare
nporpecca, 00yCI0BIEHHOr0 BBeCHHEM Ha PEWETKY PEpMUOHOB, GbIIM BHIYACIEHb!
¢ xopouei TOwHOCTbI0 (~30%) pasanuHble PyHpaMEHTabHble BEIHUMHBI (BKI0YAT
BakyymHble cpegtute <a G2 >, <gq> M, B YACTHOCTH, SHAUCHUA m , m, f“). K
COXAaJIeHH 0, MBI HE MOXeM N@IPOGHO 06CYIUTb STO HANPABIEHAE B TEOPUA MO
#, TaKuM 06pasoM, ONyCTHM BCe BOJIHYIOWME PE3YIbTATHI, JOCTATHYThiE HA 9TOM
nyry. 3auHTEPECOBAHHOMY UMTaTeMlo caenyer obpartnThes k paboram [79, 164, 188,
1971, rne uMeloTcs CCbLIKM HA gaibHedmylo JMTEPATYDY .

2. 1/N-paanoxeHue

B kBanTOBOM XpOMOMHAMIKE YMCIO IBETOB KBAPKOB PABHO TPEM, HO TEOPHS
yupowaeTcs, ecau Yncao uBeros N ycrpemutb K Geckoneunoctn [ 250, 251]. K
CYaCTbio, B 3TOM IIPEjeie OCHOBHBIE CBOWCTBA TEOPHA COXPAHAIOTCH, & NONPaBKH
O(1/N) mabl, OCHOBHaH IPOGAEMa COCTOUT B TOM, UTO HUKTO HE 3HAET, KaK Bbi-
UMCIUTD YJIEH faxe HYJEBOro nopsgka Teopuu BosMyumeHnit., OgHako 510 He o3Ha-
4aet Geciioie3HOCTH AAHHOIO I0AX0Ag; OH 103BOJNIET YCTAHOBATD CBASH C TAK Ha-
3BIBAEMBIM TONOJIOIMYECKMM Pa3noXeHueM B agponHoit dmauxe [ 68, 224 ], npoau-
BaeT HeKOTOpbIA cBeT Ha npobaeMy U(1) un, Bo3MOXHO, MOXET AMETb OTHOLIEHHE
K nipobaenie KongaikivenTa, Moxio Takxe ncnoan308ath 1/ N-pasioxenue gus mo-
JY4eHUs KaueCTBEHHbIX OUeHOK pasauuHbix 3¢dexTos, Hanpumep, oxupaercs, uro
Macca HyKaoHa (CKaxeMm IpoToHa) pasHa NA, 109ToMy sddekTsi, CBI3aHHble ¢ Mac—
colt Mymienn, nMewpor Beanduny O(N2A?), B 10 BpeMs KaK sddexrsl, BbI3BAHHbIE
e1epaTopamu BhICHAX TBUCTOB (TBUCTA 4), UMEKT BeJnuuHy O(N/\z). CrepoBaren-
HoO, B Begymem nopsaxe no 1/N nocneguumu nonpaBkamu 1o CpaBHeHnIo ¢ 101paB-
Kamy Ha MacCy MiflleH MOXHO NpeHeGpeys. AHAIOrHYHO HA KAYeCTBEHHOM YpOB-
HE MOXHO NOHATH BHIPOXAEHNE 110 MACCAM p- U c-ME30HOB MM OTCYTCTBUE CBA3AH-
HBIX COCTORMHH B CIEKTpe - ciucTeMbl, 0630p 370 P06aeMbl M COBLIKH HA AuTe-
partypy unrareb Haliper B paborax [ 274, 2751.

3. Mogenn Mewkos

MoXHo mouTH ¢ YBEDPEHHOCTDbIO I'OBOPUTD, YTO B HacTofALlee BpeMid GoJbuIHH-
CTBO GU3NMKOB pACCMaTpUBAKT MOEIb MEUKOB KaK HEeKoTopoe ynobHOe Mpy pemre-
HMA YACTHBIX 3ajay NpuGJMXKeHne K KBAHTOBOH XpOMOMHaMuKe.
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Vinesi Mopem MemxoB cocrout B CIEAYIOMEM: eCJi KBADKH (M T Jlio0HE) yaep-
H#BAIOTCH HA HEKOTOPOM CDEHEM PacCTOSHMA 5, T0 MOXHO MMITHpOBaTh pefi-
CTBUE Y IEPRMBAIOMIUX C)JL, HANAras FPaHMYHble YCJI0BHS, 38KM0YAI0UMECS B TOM,
UTO KBAPKOBBIE ¢(x) 1 riooHHbe B(x) nons TOXZECTBEHHO O0PAMATCA B HYIb 3a
npesenamu cdeprl papuyca . Ocranpube adpdextnt KX/ Moxuo paccmarpuBaTh
110 TEOpUy Bo3MYmeHui,

Mozean MenkoB xopomo 33pexoMeH0BalNd Ce6s B PASIMYHBIX (PEHOMEHOLOMH-
HECKUX TIDHIOKEHUSX: He TONBKO IIpU BHIYUCACHIH CTATAYCCKIX BEJNIMH (Mace u
MariiTHHIX MOMEHTOB DASIMYHBIX aPOHOB), HO ¥ 1put 1oay4Yennn abCooTHOMN
HOPMUDOBKH CTPYKTYPHBIX GyHKimit f (x, 0: ) [177 1. Omncanne Tax naswBaemofi
Mogeau Meuka MIT ccbuiky va nanbHeduryio JTEPATYDY 3AUHTEPECOBAHHBI uTa-
Telb Haliner B o63ope [167 1.

Jpyroit nogxog, CBA3aHHbI ¢ Mogeblo MEHUIKOB, COCTOAT B PacecMoTperuy

ey R gmaifr

CTPYH. B 3TOM MOZGM KBAPKYU U [IIOOHBI YAep KUBRIOTCH He BHYTDY MewKa, a

3
BROJL CTPYHBI, CYmeCTBOBAHME KOTOPOH CBASBIBAETCS ¢ ycnexamu crpysHoll guHa-
mukn [ 144] (eMm. Takxe [204)).

4. Uudpakpacubie ceoficTBa KX0O

B To Bpems kak yabrpaduoseroBuiit npeges kBaut ool XPOMOAMHAMUKHA
,

T10- BUIUMOMY, XOPOIMG iSYYeH, BOSMOKHO TaK Ke XOpowIo (ecau paxe He. Jiyyiue)
2)»

Kak lepratllMOJleTOBblﬁ 1penea B KBAaHTOBO#M SJIEKTPO/MHAMUKE, OUSHh HEMHOroe

M3BECTHO 06 uHdpakpacubix cBoficTBax stolt Teopun. B pamkax KX/l wer mmuero

10X H [42]
OX0Xero na reopemy Tuppunra [ 2451 uan anamis Bioxa — Hopacuxa [ 42 ], koro-

ﬁphle, 10 CYWECTBY, # 1103BOAAIOT pacemarpusarb B KX/[ sddexrsl, cesizanusie ¢

;uuumumn PACCTOMHARMA, KIACCHYECKH; De3YAbTAThl Xe, NogoGHbe Teopeme JIn —
oenbepra [191 1, obaagaior ovenn Y3Ko#t npuMernMocTbio? . Mit OrpannYuMCs

CCblikamy b wa padorsi [ 201, 277], CRE PACCMATPUBAKTCS HEKOTOpbIE acek-

TH pobaeMbt nHPPaKpacHbIX cBofCTE KX

§. ®yukynoHanbHble ‘MeTopbl

Mnoro ser nasap Wsunrep u Jaficon OIyUMIn cucreMy GyHKUMOHAN,HBIX
YpaBHenuit, Bripaxaiouyx B 3AMKHYTOM BUAie YDABHEHAS KBAHTOBOM TEOpuH 104,
(3ru ypaBHenus moxio nafivy B xunrax [ 40, 451.) Xors oty YpaBHEHus, KOHEeuHo,
Heab3s pewnTh TOUHO, MOXHO NONBITATECH naliTu camoooraacosannsie Henepfryp(;a-
TUBHbIE pemeHns, CoBMecTMbie G ABJeHMeM Koubaltumenta, Jaxe noce yceyenus

—_—

?
ooy B camom fene, mogenu mewkos unu CTPYH MOXHO PACCMATPHBATL Kak cnocobbl
W npobnemy uHbpaKpacHeIX ceoficTe KXA, Techo CBASAHHYIO C Ronpoc:

[P
MSiiTe,

€Orha s
KoHQa -
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ypaBuenuit 310 npeacrabaser coboil TPYAHYI0, XOTH, BO3MOXHO, ¥ HebesHaseXHyo
sagady [ 196 .

6. CeobopHble KBAPKH M MMIOOHbI

Joxazars cymecrBoBanmue IBAeHus KouaiinmenTa, NO-BUAUMOMY, OYEHD
GIOXHO, BO3MOKHO, IOTOMY, 4TO 0HO He cymecTsyer. Ciegyer Beer/ia NOMHUTS,
‘TO MEIOTCH Cepbesrble KaHmipaThl Ha poJb CBoGoaHbIX KBapkos [ 187]). Kak cae-
aosayo 661 uamenuth KX/, 4robbl pemurb sror BOINIPOC U COXPAHUTD yXe AOCTUIHY-
roe? Cxema, npepioxensas panee Ilatu n Caramom, He COTJIacyercs G pe3yabra-
Tamy COBPEMEHHBIX SKCIIePUMEHTOB, IIaBHHIM 06pa3oM BCIeACTBHE eJ0WC IeH-
HOT'O 3apsja KBapkoB. Boamoxwo, HauGoee npubaekareabioll sBasercs cxema,
npeptoxeHsas B pabore [ 93 ].

7. KXB npw BbicokoW Temneparype

B macrosmelt Kuure mbi DACCMATDUBANM KBAHTOBYIO XDOMOAMHIMUKY TOILKG
Tipu HyaeBo# TeMnepatype, T.e. Mbl He TpeGOBaM, YToOb HOAbmOS YUCIO KBApKoB
¥ TJII00HOB ObLIO 38KJMIOYEHO BHYTDPH Majoro o0beMa ¢ BBICOKOH MAOTHOCTbIO SHepruu.
Kpome camocrosreabroro unrepeca, Koropbift npencrasaser uayuenme KX/ npu
Koneutoll Temneparype, B KOCMOJIOrMY CymMECTBYIOT CHTYamuu (TUNIE OYerb TIKeIbIX
28e33 uan Boabmioro B3pbiBa), rae Takoe TpeSoBaHKe MOXeT 0KasaThCH HeoDXogH-
MbiM. Bosee Toro, noxoxue curyauun, no-summuMomy, MoryT GbiTh noJlyYeHb! J1abo-
DATOPHbIM NyTeM B NPOLECCAX CTOJKHOBEHMH TAKEIbX HOHOB, 3aMHTepeCOBAHHOr0

K o630py [ 1591

YTATENT MKl OT K o63opy [159].

8. MoTeHynanbHble Mopgenu

BaxbiM BonpocoM, COBEpIIEHHO He 3ATPOHYTHIM B KHUre, SBISETCH paceMo-
TPeHHE CTUMYAMPOBAHHBIX KBAHTOBO! XDOMOIMHAMMUKON KOHCTHTYeHTHBIX Mopeselt
4/pOHOB, XOTH CBOMX NEpBbIX YCNIeX0B KBapKOBas Mo ae/Nb A06MAACh MMEHHO B STOM
Hanpasiemu. Ecrb gse mpuumsbl, noGymmMBume Mens me BKI0YaTh B KHUT'Y TaKue
Mogean. Bo-nepsbix, xora KX/I neobxoguMa aast BhICHenms HEKOTOphIX 0CO0eH-
Hocrelt 5TuX Mogesell, TeM re Menee TIpK COBPEMEHHOM YPOBHE PasBUTHS TEOpMH
TPYAHO 0GOCHOBATD C KaKofi-1mbo CTenenbio CTPOroCTH aeaaeMule TIpY. 5TOM f10-
nymesus. Bo-Bropbix, HejaBao Bhlmaa kiura [ 123 1, nocBsmiennas uMesHo 3TOMY
KpYry BoIpOCOB.

9. Nonpasku KX[ k snekTpocnabbim npoyeccam

IToMumo ToOro, YTo MOXHO HasBaThL "uncroh™ anpounol dusnko#t, KX/ nosso-
JA€T OUCHUTH TOTIPABKU K 3JAEKTPOCAaGbIM ipoueccaM, o6yCaoBaenmhie
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BaaumMozelcTBuamu, B ussecrrom cMbicae Tak xe Moxo MHTEDPNPeTUPOBATH NMo-
npasku KX/1 k uucro naprommofi kaprune et e -anumruammm wan ray6okoreymnpy-
romy paccednuio. Ho renepb Mbl mveem B supy TONpaBKy K NPOLECCaM THNA Hede-
DTOHHBIX WM NOJYAEITOHHbIX  DACHAKOB TAKeJbIX KBApKOB, BKM0Yas (YaCTH YHOE)
oGvAcHeHne npasuaa ot6opa A ! = 1/2, wmcroro Mexammama VM nau pacnaja
npoToHa. 3auHTepecoBanubIi 9THM KDPYI'OM BONpOCOB YMTE&TEJDb HalineT paibreft~
1uye CBEJCHUS M COOTBETCTBYIOWME CCBLIKY HA IMTEpaTypy B ob3opax [11, 132].
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HEKOTOPBHIE ITOJIEBHBIE MHTETPAJIbL

B npocTpaHCTBE pasMepHoCTH D cnpasesmBbL opMyabl
4%k (kZ)' (- l)r—"' T(r+ D/2)I(m—r - D/2) . )
’ m = ’ m—r—D/2 ‘
e’ (@-RY)"  (6m)”*  T(D/DT(m)(R?)
~ 2gPr?
(4% L—=0;  [d°k8(1-1kD)=F575

22 . 3 J
J K™+ v

l'lpu MHTErpUpoBaHUU CHMMMETPUYHBIX 110 UHAEKCAM Bhlpa)l(el‘mﬁ cJaepyer BoCiodib-

annam: ca NAROHCTRAMU
30BaThCs paBeHCT
"
€ iy rurresin = 8 (DL 120012y
Ja kKRG = "p J& "R

"5+ g% + 87" %k f(icy;

B npepene e+ 0 cnpaBejamMBhl pa3noXenms :

9

n!

/2

Sy (R

o0
I‘(l+e)=l—75(+2 =1+§logR2+ Oo(€);
n=2
apech [ — bynxmm iaepa, { — pyskuus Pumana, a KOHCTaHTa itnepa v g =0,5772.
Dopmyasi eiiumanosckoil napaMeTpusanMM UMEIOT BUR

xa—l(] - x)ﬁ-l

1 r(ﬂ+ ﬁ) 1 ,
(x4 +(1-x)B}**#

21°8F  (L(B)

T(a+B+7) M 1
1 _ dx - x
apBry I‘(g)r(,ﬂ)r('_v)L -[de (u,

4anf
A p°C

- —1,, y—=1
up” 'y

A+ u,B + uC)

at+B+y’

u=xp, uy=x(1-y) uy=1-—x.

HBKOTODbIE nonesHbie HHTer paab! 255

1 _ Ta+B+y+8) 1
A°BPCD ~ T(@)T(BYT(MI3) fo dx- x? L dy-y
YT

(44 + B + us,C + u D) *+E+1+8°
m=l=x w=xz w=x(l-y), uy=xp(1-2) wur.p.
B obuem cayuae cnpasesmsa dopmyna
—1 - 1 ] n
l ) L L Z' (x4 + - - + x,4,)"

Bozee noapo6uyio croaxy dopmy 1 MoxHo HaliTy B oG3ope [ 209].
B Tpusenem snavenns nexoropbix OMNpe/IeIeHHBIX UHTEerpanoB

[dxlog(1 + x) = 210g2 — 1
U

1 iog(i+x)
deTE

SR

MHOI‘MG qacro BCTpevawmmecs B NpunoXeHusy !{HTeraﬂh‘l MOXHO BBIYMCJUTD, UC-
noAL3ys popmyany inepa ’
1 T
[ dxx*(1 - x)”= w
Jo Te+a+8) -

Hanpumep, auddepenmposannem noayuaeM oTCiofia Caeayiowue pesy abraThi:

1
f dxx"]ogx- -1 ;
0 (l! + 1)2

feestt = ofopnes0) - st 0 py) K- 000 )
a+ gy

1, ya_
dex‘l= = 58(a),

l1-x

1
_I;dxx“logxlog(l—x)=M+M_ a1
(1+ a)? 1+ a 6 T+a’

! a IOEZX
ﬁd’”‘ T=x = 26(3) ~ 28y(a),

2
T—x regll-x)= % Si(a) = 8y(a)Sy(a) - S3(a) + £(3),
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fldxx“(l — x)logxlog(1 — x)
o

I(+ ol + ) {Sz(l +a+B)- ﬂTf +[8i(e) = S+ B+ D]
T TR arh)

X[S((B)~ Si(a+ B+ ‘)]}'

fldx xo(1 = xy’log’
0

JTAr O ) 15 )~ s+ g+ D]
TTT2+a+B) )

W T.A. .
sosaim ofoonatema § () = [y =37 [1/(k+a) ],

3pecb M'uuU.llDJUDanul O00CH _ o
1>1; S (a) = s (1/1 ), Tlie @ — AONOKUTENLHOE 1EJ0€e WO, a ] MoXer p

i -n'/6,a5,(=)=T(), raef -
bie anaueHust. 3aMeTuM, 410 S (eo) n
H"MaTb by an nnnnuunn RHE “hmaxenue llJlﬂ byHKImM S

n ..

! = 1 npuBese!
q)yﬂl(uux Pumana, B ciay4ae ¢ 1 np! A z
MOXHO FpEeICTABUTh B Bujle pida S (a) = « % [l/ E+va)k]l=

B vae
dyukunn ) fnpeCTaBUMa

- nonoxuTebHoe wcno, Py

Sy l/ CregeHusi 0 ClielMalbHBIX
/dz.

LA/, rae

21
S (a)—\(/(a + 1 +yg, TAe piz) = d log M {z})

cbvm(uuﬂx r,y, { em.Bxure[5].
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TEOPETUKO-TPYIIIIOBLIE COOTHOIIEH M

Aaxd rpymmst SU(3) rexeparops ¢ onpegeasiorcs no dopmyae ¢ % = A% /2
rae Marpuusl A% uMeror Buj ’

; j 001 00 —i
—{a/ 0 . . . i
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MoxHo BRECTU MaTnDuIL! okd

frarpuns O

b'MGHTaMM KOTOpbBIX SABJSIOTCS CprK~
TYPHBIE KOHCTAHTBI rpynme! C" . =—if abe = —0 f - Kommyraumonnsie coor-
HOWeHus s Matpuu C° y UMEKT BuJ

,b] = iz fabege,

a aH'rnxommyTaTop reHepaTopoB ? U tb umeer Buj

[C”, Cb] = iz falu-Cc’

(t%1%) =S gabeyey 316"”.

Crpykryprtie koucranrst rpynms: f TIONHOCTEIO AHTHCHMMETDHIRH 110 BCEM MHACK-
CaM, a CrpykTypHble KOHCTAHTH d . = = d**° nomoctsio CHMMETPUYHH 110 BCeM

Hpekcam. Huxe npusoasircs Bea OTJ[M‘{HI:I(—) OT HYaSl 3HAYEHUSA CTPYKTYPHBIX KOH-
CTaHT f y d:

l=f_ _ _ - -
Ji3 =215, = 2y = 2r51=2f5= =2f 156 = —2f0 = % fass = \/_% Jorss

-1
= =dyg=dss = Aoy = dpyg,

23

1
2= diys = dy5; = Ay = dysg = dyyy = dyss = —~dyee = —dyyy.

i
E =dig=dyg=dyg= — dygg,
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®EVTHMAHOBCKWUE ITPABUJIA AMATPAMMHOWM

Jna npousBoabHod rpymmbl SU(N) unBapuantbl C 4 C Pl T 7 ONpefeasioTcs v
dopmynamu TEXHUKW AJIA KXA
8,,C, = TrCoCt = S) foecpbee’ :
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SkaF=(21ata) =2 it
a ik a,l .
8,5 Tp=Tre? =S 4ae}. :
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[N
=13
p=1

o LI
; g+ &kPk / (k*+ i0) 8, (nOpeHueBa KambpoBKa)

k* +i0
o~ Pprrre _ v P Tl — a2 LBl .
ap k by g¥ + (n*k” + n*k*)/n- k — n*(k*k"/n k)sab
k*+ 00
(aKcuaabHas KaauGpoBKa)
*---Pp---0 i 8 -
a k b k*+i0

) 4
TIpyu BHIUMCIEHUY MArpamMm CaefyeT A06aBAATh obuwit MuoXuTeab (21) 5(Pi -P),
omuebiBaisuuil coxparenue noaHoro 4-umnyabca, u xko3gduument (- 1) Ha Kaxayo
U —~
3aMKHYTYK QEpMHUOHEYI0 NETA0 WM neTo AyXoB. CTaTuCTMYecKue MHOXATEM

TAKORbI ]

l i}
o o

Kaxpoe unrerpupoBasue no eTie COAEPXUT KOMOUHALMIO

4D ¢ aDp oD = 14PE ., Muarpamvibl ¢ HecBSBAHHEMY
Vo ja rg/lem =) o £ P

puBasoTcs, UMTaTh AMArpaMMbl CeayeT IPOTHB HanpaBaewyil CTPenoK Ha OpHeHTU-
DOBAHHBIX IMHUAX, /LA NOAYYEHUA MATPHIHBIX 5AEMEHTOB S -MATPUIB HYKHO 1062~

BUTb JMHUY, OTBeUaue HaYalbHbIM U KOHEUHbIM YacTuuam:
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P, Z3j2
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® v v
;c (k:A)*¢’(k,A) = - g™ (peiiamanosckas KanmubpoBKa).

Jta CBOJKA MDABRUA nua

1paBua guar

kinre [40], Hopmuposkof

TEXHUKM OTMYASTCH OT NPABUJ, MpUBEJEHHBIX B
CIUHOPOB
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;‘"’ 07 Tom

@ TaKXe MHOXHTE 15iMu (217) ™ %

J 3y

BCaeacTBue pasHoro onpeaeneHus AMILIMTY
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®EMHMAHOBCKVE ITPABVJIA HEKOTOPBIE CUHTY/IIPHBIE OYHKL MW

AUATPAMMHOW TEXHWKWU
AJIs1 COCTABHHI X OIIEPATOPOB

o Hpraiges B !
Beegem obosnavetns: y =1,y = Ys WA — NpousBosbHbIA 4-Bekrop, yo- Pliible GyHKiys Ipua B KOOpAMHATHOM TIPOCTPAKCTBE 3asa10TCs popny-

BrerBopsomuit yenosuio A = 0. Torga deflmanoBckie NpaBuJa JMarpaMMHoi ant % o
’ e 2) = [ —ik- 1
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Hy:
N=ggOy" ... Bz . yhy, g0 (Tof '
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=

Cwm. Takke paGorm (125,121,




264 flpunoxeHue E E
I i [135], : KNMHEMATWVKA, CEHEHUS PACCESIHUA
[401° ®opmym: dypoe-npeobpasoBatmit pacipenenenuii npuseentl B Kuure : I
B Tekcre ucnoabsoBanbl GopMy bl N CKOPOCTU PACITAAOB
fddxe—'k g Jlf 0 _47'2—18; i0

I 24
fd“xe"" X"‘zl—_—z = —ailog(k® ¥ i0) +
(x* = i0)

Bexropsl cocrosnus, onuchiBalmue YacTMI CO CIMPANLHOCTBIO A M UMY b
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0 S, -
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, o 0 (gl (x) gk (1)) = 8.48u8(X — »),
{4a(x)q5 ()} =0 8(x" = y"){4a(x). 98 ()" } = 8upBu8(x —») 0 COOTBETCTBYET MIGTHOCTH YACTHI HA EAUHKLY OBbEMA

.
_ . i 0502 o
((130(0)) = @ im)p | 5, ()< oy 2
x:-0 \ry 3
' (2m)
m BexNe(x% + - - - ‘
- Al MNP | Amnaurypa paccesus I cBsizana ¢ §-matpuuelt cootHomemeM
x

S=1+i7, (fIT|i>=8(P,— P)F(i~>).

B cayuae, korna B nauammuom cocrosay

ml n mz, CeveHue paccesuus umeer BUD

2 dp, d p,
do(i— f)= 27 8P~ PHIFi-»p—=L .
D }\'/z(s,mf,m§) V=t 29}, 2pd

PJie BBepensl 06o3nadetys
MNa,b,c)=a’+ b2+ ¢ - 2ab — 2g¢ — 2, s=P?.

B cayuae P +p, - p; + p; TpuBeAEeHHas Bble dopmysa npunnmaer Bug

da(i—f) 7
=—" iF(i 2’
dt A(s,m;z,mzz)l =
2 o
@5 Lo

5
o(i —all) = [4a>/A1/*(5, m} »m3) [Im F (i — i),

i 7ipn aToM TpancdopmaLMonHbie 3?0%1’8& NPOU3BONLHOIO NONA TaKOBbLI:
V(@)U a) = o (x + a) Ufay=e"2.
D Haww npuunkHble dyHKUMM OTAMUAIOTCA OT NPUUMHHBIX QYHKUWA, BBEREHHBIX B KHH- s
re [ 40], mHoxutenem i: S = iSBD' D= ”)BD W T.A.




266 Npunoxenue X

3 echb 1CH0Ib30BaKbl 060 3HAYC N
1/2(¢ 2 2
Al (s, m7,m3)
25172
o AV2(s,m,%, my?

9 =Pl = 25172

Lem = (Oom s Pem)» dQ = dcos@do.

1=(p2= P, 4=|Preul=

B

>

1
Aranornuno CKOpPOCTb pacnaja MoXHo BbIpasuThb B BUAE b

ap d p, m;
. 1 , 24 Pni P _(m
dL(i=fy= ——=8(P.— P))|F(i>f)f —= ... —, ( )
( ) 4am; s 2p) 2ph
Beway ncnoabsyworca €[MHNLbl, B KoTOphIX % = ¢ = 1. IlpuBeneM kexoropbie
noJje3kbie PopmyIbl nepexona K APYrUM CHCTEMaM eIMKMIL:

[

D =1 npons 100
1MsB-1-1,973-167" cm = 6,582+ 1072 .

1T9B~2 = 0,3894 Mbapk.
1M3B = 1,783+ 1077 r = 1,602 10~ 3pr..
1cm= 506810 MaB~?, 1c= 1,519+ 10% MsB~?,

1 ran T T2

P o n
I MOapn = 2,568 "'aB™",

1r=5,610-10% MsB, 1 spr = 6,242+ 10° MaB.

D Bee $OpMYNbI cNpaBeanyBhl KaKk ANA HETOXAECTBEHHLIX, TAK U ANA TOXAECTBEHH biX
4acTuy. HO NPy BLIUMCHEHUM NONHBIX WUPHH NONYUEHHOE BbIPAaXeHUe HEOBXORUMO pa3fennThb
Ha YMCNO TOXAECTBEHHbLIX NEPECTaHOBOK. Hanpumep, ecni Mbi UHTErPUPYEM NO UMNYNbCAM
| TOXOECTBeHHbIX BO30HOB UMK PEPMUOHOB, TO MOMYUEHHOE BLIPAXEHUE HYXHO Pa3nenuThb
Haj L,

®YHKIIMOHAJ/IbBHBIE MMPOV3BOAHBIE

Pynxmoran npescraBaser coboi orobpaxenne NPOCTPaKCTBA AOCTATOUHO IJaj-
KuX QyrKImi { f(x)} B npocTpakcTBe KOMMIEKCHBIX Uncel:

F:f>Ff]

OrMerum, uro orobpaxenue F ke 06s3aTeNbHO [JONKHO BbiTh MMEEHRbIM. Takum xe
o6pasoM Mbl 6yfieM TpakToBaTh 1 GYHKIMOKANB OT HECKOIbKUX Gyukumit F[f, g,...10.
Dyukiyonas MoxLo PaCCMaTPiBaTh KaK 06obletne TOHATHS o0bluHO# GyHKIN B
caepyiomem cMbicae, Pazobbem npocrpanctso sHavenuii® x na N AYeeK, U NyCTb
B KaXjoif fuelike KAXOANTCA eqMHCTBEHHOE 3HAYEHME . Toraa ¢ynkumonan F[ fl

y G DyHKIMA FN(;”,...,[’.,...),
ueiiku K Hyao. IpousBoanas 01%.,/ 8[’].

Tpeacraeaser coboll npepes, x Koropomy
Cae f,- = f(x’.), HpH CTPeMJerM) pasmep:
onpepesierca Gopmy o

OFy(fis-ifire-)
3

Fy(fi o fte ...

(¥

1
Ll

= lim
>0

.. OHa MOXer ObiTb NoJyYexa CBAroM fi > fi +¢5, .. llosromy Ml onpeneasen
i
byHKmoRaNbEYI0 TPOMBBOJHYIO KaK Tpepe !

m = lim M
Gf(y) >0 € ’

rae Sy €CTb 5-(yHKips, ofpauiaiomascs B GECKOHEUHOCTb B ToUKe y: Sy(x) =8(x —y)
Baxrsiii vacruuiii cayua npeacrasasier coboil GyLKuMoKaN, 3a5aBaEMbIi HETe-
rpajioM

A1 =fdx Ke(x)f(x);

?
Mei 6epem aTo NPOCTPAHCTBO TakuM, YTO OHO UMeeT KOHeuHbld pa3mep L . Uhaue
HEOGX0AUMO BBINONHUTL AONONHUTENbHLIA Npenen

1pene!

nepexon L o o

NepeXen L .



268 Mpunoxenne 3

Toria PyHKLUMOHANLHAsS NPOM3BOAHAT UMEET BHj
SF[ f]

ko),

50 ()

TMonsirne psina Teinopa MoxHO 060buMTb ¥ Ha GyHKIMOHAAbHblE paabl. Ecam sapa
K — cumMerpiinbie (114 aHTUCHMMETDHUHBIE B Clyuae PepMUOHHBIX NepeMer ~
HBIX f) QYHKIMK CBOMX apIyMEHTOB, TO Jerko ybeauTncs, uto pas PyHKimuoHasa

F[f]ﬂioﬁf"xl o, K%y x) () - S,

n-51 QyHKUMOHAAbHAA NPON3BOHAS UMEET Buj
N
Of(xy) ... 8f(x,)

Tponenypoit, cesizantoll ¢ GyrKkuuonabHONA npousBoHoi, SBasieTCs QYHKUMOHANN-

K (xy, ..., %)=

Hoe uHTerpupobanye. Pynxumonanbubifi ueTerpan onpeaeasercs Gopmy.ok
[T FLN = Jim [d, - dfy Fu(fio oo fo)-

Kak u B cayuae QyHKumMoHabHOrO AMdPepenumpoBanys, nponeaypa GyHKusoHa b
HOI'0 MHTErpHpOBaHMA MOAUMHAETCS NPABMAAM, AHAJOIMUHEIM NIDABUAGM BHINOJ-
HeHusl oGHUHOro uHTerpuposanus. [pu GyHkmmonanbHom Auddeperimpoanuy u
npy QYHKUKOHANBHOM MHTErPUPOBAHMH, UTOOHI yUECTb AHTUKOMMYTALMORHDIA Xa-
paktep GyHkimit f, Tpebyercs HekoTopas Moau(uKalus NpUBEEHHBIX Bblme COOT-
nowenui. ITa Mogudukaums onucara B § 39,

byHKuMOHAIbHbIE NPOUIBOJHbIE OT BbipaxeHul, He copepXawux BHTErpabl,
MOXHO HaiiTy, nepenucas uX B MHTerpaibHOM Buze, Hanpumep, nerko BbIYKCIUTD
$yHKuMOHAIbHYI0 IIpou3BOAHYD, Purypupylomyo B Gopmy.e (41.9), aas xoTopoit
pesyabTaT UMeeT BK]

89B,(x) % .
W) TR a2 S4B

d
8,,,)57 8(x—y).

KA/IMBPOBOYHO-MHBAPMAHTHOE
ITPOM3BEAEHWE OIIEPATOPOB

NuryntuBro sicHO, Urv B KamGPOBOUHBIX TEODUSX B BHPAXEHUIX, noaoGHBIX
BbIpaXEHUAIM, BO3HUKAIOWMM B METO/Ie ONEPATOPHOro pasiokKeHHs: '

- xh, XM
7(0)(x) = 2 F—5%-3(0)3,, ... 3,4(0),
Qvﬂ‘-{ﬂﬂe npe;:aﬂoﬁﬂme CaeayeT 3aMEHMTDb Ha KUdeMaHTHble [IpOMBBO}lHHe‘
Mo,
a H. 3nech MBI kpaTKo npuBoauM (opMaibHOe 10KABATENLCTBO TOMO, KAK BO3-
HUKAIOT Takue 3ameHbl, B cayuae saaumopeiicTayommx noaeit ux nponararopbl He

ARAMIOTCSH NRONAraTopaMy CEROGOHBIX 4

fB] vl Hanpusep, nponararop GepMuoHa,
NOMEEHHOr o B I'iloHHOe noJe, YROBJAETBODSIET ypaBHEHUIO

(iB=m)Si(X, y) = 8(x = p),
K0'ropoe noJayvyaercs HENoCpeACTBEHHO U3 Jarpanxuasa. Coxpa}mn TOJbKO Haubo-

7€ CHHIY AApHble UieHbl (WIeHb! HUBIIEro TBUCTE), Deletue STOro; ypaBHenx s
MOXHO 3anucaTh B Buue

S )~ Pewpi [, Bee2(a) | s(x - ),

rae S — nponaratop cBoGoaHOro depMuoHHOMo noas, a P~ ynopsigouenue Baoab
TPaeKTOpUn, Coepunsiomelt TouK x  y. Ecau Teneps BbInoHuTS onepaTopHoe
PasiioXeHue, yuuTblBas yKasaKKble 06CTOATEALCTRE, TO OKAKETCH, YTO BMECTO

gpouaBepeuna onepaTopos g(x)g(y) BosHuKaeT KanuGpOBOYHO-HBADUAHTHAS KOM-
MHaHs

7| powi [ @ a0

Paznoxenue KoTopoik B psin B cayuae x ~ y ¥ NPUBOMIUT K PACCMOTPEHHBIM BILE
HIeHaM, cofilepXawum BMecTo obblunoii KoBapuarTHyIo npousBoatyio. Koreuno,
STO CripaBe/LIKBO ¥ 151 ONEPATOPOB, NOCTPOCHHBIX U3 MOKHBIX noJeit. Jlono-
HATSAbHbIC CBEJICHS O KaIMGPOBOUHO-HHBAPHARTHEIX NPOM3BEEHHIX ONICPATOPOB
CM. B craTbsx [ 106, 2691,
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